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Recent studies have investigated the hydrological and geochemical
characteristics of karst aquifers in different settings; however, telogenetic karst aquifer
processes remain poorly understood. In south-central Kentucky, the iconic Lost River
Cave and Valley represents a large, complex telogenetic karst drainage basin with a
series of discharge points along a collapsed section of the cave. Two Campbell
Scientific® CR1000 automated dataloggers were installed at Blue Hole Four, a primary
discharge point of the Lost River Karst Aquifer (LRKA). These dataloggers recorded
spring discharge, water temperature, specific conductance (SpC), and pH at ten-minute
intervals from January to November, 2013. During the year, data for 34 storm events
were captured, including water samples that were analyzed for major cation/anion
concentrations. These concentrations were correlated to SpC to yield a continuous
record of ionic concentrations. Rainfall data were acquired from the Kentucky
Mesonet’s Warren County Site within the LRKA basin. Dissolution rates, Ca2+/Mg2+
ratios, and a mass flux of dissolved CaCO3 were calculated to assess aquifer evolution
processes and identify seasonal and storm event variability throughout the year. A two
end member mixing analysis (EMMA) is used to analyze storm flow conditions versus
baseflow conditions, and a predictive model is presented that is used to predict peak
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springflow based upon rainfall totals. A detailed water budget analysis and comparison
to historical data is used to assess groundwater storage and aquifer complexity.
The annual data reveal both seasonal and storm event patterns in geochemical
and hydrologic conditions of the aquifer. The data indicate distinct responses to storm
events. These responses, as well as EMMA results, indicate that storm event flows are
composed initially of water formerly stored in the aquifer flushed through the aquifer by
incoming meteoric water; this gradually gives way to a mixture of meteoric water and
storage water that becomes gradually more similar to pre-storm conditions as discharge
recedes to baseflow levels. The highest proportion of meteoric water is coincident with
the highest potential for CaCO3 dissolution, indicating that storm events drive
dissolution in the LRKA. Water budgeting for the full study period and individual storm
events indicate that a large proportion of water in the LRKA is not discharged at Blue
Hole Four, but rather is stored in the aquifer or follows another flowpath through the
aquifer. Additionally, the higher rainfall totals during storm events tend to increase the
proportion of water discharged from the aquifer rather than that stored within it. The
predictive model indicates a strong correlation between total rainfall and peak discharge.
The results overall indicate two critical times at which contaminant transport may occur:
first, any contaminants stored in the aquifer will be flushed out first with storage water
as discharge peaks, followed by a period in the falling limb of the discharge hydrograph
that coincides with the peak proportion of meteoric water carrying contaminants that
entered the aquifer during this event. This study helps to improve understanding of
telogenetic karst aquifer processes and evolution, particularly in large, complex drainage
basins. Future research is necessary to understand the dynamics of these important
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groundwater reserves and their response to continuing pressures from climate change,
human impacts, and natural processes.
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CHAPTER ONE: INTRODUCTION

Groundwater is a vital part of the global hydrologic cycle for people the world
over. Billions draw water for drinking, agriculture, and industry from underground
sources, or aquifers, and groundwater levels directly affect the water level and chemistry
of surface streams at both local and regional scales (Hornberger et al. 1998). In the U.S.
alone, it is estimated that the average daily freshwater withdrawals from groundwater
totals nearly 350 billion gallons (Hornberger et al. 1998; Barber 2009). More in-depth
study of the fluctuations of water quantity and chemistry in aquifers is key to fully
cataloguing and understanding the water resources and hazards of a given location and
to planning environmentally sustainable development.
In no other groundwater system is the interconnected nature of the surface and
subsurface as evident as it is in a karst aquifer. These groundwater bodies, where water
is conducted primarily via solutionally-enlarged voids in the bedrock, transmit water
through the subsurface at rates comparable to surface stream systems and have almost
no natural protection from influxes of pollution (Quinlan et al. 1991; Ford and Williams
2007; White 2007). It is estimated that as much as 25% of the world’s population gets its
drinking water either directly from a karst aquifer or from surface streams or springs fed
by karst aquifers (Ford and Williams 2007). Despite this, our understanding and,
consequently, protection of, karst groundwater sources is minimal in most geographic
locations, often adversely impacting rural and urban communities alike.
One of the most intensely studied karst regions of the world is south-central
Kentucky. Home to the famous Mammoth Cave system and many other show caves,
1

such as Lost River Cave and Valley, the region has long drawn worldwide attention
from speleological researchers. Characterizations of the surface morphology of the
region’s extensive, well-developed sinkhole plain are numerous (e.g., La Valle 1965;
1967; 1968), the general geochemistry of water in the karst aquifers is well studied at the
regional level (e.g., Hess 1974; Hess and White 1988; 1993), and extensive dye tracing
has revealed many of the flow paths that water follows once it disappears into the
subsurface (Crawford 1989). A recent trend in the study of karst groundwater is the
implementation of high temporal resolution data loggers (e.g., Groves and Meiman
2001; Vesper and White 2003; Groves and Meiman 2005; Luhmann et al. 2011;
Vanderhoff 2011) to monitor hydrologic and geomorphic processes in karst terrains and
aquifers, and the majority of these studies focus on small karst groundwater systems.
This current study represents ongoing efforts to better understand the movement
of water through a large, complex telogenetic karst aquifer in Warren County, Kentucky,
and the processes that drive aquifer evolution in carbonate bedrock, by integrating high
temporal resolution data with a focused analysis of individual storm events. By
examining the effects of individual storm events and seasonal changes in flow and
geochemical conditions of the Lost River Karst Aquifer (LRKA), the degree to which
individual storm events affect the dissolution processes within the aquifer, as well as the
geochemical evolution of groundwater in the system and potential contamination
implications, can be ascertained. In order to further an understanding of telogenetic karst
aquifer hydrology and hydrologic responses to storm event under variable land-use
conditions in a large karst aquifer, a predictive model is developed. The model aims to
provide insight into the changes in spring discharge at the study site by analyzing
2

rainfall totals and a chemical mixing model (adapted from Miller 2010) that
differentiates baseflow versus storm-influenced flow within a water chemistry context.

Research Questions and Purpose
This study uses a combination of high temporal resolution data collection of
multiple parameters and statistical methods to assess quantitatively the impact of storm
events on physical and chemical flow conditions in a karst aquifer underlying mixed
land uses in Warren County, Kentucky. Spring hydrograph analyses are performed to
infer storage and residence time of water in the Lost River Karst Aquifer. A quantitative
model is presented to predict the magnitude and timing of flow changes of the selected
spring following storm events. A chemical mixing model is used to separate baseflow
definitively from stormflow conditions. Using these methods, this study seeks to answer
the following research questions:
-

What temporal patterns can be observed with respect to physical and
geochemical conditions in the water of the Lost River Karst Aquifer, and what
do these patterns indicate regarding the effects of storm events, land use, and
aquifer processes?

-

Can storm responses be accurately predicted with mathematical models in a
large, complex, telogenetic karst aquifer?

-

Do aquifer responses create geochemical conditions that indicate possible
hydrologic conditions amenable to contamination impacts?

The results of this study could aid both city planners in Bowling Green and natural
resource stewards at Lost River Cave in protecting sensitive karst groundwater resources
3

and minimizing adverse impacts of flooding in karst areas. Additionally, the results will
be useful in furthering the body of knowledge on telogenetic karst aquifer processes.

4

CHAPTER TWO: KARST HYDROLOGY BACKGROUND

Karst hydrology is notoriously complex, owing to the common presence of
multiple, and typically inaccessible, flow routes through a given aquifer (White and
White 1989; Ford and Williams 2007). While dye tracing and cave mapping have helped
researchers gain basic insight into the general flow paths and their typical geometry, the
traced flow routes and mapped cave passageways do not comprise a majority (Crawford
et al. 1989; Vandike 1992; Dreybrodt and Gabrovsek 2003; Palmer 2003; White 2007).
As such, it is necessary to explore the analytical techniques used to make inferences
about the inner workings of karst aquifers prior to discussing the details of this study.

Development and Geohydrology of Karst Aquifers
Quinlan et al. (1991, 573-574) define a karst aquifer as “an aquifer in which flow
of water is or can be appreciable through one or more of the following: joints, faults,
bedding planes, and cavities – any or all of which have been enlarged through
dissolution of bedrock.” The vast majority of karst aquifers are formed in highly soluble
carbonate rocks such as limestone, composed primarily of the mineral calcite (CaCO3),
and dolostone, composed primarily of the mineral dolomite (CaMg(CO3)2) (Klimchouk
et al. 2000). These carbonate rocks occupy as much as 20% of the Earth’s ice-free landsurface area (Ford and Williams 2007) and 20-25% of the known global sedimentary
stratigraphic record by volume (Boggs 2011).
As water passes through the rock, the primary initial flow paths are places where
the rock is broken or parted at bedding planes, joints, or other fractures, which provide a
5

more efficient avenue for transmission of water through the rock than does permeation
through the matrix (Dreybrodt and Gabrovsek 2003). Water from meteoric sources
contains CO2, often attaining pH values of 5.6 or lower (Carroll 1962) prior to
percolating through the soil and acquiring more CO2 from plant root respiration and
microbial activity (Andrews and Schlesinger 2001). This depresses pH further, thus
leading to the dissolution of calcite and dolomite, respectively, according to the
following reactions (from White and White 1989; Drever 1997):
2  +  +  ↔   +  + 2

(1)

4  + 2 + ( ) ↔ 2  +  +  + 4

(2)

It is possible for water to become acidic due to the presence of sulfate, nitrate, or nitrite;
however, it is generally accepted that CO2 drives the bulk of dissolution reactions in a
natural carbonate geochemical system, and that the bulk of this CO2 is derived from the
soil (White and White 1989; Drever 1997).
Two types of karst aquifers are recognized based on the compaction of the rock:
telogenetic and eogenetic karst aquifers (Palmer 2007). In telogenetic karst aquifers, the
rock was buried by subsequent depositional events prior to erosion removing the
overlying strata. The weight of overlying sediment during burial compacts the carbonate
rock, reducing its matrix porosity. Eogenetic karst aquifers are formed in rock that has
not been buried, and can thus have matrix porosity on the order of 12% or more.
Recharge for telogenetic karst aquifers typically enters subsurface conduits
through discrete features rather than diffusion into the matrix, and water passes through
karst aquifers via discrete flow paths, or conduits, that closely resemble pipes in their
effectiveness at transmitting water through the subsurface (Ford and Williams 2007).
6

