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ABSTRACT

USE AND EVALUATION OF LiDAR FOR MAPPING SINKHOLES IN ROYAL
SPRING GROUNDWATER BASIN
This study utilizes a digital elevation model of the surface derived from highresolution LiDAR (Light Detection and Ranging) and aerial-image technologies to map
sinkholes in the Royal Spring groundwater basin. Shade-relief maps, with vertical
exaggeration, were very helpful in the initial characterization of depressions. Then,
aerial-photography sets were likewise helpful in identifying man-made structures such as
retention basins, swimming pools, and parking lots, and to identify new sinkholes.
Field checking was necessary to further define depressions into two categories: 1.)
potential sinkholes and 2.) probable sinkholes. This study had a lower success rate (50
percent) for identifying sinkholes via LiDAR when compared to a study in Floyds Fork
watershed, Kentucky (88 percent). This difference in success rate is most likely due to
the differences in land uses between the two areas. The Royal Spring groundwater basin
has a larger percentage of urban area and twice as much pasture-cropland as Floyds Fork.
This method could be improved by modifying the parameters in which polygons
are identified as sinkholes. False positives compose a large quantity of polygons that are
initially identified as possible sinkholes. If these discrepancies could be removed or
reduced, it would significantly reduce time spent in the field. The newly identified
sinkholes in the study area should be used for future land-use planning in order to
decrease or avoid personal injuries and property damage.
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CHAPTER ONE: INTRODUCTION
1.1 Sinkholes
Sinkholes are surface depressions that form in places where water-soluble
minerals in rocks, such as carbonates, sulfates, and chlorides are dissolved from water
and overlying soil particles are carried away underground, causing the surface to subside
gently or collapse suddenly (Ford and Williams, 1989; Currens, 2002; Brinkman, 2013).
Sinkholes serve as a major connection between surface water and groundwater by
collecting rainfall and draining it internally into the subsurface (Currens, 2002). These
features are the basic or index landforms of karts terrains (Ford and Williams, 1989).
When water from precipitation moves down through the soil, the water-soluble
strata begin to dissolve and spaces and holes start to develop underground. Sinkholes are
catastrophic because the land usually stays integral for a period of time until the
underground caverns get really big. If there is an insufficient amount of support for the
soil and rock above the spaces, then an unexpected collapse of the land surface will
occur.
Humans can enhance natural sinkhole development or can be the direct cause of
sinkholes. Such activities as collapses above old mines, leaky water lines and sewers,
pumping of groundwater and subsurface construction have caused sinkholes to form.

1.2 Problem Being Addressed
For several decades, sinkhole development in carbonate strata has increased and is
particularly hazardous in populated areas (Newton, 1984) because the interaction
between people and the environment results in intensive modification of natural
processes. The effects of sinkholes in the past two decades have raised public awareness
1

and attention as well as helped change government policies. Such changes include
integrating development and requiring geo-technical investigations of subsurface
conditions and stability prior to development (Dinger and Redmann, 1986).
Identifying shallow subsurface voids has been a big commitment for geologists
and engineers for decades. Both man made (tunnels, catacombs, abandoned mines) and
natural (karst) subsurface voids can create public safety hazards through collapse,
sinkhole formation, and undermining man-made structures. Sinkholes are known to form
beneath ponds, lakes, and reservoirs draining the water from them and hindering the dam
construction process in constructing ponds and reservoirs (Pearson 1999; Milanovic
2000; Johnson 2008b).
Individual sinkhole events may have a large financial impact particularly on
individuals whose property is not insured against such damage. An example is the
Spanish cities of Oviedo and Calatayud, which are situated on cavernous gypsum. The
direct economic losses caused by single events that affected buildings in these cities in
1998 and 2003 were estimated to be 18 and 4.8 million Euros, respectively (Gutierrez. F
et al, 2007). Damage from sinkholes in carbonate strata in Kentucky has been estimated
to be 20 million dollars per year (Dinger et al., 2007).
Several people have been swallowed and injured by sinkholes resulting from
halite dissolution on the Dead Sea coast of Israel (Frumkin and Raz 2001). The loss of
human lives has also occurred from collapse in carbonate strata. In 2013, a Florida man
was killed in suburban Tampa when a sinkhole suddenly opened and swallowed him as
he slept in his bed (Pearson and Zarrella, 2013).
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Groundwater contamination is also of particular concern in karst areas for two
primary reasons: 1) water and chemicals can move directly from the surface into the
groundwater, and 2) water and associated chemicals flow very rapidly with little filtration
(Felton and Currens, 1994).
During recent years, many sinkhole collapses have been recorded in Kentucky by
the Kentucky Geological Survey staff. However, these recorded events mostly likely
represent only a small fraction of actual occurrences (Currens, pers. comm., 2013).
Sinkhole data within the Royal Spring groundwater basin, the study area of this thesis,
were originally collected in a statewide effort to digitize sinkhole data in the early 2000’s
(Florea et al., 2002). This information was extracted from the 7.5 minute topographic
maps through visual inspection and digitization of closed-contours, but was not verified
in the field. Furthermore, the most recent revisions to these topographic maps were
completed in 1993, and new sinkholes may have formed since this date. These factors
have consequently contributed to an incomplete data set.

