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3D RESISTIVITY SURVEY OVER MAPPED CAVES IN EOGENETIC KARST
TERRANE, WEST-CENTRAL FLORIDA, USA

Charles W. McCrackin', Henok G. Kiflu?, Sarah E. Kruse?, Philip E. van Beynen?, Jason S. Polk3¢
and Ben. Miller*

Abstract

This study assesses the capability and practical applications of quasi-3 Dimensional (3D) Electrical Resistivity Tomog-
raphy (ERT) for mapping air-filled conduits in eogenetic karst. A high-resolution quasi-3D ERT survey, consisting of
multiple parallel 110m-long 2D profiles, was conducted over two mapped cave systems on the Brooksville Ridge, Flor-
ida. The irregularly shaped caves have diameters ranging up to 4 m and span depths from 3 m to 11 m below ground
surface. Dipole-dipole array geometries with L, (least squares) rather than L, (robust) inversion produced the best fits
of resistivity highs with the mapped cave locations. As expected, 3D inversions of sets of parallel lines produced better
results than 2D inversions of individual transects. Better imaging was obtained of a cave over which cave-parallel pro-
files were run in addition to cross-cave profiles. However, even with the best acquisition and processing steps, there
are significant misfits in the apparent size of the large cave sections, and narrower conduits are not imaged. Resolution
decreased significantly with depth, as expected given the method limitations and the site constraints on profile lengths.
3D visualization techniques are explored, and found helpful in examining the data and comparing mapped caves and
3D resistivity datasets; however, when applied to eogenetic karst terrain, ERT has limited capacity to detect smaller
cavities, which may require the additional use of other geophysical or subsurface investigative methods. With sinkholes
continuing to be of concern to residential and urban development in west-central Florida, the results of this research
present additional insight on the potential of quasi-3D ERT methods to map and characterize the potential hazards
posed by karst terranes.

INTRODUCTION

Electrical Resistivity Tomography (ERT) can be an effective detection method for caves and voids in karst terrain
(e.g., Doll et al., 1998; Schoor, 2002; Gibson et al., 2004; EI-Qady et al., 2005; Leucci and De Giorgi, 2005; Parise and
Gunn, 2007; Ezersky, 2008; Abu-Shariah, 2009; Panek et al., 2010; Gambetta et al., 2011; Kaufmann et al., 2011; Zhu
et al., 2011, McCormack et al., 2017; Prins et al., 2019). ERT methods are sensitive to the resistivity contrast between
the host bedrock material and the void space. When caves exist in the vadose zone, the empty void space has a higher
resistivity than the host rock. In the phreatic zone, water-filled cavities generally appear as resistivity lows against the
host rock background (Zhu et al., 2011; Land et al., 2012; Gary et al., 2013; Redhaounia et al., 2016; Majzoub et al.,
2017; Nazaruddin et al., 2017; Redhaounia et al., 2017).

The use of geophysical techniques for void detection was pioneered in telogenetic karst settings (Crawford, 1989;
Crawford et al., 1999), where the rock has undergone diagenesis and compaction, and the porosity is often low, with
voids existing in long, linear pathways following joints or bedding planes (Palmer, 2007). Such terranes include much
of the southeastern and central United States. In contrast, eogenetic karst regions, such as Florida and much of the
carbonate islands of the Caribbean, contain geologically young limestones having high primary porosity and matrix per-
meability (Vacher and Mylroie, 2002). Voids in eogenetic karst systems present challenges to detection, compared to
the extensive cylindrical voids that may form in mature karst. In eogenetic karst, both high primary porosity (Vacher and
Mylroie, 2002) and a tendency of voids to fill with sediments (Jenson et al., 2006) act to reduce the resistivity contrast
between caves and rock. Caves tend to be smaller and may be more complex in geometry due to the higher permeabil-
ity bedrock and dominance of matrix flow overprinting structural controls that tend to guide void detection in telogenetic
karst areas (Florea, 2006; Palmer, 2007). Both vertical shafts and horizontal voids are expected from varied processes
near the surface and near the water table (Jenson et al., 2006). Nevertheless, detecting voids in young carbonate karst
systems (eogenetic limestones) is increasingly important as a tool for mapping the potentiometric surface, petroleum
extraction, and salt water intrusion threats (Lace and Mylroie, 2013).

With the advent of automated multi-electrode resistivity array systems, resistivity survey times have significantly
decreased and have allowed for greater amounts of data to be collected. This has led to the more frequent use of
two-dimensional (2D) and now three-dimensional (3D) ERT imaging (Loke et al., 2013). Traditional 2D ERT surveys
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have proven successful in the detection of various 3D features when these features are large compared to the elec-
trode spacing. Examples of such features include sinkholes (Schoor, 2002; Kruse et al., 2006; Margiotta et al., 2012),
landslides (Schrott and Sass, 2008; Panek et al. 2010; Zhou and Beck, 2011), and caves (Leucci and De Giorgi, 2005;
El-Qady, 2005; Abu-Shariah, 2009; Gambetta et al., 2011: Kaufmann et al., 2011); however, 2D ERT may not always
be appropriate for mapping complex geology (Loke and Barker, 1996b; Roth et al., 2002; Zhu et al., 2011). A 3D survey
may be best suited, particularly when a volumetric approach is required or when resolution of geometric detail is de-
sired, as in archeological surveys (Loke and Barker, 1996b; Roth et al., 2002; Papadopoulos et al., 2006; Neyamadpour
et al., 2010; Chambers et al., 2012). Additionally, 2D ERT surveys can suffer from artifacts generated by off-line 3D
features in complex environments such as might be expected in eogenetic karst (Roth et al., 2002; Gharibi and Bentley,
2005; Martorana et al., 2009; Zhu et al., 2011).

With true 3D arrays, many varieties of array geometries are possible. Currently, most 3D resistivity surveys are
quasi-3D surveys, in which data are collected along sets of parallel linear profiles with classic 2D geometries. Parallel
profiles are then inverted as a 3D block unit. This process can be repeated with orthogonal line sets (Papadopoulos et
al., 2006; Papadopoulos et al., 2010; Rucker et al., 2009; Neyamadpour et al., 2010; Chambers et al., 2012;).

Such quasi-3D geometries have been applied to image complex geologic structures in a variety of terrains (Loke
and Barker, 1996b; Gharibi and Bentley, 2005; Neyamadpour et al., 2010; Kaufmann et al., 2012; Mohamed et al., 2019;
Fu et al., 2020; Torrese, 2020), but have not, to our knowledge, been described in shallow, thinly mantled eogenetic
karst terranes. The foci of this study are to assess surveying and modeling strategies using the quasi-3D ERT method.
The study utilizes currently available commercial systems and software to examine the practical limitations of the meth-
od for detecting voids in eogenetic karst terranes.

REGIONAL GEOLOGY

The ~100 m by 110 m study site is situated on the Brooksville Ridge of West-central Florida and within the Withla-
coochee State Forest of Citrus County (Fig. 1). The Brooksville Ridge is an upland area of west-central Florida, which
hosts dozens of air-filled caves and cover collapse sinkholes (Florea, 2006; Harley, 2007; Pace-Graczyk, 2007; Polk,
2009). The larger southern portion of the Brooksville Ridge, where the study area is located, is approximately 175 kilo-
meters in length and varies from 15 kilometers to 100 kilometers in width. The ridge trends in a NW to SE direction and
is parallel to the western edge of Florida’s coastline. The elevation of the Brooksville Ridge ranges from 20 meters to
60 meters with irregular areas of limestone outcrops (White, 1970).

Florida Study Area

N
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Figure 1. Location of Bottle Cap and Legend Caves on the Florida Peninsula.
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The site was selected because it overlies two well-documented vadose caves, Legend Cave (Fig. 2) and Bottle Cap
Cave (Fig. 3). Such caves are common features on the Brooksville Ridge, where changes in sea level have contributed
to the formation of many vadose zone cavities (Sinclair et al., 1985; Brinkmann and Reeder, 1994; Florea, 2006). Many
of these caves are characterized by a distinctive keyhole or diamond shape appearance that is a result of groundwater
elevation responding to sea level fluctuations. Present day sea level is now approximately 30 meters to 45 meters lower
than the Late Eocene time period (Lane, 1994). The vadose zone caves of the Brooksville Ridge are thought to have
formed during periods of stability of Quaternary sea levels (Florea et al., 2007) although some passages in the caves
do not adhere to this theory.

A strong correlation between Florida cave levels and marine terraces has been reported, suggesting a tiered system
of subaerial caves on the Brooksville Ridge (Florea et al., 2007). Changes in sea level have significantly influenced
the topography and the formation of caves in the state of Florida as indicated by the Marine Terraces and Shoreline of
Florida Map (Healy, 1975). The two caves imaged in this study are located between the Wicomico and Penholoway ter-
race. The contact between the Wicomico and Penholoway terrace is at an elevation of approximately 21 meters, which
corresponds with the elevation of the study area. Many of the cave passages on the Brooksville have been reported
as similar in architecture and characterized by laterally extensive, air-filled cavities with bedrock pillars, dissolution fea-
tures, and passages that often terminate in blind pockets (Florea, 2006). The groundwater table for this area is below a
depth of 16 meters. Cave passages in the ridge generally are known to trend along a NE to SW and NW to SE system
of fractures.

In this region, a thin veneer of Miocene (5 Ma to 23 Ma) siliciclastic sands and clays (Hawthorn Group) overlie highly
karstified Suwannee Limestone, which, in turn, unconformably overlies the eogenetic Ocala Limestone (Scott, 2001).
Outcrops of Oligocene Suwannee Limestone consist of dolostone to dolomitic limestone that is highly silicified with
chert lenses. Where the Suwannee Limestone has been eroded away, the underlying Ocala Limestone can be found at

the surface. This Late Eocene Ocala Lime-
stone underlies most of Florida and is a soft,
highly porous and permeable limestone, but
can locally be less porous and permeable,
Plan View because of the cementation by crystalline
calcite (FGS, 2010). Numerous disappear-
ing streams and springs are associated with
the Ocala Limestone. At the surface, expo-
sures of the Ocala limestone reveal caverns
and solution pipes that result from intense
karstification (Sinclair et al., 1985; Florea,
2006) and often develop into voids eventual-
ly leading to the formation of cover collapse
sinkholes. Together, these limestone units
form part of the intermediate confining unit
of the Florida Aquifer System (Scott, 2001;
FGS, 2010). In areas where Hawthorn de-
posits exist, the Hawthorn provides a cap of
protection from dissolution, and directs water
N off the mixed sand and phosphatic clays into
/ subsurface conduits, whereby cave develop-
ment often occurs in the first 10-30 meters
of bedrock (Polk et al., 2012). This is primar-
ily due to the highly permeable (up to 10 m
- s™") rock, which can have an initial porosity of
nearly 30 percent or more (Florea and Vach-
er, 2006).

STUDY SITE

At the study site, resistivity profiles were
performed over Legend Cave (Fig. 2) and
/-~ Bottlecap Cave (Fig. 3). Their entrances are
) T S ‘ ~100 m apart and separated by a limestone
quarry pit approximately 20 m in diameter

Legend Cave

Citrus County, Florida

Cartography by Juson 3. Polk 372012

Key To Features

preep

Profile View

Figure 2. Map of Legend Cave, Citrus County, Florida (Polk, unpublished).

Journal of Cave and Karst Studies, March 2022 « 3



McCrackin, Kiflu, Kruse, van Beynen,

Bottlecap Cave
Withlacoochee State Forest
Citrus County, Florida
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and approximately 3mto 7 min
depth. The limestone quarry has
a water table that is perched for
most of the year. The quarry is
underlain by organic and clayey
soils that overlie the siliceous
Suwannee Limestone.

The entrance to Legend Cave
is located at the southeast cor-
ner of the quarry pit and the cave
trends in a N-S direction at the
eastern boundary of the site. A
detailed cave survey measured
a depth of approximately 3 m
to 9 m below land surface and
a length of 44 m (Fig. 2). Leg-
Peofile View end Cave consists of three large
rooms separated by two narrow,
collapsed passages located at
the central and north-central
portions of the cave. Consider-
able breakdown from roof collapse and infilling of sediments are readily visible. Roof collapse has blocked the far north
end of the cave and prevented further exploration.

Bottlecap Cave trends in a NE-SW direction with an entrance at the northwest portion of the site. This cave is char-
acterized by small circular conduits. Cave depth ranges from 6 m to 11 m below the surface with a surveyed length of
107 m (Fig. 3). A dry vertical shaft that extends to a depth of approximately 18 m below datum is the deepest part of the
cave. No groundwater is present in either cave.

The geometries of both Bottlecap and Legend Cave suggest relatively simple linear structures, which have under-
gone extensive dissolution, collapse, and partial sediment in-filling. Cave development occurred during past periods of
higher sea levels and groundwater flow. Currently, meteoric waters are washing the clayey Hawthorn sediments into
the caves, with thicker sediments at the entrances and subsequent thinning of sediments further into the caves. Large
limestone blocks from roof collapse prevent the exact identification of the lowest levels of the caves. Cave walls are
often irregular due to extensive breakdown of the eogenetic bedrock, and thus, unclear structural controls on localized
passage development. Although the limestone surface in the caves is generally dry, various zones of saturated rock
were observed along fractures in the roof and walls. Variable topography, irregular limestone surfaces and passage
development, and infilling of sediments in the relatively simple caves present a complex subsurface geology for geo-
physical imaging, and clearly limits precise delineation of the cave’s true extent. Most notably, collapse structures at the
ends of the caves suggest potential inaccessible voids.

ARRAY GEOMETRY

For the quasi-3D process, the user runs a series of parallel 2D profiles. In this study, we sought to select from 2D
array geometries that are available, pre-programmed by commercial software or hardware manufacturers, and thus
readily used by practitioners in the field. The broader field of optimal selection of arbitrary combinations of readings is
a topic of current research, but the capacity to generate specifically optimized arrays remains beyond the reach of the
typical end-user at present (Loke et al., 2013). Pre-programmed 2D arrays typically available are the Dipole-Dipole,
Wenner, and Inverse-Schlumberger arrays (Fig. 4). Selecting the most appropriate array type depends on survey goals,
site geology, and structure of the feature being surveyed (Dahlin and Zhou, 2004).