Because of the dominance of conduit flow over matrix flow in most karst aquifers,
extreme temporal and spatial variation can be observed even within the same aquifer.
Ryan and Meiman (1996) noted that water quality in a karst spring changed rapidly,
albeit briefly, with the influx of stormwater.
Birk et al. (2003) recognize the importance of developing a sound
hydrogeological understanding of a karst aquifer in order to better manage water quality,
particularly with reference to the identification and characterization of recharge features
and conduits nearest a given point of interest, which will be the source of the most
immediate impacts on the point of interest. In order to better understand the inaccessible
inner workings of karst aquifers, some researchers, such as Covington et al. (2009),
resort to computer modeling. These authors suggest that a conceptual karst aquifer exists
as the sum of four elements: full conduits (where flux of water in is equivalent to the
flux out), conduits with open channel flow (flow in does not necessarily equal flow out
due to an open surface), reservoir/constrictions (a similar condition to open channel
flow), and the porous matrix of the host rock. After intensive simulation, they found that
each different element of the karst aquifer responded to recharge events on different
timescales. Ultimately, when the timescale of the recharge event is greater than the
response timescale of the elements of the aquifer, then the recharge event exerts the most
control on the storm response, while recharge events with shorter timescales than the
elements of the aquifer will generate responses governed by the timescales of the aquifer
elements. All simulations performed for these studies were done using randomly
generated event parameters rather than field data, owing to the difficulty of acquiring
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Figure 2-1: Example discharge hydrograph exhibiting the three major components of the
hydrograph: the rising limb (where discharge rises following a recharge event), the peak
(the highest observed flow), and the falling limb (where flow conditions gradually
recede to baseflow).
such extensive information on any karst aquifer in a real world setting, thus necessitating
further investigation of applied testing of their theory.

Spring Hydrograph Analysis
Springs are often the most convenient monitoring points in karst aquifers. The
various characteristics of water being discharged from a spring indicate many things
about the system. As such, significant research exists focusing on the interpretation of
spring hydrograph and chemograph data to make inferences about the inner workings of
karst aquifers. Hydrographs are simply graphs of a spring’s stage or discharge versus
time (Figure 2-1), and chemographs are graphs of various chemical parameters (such as
8

pH or specific conductance) versus time (Hornberger et al. 1998). Since karst aquifers
are often aptly described as a “black box” system, wherein one can readily monitor
water entering and leaving the aquifer, but cannot easily (or feasibly) monitor water
during its transit through the aquifer, the study of the hydro- and chemographs of a
major outlet of a karst aquifer can yield information necessary to understand the
processes at work within the aforementioned “black box” (Quinlan et al. 1991).
Bonacci (1993) focused on the discharge hydrograph, in particular on the
recession curve of the falling limb of the hydrograph, noting that karst aquifers having
different physical characteristics (e.g., conduit size, potential blockage of conduits, and
the effects of different conduit geometries at different flow regimes) will have
differently shaped storm event recessions into baseflow. This is especially pertinent to
large, complex aquifers, such as the LRKA. Most of Bonacci’s (1993) discussions were
based upon Maillet’s equation:
 =  exp(−∝ )

(3)

where Qt is the discharge at time t, Q0 is the discharge at t = 0, and ∝ is a recession
coefficient unique to the catchment analyzed and its hydrological regime. Bonacci
(1993) noted that the form of a storm hydrograph showed distinct inflection points
where the slope of the graph changed significantly and noted that each slope warranted
the calculation of a new value for∝. The hydrograph must be separated into individual
components with different slopes in order to be effectively simulated using Maillet’s
equation, or any others that have been put forth, such as Coutagne’s equation or the
equation of Padila et al. (1995).
When studying karst aquifers, storm pulse chemographs, which show the
9

responses of the aquifer’s chemical characteristics to a recharge event, are used to gain
insight into flow paths and rock-water interactions within the aquifer. In typical
telogenetic karst aquifers in Kentucky and Tennessee, storm pulse chemograph analysis
uses automated data loggers to continuously record the discharge, specific conductance
(SpC), and temperature, combined with discrete samples for pH and concentrations of
calcium, magnesium, bicarbonate, and total organic carbon, to show calcium
concentration and SpC in phase with each other (Vesper and White 2003). These data
decline near the peak of the discharge hydrograph, indicating a piston-like flow
characteristic, wherein storage water rich in dissolved content is displaced and then
replaced by meteoric water with a low dissolved content. The chemographs of PCO2 (the
concentration of CO2 present in the water, calculated as a function of pH and measured
as a partial pressure) continued to rise into the falling limb of the hydrograph as pH
decreased, which the authors interpreted as a lag effect from water infiltrating through
thick, CO2 rich soils.
Physical conditions, such as discharge and temperature, also provide insight into
the inaccessible interior of karst aquifers. Florea and Vacher (2005) found that the
hydraulic conductivity of the matrix influences the form of the discharge hydrograph of
springs. By comparing the form of spring hydrographs of springs draining eogenetic
versus telogenetic limestones, they surmised that the additional storage provided by the
significantly larger porosity of eogenetic rock muted the shape of the hydrograph,
resulting in lower maximum flow/mean flow ratios, a greater lag time between
precipitation and discharge increases, and longer, less steeply sloped recessions into
baseflow conditions than were noted in springs draining denser telogenetic rock.
10

Luhmann et al. (2011) studied temporal patterns in the temperature of springwater from
telogenetic dolomite and limestone. The authors indicate two distinct classes of spring
thermographs, divided by their respective Stanton numbers. The Stanton Number is a
ratio of the amount of heat transferred between the conduit and the water flowing
through to the water’s heat capacity:
 =

 !
(
"#$ %&'

(4)

where k is a transfer constant, Nu is the Nusselt number (a ratio of conductive to
convective heat transfer), L is conduit length, ρ is the density of water in the aquifer, cp
is the specific heat of water, U is mean velocity of the water, and DH is the hydraulic
radius of the conduit. The first comprises those that indicate inefficient heat transfer
between the rock of the aquifer and the water flowing through it (St < 1). In this class,
the two noted patterns are storm scale variations in water temperature and gradual
seasonal shifts in water temperature that are in phase with surface temperature
fluctuations; these indicate shorter residence times and flow paths within the aquifer.
The second comprises patterns indicating efficient heat transfer within the aquifer (St >
1). The noted patterns in this class are gradual seasonal shifts in temperatures out of
phase with surface temperatures and steady, relatively unchanging water temperatures;
these indicate longer residence times and flow paths within the aquifer.
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CHAPTER THREE: STUDY AREA

Kentucky is home to several well-developed karst regions that cover a large part
of the state’s area (Figure 3-1). South-central Kentucky’s landscape is a part of the
Western Pennyroyal karst area. The region is further subdivided into two units, the
Mammoth Cave Plateau and the Pennyroyal Sinkhole plain, which are separated by the
Dripping Springs Escarpment. This region is most well known for Mammoth Cave, the
namesake of the Mammoth Cave Plateau, and the longest mapped cave system on Earth
with a surveyed length of 630 km and counting. It is also home to many other smaller
caves and prominent karst features. White et al. (1970) described the region as a prime
example of a principal variety of karst terrain seen in North America, resulting from the
presence of nearly flat lying, laterally expansive carbonate rock units in a humid
subtropical climate. Mississippian-aged carbonates and sandstones dominate the area’s
geology. Figure 3-2 presents a generalized stratigraphic column

Figure 3-1: Karst occurrence in Kentucky Darker blue shading indicates the presence of
ideal conditions for the development of karst systems. Adapted from Paylor and Currens
(2002).
12

Figure 3-2: Stratigraphic column for Mammoth Cave National park showing the
relevant strata to the study area, the St. Louis and Ste. Genevieve limestones (from May
et al. 2007).
13

for the area. Much of the karst of south-central Kentucky takes the form of a broad, low
relief sinkhole plain, where this study’s focal aquifer is situated (Crawford 1989; May et
al. 2007). This sinkhole plain, south of the Dripping Springs Escarpment, is underlain
primarily by the Mississippian St. Louis and Ste. Genevieve limestones, which have
undergone burial and compression prior to the removal of the overlying strata by erosive
processes, creating a telogenetic karst landscape. The general dip of the strata is 1° to 2°
to the northwest, owing to the area’s position on the western flank of the Cincinnati
Arch (McDowell 2001). The sinkhole plain consists of a wide swath of low relief karst
depressions overlain by thin, clay rich soils, known as ‘terra rossa’ (Currens 2001). The
sinkhole plain is underlain by a well-developed karst aquifer, recharged primarily by
autogenic recharge through sinkholes and sinking streams (Figure 3-3).

Figure 3-3: Conceptual model of the general hydrology of the sinkhole plain of south
central Kentucky. Where carbonate rocks are not overlain by more resistant silicates,
recharge features such as sinkholes and sinking streams convey water directly into the
subsurface drainage network. Interbedded chert layers often serve as local confining and
perching layers, partially governing groundwater flow (adapted from Currens 2001).
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The Lost River Karst Aquifer
Located in southern Warren County, the Lost River Karst Aquifer is among the
most intensely studied karst drainages known due to its direct interaction with and
influence on the City of Bowling Green (Figure 3-4). During the late 1970s and
throughout the 1980s, severe flooding and water quality issues drove forward research
and remediation efforts that produced a very sound understanding of the hydrology and
spatial extent of the drainage basin (Crawford 1989). The basin comprises a 142.5 km2
area of southern Warren County with topography dominated primarily by a low-relief
sinkhole plain underlain by Mississippian-aged carbonate units (Crawford 1985; Groves
1987). Crider type silt loam soils underlie over 70% of the basin’s area, and the bulk of
the remainder is underlain by Fredonia-Vertrees and Pembroke type soils (Warren
County Soil Survey 2004).