1.3 Study Objectives
Prediction of sinkhole collapses has been problematic considering that subsurface
erosion is difficult to monitor and record. However, subtle surface topographic variations
have been noted to reflect subsidence of the land surface by developing depressions
(Sinclair et al., 1985; Wilson and Beck, 1988).
It would be of great benefit if topographic expressions or other techniques could
be used to detect the location of sinkholes, or areas at high risk for catastrophic sinkhole
development. Frequently sinkholes can be recognized from the USGS 1: 24000 scale
topographic maps and included as closed depression features. In the last few decades,
3

several states have developed digital sinkholes databases that are based on these
topographic maps (Beck, 1984; Florea et al., 2002; Paylor et al., 2003; Alexander et al.,
2013). However, topographic maps have elevation contour intervals of 3 m, 6 m or higher
resulting in shallow and small sinkholes being omitted. Gremos (1994) found during her
study in Woodford County that the sinkholes density for a farm based on the topographic
maps was only 1.6 percent of the land area whereas aerial photographs of the area
indicated 17.2 percent, a substantial difference. In addition, most USGS topographic
maps were created in the late 1970’s and new sinkholes have developed since then.
Although people realize that not all closed depressions indicated in these topographic
maps are sinkholes, extensive field checking of the depressions rarely occurs because of
the slowness and high cost of the process.
Exploring high resolution and high accuracy techniques, such as Light Detection
and Ranging (LiDAR), to derive better sinkhole maps is essential for mitigating
sinkholes-related hazards. This study is focused on testing the accuracy of locating
sinkholes. A sinkhole mapping method based on a LiDAR point cloud was tested on the
Royal Spring groundwater basin, a karst area in central Kentucky.
In order to test the hypothesis that LiDAR-derived topography can map subtle
topographic features associated with surface structure, the LiDAR data must be compared
with surface features mapped such as those in the existing sinkholes database.

1.4 LiDAR
LiDAR works by sending out short laser light pulses (nanosecond or less). Once
the laser is shot, the electronics start timing; timing stops once the echo returns to a
receiver. The receiver measures the lapse in time between the pulse initiation and its
4

return (Ritchie, 1996). Using the Global Positioning System (GPS) and Inertial
Measuring Units (IMU), the LiDAR data are transformed into measurements of land
surface elevation relative to the Earth ellipsoid. Though it may be very expensive,
LiDAR technology has several benefits. It generates rapid data and accurately measures
microtopographic features. With that in mind, the technology is useful for efficiently
producing surface maps and deducing subtle surficial features.
1.5 Study Location and characteristics
The Royal Spring groundwater basin is located between the cities of Lexington
(population of approximately 308,500) and Georgetown (population of approximately
30,900) (U.S. Census Bureau 2013). The groundwater basin straddles the counties of
Fayette and Scott in the Inner Bluegrass region of Central Kentucky (Fig.1.1). It underlies
a major part of the Cane Run watershed. This region is primarily gently rolling hills
topography. The groundwater basin headwaters are in northwest part of the city of
Lexington and flows northward to Georgetown.
Royal Spring is the principal discharge for the Royal Spring groundwater basin
which underlies the majority of the Cane Run watershed (see Fig.1.1) (Paylor and
Currens, 2004). The spring was named by European settlers when it was discovered by
John Floyd in 1775. In the over 237 years since it was found it has served almost
continuously as either a water supply for making bourbon whiskey, powering a grist mill,
or as the raw water supply for the city of Georgetown (Currens, 2015). The groundwater
basin has an area of 64.7 km2. Royal spring has the largest flow discharge of any spring
in the Inner Bluegrass (0.25m3/sec).
The water discharging from the spring is classified by the Kentucky Division of
Water as “Groundwater Under the Direct Influence of Surface Water”, which is defined
5