Each of these arrays has previously been used for cavity detection (Gharibi and Bentley, 2005; Neyamadpour et
al., 2010; Panek et al., 2010). The Wenner and Inverse Schlumberger arrays have a higher signal to noise ratio and
a deeper depth of investigation compared to other arrays (Dahlin and Zhou, 2004; ASTM D 6431-99). We note the
Inverse-Schlumberger array mimics a traditional Schlumberger array, but with the roles of outer current and inner po-
tential electrodes switched to outer potential and inner current (Fig. 4). Many multi-electrode resistivity systems are now
available in a mode such that, potential differences between multiple pairs of electrodes can be measured and record-
ed simultaneously. The Wenner array geometry cannot exploit the capability of such multi-channel systems so acquisi-
tion is slower per potential-current pair combination than for other geometries. Dipole-Dipole surveys in particular yield
a high number of measurements in the near-surface and offer good horizontal resolution, and are thus well suited for

0 0 20 Feel
Scale

Total Length of Cave: 3249 Fect. 990 Meters.
Total Depth of Cave 530 feel, IGIS Melers

£ - Peepest Pt b Cave
3 Tt Tk Errimss

Drafied by Ben Mike 2010

Figure 3. Map of Bottlecap Cave, Citrus County, Florida.
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mapping complex structures (Dahlin and Zhou, 2004). The Dipole-Dipole
geometry can also provide better resolution of higher resistive anomalies
(Martorana et al., 2009; Panek et al., 2010). As a result, the Dipole-Dipole
array has proven to be one of the more effective array types for cavity
detection (Cardarelli et al., 2010; Neyamadpour et al., 2010; Kaufmann
et al., 2011); however, the Dipole-Dipole array suffers from a lower signal
A = A to noise ratio (Dahlin and Zhou, 2004; Gharibi and Bentley, 2005) and is
i ) ! i especially susceptible to near-surface artifacts from electrode spacing
errors, thus combining it with a strong-gradient array may improve the
VisaneriArmy ability to resolve irregularities in the subsurface.

In this case study, in which lateral variability (the presence of caves)
s - s is our primary target, we consider the relative value of Dipole-Dipole and
3 Clam N v e Inverse Schlumberger measurements and their combination. The slower

i Wenner arrays with lower lateral resolution were not acquired.
Iaverse Schiumberger Amray In addition to the type of array(s) selected, consideration of array ori-
Fi 4. Divole-Dibole. W o entation and electrode spacing is critical to image quality (Jackson et al.,
Sohlumberaer array mme. ner and IErse - 2001; Gharibi and Bentley, 2005; Abu-Shariah, 2009; Panek et al., 2010;

ger array type. : . -
Cardarelli et al., 2010; Zhu et al., 2011; Leucci et al., 2016). For the inter-
pretation of a single profile over an elongated cave, it is clearly desirable
to orient the profile perpendicular to the cave. The optimal orientation for quasi-3D approach, however, will depend
on target shapes. Gharibi and Bentley (2005) suggest that closely spaced transect lines in one direction may be more
beneficial than orthogonal transects with a larger electrode spacing.

Pi a Pz G G

Dipole-Dipole Array

Optimal Inversion Methods

Once the readings are acquired, the terrain resistivity is determined by inverting the raw data for the best-fitting
underlying structure. The definition of best-fit typically falls into one of two categories: an L2-norm (Least-Squares or
Smooth) inversion in which a weighted mean square error (between readings and model predications) is minimized,
and an L1-norm (Robust) inversion in which a weighted mean absolute error is minimized (Loke and Barker, 19963;
Dahlin and Zhou, 2004; Gharibi and Bentley, 2005; Catt et al., 2009; Cardarelli et al., 2010). While both methods have
been successfully used to resolve cavities, selecting the most appropriate inversion depends largely on the target type,
target geometry, (Dahlin and Zhou, 2004; Catt et al., 2009) and the amount of noise in the dataset (Catt et al., 2009).
With constraints on the smoothness of the model, the L2-norm inversion has been more commonly used (Loke and
Barker, 1996; Jackson et al., 2001; Roth et al., 2002; Gharibi and Bentley 2005; Papadopoulos et al., 2006; Cardarelli
et al., 2010, Zhu et al., 2011), although its inability to accurately resolve the position of geologic boundaries has been
noted (Chambers et al., 2012). When mapping complex and abrupt geologic boundaries, the L1-norm (Robust) inver-
sion, has been described as the more accurate of the two methods (Dahlin and Zhou 2004; Neyamadpour et al., 2009;
Neyamadpour et al., 2010; Chambers et al., 2012). These studies also show that robust inversion works well with noisier
data sets and may help to resolve 3D structures when lateral variations are more frequent. The two inversion methods
are compared in this case study.

METHODS

Cave Mapping

Each of the caves in this study area was mapped to the Union Internationale de Spéléogie UIS “UISv1 5-4-B” sur-
vey grade with an expected overall accuracy of two percent (Hauselmann, 2010). A UIS Grade 5 level survey requires
measurement length to be within 0.05 m of error, as well as compass (declination corrected) and clinometer readings to
the nearest degree (Hauselmann, 2010). Surveys used frontsight and backsight measurements of passage distances,
inclinations, and azimuths, and all loops were closed and adjusted. The precision total length was within 0.05 m and
the compass and clinometer readings within one degree of accuracy. Final survey data reduction was completed using
COMPASS cave software to produce lineplots that were converted to 3D shapefiles and exported for 3D modeling via
ArcGIS and used for final map drafting of features, which was completed in Adobe lllustrator (Legend Cave) and Xara
(Bottlecap Cave) software (Kambesis et al. 2015). Both the surveyed length and total length measurements were used
as appropriate in correcting for the 3D ERT survey. ArcGIS was used to georeference the cave entrances and passag-
es relative to the ERT survey (Kambesis et al. 2015).

3D models of Legend and Bottlecap Caves were created using the plan and cross-sectional views from each of
the cave maps using AutoCAD Civil 3D and Meshlab. These models are simplified versions of the cave geometry,
designed to capture the major cave dimensions with an accuracy of ~0.5-1 m. This accuracy is higher than the typical
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spatial resolution of the resistivity inversions at comparable depths, so is deemed sufficient for comparison of the cave
locations and the resistivity data.

Site Delineation

A fence along the access road was used as the baseline from which each ERT transect was measured. Survey
boundaries and ERT transect endpoints were established using a Total Station GPS and locations were collected at
the site boundaries to identify coordinates for georeferencing and positioning relative to georeferencing aerial imagery
and LiDAR data.

A topographic map was created from the Citrus County LIiDAR data obtained from the Southwest Florida Water
Management District, which has vertical resolution of ~0.3 m (SWFWMD, 2006). The topographic data were used to
generate a terrain correction for the ERT survey. Topographic relief is approximately 9 meters across the site.

Survey Design

A 2D synthetic model was created to determine the optimum transect layout prior to surveying (Jackson, et al, 2001;
Abu-Shariah, 2009; Catt et al., 2009). Based on the cave depths and the forward model results, a linear array of 56
electrodes was selected with an electrode spacing of 2 meters, which was a compromise between spatial resolution
and depth of investigation. With a total line length of 110 meters, resistivity resolution below the cave depths was ex-
pected along the central portion of each profile. Parallel 2D transects were collected and spaced 4 meters apart so
as not to exceed 2 times the electrode spacing (Gharibi and Bentley, 2005). The quarry pond and limestone outcrops
prohibited acquisition in the southeast section of the site, and access prohibited data acquisition beyond the southern
and eastern site boundaries and hence optimal resolution
of Legend Cave. In total, there were 31 ERT transects
with their direction and path selected for accessibility and
to optimize coverage over the two known cave systems
(Fig. 5a). On each profile, both the Dipole-Dipole and In-
verse Schlumberger data sets were acquired.

DISTAN(

CE IN METERS ™

Resistivity Data Processing

Measurements for each of the ERT transects were pro-
cessed and terrain corrected with Earthlmager software
2D version 2.4.0 and 3D version 1.5.4 (32-bit). Outlying
data points that had a relative data misfit greater than 40
percent to the inverse model predictions after 6 iterations
were deleted. In general, data with a relative misfit of 50
percent or greater is considered poorly fit and should be
removed (AGI, 2009). Fewer than five percent of the data
points were selected for removal. Selected profiles were
then inverted individually with 2D inversions. Profiles were
then inverted with Earthimager’s 3D inversion algorithm in
batches of up to six adjacent profiles (Fig. 5b).

Computer memory limitations precluded a full 3D in-
version of larger subsets of the data. This is a significant
limitation of the method and has been previously noted
(Rucker et al., 2009). Both 2D and 3D inversions were run
for various combinations of data and inversion parame-
ters, including Dipole-Dipole and Inverse Schlumberger
and combination arrays, L,-norm and L2-norm error cri-
teria, various convergence criteria to terminate iterations,
and various smoothing criteria. Finally, results of 2D and
3D inversions were compared to slices through or volumes

METERS

DisTance v

D)

TERS ()

N MET,

DISTANCE |

LEGEND Cave

Figure 5. (a) View of the survey area with twenty-two (22) ER tran-
sects performed in a west to east direction which trended from the
south of Legend Cave to the north of Bottlecap Cave. Additionally,
four (4) orthogonal transects were performed over the approximate
centerline of Bottlecap Cave and five (5) orthogonal transects were
performed over Legend Cave; (b) diagram showing the 7 models
which were individually processed, terrain corrected, and imported
into a larger 3D data set.
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of the mapped cave positions. 2D plotting was done with
Earthimager, 3D plotting was completed with Earthimager
3D and imported into Voxler 3D. Other forms of data pro-
cessing, including 3D gridding of inverted resistivity data,
may have assisted in generating void volume representa-
tions.
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RESULTS AND ANALYSIS

Array Geometries

To assess the relative effectiveness of the Dipole-Dipole and Inverse Schlumberger array geometries, 2D inversion
results for Transect 29 were compared against known cave position. Transect 29 closely tracks the centerline of Legend
Cave, as shown in Figure 6a. For this test, the L -norm with Earthimager default inversion parameters were used. None
of the 2D arrays properly captures information about the base of the cave, but the Dipole-Dipole and merged Dipole-Di-
pole and Inverse Schlumberger arrays show much more pronounced resistivity contrasts associated with the top of the
northern section of the cave. The images generated from all three geometries show a distinctive shallow resistivity high
to the north of the mapped caves (Fig. 6a). This feature is persistent in the data regardless of inversion method, and is
discussed further below. For 3D inversions (of the data blocks as shown in Figs. 7 and 8) similar analysis showed that
the Dipole-Dipole data gave subjectively better fits to the cave geometries.

2D vs. 3D Resistivity
3D inversions should theoretically yield improved matches between resistivity highs and mapped cave locations.
Our data suggest this is generally the case at the study site. A 3D inversion profile was extracted from a block inversion
consisting of three transects (Transects 28 thru 30).

" E—— = T T 7 For comparison, 2D and 3D results are generated with
:m ﬁ-ﬂg.a. = :kr-.a-r X ———— o L,-norm Earthimager default criteria (Fig. 6b). Figure
: 6b shows the 2D inversion of the single central profile
] e o et ovrtgena e of T29 over Legend Cave in comparison to the cen-
g:iv&%‘— Lo e gfog e = 0 tral transect extracted from the 3D inversion block. Al-
though the 2D result better fits the top of the northern
‘”M‘;’ZE?T"S“L. oS v T “| portion of the cave, the 3D inversion better recovers
e W’ 2 ad [ a—— the bottom and general structure of Legend Cave. We
unfortunately have no direct observations to assess
i differences between the 2D and 3D models in the very

T — near surface.
Figure 6. (a) 2D analysis of profile T29 (location shown on Figure 3) with Figure 7 illustrates another example of differences

different array geometries. The Dipole-Dipole and merged array geom- . . . -
etries show a stronger resistivity contrast associated with the top of the ~P€tween 2D and 3D inversions in this heterogeneous

cave; (b) comparison of 2D and 3D inversion profiles over the center Setting. Here profiles are compared which run along
of Legend Cave using the Dipole-Dipole array and L,-norm inversion the southern boundary of the site that do not span a

criteria mapped cave feature. A 2D inversion of profile T2 in-
dicates an apparent anomaly that is absent in a 3D

inversion of profiles T1-T3.
2D INVERSION OF TRANSECT 2

L,-norm and L,-norm Inversion Methods

g s e We compared results from the L,-norm and L,-norm
£l i ~ - Um inversions at this study site. Figure 8 shows the two
S ki e , ;".. i al inversion types for the 3D grouping of four north-south

‘ ity s T ReTINs Dodw emhomin profiles that traverse Legend Cave. For this study, the

L,-norm inversion yields a better fit in that it shows a re-
sistivity high at the northern segment of Legend Cave.
Overall, the L,-norm smooth inversion was determined
to be the method that better reproduced known fea-
tures and was used for the 3D block results described

3D INVERSION OF TRANSECT 2

——‘ ’-—i_-~,

Amdu——-.m

Clevation (m)

- e below. It is important to note that others have reported

best results with the L,-norm robust inversion meth-

‘v od (Loke and Barker, 1996a; Dahlin and Zhou, 2004;

Gharibi and Bentley, 2005; Catt et al., 2009; Cardarel-

Figure 7. 2D inversion along Transect 2 indicates an isolated area ofin-  li et al., 2010). This may be related to site conditions,

creased resistivity at 24 meters along the transect line, in comparison;  which are particularly heterogeneous in terms of host
3D combined inversion of transects 1-3 shows no anomaly. rock resistivity and the geometry of the target.

Profile Orientation

To assess whether it is preferable to run transect lines parallel or perpendicular to elongated cave features, we com-
pared the central profile of the 3D block consisting of transects T17-T22, Model 5 trending in an E-W direction, and
perpendicular to the Bottlecap Cave (Figure 9a) against the central profile of a 3D block consisting of transections T32-
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3D DIPOLE-DIPOLE SMOOTH INVERSION MODEL
(TRANSECT 29) Y SLICE

=% 7 sm—

3D DIPOLE-DIPOLE ROBUST INVERSION MODEL
(TRANSECT 29) Y SLICE

nverted Resistivity (Ohm-m)
25 79. 250, 791 2500,

o
Figure 8. A comparison of the L,-norm (smooth) inversion and the L,-
norm (robust) inversion. The profile was extracted along T29 from the
3D block model using profiles T28-T31 over Legend Cave (see Figure
3 for location).

A v Model 5 over Bottlecap Cave (E-W Perpendicular Transect 21)

0.0 6.7 73.3 110.0

B Model 6 over Bottlecap Cave (NE-SW Parallel Transect 24)
39 pran 43,7-3—7‘;'-5 ~~~W—~;“Jan““llu
Y

(E
-20.4

4.0 327 69.3 106.9

Inverted Resistivity (Ohm-m})
25 79 250 791 2500

Figure 9. (a) Profile extracted from Model 5 over Bottlecap Cave (see
Figure 8 for location). Black line shows projected geometry of Bottle-
cap Cave under T21. Contour interval ranging from 25-2,500 Qm; (b)
Profile extracted from Model 6 over Bottlecap Cave (see Figure 8 for
location). Black line shows projected geometry of Bottlecap Cave under
T21. Contour interval ranging from 25-2,500 Qm.