Figure 3-4: Location of the LRKA within Warren County, KY. Map data provided by
the Kentucky Geological survey, the U.S. Census Bureau, and ESRI.
15

Figure 3-5: Topography of the LRKA’s dye-traced recharge area. Most of the basin is a
low relief, rolling sinkhole plain underlain by the Mississippian aged Ste. Genevieve
Limestone. The north by northwest path of groundwater flow is shown. Map data
provided by the Kentucky Geological Survey.
Flow in the LRKA is well delineated from past dye tracing experiments (see
Figure 3-5 above for exact flow routes). The Lost River begins near the southern border
of Warren County in the form of two intermittent karst lakes, Chaney Lake and Rich
Pond. From there, it flows underground, rising to the surface again approximately 10 km
north of the lakes; at this point, the Lost River is forced up to the surface several times at
the bottom of a large collapse valley, the Lost River uvala. The Lost River surfaces at
four locations in this valley, known as Blue Holes One through Four. At Blue Holes
One, Two, and Three, water rises and immediately sinks in the same pool, while at Blue
Hole Four water flows through a well-developed surface stream channel or 120 m into
16

the entrance of Lost River Cave. Blue Hole Four is the primary monitoring site for this
study. The Lost River flows approximately 11 km through Lost River Cave and several
smaller caves, eventually rising on the north side of town at a spring known as the Lost
River Rise. At this point, Lost River takes the name Jennings Creek and flows another 5
km as a surface stream to the Barren River, which serves as the regional base level.
The aquifer is formed in three Mississippian-aged carbonate units, all of which
display extensive karst development (listed from oldest to youngest): the St. Louis, the
Ste. Genevieve, and the Girkin limestones (Moore 1963: Shawe 1963a-c; Rainey 1964;
Groves 1987). The aquifer resides almost completely within the St. Louis and Ste.
Genevieve limestones, but, owing to the regional dip of the strata, the St. Louis is
exposed at the surface on the southeastern edge of the study area (Groves 1987;
Crawford 1989; Carey and Stickney 2001). The Ste. Genevieve limestone is a shallow
marine sediment that, in south-central Kentucky, ranges from 10 to 30 m in thickness
and is comprised of oolitic and skeletal limestone with an intermittent but hydrologically
significant cherty zone known as the Lost River Chert bed (Groves 1987; McDowell
2001). The St. Louis is 21 to 49 m thick and composed of very fine-grained limestone
and dolomite with fossiliferous siltstone also present (McDowell 2001). A second
hydrologically significant cherty zone exists in the St. Louis limestone, a 3 to 7 m thick
area of the upper portion known as the Corydon Ball Chert (Groves 1987; McDowell
2001). Groves (1987) concluded that shallow groundwater flow in the Lost River
drainage basin was governed by the Lost River and Corydon cherts, finding that the
water table throughout 83% of the basin was within 7 m of a chert layer; however, these
layers do not exhibit regional control on the development of caves in the study area.
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As mentioned earlier, the primary soils overlying the Lost River basin are the
Crider, Fredonia-Vertrees, and Pembroke silt loams (Figure 3-6). These soils are
commonly 125-200 cm thick, are composed mostly of clay and silty clay at depths
greater than 20 cm, and are typically neutral to strongly acidic (Soil Survey 2004). The

Figure 3-6: Distribution of major soil types overlying the LRKA. Map data
provided by the Kentucky Geological Survey and the Natural Resources Conservation
Service (2013).
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Figure 3-7: Distribution of primary land use and cover overlying the LRKA. Data
provided by the Kentucky Geological Survey and the Natural Resources Conservation
Service (2013).
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vast majority of the surface overlying the LRKA is utilized for agriculture or industry.
Primary agricultural uses include row cropping of corn and livestock grazing (Soil
Survey 2004). There are also several expanding industrial complexes. Residential
neighborhoods are present, but do not comprise a large proportion of the land use when
compared to industrial and agricultural uses. The study area is located in a humid
subtropical climate according to the Köppen climate classification system. Summers are
typically humid and see peak temperatures of approximately 30 °C and winter
temperatures average under 7 °C (NOAA 2011). The area receives approximately 1300
mm of precipitation annually, with rainfall peaking in May at an average of 135 mm.
The area is subject to approximately 800 mm of annual evapotranspiration (Hess 1974;
Crawford et al. 1987).
Lost River Cave, the cave valley, and a significant portion of the immediate area,
totaling 27.5 ha, is owned jointly by Western Kentucky University (WKU) and the City
of Bowling Green. The cave and surrounding area is leased to the Friends of Lost River,
Inc. (FOLR), a 501(c)(3) non-profit organization that operates the cave as a show cave
and runs a small nature preserve in the cave valley. The primary monitoring site for this
study, Blue Hole Four, is a central stop during the park tour.
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CHAPTER FOUR: METHODOLOGY

During the course of this study, a wide variety of field, laboratory, and data
processing and analysis methods and tools were employed. Field methods employed
include automated data logging, stream discharge measurements, and collection of grab
samples for laboratory analysis. Laboratory analyses included ion chromatography (IC)
analysis for anion concentrations, inductively-coupled plasma emission spectroscopy
(ICP-OES) cation concentrations, and manual titrations for bicarbonate alkalinity. A
variety of data analyses were conducted, including the development of rating curves to
relate discharge to water level, linear regression to correlate ionic concentrations to
specific conductance, and the calculation of dissolution rates and Ca2+/Mg2+ ratios. A
simple mathematical model was developed to predict flow changes following storm
events.

4.1 Site Setup and Instrument Placement
The placement of equipment at Blue Hole Four was carefully selected, owing to
two major concerns with site security: flooding and potential vandalism. Flooding is a
regular occurrence at the site, and water has reached as much as 10 m above its baseflow
stage height, most recently in May of 2010. As for vandalism, Lost River Cave and
Valley is a public park easily accessed on foot, but no problems were encountered.
In order to minimize the risk of flood damage to instrumentation, two Campbell
Scientific CR1000 loggers were placed approximately 15 m above the baseflow stage
elevation of Blue Hole Four. Each logger is housed inside a Campbell Scientific® pre21

wired enclosure. The enclosures are weatherproof and feature two points at which a
padlock was placed for security. Both loggers were placed inside a weatherproof vinyl
toolshed, which was affixed to the ground using two 0.5 m rail spikes and weighted with
approximately 80 kg of cinder blocks (Figure 4-1). The enclosure was placed on a little-

Figure 4-1: Data logger housing: Prewired, lockable enclosures for the individual
loggers and a weatherproof, lockable shed to house both logger enclosures.
used trail, known as the Guide Stairs, that is typically only used by the staff of Lost
River Cave to travel between the visitor center and the cave.
Each CR1000 data logger has four probes: two CSIM11 pH/ORP probes, one
CS547 conductivity probe, and one CS450 pressure transducer. Each probe was attached
to the logger with a 30 m cable lead. The probes are housed in PVC piping affixed to the
side of an historical monitoring platform at the edge of Blue Hole Four’s rise pool. The
four CSIM-11 pH probes are housed in a 7.6 cm pipe, while the two CS547A
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conductivity probes and CS450 pressure transducers are housed in a stilling well
constructed of 6.4 cm PVC pipe. A plastic screen was placed inside the pipe to ensure
that the pressure transducers’ elevation did not vary. Additionally, a staff gauge was
affixed to the platform to provide a fixed reference point to detect any drift measured in
the data from the pressure transducers. In order to avoid having 30 m of exposed
electrical cables, they were enclosed in 6.4 cm PVC conduit between the probe housing
and the logger housing.
When deployed, a Hach Sigma 900 automated water sampler was placed at the
highest point on the observation platform. The sampler drew water from the corner of
the platform nearest to it, through a 4 m vinyl hose, allowing discrete sampling during
storm events without human samplers present. For security purposes, the sampler was
affixed to a large nearby tree using a 7 m steel chain and four padlocks.

4.2 Field Data and Sample Collection
Three primary field methods were employed to collect data and samples for
laboratory analysis. Automated dataloggers recorded data for four chemical and physical
parameters (stage height, specific conductance, pH, and temperature of water in Blue
Hole Four). Volumetric discharge measurements were performed to gauge the amount of
water discharging from Blue Hole Four during various flow conditions. There was no set
interval between discharge measurements; they were performed whenever flow
conditions changed. Grab samples to analyze for dissolved constituents pertinent to the
calculation of landscape denudation and geomorphic work were collected by hand or
using the automated water samplers.
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Beginning on 9 January 2013, the two Campbell Scientific CR1000 automated
dataloggers recorded hydrogeochemical data every ten minutes throughout the course of
the study. Each probe employed in the project had the capability to measure multiple
parameters, so it was necessary to define the parameters to be measured in the
programming of the CR1000 loggers; additionally, some parameters required a reference
to other parameters (for example, water stage required a reference temperature to
account for the variation of the density of water with respect to temperature), so the
sequence in which data were recorded was carefully controlled. Data were recorded
every ten minutes in a set sequence. First, the CR1000 recorded water temperature in
Celsius with a ±0.2° error and water depth in meters with a ±0.1% error from the CS450
pressure transducer; since the depth of water above the transducer is inferred from the
pressure exerted on the sensor by the weight of the water in the spring, the temperature
of the water was used to compensate the depth calculation for accuracy by adjusting the
depth based on the density of water at the measured temperature. Next, the logger
recorded water temperature in Celsius with a ±0.2° error, followed by a measurement of
electrical conductivity in millisiemens/centimeter, which is then converted to specific
conductance, which is the conductivity at 25 °C. Next, the logger recorded a
measurement of electrical activity in millivolts, which was later converted to a
temperature corrected pH value using a least-squares regression
The amount of water being discharged from Blue Hole Four was measured using
United States Geological Survey (USGS) standard equipment and methods as outlined
in Olson and Norris (2007). A fiberglass measuring tape was stretched across the stream
channel downstream of Blue Hole Four and used to divide the channel into a series of
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vertical sections of a set width, 0.6 m, and varying depth. The depth of the water was
measured at the midpoint of each section using a USGS wading staff. Attached to the
wading staff was a velocity meter, a Flow Tracker® Flo-Mate, which was used to
measure the velocity of the water at 60% of the total depth measured from the surface.
Once all measurements were recorded, the discharge, in m3/s, of each section was
calculated as the product of the width, depth, and velocity measurements for each
section (Q = v x A, where v is the measured velocity and A is the cross-sectional area of
the stream or a particular section). Summing the discharge of all of the sections yielded
the total discharge of the spring for that particular measurement.
The specific time for each discharge measurement was recorded in order to relate
that particular measurement to the recorded stage from the CS450 pressure transducers.
Once enough discharge measurements were collected, a rating curve was constructed
using a least-squares regression that was applied to the ten-minute stage height data to
yield a ten-minute record of discharge for the site.
During selected storm events, a Hach® Sigma 900 MAX automated water
sampler was employed to acquire water samples to analyze for dissolved constituents,
namely major cations and anions as well as carbonate alkalinity. Prior to a storm event,
the automated sampler would be deployed at Blue Hole Four. The sampler was
programmed to take 750 mL samples from Blue Hole Four at set time intervals,
typically every 30 or 60 minutes. Once the sampler had executed its programming,
several samples were selected from the set to be sub-sampled for chemical analysis.
These samples were selected based on the variations displayed in specific conductance
throughout the sampling period; the samples that displayed the greatest variation from
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the preceding values were selected. Once samples were selected for sub-sampling, three
smaller samples were collected: a 10 mL sample to be analyzed for major anions via ion
chromatography, a 10 mL sample to be analyzed for major cations via inductivelycoupled plasma emission spectroscopy, and a 50 mL sample for determination of
alkaline hardness via titration.
All samples intended for laboratory chemical analysis were filtered through a
0.45 µm borosilicate membrane using a syringe in order to remove any suspended
material. Samples were filled and then capped with no air space. In between samples of
different times, the syringe and filter holder were flushed with deionized water to
prevent remnants of previous samples from altering the concentrations of dissolved
constituents in the sample in question. All sample vials intended for use in cation
sampling were pre-acidified using 0.5 mL of 6.0 N nitric acid in order to inhibit
reactions that would alter the concentrations of cations in the samples. All samples were
placed on ice immediately after being filled and analyzed within 24 hours.