as “water beneath the surface of the ground with significant occurrence of insects or other
macro organisms, algae, large diameter pathogens such as Giardia lamblia, or
cryptosporidium, or significant and relatively rapid shifts in water characteristics such as
turbidity, temperature, conductivity, or pH, which closely correlate to climatological or
surface water conditions” (Georgetown Municipal Water & Sewer Service, 2007;
Kentucky Legislature, 2008a).
The Royal Spring groundwater basin drainage system is theorized to consist of a
network of solution openings connected to a main conduit that discharges at Royal Spring
(Mull 1968). However, the precise route of the main conduit has not yet been determined.
Later electrical resistivity surveys helped locate the conduit at the Kentucky Horse Park
(Zhu et al., 2011). More recently, a combined salt injection and time-lapse resistivity
image suggested an anastomosing conduit network may exist for the karst groundwater
basin (Sawyer et al., 2015). Sinkholes within the bed of Cane Run allow surface flow
from Cane Run to directly enter the subsurface drainage system, connecting the Cane
Run watershed and Royal Spring groundwater basin. Seepage runs also show that Cane
Run is losing along these reaches (Mull 1968).
The annual precipitation ranges from 1066.8 mm to 1320 mm, the mean average
temperature ranges from 11.66 to 15 degrees Celsius
(http://www.kyclimate.org/climatography.html). Figure 1.2 displays Cane Royal Spring
discharge respectively for 2013 calendar year. Travel times of groundwater for various
spring discharge events and various distances up gradient from the spring have been
determined by Paylor and Currens (2004).
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Figure 1.1 Cane Run watershed and Royal Spring groundwater basin relative to
Counties in Kentucky (compiled using GIS data from Commonwealth of
Kentucky [2009] and Currens and Paylor [2004]).
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Figure 1.2 Royal Spring discharge for the 2013 calendar year
(http://waterdata.usgs.gov/nwis/uv?site_no=03288110)

1.6 Regional Geology
The Royal Spring groundwater basin, located within the Inner Bluegrass Region of
Kentucky, is characterized by interbedded limestone and shale bedrock. The geology of
the study area is mapped on the Georgetown 7.5 minute quadrangle map (Cressman,
1967). A north–south-trending Cincinnati Arch (Fig. 1.3) is the main structural feature in
this area and controls the overall gentle northwest dip of the bedrock strata (Cressman,
1967). Several small faults cross the area in a general northwest trend along with a set of
joints that are oriented northwest and northeast (Taylor, 1992). Based on dye-trace
results, the solution conduit discovered at the Kentucky Horse Park that feeds Royal
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Spring is thought to follow the general northwest trend of the resultant dipping bedrock
strata and major fault and joint sets (Paylor and Currens, 2004; Zhu et al., 2011).
The general stratigraphy of the study area is shown in Table 1.1. The Lexington
Limestone Formation is the primary karst-forming unit contains four members in the
study area (Cressman, 1967). Exposed outcrops are generally absent in the area; however,
a section of approximately 21 m was measured by Bonita (1993) at the Vulcan Quarry
within the study area. The Grier, Brannon, Tanglewood, and Millersburg Members (in
ascending order) are exposed at the surface in various locations (Bonita, 1993) and are
intertongued (Clepper. 2011), and are intergraded in the formation of karst features. Also,
within the study area as seen in Figure 1. 4, the Brannon member is the only geologic unit
that is not prone the development of sinkholes.
1.7 Related Studies
Over the past decades LiDAR has been established as a proven method for mapping and
locating sinkholes by researchers. Montane (2002) studied the karst terrain in Central
Florida using LiDAR derived surfaces and ground penetrating radar. His results suggest
that airborne LiDAR may be used to map subtle topographic features associated with
sinkhole hazards. Seale (2005) identified sinkholes in Pinellas County in Florida from
aerial photos that existed in 1926, prior to widespread urbanization; however, with the
use of Airborne Laser Swath Mapping (ALSM), he finally detected known sinkholes,
subtle depressions associated with reactivation of sinkholes covered by urbanization, and
previously undetected sinkholes.
Rahimi et al. (2010) and Rahimi and Alexander (2013) found that most inventoried
sinkholes that were not filled later for agricultural use were visible using LiDAR in
Winona County, Minnesota. LiDAR has also been used by Mukherjee and Zachos
9

(2012). They used a sink-filling method to identify sinkholes from LiDAR and found an
excellent match between LiDAR identified and existing sinkholes in Nixa, Missouri.