T35, Model 6 trending in an NE-SW direction, and par-
allel to Bottlecap Cave (Fig. 9b). The first block, labeled
Model 5 in Figure 9a, was created from E-W electrode
arrays set at an angle of ~60 degrees to the long axis of
Bottlecap Cave. In the second block, labeled as Model
6 in Figure 9b, the NE-SW electrode arrays are set
more closely parallel, at an angle of ~20 degrees to the
long axis of Bottlecap Cave (Fig. 10).

The results are inconclusive, as neither dataset
showed agreement with the mapped cave passage
location. In Model 6, we note an increase in resistivi-
ty corresponding with the entrance to Bottlecap Cave;
however, where a vertical increase in the cave height
exists, a discontinuity and low resistivity response are
observed. Similarly, in Model 5, the known cave feature
lies below a zone of resistivity highs. We note that Tran-
sect 24 is off-line from the center of Bottlecap Cave
and that the cave passages consist of small diameters
and highly complex morphology.

Comparatively, we note that on the 3D models dis-
cussed below there is generally better resolution of
Legend Cave from profiles that are more closely paral-
lel to the cave than there is for Bottlecap Cave, where
profiles are more oblique to the centerline of the cave.

Analysis of cross-over points and model statistics
of the resistivity values show a higher increase in re-
sistivity over cave areas in the E-W transects than in
the N-S transects. At crossings, perpendicular tran-
sects may show significantly different resistivities for
the same material at similar depths. These cross-over
errors range from 50 Qm to 8,000 Qm and indicate that
the uncertainties associated with the resistivity values
derived from the 2D transects are quite large in this
highly variable 3D environment. This high variability
illustrates the inherent geomorphologic heterogeneity
and structural complexity of this karst landscape.

3D Block Models

In total, seven 3D block models were generated
and then terrain corrected (Fig. 8). Three of the models
shown here were derived from the Dipole-Dipole array
and inverted using the Smooth inversion method (Fig.
8). A large increase in resistivity was observed on the
north side of Legend Cave, which is cut off by roof col-
lapse.

Figure 10a shows a resistivity low just north of the limestone quarry pit, which could possibly indicate an out-of-plane
effect of the water-filled pit. An isolated resistivity high coincides with limestone outcrops. The northernmost extent of
Legend Cave is not apparent in the eastern edge of the resistivity grid, presumably due to lack of depth resolution at

the edge of the grid.

Taken together, the seven 3D Dipole-Dipole Models showed some correlations between resistivity highs and the
sites of the two known cave systems. Bottlecap Cave, with depths centered approximately 8.5 meters below land sur-
face, generally coincides with resistivity highs as seen in Figure 10b. Legend Cave, 3 meters to 9 meters below datum,
conforms generally in length and depth with resistivity highs in the block model that is aligned with the cave (Fig. 10c),
but there are significant mismatches in details of the shapes of the voids (Fig. 10b).

There are numerous zones of high resistivity in the inversions that are similar in size, shape, and depth of the two
known cave systems at the site (Figs. 10b-c). The resistivity data suggest that significant unmapped void features may
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C High Resistvity Response ~_ Known Legend Cave
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Figure 10. (a) A view of Model 3 facing North. See orange box on Figure 8 for location. Note the resistivity low that appears just north of
the edge of the limestone quarry pit; (b) A view of Model 5 facing North. See green box on Figure 3b for location. Note the multiple high
resistivity anomalies extending further to the north at the northeast portion of the study area and Bottlecap Cave to the west; (c) A view of
Model 7 facing East. See the red box on Figure 3b for location. Note the cross-sectional view of Legend Cave which conforms well with the
known cave length. A large increase in resistivity was observed on the north side of Legend Cave which is cut off by roof collapse.

exist, particularly to the north of Legend Cave (Fig. 10c). The presence of additional caves at similar elevations and in
close proximity to one another can be expected in west-central Florida. The Dames Caves complex, located only one
kilometer east of the study area, consists of several isolated caves within a few tens of meters of each other. From pre-
vious research, it appears that other shallow voids do indeed exist in the Brooksville Ridge area and elsewhere, often
occurring as near-surface water table features that may have formed without entrances until subsequent sea level drop
allowed their breach (Florea et al., 2007; Gulley et al., 2013).

3D Visualization
3D Site Model

Additional software is necessary to simultaneously present the 3D resistivity data and the cave geometries. The com-
bined site model was compiled from each of the 3D block models and then imported into Voxler 3D. A relatively high
range in resistivity was observed across the study area and ranged from tens to thousands of Qm. Analysis of the ERT
data along with the use
of cross-over plots con-
; ducted for known cave
T == | locations indicates that

- ' the 375 Qm contour
conforms most closely
to the known Legend
Cave location and the
2,000 Qm corresponds
most closely to the
known Bottlecap Cave
location (Fig. 11a). This
difference conforms to
the previous observa-
tion that E-W surveys
tend to show higher re-
sistivities at cross-over
points. This iso-sur-

face plot from the 3D
Figure 11. (a) A plan view of the 3D isosurface site model, contoured at 375 Qm in dark blue and 2,000 Omin  gjte model suggests
light blue. (Note the lower range in resistivity in the N-S oriented transect lines when compared to the higher . .
resistivity range in the E-W transects); (b) shows a 3D view of Bottlecap Cave (Model 6) facing southeast. poter_1t|al voids at many
Model 6 indicates some correlation with high resistivities at the cave entrance. The deeper extent of the cave  l0cations and various
lies in a portion of the resistivity volume in which resistivities vary quite smoothly, and few iso-contours exist; depths, but it shows
(c) shows a 3D view of Legend Cave (Model 7) facing west which shows good correlation with the two larger poor resolution of the
rooms and no detection of the smaller connecting passage way.

mapped 3D structures.

Previous studies also noted poor results using the iso-surface plot (Chambers et al., 2012), revealing a significant lim-
itation with this method for large scale use. A significant loss in 3D structure and resolution has also been previously
noted when combining smaller subdomains (Rucker et al., 2009).

3D SITE MODEL B 3D MODEL OF BOTTLECAP CAVE (MODEL &)

AN

3D MODEL OF LEGEND CAVE (MODIEL 7)
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3D Cave Models

To make 3D visual comparisons between the quasi-3D ERT data with the 3D cave models, we used Paraview to
render an isosurface map of the resistivity data exported from Earthimager 3D. A color map was applied using the data
scales, values and range of resistivity across the site. The 3D cave models were then imported into Paraview and spa-
tially referenced to align the cave mesh with the 3D resistivity contour model. Display settings were adjusted to allow for
shading and wireframe rendering. Autodesk Maya was utilized to render the exported 3D models with more advanced
features and image quality enhancements, such as lighting and transparency (Figs. 11b-c).

Figures 11b and 11c illustrate that some cave anomalies appeared interconnected where roof collapse was known
and in other cases very tight passages were not detected at all. The two large northern rooms, which are connected
by a small passage, are detected as one large anomaly. As seen in Figures 10b and 10c, several other highly resistive
anomalies are also observed in the 3D block models, which are similar in resistivity, structure, and depth to the cave
anomalies. As previously noted, these highly resistive features are suspected to be additional voids, which may suggest
a series of cave passages that are not interconnected.

DISCUSSION

Overall, the findings from the 3D block models and the 3D visualization illustrate the difficulties of imaging cave ge-
ometries in eogenetic karst settings that are highly heterogeneous geomorphologically. The mapped voids presented
here are only moderately complex cave structures; however, surrounding subsurface geology, consisting of near-sur-
face clays (low resistivity, underlain by siliceous limestone (medium to high resistivity) with potentially numerous un-
mapped and potentially sediment-filled voids (high resistivity) appears highly variable. Thus, high matrix porosity plus
disconnected voids present complexities that are often difficult to resolve using 2D and 3D ERT imaging in shallow
eogenetic karst areas. Small interconnecting conduits within Legend Cave are not detected and, in some cases, large
known cavities are exaggerated in size and shape. Relatively small cave features are increasingly difficult to detect
with depth (Parise et al., 2015), as demonstrated for a synthetic sphere (van Nostrand and Cook, 1966). In this morpho-
logically-diverse, eogenetic karst environment, higher data density, array geometries with higher resolution at depth,
and multiple geophysical methods may clearly be desirable based on the results presented herein when attempting to
detect shallow subsurface voids.

At this site, the lines in the E-W direction had a generally higher resistivity response than in the N-S direction. This
could be indicative of an overall anisotropy in the resistivity, or of data sets acquired under different soil moisture con-
ditions. However, the two elongated cave systems are not parallel, which does not indicate preferential orientation of
voids at this site that would contribute to an overall anisotropy. Significantly different rainfall conditions were not noted
at the time of acquisition of the N-S versus E-W trending profiles.

We also note that Legend Cave was better resolved, with lines directly overhead and in line with the cave’s path,
than Bottlecap Cave. The ability to resolve Bottlecap Cave significantly diminished at depth (Figure 10). This may have
been a result of the slight off-set of the ERT transect lines overlying Bottlecap Cave, and highlights the importance
of transect line orientation and the diminished resolvability of off-line features. Additionally, the Bottlecap Cave tablet
shaped passage is significantly smaller than Legend Cave, which most likely resulted in the ERT's inability to detect
the smaller cave passage. Lack of electrical current penetration at depth is particularly a problem in settings where
conductive (low-resistivity) zones exist near the surface and concentrate current flow near the surface. Furthermore,
with resistivity systems with a fixed number of electrodes, there is inherently a trade-off between line length, for greater
depth penetration, and spatial resolution, which requires more closely spaced electrodes.

Studies have shown that water content at the time of ERT data collection can have an effect on the void resolution
(Soupios et al., 2007). This is most closely related to seasonal changes in pore water during times of high and low rain-
fall that can influence the overall conductivity of the subsurface soils. For large scale surveys, we note that timely data
collection may not always be possible. Water ponding in cave floors could make current flow pathways-and resistivity
signals significantly more difficult to detect.

CONCLUSIONS

Overall, we find that quasi-3D ERT for mapping air-filled caves in the vadose zone of eogenetic karst in west-central
Florida is an improvement over simple 2D profiles, but suffers several limitations of the technology. Prior to surveying,
the use of a synthetic model was highly beneficial for selecting the most appropriate array geometry. The Dipole-Dipole
array was determined to be an effective array for identifying complex 3D structure with little added value by combining
additional arrays and, while not part of this study, the addition of a strong-gradient array may work better to identify
karst features. The Earthimager L,-norm (Smooth) inversion method provided somewhat better results when compared
against the L,-norm (Robust). This is contrary to the results of other cave studies. We would recommend trying both
inversions to determine the most appropriate inversion method at a given site. The orientation of transects should also
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be a point of consideration as the best results in this case were obtained by profiles parallel to the strike of the cave. The
3D inversions should try to incorporate as many lines as possible in one block model (Rucker et al., 2009). This study
was limited by computing access to invert the data in independent subsets. Possible use of an algorithm for faster 3D
inversion of subsurface electrical resistivity data may also be beneficial in modeling larger data sets (Papadopoulos et
al., 2011). In this study, line length was limited by site constraints, as clearly longer lines could have improved resolution
at depth.

This study of Bottlecap and Legend Caves demonstrates the challenges of detecting the true 3D cave structure in
highly variable eogenetic karst terranes. In this environment, a heterogeneous limestone with high matrix porosity and
shallow cavities, the quasi-3D ERT approach was expected to provide a more accurate picture of subsurface resistivity
than isolated 2D profiles. We found that 3D surveys indeed produced generally better agreement between resistivity
anomalies and mapped cave locations than did isolated 2D lines. 3D visualization of the cave models indicated good
resolution in the near-surface, with large cavities being detected, and diminished resolution with depth. However, a
clear limitation of ERT for eogenetic karst terranes is the inability to detect smaller cavities and resolve their morpholo-
gy, which may require the additional use of other geophysical methods and consideration of site-specific soil overbur-
den and moisture conditions at the time of investigation.
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Abstract

Karin Tak cave is located in the south-eastern end of the Lesser Caucasus (NE of the Armenian Highland). Devel-
opment of the cave was related to the dissolution of Middle-Upper Jurassic limestone by meteoric water recharge
controlled by pre-existing faults and fissures beginning in the Neogene. Geophysical studies of the cave, including by
ground penetrating radar, have been conducted, and a map of the pit’s walls constructed showing the extent of the roof
collapse breccia and of sediment deposits on the cave floor. The collapse material consists of chaotic limestone breccia
and blocks. Careful analysis of cave floor sediments allowed the Late Pleistocene palaeoenvironment in the vicinity of
the cave to be reconstructed. Analyses included integrated sedimentological studies (stratigraphy, grain size analysis)
together with geochemical (X-ray fluorescence) and palynological observations. Pollen studies indicate the dominance
of conifers (>60 % Tsuga sp., Pinus sp.) together with Fraxinus sp. (fam. Oleaceae) and Quercus sp. (fam. Fagaceae),
which indicate a cold temperate continental climate in the Late Pleistocene. Non-dramatic climate change occurred
during the Last Glacial Maximum (LGM) in the cave area, with conditions favorable for hominin activity.

INTRODUCTION

The Lesser Caucasus is part of the geologically active Alpine-Himalayan orogenic belt and is composed of a variety
of different types of magmatic, metamorphic, and sedimentary rocks including remnant oceanic crust. Sedimentary
rocks include thick carbonates of Jurassic-Cretaceous age (e.g., Shikhaylibeli et al., 1994) that have been karstified in
places as a result of subaerial exposure with the development of karst landforms and cave systems. One such karst
cave occurs at Karin Tak in the SE-most Lesser Caucasus (NE Armenian Highland: Fig. 1) where a Late Pleistocene
to Holocene sediment infill has been found to contain well-preserved hominin remains and obsidian tools together
with faunal and floral remnants (Stafford and Yepiskoposyan, 2015; Antonosyan, et al., 2019). The importance of the
cave derives from the fact that it is located on an established migration route used by hominins (e.g., Adler et al., 2014;
Fernandez-Jalvo et al., 2016). During the Last Glacial Maximum (LGM), corresponding to MIS 2 (Marine Isotope Stage)
(26,500-19,000 calibrated years before present (cal. BP) by Clark et al., 2009) leaded to ecological restructuring,
species redistribution and extinctions (Provan and Bennett, 2008) the Great Caucasus served as climatic buffer for
southen areas. Additionaly, the ameliorating effects of the Black and Caspian Seas favored the Lesser Caucasus as a
biogeographical refugium throughout the Pleistocene (e.g., Gabunia et al., 2000; Bar-Yosef et al., 2011; Fernandez-Jal-
vo et al., 2016).