4.3 Laboratory Analyses
Samples collected for laboratory analysis as detailed in Section 4.2 were
analyzed using one of three methods: ion chromatography (IC) to determine the
concentration of major anions (Cl-, Br-, Fl-, SO42-, PO4-, NO32-, and NO2 -), inductivelycoupled plasma emission spectroscopy (ICP-OES) to determine the concentration of
major cations (Ca2+, Mg2+, primarily, but also Cu+ and Cu2+, Fe2+ and Fe3+, K+, Na+,
Pb2+ and Pb4+, and Zn2+), and a manual titration for bicarbonate (HCO3-) alkalinity.
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IC analyses were conducted at WKU’s Advanced Materials Institute (AMI)
following EPA Method 9056 on a Dionex ICS-1500. ICP-OES analyses were performed
at AMI following EPA Method 200.8 using a Thermo Scientific ICAP 6500 ICP-OES.
These instruments provided concentrations in parts per million (ppm).
Alkalinity titrations were performed at the WKU WATERS Laboratory. Samples
were poured off into a 60mL beaker and manually titrated to a pH of 4.5 using 0.205 N
H2SO4. The pH was measured using a Hach® H-Series benchtop pH meter, accurate to
0.01 pH units. The total amount of H2CO3 used to reduce the pH of a given sample to
4.5 was recorded and used to calculate the total carbonate alkalinity (Standard Methods
#2320B).

4.4 Data Manipulation and Analytical Techniques
Data were organized in a SigmaPlot spreadsheet for convenient bookkeeping and
to utilize the software’s many statistical analysis functions. The master data file includes
a column for every parameter measured, as well as those calculated as a function of
measured parameters (Appendix 2). Least squares linear regressions were employed to
generate rating curves to calculate the concentrations of major ions (ppm) in solution
from SpC, and a rating curve to calculate discharge (m3/s) from stage height. Partial
pressure of CO2 (PCO2) values were calculated using the formula:
,- ,./

(
)*+( = 012'34*+
-6
5

where K1 is the temperature dependent dissociation constant of H2CO3 and KCO2 is the
solubility product of CO2 gas in water. In the case of parameters for which duplicate
data were acquired due to the use of multiple data loggers and probes (i.e., four pH
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(5)

readings from four probes, four temperature readings from two probes, two SpC
readings from two probes, and two stage readings from two probes), the individual
readings for different variables were averaged to generate a single data column for use in
calculations and analyses.
Dissolution rates of limestone at varying time scales were calculated using
methods pioneered in Plummer et al. (1978), as well as those of Palmer (1991).
Plummer et al. (1978) developed the expression:
7 = 80 9 : + 8 9  : + 8 9 : − 8 9 :9 :

(6)

where R is the rate of calcite entering solution in aquifer water in mol/l/s, k1-3 are
temperature dependent forward rate constants that describe the rate of calcite
dissolution, and k4 is a backwards rate constant dependent on temperature and
dissolution rates that describes the potential for precipitation of calcite from the solution.
The rate of solutional wall retreat in karst conduits was calculated using the equation
(Palmer 1991):
=
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where S is the rate of wall retreat in karst aquifer conduits in cm/year, k is a temperature
dependent rate constant, SIcalcite is the saturation index of the mineral calcite (a ratio of
the concentration of calcite in solution to the saturation concentration of calcite in
solution), n is the reaction order of the dissolution reaction, and ρr is the density of the
rock (~2.7 g/cm3). The factor 31.56 is a conversion constant to ensure unit continuity.
The saturation index of calcite is calculated as:
H#IJ#KL =

3*I(M 63*+5(1 6
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(8)

where [Ca2+] and [CO32-] are the activities of calcium and carbonate in solution,
respectively, and Kcalcite is the temperature dependent equilibrium constant of calcite in
solution. Activities of individual ions in solution (Ca2+, Mg2+, and HCO3-) were
calculated using the extended Debye-Hückel Equation (Drever 1997):
log QK =

RSC( √?

(9)

0 UIV √?

where A and B are temperature and pressure dependent coefficients, z is the charge of
the ion in question, and I is the ionic strength of the solution (Drever 1997):
0

H = ∑ XK YK


(10)

where m is the molal concentration of the ion in question. Ionic strength takes into
account all ions in solution in appreciable quantities, not just those involved in a given
reaction.
Mass fluxes of dissolved species were computed by multiplying the
concentration of species by discharge. Dissolved calcite content was estimated using
concentrations of Ca2+, Mg2+, and HCO3-. Once a continuous record of dissolved calcite
concentration was generated, an estimated volume of rock dissolved throughout the
basin was estimated by simple summation over timescales ranging from single storm
events to entire seasons during the study period.
An end member mixing analysis (EMMA) model based upon variations in SpC
was developed to differentiate base flow conditions from storm flow conditions in order
to effectively separate storm hydrographs for further analyses. By setting the effective
SpC of rainwater at 50 µS/cm (the median value for rainwater given in Sanders 1998),
versus the typical 300-350 µS/cm for LRKA water at baseflow, the percentage of
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discharge derived directly from recent precipitation was calculated at various times
during storm events and their recessions into baseflow using the equation (derived from
Miller 2010):
)ZIK[() = 1 − (

>]*D >]*G
>]*^ >]*G

)

(11)

where Prain(t) is the proportion of the discharge of Blue Hole Four at time t, SpCt is the
specific conductance of the water being discharged at time t, SpCB is the specific
conductance of water at base flow prior to a storm event, and SpCr is the assumed
specific conductance of rain water, estimated at 25-75 µS/cm (Sanders 1998).
Using the mixing model described above, individual spreadsheets of 36 storm
event responses were separated from the main data set. Hydrographs, chemographs of
SpC, pH, and dissolved ion content, and thermographs were prepared for each storm
event that caused a deviation from base flow conditions at Blue Hole Four beginning six
hours prior to the storm event and ending once all parameters were significantly into
their recession back to baseflow conditions. From these graphs, a master recession curve
was created that describes the general form of the discharge storm hydrograph of Blue
Hole Four and separates it into three major components: the rising limb, an initial, steep
falling limb, and the gradual recession to base flow. By correlating discharge data to
total rainfall recorded at the Kentucky Mesonet site on the property at the Western
Kentucky University Agriculture Farm using a linear least-squares regression, a simple
predictive model was generated to predict the increase in flow at Blue Hole Four per
unit rainfall during a given storm event.
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CHAPTER FIVE: RESULTS

The CR1000 dataloggers recorded data continuously from 19:00 CST on 9
January 2013 through 23:50 CST on 12 November 2013, a study period of 313 days.
During this time, a total of 36 storm events generated observable changes in flow
conditions at Blue Hole Four within the LRKA. Each storm event was assigned a unique
identifier that was comprised of two letters from the month in which it occurred and a
sequential Arabic numeral (for example, Ja-1 is the first storm event in January and Au5 is the fifth storm response in August). The highest observed discharge was 15.24 m3/s
on 27 April 2013 following storm Ap-4, which produced 80.17 mm of rain. Two other
storm responses exceeded 10 m3/s: Ja-4 with 12.62 m3/s on 30 January 2013 and Mr-4
with 11.00 m3s on 17 March 2013. The lowest recorded flows occurred from July –
September, with discharge regularly dropping below 0.5 m3/s and remaining low until a
storm event occurred. Table 5-1 tabulates the physical effects of the 36 storms on flow
conditions at Blue Hole Four.
Seasonality was observed in the dataset as well (Figure 5-1). For the first 150
days of the study period, SpC decreased until early June, when rainfall became less
frequent, and it began to rise and continued this trend until the end of the study period on
12 November 2013. Water temperature also displayed a distinct seasonal aspect, with
lower temperatures during the spring, followed by a shift to higher temperatures during
the early summer, with temperatures leveling off in the second half of the study period.
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Storm

Rain
(mm)

Peak Q
(m3/s)

∆Q (m3/s)