Figure 1.3. Diagram of regional structural features of Kentucky.
(From http://www.uky.edu/KGS/geoky/beneath.htm)
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Table 1.1. General Stratigraphy of the Study area (from Cressman. 1965).
Millersburg Member
Tanglewood Limestone Member
Lexington Limestone

Brannon Limestone Member
Grier Limestone Member

Figure 1. 4. Geologic map of the study area. (modified
from Cressman, 1967 and
http://kgs.uky.rdu/kgsmap/kgsgeoserver/viewer.asp).

11

CHAPTER TWO: METHODOLOGY
2.1 LiDAR Data Acquisition
Data which have been used in this study of mapping sinkholes (mainly LiDAR
point clouds and aerial photography) were provided by the Kentucky Aerial Photography
and Elevation Section of the Kentucky Division of Geographic Information (KDGI) and
covered Fayette and Scott Counties.
2.2 Data Processing in ArcMap
Point clouds from LiDAR were organized into features that included ground, low
vegetation, medium vegetation, high vegetation, buildings, and water. The principal
aerial photography used for this study was Bing Maps; it was imported directly into
ArcMap 10.1 (ESRI, 2012) as the basemap. In addition to Bing Maps, Google Earth
historic images and aerial photography collected by The Kentucky Aerial Photography
and Elevation program at two different times, one in 2006 (http://Kyraster.Ky.gov/arcgis/
services/ImageServices/Ky_NAIP_2006_2FT/ImageServer ) and the other in 2012 (Error!
Hyperlink reference not valid.) were used.

These data were analyzed to map sinkholes using the following a five step
procedure developed by Zhu et al. (2014): 1) import LiDAR data to ArcGIS, 2) create
high resolution digital elevation models (DEMs) from the imported data, 3) extract
surface depression features from the DEMs, 4) inspect depression features for probable
sinkholes, and 5) verify probable sinkholes in the field. The first four steps were carried
out in ArcMap 10.1 and are described as follows.

12

The LiDAR ground points from the KDGI were imported to a KGS server and
imported into ArcGIS. The ground points were used to create a DEM with a cell size of
1.5 m using the average Binning technique in the second step. The binning technique,
instead of the Kriging method, was used to calculate the elevation of each cell because
the cell size of the DEM was larger than the LiDAR point spacing. The Binning
technique assures that at least one LiDAR measurement is available for each cell. Figure
2.1 shows a screen shot of the GIS selection used to create a new DEM herein referred to
as the binning DEM

Figure 2.1 Screen shot in GIS of how to create a DEM from a Las dataset.
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Step three is the extraction of the surface depressions. The extraction process
requires several decisions for the fill tools process. The first decision was selection of the
maximum depth of the depression. Through a trial and error process, Zhu et al. (2014)
determine that 6 m was the greatest depth that the fill process would be useful in his
study. Patrick Taylor, Department of Earth and Environmental Sciences, University of
Kentucky, went through a similar assessment for the Lexington, Kentucky area with the
same results. Therefore, the 6 m value was used for the present study which also allows
for the comparison of the results of this study with those of Zhu, et al. (2014). This
decision created what is termed a 6 m-fill DEM. Subtraction of this DEM from the
Binning DEM produced a depression raster.
It was recognized that this depression raster generates numerous depression due to
the natural evolution of the land surface. Therefore, it was decided that minimum limits
to the variables depression area and depth needed to be defined taking into consideration
the size and depth that would impact the water quality of the Royal Spring groundwater
basin. The thought is that minor misuse of the land surface, such as trash disposal and
surface runoff would, in general, not affect the water quality to a large degree unless
occurring over a meaningful sized area. For this reason Zhu et al. (2014) used the values
of 46 m2 for the surface area. He also recognized that shallow depressions of the 46 m2
area would contribute to the aquifer and, therefore selected a shallow depth of 0.3 m for
the depression depth. These values were used for the present study to transform the
depression-raster format into depression polygons. These depression polygons were then
subjected to a smoothing algorithm which removed holes from the polygons that are
artifacts of the process. Figure 2.2 is an ArcGIS screen capture of the polygon-smoothing

14

process. The entire process above was done in ArcGIS using the following sequential
commands: “LAS Dataset To Raster”, “Fill”, “Raster Calculator”, “Raster to Polygon”,
“Smooth Polygon”, and “Eliminate Polygon Part”.