Cave infilling sediments reflect the geomorphological, climatic, and biological setting of the karst systems, and pro-
vide a long-term record of past environments and possible human activity. Sediments at depths of about 0.5 m below
the present-day Karin Tak cave floor surface contain evidence from obsidian tools bracketed with “C-dated animal
bones that the site was inhabited by early humans from at least 42,000 years ago (Stafford and Yepiskoposyan, 2015).
The Paleolithic occupations are well-doccumented in Aghitu-3 Cave (around 65 km WSW from Karin Tak cave) oc-
curred between 36 and 32 ka cal BP and between 29 and 24 ka cal BP (Bertacchi et al., 2020).

The environmental and other conditions of the cave are optimal for the preservation of biomolecules, potentially
allowing genomic reconstructions to be made of the prehistoric ecosystem of the region. A human tooth found in the
Karin Tak cave is dated to ca. 6900 years BP yielded high-quality ancient DNA (aDNA) and indicated genetic continuity
of the population inhabiting the Armenian Highlands since at least the Neolithic (Margaryan et al., 2017).

Excellent aDNA preservation allowed successful species identification and has improved Late Pleistocene palaeo-
environmental reconstructions for the region (e.g., Antonosyan et al., 2019; Bertacchi et al. 2020). Genetic screening of
the bones has indicated a high faunal diversity between ca. >42,000 and 24,803 cal BP. A total of 27 different taxa, repre-
sented by 11 mammalian and three avian families were identified (Antonosyan et al., 2019). The genetically recovered tax-
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Figure 1. (A) Geographic location of Karin Tak Cave in the Lesser Caucasus (SE part of Armenian Highland), ity of the faunal com-
(B) Situation of Karin Tak cave on the Google Satellite 3D Image. SW-NE cross section for schematic model - .

of cave development (Figure 14). position of the region
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Figure 2. (A) Field photography of Karin Tak cave, (B) Middle and Upper Jurassic (Callovian-Oxfordian) thickly bedded limestones, (C-E)
Middle Jurassic, Bathonian sedimentary, volcanosedimentary rocks, (C) volcanic breccias, (D) siltstones, (E) volcanic formations of on-
ion-skin weathering. Simplified geological map of the area. 1. Modern sediments, 2. Lower Quaternary sediments, 3. Lower Cretaceous
(Albian) pyroclastic rocks, 4. Upper Jurassic (Tithonian) limestones, 5. Upper Jurassic (Kimmeridgian) organogenic-detrital, pelitomorph,
sandy limestones with volcano-sedimentary lenses of small thicknesses, 6. Middle Jurassic (Callovian), Upper Jurassic (Oxfordian) lime-
stones, 7. Upper Jurassic-Lower Cretaceous quartz-diorites, 8. Middle Jurassic volcanic, pyroclastic, volcanosedimentary rocks, 9. Faults,
10. The locality of Karin Tak cave
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composition. During that time span, Karin Tak cave was located at the boundary between arid subtropical and humid
climate regions (with the latter supporting forests), a pattern similar to the present-day setting of the site (Antonosyan
et al., 2019).

The previous results also indicate that Karin Tak cave should be considered as a regionally important site from which
viable molecular data can be obtained. These data will allow the reconstruction of the Late Pleistocene ecosystem in
the Lesser Caucasus, and will give new insights into the early human occupation and biodiversity of the region.

The principal aims of this paper are therefore to: (i) describe the formation of Karin Tak cave in terms of geological
processes; (ii) report on the depth and spatial dimensions of soft sediments in the cave on the basis of geophysical
surveys to determine strategies for future excavation; and (iii) present the results of sedimentological, X-ray diffraction,
geochemical, and palynological studies of the cave floor sediments to investigate depositional processes and to recon-
struct the paleoenvironmental record of the site.

Geological setting of the cave

Karin Tak cave (39°44'35.23" N, 46°45'58.47" E, 1405 masl) is located on the East bank of the Karkar river and is
named after a nearby village (Figs. 1, 2). The cave is about 60 m long containing at least six chambers, and is in general
oriented NE-SW (Fig. 3). The cave has formed in thickly-bedded Callovian to Oxfordian (Middle-Upper Jurassic) lime-
stones (Shikhaylibeli et al., 1994) that outcrop in the area (Fig. 2, A-B). These limestones typically display grainstone
(occasionally packstone) texture and in some places silicification is evident. The bedrock strata dip approximately 18°
towards NE near the cave.

The limestones unconformably overlie the Middle Jurassic (Bathonian) volcaniclastic (Fig. 2, C-D), sedimentary and
volcanic rocks. The outcropping porphyric basalts display onion skin weathering in places (Fig. 2, E). The Bathonian
rocks have a strike of N138°~-N142° and dip between 29°-51° NE, which is markedly steeper than the overlying lime-
stones.

In terms of the regional geological structure, the SE Lesser Caucasus is located in an area that underwent intense
compression and uplift during the Neogene as a result of convergence between the Arabian Plate and the South Arme-
nian block or microplate (e.g., Avagyan et al., 2010; Sosson et al., 2010). The regression of the Sarmatian sea occurred
and continental conditions were initiated in the late Messinian in the Ararat depression to the south of the Lesser Cau-
casus as a result of Late Miocene tectonic activity and uplift (Gabrielyan et al., 1981; Avagyan et al., 2018).

Middle-Upper Jurassic limestones were probably exposed subaerially at this time and have subsequently under-
gone karstification. Near-surface caves developed along pre-existing fractures and faults due to meteoric dissolution of
the host rock. We suggest that the development of the Karin Tak was initiated during this period.

MATERIALS AND METHODS

Karin Tak cave was studied using conventional geological and structural mapping techniques. Two- and three-di-
mensional ground penetrating radar surveys were conducted in the cave. An SIR-3000 (USA, 2008) GPR system with
a 400 MHz antenna was used, enabling a survey to be made to depths of up to 3 m.

Pit excavations were used to investigate the cave floor sediments. Six sediment layers were identified in the SE and
SW walls of the excavated pit in the cave. Sediments were categorized by particle size, texture, and fabric using White’s
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Figure 3. The plan of Karin Tak cave with observed structures. The location of the pit is indicated. 1. Limestones; 2. Strike-slip fault; 3.
Reverse faults; 4. Fractures and vertical shafts; 5. Limestone dip; 6. Stalagmites; 7. Profile lines of the geophysical survey.
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classification (White, 2007). The Munsell color chart system (https://munsell.com/) has been used to define the colors
of cave sediments.

The immersion method was used to study the mineralogical content of samples from A-D layers. One hundred
grams of sample from each layer were separated into light and heavy fractions by Bromoform liquid. The minerals were
studied using liquids of N 1,490 (for light fraction) and 1,530 (for heavy fraction) refractive indexes. For pollen analysis,
10 mL of each dry sediment sample was processed following the method of Grichuk and Zaklinskaya (1948) with the
following steps: first adding 20 mL 10 % HCI to each sample with 10 minutes in a hot water bath. Second is adding 20
mL 10 % KOH, 20 minutes in the hot water bath, and the last step is heavy liquid flotation, which contains KJ and CDJ,,.
Each step is followed by flushing with distilled water, centrifuging 12 minutes at 3000 rpm in a swing rotor centrifuge
and carefully decanting the liquid.

Eleven samples were studied using a conventional light microscope. Nine samples were collected from the cave pit
for spectrometry analysis, together with one chert sample. The samples were air-dried, homogenized, sieved (<2 mm),
milled in compliance with 1SO-11464 (ISO, 2006) and then stored in sealed bags. The cave sediment samples were
analyzed by X-ray fluorescence spectrometry using an Olympus Innov-X-5000 (USA) apparatus following EPA stan-
dard 6200 (US EPA, 2007) in the Center for Ecological-Noosphere Studies (CENS, Armenia). The XRF was equipped
with a Ta X-ray tube that allowed the determination of elements (Cr, V, Ti, Mo, Zr, Sr, Rb, As, Zn, Cu, Co, Fe, Mn, Pb
and Ba) in 3-beam soil mode. Beam time was 120 seconds. Detailed quality assurance and quality control (QA/QC)
was carried out using standard reference materials (National Institute of Standards and Technology 2711a and NIST
2710a, USA), a blank (SiO,) obtained from the NIST(USA), as well as lab duplicates. QA/QC showed that the accuracy
and precision of the analyses were 2.2-15.4 % and 0.1-6.9 %, respectively. Values below detection limits (BDL) were
observed for Mo. Considering the relatively low number of BDL records (<15 % of all samples) (Johnson et al., 2011;
Rothwell, and Croudace 2015) element concentrations BDL are given a value of one-half of the detection limit.

RESULTS

Structural features

The general orientation of Karin Tak cave (N 46°) is controlled by the dominant system of regional fractures which
trend N 40°-N 55° (Fig. 3). The presence of sinkholes on the surface of the surrounding limestone plateau and of nu-
merous well-developed vertical shafts in the cave indicate intense circulation of meteoric groundwater with the leeching
and dissolution of the limestone host rock. Most of the shafts in the cave have developed along fractures and are oval
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Figure 4. The vertical shafts (A-D) with upward continuation. Most of them routed on the fracture and developed oval-shape sections, (E)
The roof of the inner part of the cave showing its development along a pre-existing crack. The location of the roof is shown in Figure 3,
marked 4.
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Figure 5. Strike-slip fault near the actual entrance of the cave. Its situation is marked 1 in Figure 3.

in cross-section (Fig. 4). The roof of the inner part of the cave (see area 4 on the cave map in Fig. 3) shows shaft de-
velopment along a pre-existing fissure (Fig. 4).

Horizontal or oblique-slip movement may have occurred on some of the fractures because a left-lateral strike-slip
fault with almost the same strike (N 50°) is observed in the northern part of the cave entrance (N 50° 80° SSE 11°NE)
(see area 1 on the cave map in Fig. 3 and Fig. 5). Reactivation of faults and the opening of subsurface migration routes
for meteoric waters had an important role in development of the cave. A number of reverse faults have also been ob-
served near the cave entrance, but do not appear to have had a significant effect on the cave.

Geophysical survey

The ground-penetrating radar allowed qualitative and quantitative surveys of the cave floor deposits. The aerial ex-
tent of the geophysical survey in the central chamber is presented by the profile lines in Fig. 3.

The deposits were divided into horizontal layers 0.25 m thick. Horizontal cross-sections of the floor stratum in the
chambers with the pit are presented in Figure 6. Layer 1 corresponds to the cave floor surface. The next layer, 0.25
m deep, contains features whose colors were substantially different from those of the background (white color marks
limestone blocks and boulders). With increasing depth, contours bounding the buried limestone blocks and the depths
of their spreading in the horizontal sections become more apparent (Fig. 6).

Based on data produced by the analysis of two-dimensional GPR surveys, a three-dimensional model was pro-
duced (Fig. 7), where the white and green colors correspond to hard limestone blocks; and the dashed lines mark the
borders of soft sedimentary deposits. A sedimentary layer is outlined in the central part of the section, and limestone
blocks are recorded in more marginal areas.

The GPR surveys reveal the presence of buried limestone blocks and boulders, which are the possible result of cave
roof collapse. This suggestion is further verified by ground-truthing in the pit sections through the cave sediment. The
location of the pit was chosen according to GPR survey as a place with fewer blocks and boulders.

Sediment sources (collapse and clastic deposits)

Sedimentological investigations of the southeast and southwest walls of the pit (Fig. 3), which was excavated in
2016-2018, showed six stratigraphic layers (Figs 8 and 9).
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Figure 6. Horizontal sections of the GPR survey along depth (with the step of 0.25 m) in the chambers of the excavated pit (Figure 3) (white
color marks buried limestone blocks).

The lowermost layer H (15-40 cm thick) comprises of a strongly calcareous, pale yellow (2.5Y 7/4) silt loam. The
observed layers are not, or only slightly, stratified and developed over different time intervals. The coarse collapse de-
bris by contrast developed instantaneously. Layer H has loess-like features and is archeologically barren, containing
less material than the overlying layers. Layer H is overlain by layer F (a dark brown (10YR 3/3) sandy loam, up to 30 cm
thick) rich in organic matter and demonstrate some post-depositional perturbations (Fig. 9). Layer G presented only in
southwest wall of the pit comprises of olive (5Y 5/3) loam with isolated clasts of limestones (0.5-30 cm). Layer E mainly
consists of grayish-brown (2.5Y 5/2) calcareous loamy sand (10-70 cm); it contains pale brown clay lens in its upper
part (E') and dark grayish-brown (2.5 Y 4/2) lens E". The latter is composed of calcareous silt containing phytolith parti-
cles. Layer D (20-30 cm) is a pale brown (10YR 6/3), silty clay loam displaying a weak stratification. Layer C (5-35 cm)
is composed of whitish-grey (2.5Y 7/3), strongly calcareous silty clay-loam with limestone granules and bones. Layer B,
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Figure 7. The 3D model of the hall with the pit (the white and gray colors correspond to limestone blocks; the dashed lines encompass the
soft sediments).

50-80 cm thick, is a light olive-brown (2.5Y 5/4), friable, calcareous sandy loam and contains small carbonate pebbles.
The layers A and B were formed between 24,589 + 149 BP and 22,947 + 204 BP according to C dating on bones
from different depths (Antonosyan et al., 2019). The top 2 cm below the present-day cave floor is a blackish calcareous
cave sediment horizon (A') which overlies pale-brown (10YR 6/3) loam (5-12 cm) containing pebbles and bones (A).
Karin Tak cave contains a variety of siliciclastic and chemical sediments deposited by a range of mechanisms.
Autochthonous deposits are derived from the surrounding bedrock and include collapse breccia and their breakdown
products.

Breakdown products consist of fragments of bedrock with a range of clast sizes, most of which result from cave
collapse due to seismic activity. Less pronounced collapse features include wedge-shaped debris cones that are de-
veloped below collapsed sinkholes (see area 3 on the cave map in Fig. 3). Within the pit excavated in the cave floor,
limestone clasts <0.25 m in diameter were observed in the SW wall in layer D (Fig. 9).

Large blocks of limestone were observed near the cave entrance (2 in Fig. 3), which has retreated due to past ep-
isodes of collapse. These blocks probably correspond to collapse debris (including limestone blocks and boulders of
>0.5 m in diameter) identified by the radar survey and observed in deeper parts of the floor pit (Figs. 7, 8 and 9).