Peak
Active
Recharge
Lag
Recharge
Area
Time
Area
Proportion
(days)
(km2)
16.6
0.8083
0.2720
0.4166
0.72
0.59%
Ja-1
8.83
1.638
1.042
0.2709
10.8
8.85%
Ja-2
59.87
12.62
11.91
0.625
50.89
41.71%
Ja-3
33.27
2.672
1.926
0.368
20.89
17.13%
Ja-4
7.21
1.316
0.3193
0.3195
2.93
2.40%
Fe-1
6.93
1.036
0.2934
0.3472
2.18
1.79%
Fe-2
19.94
1.501
0.9279
0.4166
2.63
2.16%
Fe-3
19.07
1.555
0.9714
0.7153
6.23
5.11%
Mr-1
31.96
4.557
3.909
0.4306
22.04
18.06%
Mr-2
6.19
0.9328
0.1166
0.25
0.37
0.30%
Mr-3
48.75
11.00
10.16
0.3888
34.04
27.90%
Mr-4
12.39
2.314
0.5067
0.2223
2.15
1.76%
Mr-5
11.81
1.701
0.4514
0.3264
6.45
5.29%
Mr-6
55.76
5.984
5.359
0.5833
18.3
15.00%
Ap-1
22.93
2.477
1.650
0.2361
10.71
8.78%
Ap-2
19.19
2.392
1.703
0.243
8.31
6.81%
Ap-3
80.17
15.24
14.53
0.8472
41.39
33.93%
Ap-4
55.86
8.823
6.209
1.1111
17.45
14.30%
My-1
34.57
4.430
1.965
0.8264
5.29
4.34%
My-2
22.47
2.827
1.188
0.2083
5.1
4.18%
My-3
22.58
1.699
0.9921
0.25
3.87
3.17%
Je-1
11.09
1.224
0.5863
0.3611
2.21
1.81%
Je-2
41.32
1.795
1.295
0.2986
0.89
0.73%
Jy-1
31.65
0.748
0.2292
0.4375
0.51
0.42%
Jy-2
52.36
5.487
4.858
0.6945
9.57
7.84%
Jy-3
21.3
0.9335
0.3856
0.2778
0.86
0.70%
Jy-4
27.74
0.6291
0.1426
0.4375
0.17
0.15%
Au-1
69.25
7.658
7.064
0.1528
3.18
2.61%
Au-2
8.09
2.361
0.2565
0.903
0.36
0.29%
Au-3
35.59
4.969
4.457
0.3055
11.39
9.34%
Au-4
15.56
1.518
0.9295
0.1944
2.42
1.98%
Au-5
39.06
2.803
2.299
0.1666
4.12
3.38%
Au-6
37.06
1.181
0.7466
0.2222
0.67
0.55%
Se-1
20.56
0.4902
0.0558
0.2222
0.19
0.16%
Oc-1
16.15
1.348
0.911
0.2291
3.06
2.51%
No-1
12.69
0.4422
0.0075
0.4514
0.04
0.03%
No-2
Table 5-1: Physical effects of storm events on flow conditions at Blue Hole Four. Storm
events are listed sequentially. The last two columns represent the calculated active
recharge area (using a variation of equation 11) and the proportion of the total
historically cited recharge area of 122 km2 (Crawford et al. 1987; 1989).
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Figure 5-1: Full data records for the study period for discharge, temperature, specific
conductance, and precipitation. A seasonal trend exists, but recharge events exert a high
degree of control on conditions immediately following recharge events.
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5.1 Chemical and Thermal Tracking of Storm Pulses
Compiled graphs of both directly measured and calculated parameters indicate
the presence of seasonal and short-term trends in the physical and geochemical
characteristics of hydrologic responses in the LRKA. Every storm event caused a
decrease in SpC values as meteoric water moved through the aquifer. Three distinct
patterns were noted in the response of SpC to storm events: 1) following a single,
concentrated recharge event, SpC rises to a peak, preceding the discharge hydrograph as
it begins to rise, before falling sharply at the peak of the discharge hydrograph and
beginning a slow rise toward baseflow conditions in the falling limb (storms Ja-3, Fe-1,
Fe-2, Mr-2, Mr-3, Ap-4*, My-3, Jn-1, and Jn-2); 2) following a recharge event with
multiple phases, SpC rises and falls sharply multiple times, with successive peaks and
valleys occurring before values bottom out in the falling limb of the discharge
hydrograph and beginning a slow rise into baseflow conditions (storms Ja-1, Ja-2, Mr-1,
Ap-1, Ap-3, My-1, My-2,Jy-1*, Jy-2, Jy-3, and Oc-1); and 3) following a single,
concentrated recharge event SpC exhibits the same pattern seen in the second group,
only with a lower sustained baseline (storms Ja-4, Fe-3, Mr-2, Ap-2, Au-1, Au-2, Au-3,
Au-4*, and Se-1). Storms Ap-4, Jy-1, and Au-4 best display these patterns, and are
presented as Figures 5-2, 5-3, and 5-4.
Through early May, recharge events tended to lower water temperature as the
storm pulse passed through the aquifer, but starting with storm My-2, recharge events
generated a temporary increase in water temperature. Similar to SpC, temperature
responses often rise and fall multiple times before gradually trending toward baseflow
conditions. However, unlike SpC, temperature patterns were not readily classifiable
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Figure 5-2: Storm response graph for storm Ap-4, exemplifying the first group of SpC
responses observed at Blue Hole Four. Following a single concentrated recharge event,
SpC exhibits a low peak and falls sharply, bottoming out in phase with the peak of the
discharge hydrograph before beginning a gradual rise into baseflow conditions.
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Figure 5-3: Storm response graph for storm Jy-1, exemplifying the second group of SpC
responses observed at Blue Hole Four. Following a recharge event with multiple peaks,
SpC rises and falls multiple times before bottoming out well after the peak of the
hydrograph and beginning a gradual rise back into baseflow conditions.
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Figure 5-4: Storm response graph for storm Au-4, exemplifying the third group of SpC
responses observed at Blue Hole Four. Following a single, concentrated recharge event,
SpC rises and falls multiple times as flow increases before bottoming out in the falling
limb of the hydrograph and beginning a gradual rise into baseflow conditions.
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Figure 5-5: Lag time between peak discharge and peak rainfall proportion vs. peak
discharge of the storm event. A slightly significant negative trend is seen: typically, as
peak discharge increases, lag time between the two decreases.

into groups. Temperature shifts were typically at their greatest during the early falling
limb of the discharge hydrograph, and maximum variation from antecedent conditions
typically coincided with the maximum departure of SpC from antecedent conditions.

End Member Mixing Analysis
EMMA results provided the proportions of storage and rainwater components of
the total discharge of Blue Hole Four during storm responses. At the peak discharge of a
storm event, the water was comprised of 3 to 64% rainwater and 37 to 96% storage
water; typically, larger storms generated a higher proportion of rainwater. The highest
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rainwater to storage water ratio typically occurred 3 to 24 hours after the peak discharge
of the storm, with three exceptions. During storms Ja-3 and Ap-4, the highest ranked
discharge events at 12.62 and 15.24 m3/s, respectively, the highest proportion of
rainwater occurred prior to the peak of the discharge; similarly, the third storm that
breached 10 m3/s in instantaneous discharge, Mr-4 at 11.00 m3/s, displayed the shortest
positive lag time at 1.67 hours. Overall, the total proportion of rainwater discharged
during a storm event is directly proportional to the amount of rain received and thus the
peak discharge of the event, whereas the lag time is inversely proportional to the peak
discharge (Figure 5-5).

5.2 Predictive Modeling of Storm Events
By employing a least squares regression analysis to correlate total discharge
increase to total rainfall during a recharge event (Figure 5-6), a simple model was
constructed to predict the expected discharge increase at Blue Hole Four following a
storm event (n = 36, R2 = 0.8085):
_I` =  + (0.0022b  − 0.0043b)

(12)

where Qmax is the predicted peak discharge of the storm pulse in m3/s, Q0 is the spring
discharge prior to the storm pulse moving through in m3/s, and r is the total precipitation
that falls during the storm event in millimeters. This second order polynomial equation
provided a reasonable estimate of expected peak discharge increases, with an R2 value of
0.8035 (n = 36), regardless of several manual permutations of the data to test outliers.
Peak flows for all storm responses occurred between 6 and 26 hours after rainfall began.
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Discharge Increase vs. Total Rainfall
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Figure 5-6: Increase in discharge at Blue Hole Four as a function of total rainfall during
a recharge event. The slope equation for the line of best fit for this dataset is the basis of
equation (12).

5.3 Dissolution Rates and Aquifer Evolution Processes
Dissolution rates were calculated using both the Plummer-Wigley-Parkhurst
(PWP) rate law, presented earlier as equation 6, and the rate equation put forth in Palmer
(1991), presented earlier as equation 7. Chemographs of the various dissolution related
parameters (dissolution rates, proportions of recharge and storage water in the discharge,
and Ca2+/Mg2+) are shown in Figures 5-7 through 5-11. Throughout the study period, the
average rate of calcite dissolution according to the PWP model was 0.0115 mg/L/s, or
14.22 mg/s when multiplied by the associated discharge measurement. When summed
for the entire 313-day study period, the potential mass of dissolved calcite is estimated
to be 384.14 kg, or a volume of 0.14 m3. Average solutional wall retreat calculated via
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Figure 5-7: Summary of dissolution related processes for storm Ap-4. As
discharge increased, the proportion of rainwater as a portion of the total discharge also
increased, as did dissolution rates and Ca/Mg ratios. This was the largest recorded storm
event, with a discharge peak of 15.24 m3/s, resulting from 80.17 mm of rainfall. In this
event, peak proportions of rainfall, as well as Ca/mg ratios and dissolution potential
peaked ~4 hours prior to the peak discharge of the event.
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Figure 5-8: Summary of dissolution related responses for storm Jn-2. A minor summer
storm, with low discharge and no observable stormwater pulse, as well as a decrease in
Ca/Mg and dissolution rates. This storm likely just displaced storage water.
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Figure 5-9: Dissolution related responses for storm Jy-3. A large midsummer storm,
52.36 mm of rainfall caused an increase in discharge to 5.49 m3/s at its peak. Ca/Mg,
stormwater proportion, and dissolution rates rose and fell multiple times before peaking
approximately 3 hours after the peak of the discharge hydrograph.
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Figure 5-10: Summary of dissolution related processes for storm Mr-1. An early spring
storm, this event displayed an offset between the peak discharge and peak rainfall
proportion, Ca/Mg, and dissolution potential of 20 hours. At the peak of the discharge
hydrograph, rainwater only comprised 1.5% of the total discharge.
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Figure 5-11: Summary of dissolution related response for storm Se-1. An early fall
storm, discharge peaked and fell quickly back to baseflow level, but rainwater
proportions, Ca/Mg, and dissolution potential peaked 7 hours after the peak discharge,
then slowly receded to baseflow conditions well after discharge had leveled off.
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Palmer’s (1991) equation was 0.308 mm/yr per unit area of water-rock contact. By
summing the mass of dissolved Ca2+ and multiplying it by [100.09/40.08], which is the
ratio of the molar mass of calcite to the molar mass of calcium, the mass of dissolved
CaCO3 exported from the system upstream of Blue Hole Four was calculated to be
3777.8 kg, or a volume equivalent to 1.399 m3.
Storm events tend to cause dissolution rates and Ca2+/Mg2+ ratios to initially
drop, and then rise as discharge rises, peaking in phase with the peak proportion of
rainwater discharging from the system (Figures 5-7 through 5-11). In almost all cases,
the peaks of the dissolution rates, Ca2+/Mg2+ ratios, and rainwater proportions occur
after the peak of the discharge hydrograph, but during two large storm events, Ap-4 and
Ja-3, the peaks of these values preceded the discharge peak. Typically, the larger the
storm event, the larger the change observed in these parameters; however, very small
storm events, such as Je-2, actually depressed dissolution-related parameters.