Figure 2.2 Screen shot in GIS of how to smooth polygons
The results of the fill tools process is shown in Figure 2.3. Initial review of this figure
indicates that many of the filled polygons are not sinkholes. Rather, they are stream
valleys, ponds, and perhaps other man-made structures. To make a detail analysis of these
features, a large scale shade relief map was generated in ArcGIS. Figure 2.4 is an
example of the use of the shaded relief map to define the depression polygons which
shows the various landscape features under study such as ponds, drainage channels, and
sinkholes.

15

Figure 2.3. Artificial polygons created using fill tool.
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Figure 2.4. Large scale shade relief map with vertical
exaggeration of a portion of the study.
Aerial photography was then used to further define which polygons were potential
sinkholes by examining their shape, presence of man-made structures, and features
associate with the surrounding land use (Fig. 2.5).

17

Figure 2.5. Aerial photographs of the same area as shown in Fig. 2.4.

In addition, the result of this examination was compared to the unpublished
results of Patrick Taylor in a portion of the study area, and was found to be in agreement.
These man-made and other obviously non-sinkhole polygons were removed from further
consideration. The remaining polygons in the elevation surface were visually inspected
on the computer screen and were categorized into two classes: (1) probable sinkholes, (2)
potential sinkholes. Polygons that appeared on the aerial photograph as a circular bowl
shape in the middle of a farm are mostly to be considering probable sinkholes. On the
other hand, polygons which appeared on the aerial photograph with an unusual shape and
close to residential area are considered potential sinkholes.
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The fourth step involved field-checking probable and potential sinkholes. All the
probable sinkholes and small subsets of the potential sinkholes were field checked. For
field checking, a GPS-enable IPad and android phone were used to locate the field
location so that the right feature was visited. In the field the following criteria were
considered to check the classification of the depression:


Is the depression circular in shape?



Does an opening exist within the depression?



Are man-made structures present?



Existence of and type of vegetation?



Is water presence in the depression?



The presence and type of other depressions in the area?

19

CHAPTER THREE: RESULTS AND DISCUSSION
In the study area, 859 depression polygons were extracted from the DEM created
from the LiDAR dataset. As previously discussed, visual analysis of large-scale shaded
relief images and aerial photographs were used to characterize these depressions.
Approximately 773 (90%) of the created polygons were determined not to be sinkholes,
32 (4%) were classified as potential sinkholes and 54 (6%) were considered probable
sinkholes. Man-made structures were easy to recognize; these included culverts, dams,
retention basins, stream channels, swimming pools, and inlet drain.
Field checking was required to analyze the depressions classified as either
potential or probable sinkholes. Field checking revealed that the sinkholes have different
characteristics. Some were found in open pastures (Fig. 3. 1), some were bordered by
trees (Fig.3.2), and some were filled with trash (Fig. 3.3). It was also noted that none of
the 29 confirmed sinkholes has a visible swallow hole. During the field checking, a few
sinkholes were found that were smaller than the specified 46m2 area in the ArcGIS
mapping method. Some of these have a swallow hole. These smaller sinkholes were also
visible on the shade relief map.
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Figure 3.1. Depression found in open pastures on the field with an elliptical shape.
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Figure 3.2. Depression bordered by trees.
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Figure 3.3. Depression filled with trash.
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Table 3.1 is a summary of field checking probably and potential sinkholes characterized
from the LiDAR and aerial photography.

Table 3.1. Field-checking Results of Depression Categories.
Depressions

Remotely-identified

Number of

from polygons

confirmed sinkholes

Probable sinkholes

54

27

50%

Potential sinkholes

6

2

33%

Categories

Percentage rate

Of the 54 probable sinkholes field-checked, 27 of them were confirmed as sinkholes. Of
the 32 potential sinkholes, 6 were field-checked; 2 of them were actual sinkholes. Figure
3. 4 is a map of sinkholes previously identified and in the KGS database, and the results
of checking all the probable and 6 of the potential sinkholes identified in the present
study.
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Figure 3.4. Probable Sinkholes compare to existing sinkholes.
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Twenty-nine depression polygons of the of the 60 probable and potential sinkhole
categories were sinkholes (Table 3.2). Three of the sites were not accessible and the
remaining inspected depressions were either vertical drains, culverts, impoundments or
parking lots.