The allochthonous sediments, derived from external sources, include washed-in soils, debris flows, and materials
derived from biological (animal and possibly human) activity. The most accentuated layers with these sediments are the
layers A, B, C, D, E, and especially F. Detrital sediments include sands and silts deposited from subsurface streams and
storm run-off into sinkholes. They are present in practically all layers. Chemical deposits include calcite and gypsum
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T 4 together with oxides
: * and hydroxides of
southwest wall B EmGicE
L nese. Speleothems,
. including stalactites,

stalagmites, and

stalagnates (col-
umns) are less de-
veloped in the big-
gest chambers and
more prominent in
the NE end of the
cave.

The light mineral
composition in sed-
iments from A to D
layers is presented
mostly by undeter-
mined  weathered
minerals, lesser
amounts of volcanic
glass, plagioclase,
quartz, phytolith,
and opal. The heavy
mineral assemblag-
es are characterized
by clear predomi-

nance of opaque
minerals with abun-
dant ilmenite, with lesser amounts of hornblende and diopside. Carbonate content varies from 26.1-38.5 %.

Samples for pollen analyses were taken from the SE and SW walls of the cave-floor pit (Figs 8 and 9). More than
400 grains were counted for each sample, and grain proportions were calculated based on the sum of all palynomorphs
present. The results (Fig. 10) point to the presence of abundant organic material in layers A, B and E". In lens E" and in
layer H, no pollen or other palynomorphs were found (Fig. 10).

Figure 8. Photography of the southwest and southeast walls of the excavated pit.

NE Noso SE WALL S S N1z SWWALL w

Figure 9. Log of the southwest and southeast walls of the pit. Cave sediment colors according to the Munsell color chart. (A) Pale brown
loam with pebbles and bones; (A') Blackish soil horizon; (B) Light olive brown sandy loams with limestone rubbles; (B') Carbonate crust
lenses; (B") Very pale brown strongly calcareous clay lens; (B"") Very dark grayish brown clayey lenses; (C) Light brownish silty clay loam
with limestone pebbles, bones; (C') Rubified lens; (D) Pale brown silty clay loam; (E) Grayish brown loamy sand; (E') Pale brown clay lens;
(E") Dark grayish brown calcareous silty lense; (I) Limestone boulders; (I') Very dark grayish clay; (G) Olive loam; (F) Dark brown sandy
loam; (H) Pale yellowish brown silt loam; (1) Bones.
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Figure 10. Summary diagram showing pollen and palynomorphs (pollen, spore, vitrinite, inertinite).
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Figure 11. Representative micrographs of pollen and palynomorphs under light microscope: (a) Tilia
sp. (fam. Malvaceae), (b) Asteraceae sp., (c) Tsuga sp. (fam. Pinaceae), (d) Fraxinus sp. (fam. Oleace-
ae), (e, f) Fungi, (h, i) Phytoclasts (a, b, f) from the layer (A), (c) ( layer B), (d, i) (layer E), (e, g) (layer
D), (h, i) (layer F).

Layer A contains pollen
from Tilia sp. (fam. Malva-
ceae), Fraxinus sp. (fam.
Oleaceae), Apiaceae sp.,
Asteraceae sp., Quercus
sp. (fam. Fagaceae), and
Chenopodiaceae sp. (Fig.
11), layer B contains pollen
from Tsuga sp. and small
amounts of Pinus sp. (fam.
Pinaceae), Rosaceae sp.,
Quercus sp. (fam. Faga-
ceae), and Asteraceae sp.
(Fig. 11). In the lens E", As-
teraceae sp. and Quercus
sp. (fam. Fagaceae) pollen
were recorded (Fig. 11 a—d).
Large amounts of fungal
spores, phytoliths, and char-
coals were recorded in many
samples (Fig. 11 e—i). Pollen
preservation was poor and
taxonomic resolution to spe-
cies level was impossible.

Bulk sediment geochem-
istry: X-ray fluorescence

Nine cave sediment
samples from the pit in the
floor of Karin Tak cave were
analyzed for their contents
of elemental Pb, Cr, Pb, Ba,
Mo, Cu, Sr, Co, Ti, As, Zn,
Zr, V, and Mn (Fig. 12).

Geochemical markers in
layers G and F at nearly the
same stratigraphic level in
the floor pit (SW wall, Fig. 9)
show quite different content
of Pb, Cr, Rb, Ba, Fe, Co, Ti,
As, Zr and V (Fig. 12). Re-
sults showed comparable
high contents of Pb, Cr, Rb,
Ba, Fe, Mo, Co, Ti, As, Zn,
Zr, V, and Mn in layer F and
depleted contents of Pb, Cr,
Rb, Ba, Fe, Co, Ti, As, Zr,
and V in layer G. The differ-
ence in Mo, Mn and Zn con-
tents are less marked in lay-
ers Fand G. The layers E, F
and G are characterized by
peaks in the contents of Cu,
Zn, and Mo; Mo enrichment
also occurs in layer A.

A geochemical study of the chert lens observed a few hundred meters from the cave in the upper part of the volca-
niclastic rocks showed that some elemental ratios are similar to those in layer F (Fig. 13). Chert, a high-silica rock dom-
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Figure 12. Trace element analyses of the pit layers (A-H).
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inantly composed of SiO,
minerals were among the
first raw materials utilized
by hominine.

In general, the Sr and
Zr contents decrease with
depth (Fig. 12), as does
the content of Mo except
for layers E, F and G.
The content of V was cor-
related with that of Ba. Ba
shows a positive value in
layer F and a negative val-
ue in layers A, D, G and
H. The loess-like sample
from layer H is free of or-
ganic material and shows
negative anomalies of Mn,
Ba, Sr, Zn and Mo.

DISCUSSION

Both external and in-
ternal factors control the
development of caves in
carbonate rocks, and the
origin and development of
Karin Tak cave was influ-
enced by tectonic, litholog-

ical, and climatic factors. The cave originated with Neogene regional uplift when the regression of the Sarmatian Sea
occurred and continental conditions were initiated conducive to the exposure of the Jurassic carbonate rocks to the
surface and to subaerial weathering and karstification. The cave is developed along NW-SE trending oblique slip faults
and fissures indicating a structural control. The presence of numerous vertical shafts in the cave, together with sinkholes
and speleothems, indicate its epigenic nature. Nevertheless, we have observed one or two cupolas, the origin of which
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Figure 13. Trace element a

nalyses of the chert and pit layer (F).

is unclear, therefore, in the
initial stages, the hypogenic
influenceis notexcluded as
in the case of Azokh Cave
in the same geographic
region, developed in
Jurassic limestones
(Dominguez-Alonso et al.,
2016). Even if there were
hypogenic parts in the
formation of the cave, it
is minimal and epigenetic
ones are dominant. Cave
development activity is not
the same now as it was at
the beginning of its forma-
tion: after the roof collapse
and breakdown no speleo-
thems were formed in the
two largest chambers of
the cave.

Geophysical investiga-
tions in the central cham-
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bers allowed us to map and also dis-

SW Early Cretaceous NE tinguish relatively soft deposits from

harder limestone blocks resulting

from the roof collapse. The exca-

_ vations are focused on the central

I ' area (outlined by the dashed line in
- _ Fig. 7), which is promising in terms

of archaeological and biological re-
Y Y Ve v ey e ' mains. Pollen grains were observed
in layers A and B (Fig. 11) formed

between 24.803-34.486 Cal BP

3 _ Neogene (Antonosyan et al., 2019). The over-
‘i * i all pollen profile is dominated by
\ : $ % ! trees that are adapted to relative-
[ : - ly moist and cool temperate areas
‘ with cool summers to very heavy
winter snowfalls and ice storms.

e—— \ e The pollen record is over-represent-
V_ [V Y o v VR ed in conifers (>60 %), which belong
' to the genera of Tsuga sp. (Fig. 11,
¢) and Pinus sp. Deciduous trees
from the geniuses of Fraxinus sp.

* . ‘ (Fig. 11, d) and Quercus sp., which
&= Quaternary demand comparably dry soil and

- P b : are more photophilic, are relatively
well-represented. These trees are

il more distributed in the tropical and
é ‘ subtropical regions of the northern
hemisphere. The presence of iner-

tinite in the cave sediment samples

b (equidimensional opaque in the
sections) indicates a relatively long

188E 2 3l 4 5N 6N |7l transportation distance.

Figure 14. Cave development stages. (I) Cretaceus, (II) Miocene-Pliocene, (lll) Pleisto- . The new pollen d,ata pre§ented
cene-Holocene. (1) colluvion, (2) recent cave sediments, (3) dip non-consolidated sediments, N this study is consistent with the
(4) Callovian-Oxfordian limestones, (5) Bathonian volcaniclastics, (6) faults, (7) fractures. results of Antonosyan et al. (2019)

SW-NE cross section line shown in Figure 1. and provides no evidence of dra-
matic climate change during LGM MIS 2.

The X-ray fluorescence studies of cave sediment samples identified variations in elemental compositions, al-
though the effects of post-depositional contamination (e.g., due to human activity should be carefully considered).

From a stratigraphic point of view, it is interesting to compare the geochemical markers in layers G and F. Although
these layers are adjacent (Fig. 9) they show quite different contents. As, Cr, Cu, Pb, Zn, and Ba positive anomalies can
be result of concentrations of skeletal and organic detritus or charcoals (e.g., Basta et al., 2005; Calvert and Pedersen,
2007), which are visible by in situ observation of layer F.

The increased concentrations of Fe and Ti may derive from the bones of animals, but may also be linked with higher
contents of ilmenite mineral observed in layers A-D by the immersion method.

The contents of Cu, Zn and Mo are abundant in layers E, F and G; however, they are not related to human activity
such as metallurgy, because the age of the layers (>41,700 BP) places them long before the Copper and Bronze Ages.
An interesting result from the trace element analyses of the chert sample and layer F was obtained. X-ray study of the
chert sample showed similarities with soil layer F for several elements (Cr, V, Rb, Co, Fe, Mn) (Fig. 13, A). The only
chert piece, probably a tool (Fig. 13, B) was found in rubbish of washed material (unfortunately of unknown exact strati-
graphic position). The aforementioned data shows the high probability of using the chert as a raw material, but more
finds will be needed for future investigations.

CONCLUSIONS

» The Karin Tak cave has important tectonic control. The NW-SE trending oblique-slip faults and dominant fis-
sures favored the cave initiation and its general orientation. The hypogenic influence in the initial stages is not
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excluded, but the presence of numerous vertical shafts in the cave together with sinkholes and speleothems
indicate its principal epigenic nature.

» The geophysical, morphological, and sedimentary study indicates two major collapses of different magnitudes of
presumed seismic origin. The material of the second, less pronounced collapse, forms a wedge-shaped cone,
which becomes thicker below the collapsed sinkhole. The first more important collapse is the result of the roof
collapse (breakdown).

* The pollen record evidence of non-dramatic climate change during LGM MIS 2 in the area and it could serve as
a refugial zone for hominin activity.

« Layer F, rich in organic matter and its similarity in several elements to the chert sample (possible raw material)
from the surrounding rocks, indicates hominin activity. Nevertheless, the high contents of Cu, Zn and Mo are
not related to human activity such as metallurgy.
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LAND-USE IMPACTS ON THE HYDROLOGY OF THE HIDDEN RIVER GROUND-
WATER SUBBASIN, HORSE CAVE, HART COUNTY, KENTUCKY

Cesalea N. Osborne'?, David J. Keeling', Jason S. Polk', Patricia N. Kambesis', and Kevin B. Cary'

Abstract

Hidden River Cave, located in the city of Horse Cave, Ky., forms one of the main tributaries of the Hidden River
groundwater subbasin that spans multiple counties in south-central Kentucky. Hidden River Cave formed in Missis-
sippian-aged carbonates and consists of a dendritic network of canyons and collapsed domes; a major trunk stream
flows through the cave that supports myriad subsurface ecosystems and recharges the Mammoth Cave aquifer and
the Green River, important water resources on which several communities depend. Poor land-use practices historically
have contaminated the cave stream. As a result, the hydrology of the Hidden River groundwater subbasin has been
extensively studied using fluorescent dye-tracing, and developments in groundwater resource management have im-
proved cave conditions. However, land-use boundaries that intersect with areas of recharge still influence contaminant
transport to groundwater. This study combined groundwater dye-tracing, high-resolution stage data collection, and
supervised classification in a geographic information system (GIS) to assess land-use impacts on the hydrology of the
Hidden River groundwater subbasin. Dye-tracing confirmed that stormwater infrastructure in Horse Cave discharges to
Hidden River Cave, and, subsequently, the Hidden River groundwater subbasin. High-resolution stage data determined
that the cave’s major trunk streams respond to precipitation within 40 minutes to 1.5 hours, while baselevel conditions,
except after sustained precipitation, are met three to four days after precipitation ends. Supervised classification de-
termined that development is concentrated in Horse Cave and has increased by approximately 7 % between 1989 and
2017. These results suggest opportunities for the implementation of karst-specific stormwater management regulations
where such regulations are weak.

INTRODUCTION

Institutional policies that govern groundwater management at local, regional, and global scales often are either lack-
ing or absent, which is particularly true, and even more challenging, where aquifers span the geographic boundary of
multiple political territories. Approximately 263 transboundary groundwater resources exist globally, many of which lie
in karst regions (Jarvis et al., 2005). Karst, characterized by the chemical dissolution of carbonate bedrock, comprises
15-20 % of the Earth’s ice-free landscape and includes karst aquifers, which provide 25 % of the world’s population
with drinking water (Ford and Williams, 2007; Palmer, 2007). In karst regions, surface and groundwater flow are highly
interconnected, and drainage occurs rapidly through conduits created by dissolution. Thus, the distribution and avail-
ability of groundwater resources is highly variable. Further, contaminants that enter the subsurface of karst regions can
easily be dispersed throughout the groundwater system and across political boundaries.

Some of the challenges associated with policy development regarding transboundary karst aquifers include a lim-
ited understanding of recharge and discharge mechanics and uncertainties in the spatial and temporal components
of subsurface flow (Theesfeld, 2010; Milanovi¢, 2016). Some transboundary karst aquifers (i.e., the Dinaric, Yucatan
Peninsula, and Arbuckle-Simpson karst aquifers) have benefited from hydrogeologic studies, such as groundwater
dye-tracing and the development of groundwater flow models, to characterize subsurface flow (Bauer-Gottwein et al.,
2011; Christenson et al., 2011; Stevanovi¢ et al., 2016). Studies such as these provide data for the implementation of
groundwater protection policies where such policies are either weak or absent; however, challenges related to the lack
of systematic monitoring and inconsistent land-use zoning have limited the ability to implement policies that are specific
to the protection of karst aquifers. Few karst regions in the world have been more extensively studied and, more nota-
bly, dye-traced than in south-central Kentucky.