5.4 Water Budgeting and Active Recharge Area
A simple water budget was calculated for the LRKA during the study period and
for 1984 based upon unpublished data collected by the Center for Cave and Karst
Studies (now the Hoffman Environmental Research Institute) at WKU using data
loggers with a four-hour sampling interval and precipitation data recorded at the
Bowling Green Regional Airport and compiled by the National Weather Service. The
basic Thornthwaite water budget equation is (from Hornberger et al. 1998):
de
d

= f() + bgK () + bhK () − bgi () − bhi () − j()
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(13)

where dV/dt is the change in the volume of water V stored in the aquifer over the change
in time t, p is recharge from precipitation, rsi and rgi are recharge from external surficial
and groundwater inputs respectively, rso and rgo represent outflow through surface runoff
and groundwater flow respectively, and et is water lost through evapotranspiration. In
the case of the LRKA, there are no known inputs from outside groundwater or surface
streams, and the only known output is the subterranean Lost River, so the terms rsi(t),
rgi(t), and rso(t) can be removed, simplifying equation 11 to:
de
d

= f() − bhi () − j()

(14)

An annual water budget was calculated for both data sets (1984 and 2013).
During the study period, a total of 1331 mm of rainfall was recorded, but annual
evapotranspiration returned an estimated 800 mm of this to the atmosphere, making the
effective recharge total 531 mm. This translates to a total of 6.51x107 m3 of recharge
over the theorized 122 km2 drainage basin (Crawford 1989). Blue Hole Four discharged
3.38x107 m3 of water during this time, or 52% of the recharge received, while 48% of
the recharge was either stored in the aquifer, followed another flowpath within the
aquifer, or was discharged at another, as of yet unknown, location. In 1984, however, a
total of 1544 mm of rainfall was recorded, generating 9.08x107 m3 of effective recharge
compared to that period’s 8.36x107 m3 of discharge, thus the aquifer discharged a full
92% of the received recharge in this year while a mere 8% entered storage or followed
an alternate flow route through the aquifer.
It is possible to back-calculate the recharge area for individual storm events in
the same manner. Active recharge areas calculated for individual storm events ranged
from 0.04 km2 in storm No-2 to 50.89 km2 (0.03% and 42% of the total theorized
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Figure 5-12: Peak storm discharges as a function of calculated proportional active
recharge area. Tabulated data for these values is presented in Table 4-1
.
recharge area, respectively) for storm Ja-3, with an average of 8.7 km2 and a median of
3.52 km2. Typically, larger storms produced larger active recharge areas; however, this
was not always the case, particularly with summer storms. Jy-1 and Au-2, for example,
rank in the upper third of all analyzed storm events with respect to total rainfall at 42
mm and 69 mm of rain total, respectively. These two storms rank below the median
value as far as active recharge area is concerned at 0.894 km2 and 3.18 km2,
respectively. It was observed, however, that the maximum discharge of a storm response
appeared to be proportional to the calculated active recharge area (Figure 5-12).
The best-fit line applied to the above data takes the form (n=36, R2=0.7704):
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_I` = 31.88(lm ) + 1.0975

(15)

where Ap is the active proportion of the total theorized recharge area of the same storm
event. Using this equation, it is estimated that the minimum discharge of a storm that
activated the entire recharge area (Ap=1) would be 32.78 m3/s. Rearranging equation 12
and substituting equation 10 for Qpeak yields:
l] =

qV .Z ( . Z 0.rs<
0.tt

(16)

which is a function for calculating Ap based on total rainfall r in a storm event and the
antecedent discharge, Q0.
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CHAPTER SIX: DISCUSSION
Seasonal and storm event scale fluctuations in the various parameters of this
study yield insight into the processes governing flow and geochemistry in the LRKA.
The seasonal trends observed in Figure 5-1 are readily explained. Higher flows observed
throughout the spring, as well as lower overall SpC values, are partially a product of
south-central Kentucky’s April-October wet season, which causes low
evapotranspiration during the first three months of the study (January – March), high
evapotranspiration rates during summer and early fall, and low rainfall from September
through November (NOAA 2013).
Rainfall patterns dictate the physical and geochemical character of water in
shallow karst aquifers, and the LRKA is no exception (Ford and Williams 2007). During
the spring, higher, more regular rainfall kept water levels elevated, causing a total of 20
of the recorded 36 storm events and keeping baseflow levels from receding lower than
0.65 m3/s, as opposed to the 0.45 m3/s baseflow regularly seen by late summer and
through the end of the study period. The regular introduction of rainwater into the
aquifer during the spring also depressed SpC values throughout the season, as rainwater
tends to have a much lower SpC value (5 – 100 µS/cm) as opposed to water stored in the
aquifer for extended times (300 – 350 µS/cm) (Sanders 1998; Figure 5-1). The regular
introduction of rainfall reduces residence time in the aquifer by increasing the hydraulic
gradient of the aquifer, and thus flow velocities, thereby allowing water less time to
dissolve rock and acquire the higher dissolved load necessary to cause higher SpC
values (Vesper and White 2003; Ford and Williams 2007). Additionally, with every
storm event, a mixture of storage and rainwater replaces previously stored groundwater.
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Figure 6-1: Seasonal comparison of groundwater and surface air temperatures. Both
temperatures shift seasonally, growing warmer throughout spring and summer before
declining in fall, in phase with one another. The time period 10 January through 7
October 2013 is displayed because surface temperature past 7 October was temporarily
unavailable from the Kentucky Mesonet.

Temperature values also rose seasonally during the study period (Figure 6-1).
Until early May, water temperature fluctuated between 12 and 15 °C with storm events
causing temperatures to drop within the aquifer. However, after 20 May 2013, storm
events caused increases in water temperature for the remainder of the study period, and
from this point forth temperatures remained above 15 °C, with some storm responses
raising temperatures to 18 °C or higher. This sudden, distinct shift appears to be
associated with a combination of seasonal changes in the temperature of the recharge
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water and seasonal changes in surface air temperature, which also shows seasonal
variation of the same pattern, but greater magnitude, as well as expected diurnal
fluctuations that are not reflected in water temperatures (Figure 6-1).

6.1 Aquifer Evolution Processes
Karst aquifer evolution is driven by the dissolution of calcite (CaCO3). The data
from this and other studies (e.g., Anthony 1998; Groves and Meiman 2006; Liu et al.
2007) indicate that the bulk of dissolution occurs during storm events due to the
presence of favorable chemical conditions (low dissolved content and low pH) and
favorable physical conditions (large flows capable of carrying a large dissolved load).

Calcium/Magnesium Ratios and Implications for Dissolution Conditions
Of the two common cations seen in karst waters, calcium (Ca2+) and magnesium
(Mg2+), Ca2+ is by far the most prevalent in karst aquifers formed primarily in limestone,
as it is the free product of the dissolution of CaCO3 (White and White 1989; Drever
1997; Palmer 2007). Ca2+/Mg2+ ratios tend to increase during the early part of storm
responses, as the proportion of rainwater discharged from the system increases (Figures
5-7 through 5-11). The highest Ca2+/Mg2+ ratios are found in water that has a high
proportion of rainwater; this water is the most chemically aggressive water passing
through the aquifer and thus has the most potential to dissolve CaCO3. Conversely,
storage water has a relatively low value for Ca2+/Mg2+ ratios due to its lower capacity to
dissolve CaCO3 (Shuster and White 1971; Vesper and White 2004). Additionally,
Ca2+/Mg2+ ratios have a distinct baseflow value range of 9.0 to 9.2. In contrast, storm
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event Ca2+/Mg2+ ratios peak between 9.3 and 10.5, in phase with the peak proportion of
the discharge derived from rainfall, making the chemical identification of stormflow
versus baseflow based on this parameter simple. The increase in Ca2+/Mg2+ ratios may
also be affected by the dissolution of other minerals, such as CaMg(CO3)2 at baseflow
conditions, owing to the difference in the reactivity of these minerals; CaCO3 typically
dissolves at twice the rate of CaMg(CO3)2 (Drever 1997).
At Blue Hole Four, this process occurs as the continual dissolution of limestone
proceeds during both baseflow and storm event flows. Since Ca2+ and M2+ are calculated
based off of SpC values, similar changes to those seen in SpC responses are seen in
Ca2+/Mg2+ ratio variations during storm responses. Ca2+/Mg2+ ratios are an ideal tracker
for the initial pulse of storage water forced out of the aquifer by incoming recharge due
to the distinct difference in the values at base and storm flows.

Dissolution Rates: Plummer-Wigley-Parkhurst vs. Palmer
The two methods used to calculate dissolution of limestone within a karst aquifer
are distinctly different. The Palmer (1991) equation estimates the linear solutional retreat
of conduit walls in contact with water in mm/yr. As a result, it is most useful when both
the true geometry of the conduit network and flow conditions inside every conduit of the
aquifer are known at every observation time so that the amount of rock dissolved may be
calculated based upon the total water-rock surface area contact. Therefore, the use of this
equation is best limited to individual conduits or smaller, simpler karst systems (e.g.,
Groves and Meiman 2006; Arpin 2013). In the case of a large, complex karst aquifer of
uncertain conduit geometry, the Plummer-Wigley-Parkhurst (PWP) model is more
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suitable. By calculating the potential for CaCO3 dissolution based solely upon the
chemical conditions present in the water, an estimate of dissolution rate in mol/l/s is
calculated that is independent of aquifer conduit geometry and pipe flow conditions.
The calculated estimate of dissolved CaCO3 for the LRKA during the study
period yielded by the PWP model is a mass of 384.14 kg, equivalent to a volume of 0.14
m3. In sharp contrast, a volumetric flux of CaCO3 calculated using Ca2+ concentrations
yields a removed mass of 3777.78 kg, or 1.40 m3, a full order of magnitude greater than
that yielded by the PWP model. At first, this seems to either be an obvious error or an
invalidation of the model, but it is important to remember that the estimate generated by
the PWP model is based upon the conditions present at the point of measurement, in this
case Blue Hole Four. According to extensive dye tracing work in the 1980s, water
travels up to 12 km underground, in contact with rock the whole way, before reaching
the monitoring site (Crawford et al. 1987). If it is assumed that meteoric water enters the
subsurface with a low dissolved content and at equilibrium with atmospheric CO2, thus
having a pH of 5.6 or lower (as opposed to the typical 6.5 to 6.7 recorded at Blue Hole
Four during storm events; Carroll 1962), and it becomes more acidic due to CO2
enrichment in the soil (Andrews and Schlesinger 2001), then the terms upon which the
PWP model depend change drastically: [H2CO3], which drives the forward (dissolution)
rate increases exponentially, while the terms [Ca2+] and [HCO3-] decrease by at least an
order of magnitude. If this occurs, then the rate of dissolution at the point of entry
mathematically must be higher than the values recorded at Blue Hole Four. In a natural
system, the PWP model calculates the potential dissolution from a certain point forward,
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and the current dissolved content is a more accurate representation of the dissolution that
has already occurred.
The greatly reduced dissolution potential and increased dissolved load from
rainwater to the water monitored at Blue Hole Four indicates the bulk of the recharge
water’s initial capacity for dissolution is buffered out by the time it reaches Blue Hole
Four. If the bulk dissolution occurring within the LRKA is occurring near the initial
entry points into the aquifer, upstream of the monitoring site, then these sectors will be
the most heavily karstified and may have developed more complexities, or dissolved
away enough rock, to have developed an epikarstic aquifer that could store significant
water after a period of prolonged drought (e.g., Williams 2008; Vanderhoff 2011). This
is also more likely in the presence of significant chert layers, such as those found within
the study area, owing to their control on shallow groundwater levels in the LRKA
(Groves 1987).