South-central Kentucky is a classic example of a well-developed karst landscape and includes the longest-known
cave system, Mammoth Cave. Three physiographic regions comprise this area, including the Mammoth Cave Plateau,
the Dripping Springs Escarpment, and the Pennyroyal Plateau, as well as the shallow, well-developed Mammoth Cave
karst aquifer that formed in the Girkin, Ste. Genevieve, and St. Louis Limestones (Palmer, 1995). The once widely-ac-
cepted concept of “out of sight, out of mind,” coupled with rapid recharge and discharge rates, historically led to the
contamination of the Mammoth Cave aquifer via point-source pollution; specifically, the intentional, direct injection of
waste into the subsurface.

'Department of Earth, Environmental, and Atmospheric Sciences, Western Kentucky University, Bowling Green, KY 42101
2current affiliation: Oklahoma Geological Survey, Sarkeys Energy Center, Norman OK 73019
* Corresponding author cesalea.osborne@gmail.com
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Between 1975 and 1987, regional hydrogeologic in-
vestigations, including over 500 groundwater dye-trac-
es, were conducted in the south-central Kentucky karst
region to identify sources of contamination. Twenty-eight
major groundwater basins were delineated in the Penny-
royal Plateau physiographic region during this time, includ-
ing the Gorin Mill groundwater basin, one of the largest
in south-central Kentucky, draining an area of 394 km?
(Quinlan and Ewers, 1989; Meiman et al., 2001; Blair et al.,
2012). The Gorin Mill groundwater basin drains two dis-
tinct subbasins that converge approximately eight kilome-
ters northeast of the city of Horse Cave. The southwestern
segment of this groundwater basin, known as the Hidden
River groundwater subbasin, comprises over 80 % (324
km?) of the Gorin Mill groundwater basin and includes Hid-
den River Cave (Fig. 1). The results of the hydrogeologic
investigations determined that the most extensive con-
tamination occurred within the Hidden River groundwater
subbasin.

The Hidden River groundwater subbasin is a trans-
boundary basin that spans multiple counties in south-cen-
tral Kentucky, including Barren, Hart, and Metcalfe coun-
ties, and includes L&N Cave (surveyed at 3 km) in Cave

Courny

Figure 1. Groundwater basins in south-central Kentucky, including
the Hidden River groundwater subbasin that makes up most of the
larger Gorin Mill groundwater basin. Data from the Kentucky Di-
vision of Geographic Information (KDGI) (https://kygeonet.ky.gov)
and the Kentucky Geological Survey (KGS) (http://www.uky.edu/
KGS/gis).

City, Hidden River Cave (16 km) in Horse Cave, and the

Hidden River Complex (32 km) situated near the Green

River, which have all been connected via groundwater dye-tracing. All serve as subsurface tributaries of the Hidden
River groundwater subbasin and exhibit distributary flow; flooded, low-level conduits have created a system of intercon-
nected passages where water flows north and resurges through 46 springs along the Green River, an important water
resource on which several communities depend (Quinlan and Rowe, 1977). This study focused on Hidden River Cave
due to its proximity to industrial development, its history of significant contamination, and its direct connection to the
Mammoth Cave aquifer, which also serves as a water resource.

The entrance to Hidden River Cave is located in a 30 m deep collapse sinkhole that is owned and managed by the
American Cave Museum (McGrain and Currens, 1978; Foster, 2009). High, interspersed breakdown rooms, large river
passages, and floodwater mazes exist in the cave that recharge the Mammoth Cave aquifer and support myriad sub-
surface ecosystems (White et al., 1970; Quinlan and Ewers, 1989; Worthington et al., 2000).

Commercial development, along with point-source groundwater contamination, increased in Horse Cave during the
1970s. Pollutants were commonly injected into the subsurface through sinkholes and included raw sewage, heavy met-
als from a chrome plating plant, creamery waste, and oil refinery waste, among others. Based largely on the regional
hydrogeologic investigations of Quinlan and Rowe (1977) and the Environmental Protection Agency (EPA, 1981), a new
wastewater treatment facility was developed in 1989, which has significantly improved the water quality of Hidden River
Cave. Additionally, the American Cave Conservation Association (ACCA) has established good working relationships
with the industries that have directly impacted recharge to the cave system. Despite these changes in groundwater re-
source management, land-use boundaries in the city of Horse Cave intersect with areas of recharge that still introduce
contaminants into the groundwater system.

This study used an integrative approach by combining groundwater dye-tracing, high-resolution stage data collec-
tion, and remote sensing analysis in a geographic information system (GIS) to assess land-use impacts on the hydrol-
ogy of the Hidden River groundwater subbasin. Additionally, implications for U.S. federal, state, and local stormwater
management regulations were reviewed, and suggestions were made to improve on these regulations to protect karst
groundwater.

MATERIALS AND METHODS

Groundwater Dye-Tracing

Dye receptors were placed in Hidden River Cave at the East River, South River, areas in the Breakdown Canyon
(i.e., the Breakdown Canyon entrance, Site 007, drainage wells), the Waterfall Room, and the headwaters of Wheet
River (Fig. 2). The East River is the primary downstream tributary of Hidden River Cave and begins at the bottom of
the cave’s collapsed entrance, draining an area of ~150 km?. The South River is a smaller tributary of the East River
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and drains an area of ~8 km?
(Quinlan and Rowe, 1977).
Wheet River is the primary
upstream tributary of Hidden
River Cave and is suggest-
ed to form the main tributary
of the South River (Nims,
P., 2018, pers. comm., July
13. Horse Cave, Ky.: ACM)
several smaller tributaries
and seeps are also suggest-
ed to be connected to the
South River and recharged
via sinkholes. Each of these
sites exhibit background flu-
orescence  characteristics
similar to optical brighteners
and fluorescein (Raedts and
Smart, 2015), thus limiting
the selection of dyes that can
be used for tracing.

Figure 3. Drainage well casings in the Break- Poorly-drained  depres-
down Canyon section of Hidden River Cave. sions in the city of Horse

Figure 2. Hidden River Cave, Horse Cave, Ken- . . . Cave have be.en mOdIfI?C! by
tucky. Data from the Cave Research Foundation ~the installation of drainage wells. Among these, two casings are visible

and the KGS. in the Breakdown Canyon section of Hidden River Cave (Fig. 3), one of

which is inferred to drain wastewater from a concrete mixing plant. This
site exhibits the most notable source of contamination, where short-wavelength emitters that are typical of diesel fuels,
lubricants, and soaps were observed in seeps and drips near the well casing. Additionally, recharge to the Waterfall
Room consistently exhibits a very low, ambient fluorescein peak (515 nm) and produces a distinctive chlorine odor
(Raedts and Smart, 2015).

Utilities (particularly stormwater) are not well-documented in Horse Cave, and the management of these features
is not apparent (Raedts and Smart, 2015). Thus, four sites in Horse Cave were chosen for dye injection and georefer-
enced using Collector for ArcGIS (v. 19.0.2). These included a storm drain
i at the Horse Cave car wash (Fig. 4) that was suggested to discharge at
¢ the Waterfall Room (Nims, P., 2018, pers. comm., July 13. Horse Cave,
‘, Ky.: ACM), a drainage well located near the concrete mixing plant, and two
) storm drains near the now-retired Horse Cave Recycling Center. While
i several sinkholes within the municipality are suitable for dye-tracing, this

™ ) Horse Cava Municipality

Hidden River Cave
[ Breakdown Canyon Avea

—— Cave Strpam

study focused on infrastructure that has long been questioned by the
ACCA.

Each surface and subsurface site was photo-documented and given
a unique inventory name and number (Table 1, Fig. 5). Two phases of
groundwater dye-tracing occurred during this study; each receptor inven-
tory number corresponds to its respective trace (i.e., the Waterfall Room
(003) is denoted 003-1 for Phase | dye-tracing and 003-2 for Phase I
dye-tracing).
Dye-Tracing Procedures

Background fluorescence monitoring occurred before each dye injec-
tion to detect dyes used in previous studies, pollutants, or natural com-
pounds with fluorescence properties that may be similar to the dyes used
by the Crawford Hydrology Laboratory (CHL) at Western Kentucky Univer-
sity. Dye receptors were installed in the main flow of each site and consist-
ed of five-centimeter mesh bags filled with approximately three grams of
activated coconut charcoal. Background monitoring occurred for one week

Figure 4. Horse Cave car wash storm drain.
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Table 1. Dye-tracing feature inventory.

before each phase of dye-tracing,

Dye Injection Sites

Dye Receptor Locations

after which each dye receptor was

rinsed in the respective cave stream

Site ID Location Site ID Location to free the sample of any accumulat-
DT1 Horse Cave Car Wash 001 Wheet River ed sediment, carefully placed into a
DT2 Injection Well 002 Board Room clearly labeled, sealable plastic bag,
DT3 Recycling Center Storm Drain A 003 Waterfall Room and stored in a cooler to be trans-
DT4 Recycling Center Storm Drain B 004 Well Casing A ported to the CHL for analysis. New

. receptors replaced the background
005 Well Casing B
006 Well Gasing G samples to prepare for the subse-

e wasing quent dye-traces.

007 Site 007 In the laboratory, an eluent con-
008 Breakdown Canyon sisting of propanol, distilled water,
009 South River and ammonium hydroxide prepared
010 East River at a ratio of 5:3:2 was used to extract

dye from one gram of charcoal from

each dye receptor; the elutant was then analyzed using synchronous scanning on a Shimadzu RF-6000 spectrofluoro-
photometer following established CHL (2016) protocols. The emission spectra of the synchronous scans were plotted
on a laser printer, and the results of the analysis were recorded in Excel.

Fluorescent dyes for each trace were chosen based on the analysis and interpretation of background fluorescence
spectra. The quantity of dye for each injection was calculated via the following equation as per Aley and Fletcher (1976):

w, = 1.478\/$

()

where W, represents the weight of the dye to be used (kg), d represents the distance between injection and receptor

i ‘ Dye Injection Snles—A[
! @® Dye Receplor Locations ”Aj
| Cave Stream '
| Hidden River Cave

.
Recycllannnuv Stérm Duln dc
Re'gy-clmq Cenl.‘l Storm Duln 8

Figure 5. Dye receptor sites in Hidden River Cave and dye injection locations

in Horse Cave. Data from the CRF and the KGS.
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sites (km), Q represents discharge (m%s), and u
represents stream velocity (m/s).

Dye injection occurred at four sites in the city
of Horse Cave, and monitoring occurred for one
to two weeks for each phase of dye tracing. After
the monitoring period, the receptors were collect-
ed, stored, and transported to the laboratory for
analysis following the CHL protocols.

Phase | Dye-Tracing

Phase | background monitoring occurred on
March 9, 2018 and consisted of the placement of
nine receptors at all but one site (007). The back-
ground receptors were retrieved on March 16,
2018, and a six-dye background analysis was con-
ducted on March 20, 2018 against the standards
Tinopal CBS-X (OB, FB351), Fluorescein (FL,
AY73), Eosine (EO, AR87), D&C Red 28 (Phloxine
B) (R28, AR92), Rhodamine WT (RWT, AR388),
and Sulphorhodamine B (SRB, AR52).

Six sites exhibited positive background fluo-
rescence, including the well casings, where OB,
FL, R28, and RWT were detected. The Waterfall
Room exhibited no significant background con-
centrations. Thus, RWT was chosen to trace the
Horse Cave car wash storm drain (DT1) that was
suggested to be associated with recharge to the
Waterfall Room, and EO was chosen to trace the
drainage well located near the concrete mixing
plant (DT2). Phase | dye injection occurred during
the evening of April 6, 2018 and included the injec-
tion of 0.5 kg of RWT into the car wash storm drain
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and 0.3 kg of EO into the drainage well. Both dyes were injected before a rain event to ensure proper flushing. The dye
receptors were retrieved on April 20, 2018 and analyzed on April 26, 2018 using CHL protocols.

Phase Il Dye-Tracing

Phase Il background monitoring consisted of the placement of 10 receptors on July 20, 2018, which included an
additional site in the Breakdown Canyon section (007). The background receptors were retrieved on July 27, 2018, and
a five-dye background analysis was conducted on August 1t using OB, FL, EO, RWT, and SRB standards.

Four dyes were detected in the background samples, including OB, FL, EO, and RWT. Based on these results and
the previous use of EO and RWT, SRB was chosen to trace the Recycling Center Storm Drain A (DT3), and FL was
chosen to trace Recycling Center Storm Drain B (DT4). Phase Il dye injection occurred on August 3, 2018, and included
0.5 kg of SRB into Recycling Center Storm Drain A and 0.5 kg of FL into Recycling Center Storm Drain B. Both dyes
were flushed using a fire truck provided by the Horse Cave fire chief. Dye receptors were retrieved on August 14" and
analyzed on August 16" using the CHL protocols.

CHARACTERIZATION OF STREAM STAGE

Two Onset HOBO pressure transducers (model U20L-02) were installed in Hidden River Cave on June 10, 2018, to
collect high-resolution stage data after flooding events occurred that limited accessibility to Hidden River Cave. The
transducers were installed in PVC stilling wells near the Kneebuster tributary in the South River and at the Thomas
Boardwalk in the East River to characterize stream responses to precipitation events until September 29, 2018. Each
sonde collected five-minute resolution water-level data, except when briefly pulled to download the data; due to an error
in deployment, the East River sonde excludes data from Julian dates 180 to 201. The stage data were processed using
Onset HOBOware Pro (v. 3.7.15), which incorporated water level reference readings and barometric pressure compen-
sation data that were recorded at the time of each data download. The processed stage data were organized in Excel,
graphed using SigmaPlot (v. 11.0), and compared to five-minute precipitation data acquired from the Kentucky Mesonet
HDYV monitoring station located in Munfordville (https://www.kymesonet.org/).

LAND-USE OVER THE HIDDEN RIVER GROUNDWATER SUBBASIN

Changes in land-use over the Hidden River groundwater subbasin between 1989 and 2017 were determined using
supervised classification in ArcGIS Pro (v. 2.2) and 30 x 30 m Landsat 5 (10/22/1989) and Landsat 8 (09/26/2017)
multispectral imagery obtained from the United States Geological Survey (USGS) Global Visualization Viewer (GloVis)
(https://glovis.usgs.gov). The scope of the land-use analysis was broadened to include the entire Hidden River ground-
water subbasin, as changing land-use in other areas of the subbasin could negatively impact overall recharge. Addi-
tionally, because most of Hart County’s industry is located in Horse Cave (HCCC, 2013), this time frame was chosen
based on the 28-year gap that exists between the publications of the respective City of Horse Cave zoning ordinances.

The study area included a feature class of the Gorin Mill groundwater basin collected from the Kentucky Geological
Survey (KGS) that was modified to represent the associated Hidden River
groundwater subbasin according to the extent defined by Ray and Currens
(1998). Using the Hidden River groundwater subbasin feature class and
the Clip tool in ArcGIS Pro, both images from GloVis were clipped to the
subbasin boundaries. A qualitative analysis comparing the 1989 and 2017
imagery was conducted during supervised classification, which includ-
ed creating training samples, reclassifying the imagery, and performing
post-classification processing on both images. The results of the reclassi-
fication were then compared quantitatively by determining the percentage
of land-use classes for each image and an assessment was conducted to
determine the accuracy of the classification method used.

Supervised classification was conducted for each image using the
Classification Wizard in ArcGIS Pro, and training samples (Fig. 6) were
created using the Training Samples Manager and schema provided by
the USGS 2011 National Land Cover Dataset (NLCD), which includes the
following land-use classes: (1) water, (2) developed, (3) forest, and (4) ag-
riculture. Reclassified rasters were generated from the training samples.
Post-classification processing was then applied to the reclassified images Figure 6. Example of training samples created
by using generalization tools, which remove the noise that is created by from the 2017 Landsat 8 imagery used to per-
isolated pixels or small, misclzlassifiecli regions and automates the assign- ;‘:g‘ tiip(ijrélcs;esd ggﬂﬁs'ai%'gnkh?%t; /mwwﬂg\é'z
ment of more reliable values; the Majority Filter tool removed isolated pix- 4oy centers/eros/science/national-land-cov-
els from the reclassified raster, and the Boundary Clean tool smoothed the  er-database).

't —— Midden River Cave
Training Samples (2017)
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class boundary edges and grouped the classes to produce more organized imagery (Keranen and Kolvoord, 2014).

To determine the percentages of land cover types, a new field named Percent was added to the attribute table of
each reclassified raster and populated via the Field Calculator tool; for each land-use category, the total number of
pixels in the respective reclassified image (determined using the Summary Statistics tool) was divided by the number of
pixels representing that category and multiplied by 100. These data were used to assess the approximate percentages
of land-use change over the Hidden River groundwater subbasin between 1989 and 2017.

Accuracy Assessment of Supervised Classification

To determine the accuracy of the performed supervised classification, the errors of omission (features that have
been excluded from the reclassified imagery that exist) and commission (features that do not exist that have been
included in the reclassified imagery) were calculated by generating an error matrix from ground-truthed data, which
compares the organized, reclassified imagery to higher resolution aerial imagery (Keranen and Kolvoord, 2014).

Twenty-five points were randomly generated for each image using the
Create Random Points tool. Because the reclassified image resolution is 'Lx s et
30 x 30 m, a 30-meter buffer was created around the random points to _ = ooy St oo
represent the approximate area that a single pixel spans (Fig. 7). The re- \ St
classified imagery was then compared to 2016 Kentucky statewide 0.5 m ° /}
aerial imagery that was downloaded from the Kentucky Division of Geo- A=
graphic Information to ground-truth land cover within the buffer boundar- \;f/
ies. Note that high-resolution 1989 imagery was not available; thus, gener- - 5
alizations were made by analyzing the Landsat 5 multispectral imagery in :
conjunction with the 2016 Kentucky statewide 0.5 m aerial imagery.

A new field was added to the random point feature class called GT . .
(ground-truth) to record the correct type of land-use within the buffer ac- A . S
cording to the high-resolution imagery. Upon completion of ground-truth-
ing, the Extract Values to Points tool was used on each of the reclassified
images, which extracted the land-use values that the random points repre-
sented and added them to the attribute table of the Random Point feature |, ,, .
class. The final attribute table included the ground-truthed values and the _ ]
values determined by supervised classification, which were compared to ~ Fgure 7. Example of random point generation;

. ey . a 30 m buffer was created around each point to

determine the accuracy of the classification method used. An error matrix  ground-truth the land cover type within the buf-
was constructed using the Select by Attributes tool to identify matching fer. Data from GloVis and the USGS 2011 NLCD.
classifications. For example, to determine the number of points that were
classified as water (1), the following query was used:

o
.

10
Kilometers

“GT 2017” = 1 AND “Supervised 2017” = 1

The same query was used to determine each corresponding land-use type for both images. From these data, the
total classification accuracy percentages were calculated to determine the errors of omission and commission.

RESULTS AND DISCUSSION

Phase | and Il Dye-tracing

During Phase | dye-tracing, it was anticipated that EO would discharge from drips and seeps surrounding Well Cas-
ing B (005-1) due to the suspected age and potential degradation of the well casing and that RWT would discharge at
the Waterfall Room (003-1). Conversely, a high concentration of EO was detected at the Waterfall Room rather than
RWT (Table 2); EO appeared to bypass the well casings and was detected again at the Breakdown Canyon entrance
(008-1), the South River (009-1), and the East River (010-1). No dye was recovered at Well Casing B and, although a
direct connection cannot be confirmed, a higher concentration of dye was detected at Well Casing A (004-1) than what
the results of background fluorescence analysis determined. Further, the peak center associated with Well Casing A
is more indicative of R28 than the recovery of RWT from the Horse Cave car wash storm drain (DT1); thus, 004-1 was
considered a questionable positive. Like EO, a significant concentration of RWT was ultimately detected at the Break-
down Canyon entrance and beyond.

Because consideration was not made of RWT potentially being detected at the well casings, and the peak center for
RWT and R28 are relatively similar, another trace should be conducted at the drainage well located near the concrete
mixing plant (DT2) using a different dye, such as SRB. Alternatively, radiolocation can be used to determine the precise
location of the well casing in relation to the surface, as few data exist regarding its installation and ownership (KGS,
1997). It is possible that the well casing seen on the surface is unrelated to either of those seen in the subsurface.
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Table 2. Results of Phase | dye-tracing.

Eosine Rhodamine WT
Feature ID Resultt Conc., ppb Peak Ctr,, nm Result® Conc., ppb Peak Ctr.,, nm
Waterfall Room (003-1) +++ 222.266 542.2
Well Casing A (004-1) Kad 5.828 564.6
Breakdown Canyon (008-1) +++ 14.962 542.2 ++ 8.290 568.4
South River (009-1) +++ 9.172 542.4 ++ 6.020 568.2
East River (010-1) ++ 0.692 542.2 + 0.258 567.4

2+ = Positive (10 times background or lowest detection limit)
++ = Very positive (100 times background or lowest detection limit)
+++ = Extremely positive (1,000 times background or lowest detection limit)
?+ = Questionable Positive

This inference is based on the misalignment of the GPS data used to georeference the well casing with respect to the
approximate locations of the casings in the cave (Osborne, 2018). Therefore, future investigations should consider col-
lecting high-accuracy GPS data and georeferencing the cave to confirm its locational accuracy.

Itis unknown where the dyes used for Phase | tracing discharged from their respective injection sites or where water
is flowing between the Waterfall Room (003) and the Breakdown Canyon entrance (008). An orange tint was detected at
a pool in the Kneebuster tributary (Nims, P., 2018, pers. comm., July 13. Horse Cave, Ky.: ACM), which was not includ-
ed in the dye-tracing procedures herein. This observation, however, is not surprising, as a small, neighboring tributary
exists that connects the headwaters of the South River and the Kneebuster passage, known as Blind Fish Alley (Fig. 2).
Concentrated RWT was also observed by the American Cave Museum (ACM) staff at Site 007; however, because the
passage was unknown to the author before Phase | dye-tracing, a receptor was not placed there. This red pool, as well
as an orange tint to the cascade in the Waterfall Room, was observed less than one day after Phase | dye injection took
place (Russell, G., 2018. Pers. comm., May 2. Horse Cave, Ky.: ACM.)

In Phase Il dye-tracing, FL and SRB were only detected at the South River (009-2) and the East River (010-2) (Ta-
ble 3). A much higher concentration of each dye was detected at the South River site. Based on these results, other,
concealed groundwater flow paths likely exist beneath the Breakdown Canyon section or in tributaries that lie outside
of the known cave boundaries that ultimately discharge to the South River. The South River also could have been an
outlet for more dye, either because it is a more direct route from the injection location, it experienced more flow during
the monitoring period, or because the flow patterns at the South River where the receptor was deployed were ideal (or a
combination of these possibilities). It is also possible that the East River headwaters effectively diluted the dye traveling
from 009-2 to 010-2, resulting in lower dye concentrations.

The results of background fluorescence analyses conducted by Raedts and Smart (2015) determined that some
tributaries in the cave exhibited consistent spectra. Indeed, the spectra seen during this study from sites such as Wheet
River, the Waterfall Room, and the South and East Rivers align with their results. Several other sites in the city of Horse
Cave (i.e., the Horse Cave laundromat, sinkholes, catchment basins, etc.) and Hidden River Cave (i.e., the Kneebuster
tributary and upstream East River) should be the focus of future dye-tracing investigations. In-cave dye-tracing should
also occur to confirm the implied connections between sites such as Wheet River, the Breakdown Canyon entrance,
and the South River. Further, using the Hydrology toolset in ArcGIS Pro, the collective dye-traces conducted within the
Hidden River groundwater subbasin could be modeled to develop more accurate, rather than inferred, groundwater flow
paths. An interactive, visual model can provide a relatively simple way for the ACM to further convey to the public the
importance of groundwater protection in karst regions.

The dye-tracing conducted herein also supported Raedts and Smart’s (2015) suggestion that acute, point-source
contamination events are linked to land-use practices in Horse Cave, as all dyes were detected in Hidden River Cave
(Fig. 8). While qualitative dye-tracing does not provide the parameters that are necessary to determine the time of travel
of recharge from drainage features on the surface to the cave, it does establish benchmark data that can be coupled

Table 3. Results of Phase Il dye-tracing.

Fluorescein Sulphorhodamine B
Feature ID Result® Conc., ppb Peak Ctr,, nm Result® Conc., ppb Peak Ctr.,, nm
South River (009-2) +++ 277.419 518.4 +++ 23.556 579.4
East River (010-2) ++ 3.907 517.4 ++ 1.484 578.0

2 ++ =Very positive (100 times background or lowest detection limit)
+++ = Extremely positive (1,000 times background or lowest detection limit)
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with stream stage analyses to generalize the seemingly abrupt nature of
recharge based on the aforementioned observations made by the ACM
staff.

Characterization of Stream Stage

This study establishes the first recorded, high-resolution flow condi-
tions in Hidden River Cave, which are critical for assessing the rate at
which contaminants may enter the cave system. Cave stream responsive-
ness to four major precipitation events was analyzed using five-minute
resolution precipitation data acquired from the Kentucky Mesonet HDYV
monitoring station in Munfordville. Scattered thunderstorm events oc-
curred from Julian date (JD) 176 to JD 179 and produced the highest rain-
fall values during this study (Fig. 9). The approximate baselevel conditions
(determined by average minimum stage values) were met on JD 182 (three
days after the final precipitation event). A series of four precipitation events
occurred from JD 228 to JD 233 that caused subsequent peaks in each
stream; a steady decline in stage occurred over nearly a week, although
neither stream achieved baselevel conditions. Stage response from Trop-
ical Storm Gordon (https://www.weather.gov/mob/gordon) is evident from
JD 251 to JD 252. Water levels returned to near baseflow conditions on JD
256, four days after precipitation ended. The most significant storm event
during this study occurred during the fall season’s first major cold front,
which brought rainfall from JD 264 to JD 267. Return to baseflow was not
determined for this event due to time constraints. Overall, the East River
produced higher stage values than the South River.

The flashy nature of the streams exhibited in the hydrograph is indic-
ative of low storage, high transmissivity, and rapid drainage (Murdoch et
al., 2016). Although this study occurred over a short period, the HOBO
pressure transducers that were installed at the South and East Rivers pro-
vide important data to assess cave stream responsiveness to precipitation
events to identify possible contaminant transport scenarios and for flood
prediction.

Stage at the South River appeared to respond to precipitation events
(and recede) more quickly than at the East River. Significant peaks in the
East River hydrograph occur approximately thirty minutes after peak flow
occurs at the South River; however, when the East River experienced re-
charge from sustained precipitation, response times were similar to those
observed in the South River. Except for antecedent precipitation, the South
River responds within 40 minutes to one hour, while the East River takes
longer (approximately 1-1.5 hours). Additionally, except for sustained pre-
cipitation (i.e., from JD 228 to JD 233), it appears to take three to four
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Figure 9. South River and East River stage re-
sponses to precipitation from June 10 to Sep-
tember 29, 2018. Data analyzed in SigmaPlot
(11.0).

days for both streams to recede to baselevel conditions after precipitation
events end. Baselevel conditions were not met for the precipitation events that occurred from JD 228 to JD 233 before
precipitation began again upon the arrival of Tropical Storm Gordon, although water recession occurred over nearly a
week, aligning with Fiorillo’s (2016) suggestion that hydrograph recession can occur over several days. These differing
response times are likely indicative of the streams’ respective catchment sizes, variations in matrix permeability and
porosity (i.e., diffuse vs. conduit flow), storage, or karstification of the cave system (or a combination of these), as well
as either inactive tributaries during low flow or the diversion of flow via increased discharge during precipitation events.
The stage data herein can serve as a benchmark to supplement future high-resolution hydrologic studies in Hidden
River Cave. Future investigations should consider discharge at the South and East Rivers, as well as Wheet River,
the Waterfall Room (where a funnel system, as exemplified by Groves et al. (2013), could be constructed), and the
Breakdown Canyon entrance. Discharge data, coupled with in-cave dye-tracing that was previously suggested, can
characterize the differences in volumetric flow between Wheet River, the Breakdown Canyon entrance, and the South
River, as they are inferred to be hydrologically connected to one another. Additionally, discharge data coupled with
quantitative dye-tracing can provide details about the fate and transport of contaminants (Li et al., 2016; Murdoch et al.,
2016; Jiang et al., 2018), and hydrochemical analyses can be used to characterize the epikarst in Hidden River Cave
and systematically monitor groundwater quality (Ryan and Meiman, 1996; Groves et al., 2013; Knierim et al., 2015;
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Schreiber et al., 2015), parameters that have not yet been examined. Thus, it is important to understand the type and
extent of infrastructural land-use over the Hidden River groundwater basin, as the impermeable nature of development
often increases runoff and, consequently, contaminant transport in tributary catchments (Jiang et al., 2018).