Potential Anthropomorphic Impacts on Aquifer Evolution
In the past 25 years, the number of drilled stormwater drainage wells in Bowling
Green and the surrounding area of Warren County, including the recharge area of the
LRKA, has more than tripled, going from an estimated 444 in 1989, to over 1400 as of
this writing (Crawford and Groves 1989; Pers. comm. Slattery 2013). This has the
potential to affect both flow and chemical conditions in the LRKA. Stormwater drainage
wells allow for concentrated, rapid infiltration of chemically aggressive rainwater into
the carbonate aquifer, thus setting the stage for increased dissolution in the voids
through which the water flows. Additionally, this practice has the potential to alter flow
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routes and recharge areas within the LRKA. It is not uncommon for a karst aquifer to
have multiple subsurface flowpaths and outlets, and if a drainage well intersects a
conduit that does not drain to the Lost River (the primary subsurface stream of the
LRKA), but drains from the aquifer to elsewhere, then the recharge normally contributed
by the area the well drains will be shifted to a different stream, decreasing the flow of
the Lost River and increasing the flow of the other subsurface stream.
Dissolution of carbonate rocks is driven primarily by CO2 (White 1988; Drever
1997). Soil CO2 from plant root respiration and microbial activity is widely recognized
as the largest source of CO2 in karst groundwater (White and White 1989; Andrews and
Schlesinger 2001). The second greatest source of CO2 in karst groundwater, atmospheric
CO2, is rising rapidly due to anthropogenic activity, most recently breaching 400 ppm
(IPCC 2013), then the acidity of rainwater will continue to increase. In the 1960s,
rainwater in equilibrium with atmospheric CO2 would have attained a pH of 5.66
(Carroll 1962); however, in today’s atmosphere, rainwater in equilibrium with average
atmospheric CO2 has a pH of 5.6 before even considering other compounds, such as SO4
and NOx, which are common industrial byproducts that can acidify rain water (Carroll
1962). Decreasing the initial pH of rainwater before it enters the subsurface could make
conditions more favorable for the dissolution of carbonate minerals during storm events,
particularly in the case of water entering drainage wells and having a short residence
time in the soil.
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6.2 Water Budgeting and the LRKA “Black Box”
Water budgeting for the study period revealed that almost half of the water that
fell in the LRKA’s recharge area in 2013 was “lost” according to the standard water
budget assumption that Qin=Qout (Hornberger et al. 1998). This indicates a significant
amount of water was either stored within the aquifer or transmitted along a different
flowpath that was not monitored. In addition, when recharge areas were back-calculated
for individual storm events, the largest calculated recharge area for a storm event was 51
km2, or 42%, of the total theorized 122 km2 recharge area as determined by dye tracing
(Crawford 1987). After all individual storm events were analyzed in this manner, it was
found that there exists a positive, linear correlation between the proportion of the
recharge area “activated” by a recharge event and the peak discharge of a storm event
(n=36, R2=0.7704). While this may seem elementary, it does not explain the fact that,
assuming uniformly distributed rainfall, much more water is entering the aquifer’s
recharge area than is leaving it through what has long been held to be the primary
flowpath through the aquifer.

Historical Comparison: 1984 vs. 2013
In 1984, only 8% of the recharge was unaccounted for during the year. NWS
precipitation records for 1983 and 1984 at the Bowling Green Regional Airport (BGRA)
show a stark difference in recharge patterns when compared to the 2012-2013 Kentucky
Mesonet data. Both 1984 and 2013 received above average rainfall for the region: in
1984, the LRKA received 1544 mm of recharge, and during the 2013 study period, a
total of 1331 mm of recharge was recorded over ten and a half months. However, when
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the prior year’s rainfall is considered, along with the yearly hydrographs for each period
(Figure 6-2), a discrepancy emerges. In 1983, a total of 1453 mm of recharge was
recorded, with over one third (469 mm) recorded in the final three months of the year. In
2012, however, a lower than average rainfall total was recorded (973 mm), with only
243 mm of recharge recorded in the last three months of 2012.
Comparing the yearly discharge hydrographs for the two periods (Figure 6-2),
reveals that the 1984 hydrograph does not recede fully into baseflow conditions until
mid-July, whereas the 2013 dataset clearly shows at least four periods of baseflow
conditions before the end of May. The 1984 data indicate that flows did not drop below
one m3/s until early July at which point baseflows of 0.45 to 0.75 m3/s were noted, while
the 2013 data only breach a flow of one m3/s during storm events, and typically range
from 0.65 to 0.75 m3/s during spring baseflow periods and 0.45 to 0.54 m3/s during
summer and fall baseflow periods. With the first half of the study period being the most
divergent from 1984 with respect to discharge, one would expect to see a difference in
recharge during this period; however, only 28 mm of additional rainfall was observed
for the first six months of 1984 than 2013. In fact, almost a third of 1984’s early rainfall
came in May, which yielded a peak discharge for 1984 of 28.14 m3/s on 7 May 1984, as
opposed to 2013’s peak discharge of 15.24 m3/s on 28 April 2013. A discrepancy of this
magnitude indicates the presence of some unknown process affecting flow conditions in
the LRKA.
This discrepancy, while limited to only two years of comparative data, is likely
an important one in better understanding the evolution and hydrological complexities of
a telogenetic karst aquifer. It is unlikely to be an issue with the discrepancy in temporal
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Figure 6-2: Comparison of flow conditions in 1984 vs. 2013. It can be seen that in 2013,
flows are consistently lower than in 1984. This is particularly evident in the spring
months, whereas in 2013, flow often returned to baseflow conditions of less than 0.75
m3/s (highlighted in the graph) as opposed to 1984, when flows did not recede to
baseflow until mid-July.
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Figure 6-3: Assumption of pipe flow in a karst conduit (above) vs. the presence of
natural irregularities, such as blockages and deep scour pools. These features may result
in increased storage capacity not indicated by conceptual models that assume pipe flow.
resolution of the datasets (four-hour resolution for 1984 versus 10-minute resolution for
2013), owing to the magnitude of the differences in peak flows between the two years as
well as the lack of baseflow conditions in the first half of the year in 1984, thus
overruling this minor difference.
A more likely explanation is that the water stored in the aquifer was depleted in
late 2012 by a full calendar year of sub-average precipitation totals, and the above
average rainfall observed in the first six months of 2013 replenished this depleted
storage. The conceptual model provided by Covington et al. (2009) supports this
possibility, indicating that conduits that are not at full pipe flow will retain in storage a
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significant amount of water from a storm event, thus decreasing the overall outflow.
This effect is likely due to the fact that karst conduits are not pipes in the classical sense,
as some conceptual and physical models have assumed (e.g. Campbell and Sullivan
2002). Karst conduits are uneven and irregular, very similar to surface channels in
bedrock, and display a wide array of forms; deep pools can be present that are
hydrologically disconnected at baseflows, and blockages can constrict flowpaths during
storm flows, but allow water to seep through during baseflow (Figure 6-3) (Crawford et
al. 1989). Another possibility lies in the implementation of stormwater infrastructure in
the 29 years in between these two studies, as discussed in Section 6.1.
A third possibility exists, as well. Following record flooding in May of 2010,
observations of the response of the Lost River in the tourist section of the cave, which is
almost completely fed by water discharged from Blue Hole Four, indicate it is now
significantly different than it was prior to that event in that it rises and falls in a shorter
period of time than before. It is possible that formerly clogged conduits, indicated as a
major control of regional groundwater flow and storage in the LRKA (Crawford et al.
1987; 1989), were cleared and water at high flows was rerouted during this event,
changing flood responses and overall storage capacity of the system. The phenomenon
of rapid changes in flow patterns and channel geometry following extreme events is
noted in surface water hydrology (e.g., Lamb and Fonstad 2010), and similar conditions
could conceivably cause similar effects inside the karst aquifer “black box.”

Potential Anthropogenic Influences
Another potential factor in the drastic difference in flow conditions despite
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similar rainfall amounts, as well for the aforementioned unusually low recharge areas
calculated for individual storm events, is the presence of a much higher number of
stormwater injection wells. In 1984, there were 444 stormwater injection wells in
Bowling Green and Warren County as opposed to over 1400 present now (Crawford and
Groves 1989; Pers. comm. Slattery 2013). Stormwater injection wells in Bowling Green
are drilled until they intersect a void capable of accommodating 7580 liters (2000
gallons) of water in a short time from a tanker truck (Pers. comm. Slattery 2013). In the
event that the void intersected by the well does not drain to Lost River, the flowpath for
which Blue Hole Four is a surface expression, then any water draining into that
particular well would be transmitted elsewhere rather than to the monitoring site.

Regional-scale Structural and Stratigraphic Influences
The occurrence of interbasin transfer in karst terrains is well documented; in the
Ozarks region of Missouri and Arkansas, many springs receive recharge that falls within
an adjacent surface drainage or karst aquifer, but is conveyed via long subsurface
flowpaths to a different discharge point than the primary outlet of the receiving basin
(Vineyard and Feder 1982; Vandike 1992). A common theme in many of the noted
interbasin transfers of the Ozarks region is extensive faulting due to uplift of the Ozarks
Dome, particularly displayed in the Bennett Spring case. Similarly, the Kentucky
Geological Survey identified faulting in the Bowling Green South and Salmons geologic
quadrangles near the southern edge of the LRKA’s recharge area. Islas (2006) also
identifies a wrench faulting system that straddles the southwestern limits of the dyetraced recharge area, comprising parts of both the LRKA’s recharge area and the
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adjacent surface drainage, a stream draining south toward nearby Drake’s Creek. Since
karst flowpaths are theorized to initially develop along preexisting structural weaknesses
that offer the shortest flow path to a local base level (Crawford 1974; Groves and
Howard 1994; Howard and Groves 1995), it is feasible that interbasin transfers are
removing some water from the southern parts of the basin along fault lines.
Both of the hydrologically significant chert layers identified by Groves (1987)
are discontinuous, and thus are leaky confining layers rather than true confining layers.
Because of this, the possibility exists that water in the phreatic zone could penetrate
these layers and travel through or be stored in deeper conduits or reservoirs. If this
occurs, then water would circumvent the monitoring site at Blue Hole Four, which sits
above the Lost River Chert (Crawford et al 1987; 1989).