Land-use over the Hidden River Groundwater Subbasin

Hidden River Cave is a case study example of the complexity of the relationship between urban land-use and
recharge areas, such as those demonstrated by the dye-tracing herein. Thus, the entire Hidden River groundwater
subbasin was examined to assess regional land-use that may further impact the groundwater system outside the main
developed area of Horse Cave. Except for agricultural areas, all land-use types over the Hidden River groundwater
subbasin have increased since 1989. Developed areas are arguably the most important to analyze for the purposes of
this study, as they directly affect Hidden River Cave, according to the dye-tracing results herein. Supervised classifica-
tion determined that development over the Hidden River groundwater subbasin increased by 7 % between 1989 and
2017 (Fig. 10). While developed areas do not make
up the dominant land-cover type, they are critical ~ } P P
to understand based on the history of groundwater Aarcuns (55 0%
contamination in this region and the current, discrete S, -
contamination events that have occurred since reme- 73 o W P L
diation began in 1989.

While agricultural areas decreased by 25 % since
1989, forested areas increased by 17.7 %. It is pos-
sible that more agricultural land was converted to
forest after several events, such as abandonment,
ownership conversion, or restoration efforts. A0.6 % .
increase in water can also be seen; however, several i xomen
discrepancies exist between land-use types, which Figure 10. Comparison of the reclassified 1989 and 2017 aerial imagery.
can be attributed to the lower resolution (30 x 30 m) Dat@ from GloVis, USGS 2011 NLCD, CRF, and KDGI.
imagery. For example, water bodies tend to appear
either varying shades of green or brown and therefore contain similar reflectance values as agricultural, forested, and
industrial areas (as some industrial buildings have green roofs). In the reclassified 2017 imagery, water appears to sur-
round developed areas in Horse Cave; future land-use investigations should consider the occurrence of sinkholes and
the amount of precipitation the study area received during the time imagery was taken, as well as the development of
catchment basins, such as Creacy Lake.

Using U.S. Census data, population changes over time could shed light on the potentially increased stress that may
be imposed on the utilities in Horse Cave (Knierim et al., 2015; Denizman, 2018). Specifically, sewage utilities and the
percentage of the population that relies on septic systems should be assessed, as Raedts and Smart (2015) discovered
sections of the cave that exhibited fluorescence peaks characteristic of optical brighteners found in raw sewage. Addi-
tionally, many rural parts of Kentucky are home to concentrated animal feeding operations (CAFOs), which commonly
are not considered risks to karst groundwater (Brahana et al., 2014; Knierim et al., 2015; Murdoch et al., 2016; Tagne
and Dowling, 2018). Thus, CAFOs and other agricultural enterprises in Hart County should be included in future land-
use analyses.

Accuracy Assessment of Supervised Classification

An accuracy assessment was conducted by comparing the results of the reclassified 1989 Landsat 5 TM and the
2017 Landsat 8 aerial imagery to ground-truthed data using 2016 Kentucky state wide 0.5 m aerial imagery. Overall
accuracy was calculated by dividing the number of correct pixels in the error matrix (the sum of the diagonal) by the total
number of pixels. Additionally, the errors of commission (column total) and omission (row total) were calculated by divid-
ing the number of correct pixels in a land-use category by the total number of pixels in that category (Tables 4 and 5).

Results revealed that the reclassified 1989 aerial imagery produced a slightly lower accuracy than the results of the
2017 imagery when compared to ground-truthed data, although these percentages reflect that the supervised classi-
fication conducted herein produced relatively accurate results. It is important to note, however, that the classification
method used does not account for all of the infrastructure within the study area. For example, the road that dissects the
study area consists of pixels that represent all types of land-use rather than a solely developed feature. Thus, these
percentages do not reflect all development, but they differ enough to conclude that development has increased.

Developed areas can significantly modify the natural processes of subsurface recharge via features such as im-
permeable surfaces (i.e., parking lots and landfills) and utility networks (Zhou, 2007). Modern construction typically
includes extensive paving over the natural soil surface, which can effectively decrease local recharge by lessening
percolation areas while simultaneously increasing the amount of surface runoff to otherwise relatively inactive parts
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Table 4. Accuracy assessment of the reclassified 1989 Landsat 5 TM imagery.

Actual Category: Ground-Truth

Error of
Classified Category Water Developed Forest Agriculture Total Commission, %
Water 0 0 0 0 0 0
Developed 0 1 0 0 1 100
Forest 0 0 6 0 6 100
Agriculture 1 0 3 14 18 77.7
Total 1 1 9 14 25
Error of Omission, % 0 100 66.7 100
Overall Accuracy, % 84

Note: errors of commission (column total) and omission (row total) were calculated by dividing the number of correct pixels in a land-use category by the total number of pixels in that
category and multiplying the quotient by 100 to obtain a percentage. Overall accuracy was calculated by dividing the number of correct pixels in the error matrix (the sum of the diagonal) by
the total number of pixels.

Table 5. Accuracy assessment of the reclassified 2017 Landsat 8 imagery.

Actual Category: Ground-Truth

Error of
Classified Category Water Developed Forest Agriculture Total Commission, %
Water 1 0 0 0 1 100
Developed 0 4 0 0 3 100
Forest 0 0 7 3 11 63.6
Agriculture 0 0 0 10 10 100
Total 1 4 7 13 25
Error of Omission, % 100 100 100 76.9
Overall Accuracy, % 88

Note: errors of commission (column total) and omission (row total) were calculated by dividing the number of correct pixels in a land-use category by the total number of pixels in that
category and multiplying the quotient by 100 to obtain a percentage. Overall accuracy was calculated by dividing the number of correct pixels in the error matrix (the sum of the diagonal) by
the total number of pixels.

of the groundwater system (Jiang et al., 2018). Indeed, most of the explored cave system is covered by development
(Fig. 10), the impervious nature of which has likely altered the natural recharge and discharge mechanics of the Hidden
River groundwater subbasin. Further, stormwater discharge from development sites does not appear to be effectively
regulated in Hart County. Thus, the suggested potential for mitigating further contamination of the Hidden River ground-
water subbasin through the techniques used in this research can be supplemented by examining the existing policies
regarding stormwater discharge regulations in karst regions at national, state, and local levels.

Implications for Karst Stormwater Regulations

Numerous studies exist that provide the scientific basis to support the need for improved groundwater management
in transboundary karst regions (Marin et al., 2000; Escolero, 2002; Bauer-Gottwein et al., 2011; Christenson et al., 2011;
Nedvidek, 2014; Ravbar and Sebela, 2015; Stevanovié et al., 2016; Castro, 2017; Turpaud et al., 2018). A prevalent
theme, however, is the lack of the implementation of such practices (Fleury, 2009; Richardson, 2018).

Except for the management of federally-owned land, where laws such as the Endangered Species Act (1973) and
the Federal Cave Resources Protection Act (1988) indirectly protect karst resources, the U.S. federal government is
limited in its authority to address concerns related to groundwater quality in karst regions. For example, the Clean Wa-
ter Act (1972), including the National Pollutant Discharge Elimination System (NPDES) permit program, only protects
against the contamination of surface waters (EPA, 2019), and the Safe Drinking Water Act (1974) mentions groundwater
but regulates only those karst areas that contain sole-source aquifers (Nedvidek, 2014; Richardson, 2018). Rather,
state governments and, to the extent granted by the state, local governments hold the primary authority to regulate
groundwater, although this is often not conducted in a meaningful way (Fleury, 2009).

In Kentucky, policies regarding stormwater discharge are contained in Title 401, Chapter 5 of the Kentucky Admin-
istrative Regulations (KGA, 2020). The Kentucky Pollutant Discharge Elimination System (KPDES), the state-adminis-
tered version of the NPDES, requires operators to obtain a permit and create a Stormwater Pollution Prevention Plan
(SWPPP) for proposed development. The KPDES implements the six Minimum Control Measures (MCMs) outlined in
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Phase Il (1998) of the federal NPDES permit program (EPA, 2018) but fails to address regulations that are specific to
the karst landscape that makes the state unique. These six MCMs rely heavily on education and quality BMP devel-
opment. Indeed, a plethora of educational resources and public outreach programs exist in Kentucky that reiterate the
importance of protecting karst waters; however, relying solely on education and BMPs (the effectiveness of which are
rarely measured) dismisses the opportunity to collect quantitative data from the systematic groundwater monitoring that
is necessary for the protection of karst waters (Taylor et al., 2007; Nedvidek, 2014).

In the Hart County Comprehensive Plan, recognition of the karst topography of Hart County and adequate storm-
water drainage for development projects is included under the Land Use and Development Objectives (HCPC, 2020, p.
14); however, a foundational management plan is not provided to reinforce these objectives. More specifically, storm-
water management is addressed in Articles 10 and 18 of the Hart County Planning Commission’s Subdivision Regu-
lations (HCPC, 2007). Similar to the state’s SWPPP, the Hart County Planning Commission requires a Storm Water
Management Plan (SWMP) for development; here, sinkholes, the only mention of a karst-related feature, are required
to be identified, but no formal structure exists for regulating stormwater discharge to these features.

As aforementioned, the City of Horse Cave Zoning Ordinance (CoHC, 2017) which adheres to and references the
Hart County Planning Commission’s Subdivision Regulations, had not been updated from 1989 (CoHC, 1989) until
2017. Few improvements have been made since 1989; similar to the subdivision regulations, the impacts that develop-
ment may have on groundwater are not addressed or properly mitigated. Further, all three documents briefly mention
karst in the form of regulating development near sinkholes. Setbacks are required around sinkholes, as they “shall be
preserved in their natural state to provide drainage to the surrounding area” (HCPC, 2007, p. 41); yet, there is no re-
quirement for monitoring said drainage.

Perhaps the most significant improvement to the 2017 City Zoning Ordinance is the associated map that was creat-
ed by the Barren River Area Development District using ArcGIS Online (BRADD, 2017). This map provides significant
detail compared to that of the 1989 zoning ordinance, but the fact that it was not created by either Hart County or the
City of Horse Cave emphasizes their need for GIS. County or city employees can adopt GIS practices using either
open-source (i.e., QGIS) or closed-source (i.e., Esri) GIS software, where an inventory of utilities and drainage wells
could be developed. Collaboration with GIS software providers can also implement free or relatively inexpensive soft-
ware training to build and upkeep such an inventory. Additionally, the option to download open-source data from local,
state, and federal organizations provides a unique opportunity to complete various cost-effective, broad-scale analyses
in GIS (Wilson and Rocha, 2016).

The City of Bowling Green, Kentucky, in collaboration with Western Kentucky University, has developed an inven-
tory of stormwater drainage features that are maintained in a GIS, and they have effectively raised the bar in terms of
establishing an efficient stormwater monitoring program (https://www.underbgky.org/). Nedvidek (2014) explained that
city officials in Bowling Green are aware of the importance of these data for establishing broad-scale permit compli-
ance and producing benchmark data to implement regulations regarding stormwater discharge to karst groundwater.
A partnership such as this between the City of Horse Cave and the ACCA could establish an agenda to systematically
monitor stormwater discharge to groundwater, especially since the ACCA has existing partnerships with institutions
that provide grant opportunities for research (i.e., the Cleveland Grotto, Western Kentucky University, the University of
Western Ontario, McMaster’s University, etc.). Additionally, Horse Cave’s proximity to Mammoth Cave National Park
and the City of Bowling Green provides avenues for further collaboration.

Several studies have produced benchmark data that suggests the need for improved management of the Hidden
River groundwater subbasin (Quinlan and Rowe, 1977; Quinlan and Ewers, 1989; Lewis, 1995; Raedts and Smart,
2015; Broderick et al., 2017; Osborne, 2018; Feist et al., 2020). The following recommendations, based on the results
of the analyses herein, can also be used to further protect the Hidden River groundwater subbasin.

» Hart County and/or the cities within Hart County should consider implementing an organizational GIS using
either open-source or closed-source GIS software, and training services should be provided to employees for
the creation and maintenance of a geodatabase containing a detailed inventory of utilities, wells, and karst

features;
+ Benchmark data from local studies should be synthesized and, where applicable, added to a geoda-
tabase;

+ Exploration and data collection should continue at L&N Cave and the Hidden River Complex;

» The City of Horse Cave zoning ordinance should be regularly revised (i.e., annually or bi-annually) and should
consider the local geology, including the maturity of the Pennyroyal Plateau, to make more informed decisions
regarding development;

» The City of Horse Cave should form partnerships with the ACCA, Mammoth Cave National Park, nearby mu-
nicipalities (i.e., Bowling Green, Park City, Cave City, etc.), universities, and caving organizations to establish
and enforce more effective regulations regarding stormwater discharge to groundwater;
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* Planning and development documents in Hart County should include stormwater discharge policies that are
specific to the protection of karst groundwater;
» Stormwater discharge regulations in Hart County should surpass those established by the KPDES;
» The regional karst groundwater basins and their respective subbasins should be acknowledged by the
officials that create and enforce development ordinances and by development operators;
* SWMPs should require systematic water quality monitoring (i.e., greater than quarterly) at discharge
areas such as Gorin Mill Spring to measure the performance of BMPs set forth by the site operator.

CONCLUSIONS

An integrative approach, which can be applied to other transboundary karst regions, combined groundwater
dye-tracing, high-resolution stage data collection, and remote sensing analysis in a GIS to assess land-use impacts on
the hydrology of the Hidden River groundwater subbasin.

Groundwater dye-tracing confirmed that stormwater infrastructure in Horse Cave discharges to Hidden River Cave
and, subsequently, to the Hidden River groundwater subbasin, as each of the dyes used during this study were recov-
ered. High-resolution stage data determined that the major trunk streams of Hidden River Cave respond to precipitation
events approximately 40 minutes to 1.5 hours after they begin; except for sustained precipitation, baselevel conditions
are reached three to four days after precipitation ends. These data and the aforementioned observations of dye made
by the ACM staff less than one day after dye injection occurred imply that recharge to Hidden River Cave is relatively
abrupt. Thus, the rate at which contaminants enter and traverse the subsurface is likely also abrupt.

Supervised classification in ArcGIS Pro using 30 x 30 m multispectral imagery from the USGS characterized chang-
es in land-use over the Hidden River groundwater subbasin from 1989 to 2017. Development is largely concentrated in
Horse Cave and has increased by approximately 7 % between 1989 and 2017, suggesting an increase in impervious
surfaces, which can significantly alter the natural recharge and discharge mechanics of the subbasin and introduce a
higher volume of contaminants. Additionally, weaknesses were identified in the current stormwater management regu-
lations at the U.S. federal, state, and local levels, where the sparsity or absence of karst-specific regulations suggests
either the improvement or implementation of such regulations.

Hidden River Cave serves as an important economic and cultural resource for Horse Cave and the wider region.
This research supplements prior studies and addresses gaps in the literature by evaluating land-use and recharge
relationships at a local, rather than regional, scale, as most of the commercial development within the boundaries of
the Hidden River groundwater subbasin lies over Hidden River Cave. It also demonstrates the important contribution
of localized groundwater investigations to broader karst management and sustainable development planning, including
for policy development toward water resource protection.
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