End Member Mixing Analysis
EMMA results yielded a record of the proportion of discharge during storm
events that was derived from two components: rainwater versus water stored in the
aquifer that was forced out by hydraulic head generated by the addition of rainwater
from the system (Vesper and White 2003). These results indicate there is at least one
initial pulse of water that is entirely composed of water from storage forced through the
LRKA to the study site by hydraulic pressure, which gradually gives way to a mixture
that is increasingly composed of more rainwater and less storage water (Figures 6-4
through 6-6). Larger storms tend to generate a more immediate response, with the peak
proportion of rainwater coming earlier in the hydrologic response as the magnitude of
the recharge event grows larger (Figure 5-5; Table 6-1). In the case of the two largest
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Figure 6-4: Comparison of storage proportions during large storm events. Storms Ja-3,
Ap-4, and Au-2 all received at least 60 mm of rainfall, and discharge exceeded 8 m3/s in
all three events. All three events also saw maximum recharge water proportions peak
above 50% either immediately before or after the peak of the discharge hydrograph.
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Figure 6-5: Comparison of storage proportions for mid-level storm events. Storms Ja-4,
Mr-2, and Jy-2 all received 30-35 mm of rain, and saw discharge rise to 2.5 to 6 m3/s. In
all three cases, peak rainwater proportions reached 30% to 40% several hours after the
peak of the discharge hydrograph, and all displayed multiple peaks in the proportion
hydrograph, indicating multiple sources of storage water.
65

Figure 6-6: Comparison of storage proportions for small storm events. Storms Je-2, Mr6, and No-2 all peaked out with a flow of less than 2 m3/s. Peak rainwater proportions
were less than 20% and lagged up to 19.5 hours behind the peak of the discharge
hydrograph.
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Storm

Total
Qmax
Pr at
Q at Prmax Prmax
Prmax
Recharge
3
3
rainfall (m /s)
Qmax
(m /s)
Lag
Area
(mm)
Prop.
(hours)
59.9
12.62
51%
12.29
52%
-1.5
41.7%
Ja-3
33.3
2.67
16%
2.38
33%
15.33
17.1%
Ja-4
32.0
4.56
29%
4.11
39%
3.33
18.1%
Mr-2
11.8
1.7
3%
1.58
19%
19.5
5.3%
Mr-6
80.2
15.24
63%
14.52
64%
-3.83
33.9%
Ap-4
11.1
1.22
0%
0.63
12%
42
1.8%
Je-2
31.7
0.75
2%
0.69
15%
7
0.4%
Jy-2
69.3
7.66
35%
4.97
63%
4.67
2.6%
Au-2
12.7
0.442
0%
0.437
3%
16.5
0.03%
No-2
Table 6-1: EMMA and recharge area calculation results for storm events presented in
Figures 5-3 through 5-5.

storm responses, Ja-3 and Ap-4, the peak proportion of discharge derived from rainfall
actually occurred before the peak of the discharge hydrograph, as opposed to the typical
3 to 26 hours after the peak of the discharge hydrograph.

LRKA Recharge-Discharge Synthesis
The phenomenon of varying recharge areas within a single drainage system is a
vexing one; there appear to be three possibilities that may have a significant role in this
occurrence based on the data for the LRKA (Table 6-1). First, the LRKA’s recharge area
may actually be smaller than what has been mapped and dye-traced. The only true
certainty about the flowpaths within the LRKA is that water flows from the points where
dye was injected to the points where it was detected by charcoal packets or water
samples. If the LRKA acts similarly to other telogenetic karst aquifers, such as the large
karst drainage systems of the Ozarks, then interbasin transfers may be transferring
recharge out of the basin and into one of the adjacent surface drainages, Drake’s Creek
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or the Gasper River, or an unknown subsurface drainage. Second, the possibility exists
that the responses to storm events are controlled by storage, and that certain conduits
within the aquifer will only transmit water once storage features within them, such as
deep pools, have been filled to the point that they overflow, allowing water to flow
freely through the aquifer. Third, the distribution of rainfall may not be uniform
throughout the basin, which is an assumption made in the recharge area calculation, as
mentioned previously within the context of rainfall seasonality. One of the major pitfalls
to having a single recharge monitoring site is that rainfall is often not homogeneous over
large areas, and the amount of rainfall observed at the Kentucky Mesonet site may not
be representative of the entire basin. For the LRKA, this likely does occur, but
examination of the data indicate varying recharge areas smaller than the previously
mapped area no matter the storm size or season. This may indicate that rainfall
distribution has less of an influence on the discharge dynamics of the LRKA.

6.3 Contaminant Transport
Storage of water in the LRKA necessarily entails the storage of any contaminants
carried by the water moving into storage. A prime example of this would be the
recurring “suds floods” of the last three years at Lost River Cave. First noted on 5
September 2011, foam that was eventually determined by the Kentucky Division of
Water to be derived from laundry detergent spilled at a local factory began to pile up
inside the cave entrance, choking the cave with noxious fumes. Similar events have
occurred multiple times, notably on 19 September 2012, 15 July 2013, and 12 November
2013 (Figure 6-7). Given the potential for storage of water in the LRKA indicated by
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Figure 6-7: The “Suds Flood” of 17 November 2013 at Lost River Cave. This was the
fifth occurrence of sudsing at LRC, and the third event of this magnitude. It is likely
that, at minimum, the smaller events in between the three large events were a result of
detergent stored in the aquifer and flushed through by a storm event.

geochemical results in this study, it is entirely possible that these events did not each
result from a separate spill, but that some may have been residual contamination stored
in the aquifer following the initial event or a subsequent spill that remained in the
aquifer until flushed through by a major storm event. This is particularly valid given the
low rainfall recorded in 2012 as opposed to the well above average rainfall conditions
seen in 2011. If, during 2011, conduits were activated that were not needed to transmit
water during 2012, it is plausible that detergent could remain in the system until the
major storms of 2013 flushed the stored detergent through.
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The predictive model presented in equation 10 provides a working estimate of
the magnitude of peak flows, allowing LRC management the opportunity to more
efficiently manage employee time, safety, and resources during flood events. Equation
12 provides a working estimate of the expected active proportion of the recharge area,
thus allowing the estimation of how much water will be discharged from an event, and
how much will be stored. Since contaminants entering the aquifer are stored along with
the water with which they enter, if a spill is known in the recharge area, then educated
guesses can be made as to whether the contaminant will be transmitted through the
aquifer or will enter storage only to be flushed through by the next storm event. These
results indicate that water from smaller storm events is much more likely to be stored in
the aquifer, and as such the bulk of any contaminants carried into the aquifer during
storms with low rainfall and low peak discharge will be stored in the aquifer to be
discharged during the first flush of the next large storm event.
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CHAPTER SEVEN: CONCLUSIONS
Using a combination of high temporal resolution data collection and statistical
methods, this study set out to assess the impact of storm events on physical and chemical
flow conditions in the Lost River Karst Aquifer of Warren County, Kentucky. The study
answered the following questions:
-

What temporal patterns can be observed with respect to physical and
geochemical conditions in the water of the Lost River Karst Aquifer, and what
do these patterns indicate regarding the effects of storm events, land use, and
aquifer conduit geometry?

-

Can storm responses be accurately predicted with mathematical models in a
large, complex, telogenetic karst aquifer?

-

At what aquifer responses do geochemical conditions indicate possible
hydrologic conditions amenable to contamination impacts?
Temporal patterns were observed at both seasonal scales and at individual storm

event scales. All directly measured and calculated parameters had distinct responses to
the introduction of stormwater into the aquifer: SpC would rise and then fall as storage
water was flushed through the aquifer and was replaced with a dilute solution of
stormwater and storage water, Ca2+/Mg2+ ratios followed suit, and temperature fell
during storm events until late May, when stormwater apparently became warmer than
the aquifer water and began to illicit an increase in temperature as stormwater flowed
through the aquifer. Seasonally, discharge was highest in the wet spring months and low
for much of the rest of the year. Storm responses caused discharge to rise rapidly and
trail off slowly into baseflow conditions.
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A simple predictive model was developed to forecast the expected discharge
based upon rainfall totals at the Kentucky Mesonet site. This model takes the form of a
second order polynomial, with an R2 value of 0.8035, indicating a strong fit for a natural
system. Furthermore, a second predictive model was derived to predict the proportion of
the LRKA’s dye-traced recharge area that would actively contribute recharge to the
study site during a storm event, which is a highly variable amount.
Storm events are the result of a two-step process: first, recharge water entering
the conduits of the aquifer upstream of the monitoring site act in a manner similar to a
piston, driving water out of storage and through the aquifer; as this is occurring, water is
mixing at the tail end of the storm pulse, and as the rest of the storm pulse moves
through, it is comprised of a mixture that is at first nearly all storage water, then
increasingly dominated by recharge water before fading back to baseflow conditions. It
was found that the peak of the discharge hydrograph rarely coincides with the highest
proportion of recharge. These results indicate there are two critical times at which
contaminants could be transported: first, any contaminant stored in the aquifer could be
flushed out with the storage water, occurring before or very near the peak of the
discharge hydrograph; second, any new contaminants introduced to the aquifer that will
be washed through will likely be carried through when recharge water reaches its
greatest proportion within the discharge, typically 4 to 26 hours after the peak of the
discharge hydrograph. During extremely large storms, these two times draw closer and
closer together, both occurring during the brief rising limb of the discharge hydrograph.
This study has implications for the understanding of large, complex telogenetic
karst aquifer systems, as these are important resources for groundwater and are still not
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well understood by many. Even in a well-studied basin, such as the LRKA, which was
extensively monitored and dye-traced for several decades, advances in high-resolution
monitoring and the collection of new data allow for a deeper understanding of the
processes and evolution of karst systems. Future work will involve having additional
precipitation monitoring sites, a second spring monitoring site (already underway) at the
Lost River Rise, and additional analysis of storm events and high-resolution data to
continue delving deeper into the research questions posed herein. This study, and future
additions to it, will aid both city planners in Bowling Green and natural resource
stewards at Lost River Cave in protecting sensitive karst groundwater resources and
minimizing adverse impacts of flooding in karst areas.
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APPENDIX 1: INDIVIDUAL RECORDED STORM EVENT GRAPHS
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APPENDIX 2: SAMPLE SIGMAPLOT SPREADSHEET DATA
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