Table 3.2 Analysis of Data in Appendix
Depressions Vertical
< 6 m deep

Drain

60

16

Culvert

Parking
Swimming
pools/ponds, lots
retention
basin

No
access

Sinkholes

4

5

3

29

4

It was expected that some of the sinkholes determine in this study have been
previously identified. Sinkholes mapped in the present study were compared with the
existing sinkholes in the KGS database (http://www.uky.edu/KGS/gis/sinkpick.htm)
derived from the USGS 7.5 minute topographic map. Figure 3.4 (above) identifies the
location of sinkholes from the KGS database and this study. Among the 29 sinkholes
identified in this study, 8 of them overlapped previously identified sinkholes; 21 are
considered newly formed sinkholes or previously unidentified. Some previously
identified sinkholes have disappeared perhaps filled for agricultural or other purposes.
Compared to Zhu et al. (2014) this study had a lower success rate in identifying
sinkholes in the “probable sinkholes” classification (see Table 3.1) Whereas Zhu had a
success rate of 88 percent field checking in Floyds Fork watershed, the present study had
a success rate of only 50 percent. This difference in success rate may be due to the
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differences in land uses between the two study areas. Table 3.3 shows the general land
uses for these two regions.
Table 3.3 Percentage of Land Uses in Floyds Fork Watershed and Royal Spring
Others3

43

Pasture and
cropland
32

2

67

2

Developed

Forest

Floyds Fork1

20

Royal Spring2

29

5

1. https://www.uky.edu/WaterResources/FF/Watershed%20Description/Landuse.html
2. https://www.bae.uky.edu/CaneRun/PDFs/Cane_Run_WBP_2011.pdf
3. Other includes grasslands, wetlands, and open water

Royal Spring has a greater percentage of developed area and over twice the
pasture and cropland area. These two land uses generally undergo some modification of
their geomorphology such as filling, grading, and construction during use (see Table 3.2).
Also, the Floyds Fork watershed contains a much larger percentage of forested area than
the Royal Spring groundwater basin land (20 times more). Forested land would not
generally required modification that would affect existing sinkholes. Of the 60 probable
sinkholes that were field checked in the Royal Spring groundwater basin, 28 of them
were found to be non-sinkholes. None of these were found to be in forested area,
therefore the great difference in forest percentage may account for the difference in
sinkhole-identification success rate between the two studies. Note that Zhu et al. (2014)
did not checked all the probable sinkholes identified from LiDAR and did not mention
which sinkholes were found on forested areas.
It is also of interest that the majority of probable sinkholes that were not sinkholes
are located in the Southeast (headwater) portion of the Royal Spring groundwater basin
27

(see Fig. 3.4). This area is highly urbanized and, therefore, the land surface is subject to
concentrated human modification.
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CHAPTER FOUR: SUMMARY AND CONCLUSIONS
This study utilizes a DEM surface derived from high-resolution LiDAR and
aerial-image technologies to map sinkholes in the Royal Spring groundwater basin. A
five-step procedure was used as the method for identifying sinkholes in this study.
The DEM developed from the LiDAR data defined depression in the groundwater
basin. However, the shape and size of many of the depressions indicated that they were
not sinkholes. Shaded-relief maps and two time-sets of aerial photography were used to
define depressions as sinkhole, potential sinkholes or non-sinkholes. Shade-relief maps,
with 5X vertical exaggeration, were very helpful in the initial characterization of
depressions. Then, aerial-photography sets were likewise helpful in identifying manmade structures such as retention basins, swimming pools, and parking lots, and to
identify new sinkholes.
Field checking was necessary to further identify actual sinkholes from the
artificially defined categories: 1.) sinkholes and 2.) potential sinkholes. All the 54
probable sinkholes were field checked and 29 (50 percent) were confirmed as sinkholes.
Two of the six potential sinkholes were identified as sinkholes (33 percent).
This study had a lower success rate (50%) for identifying sinkholes via LiDAR
when compared to Floyds Fork study (Zhu et al., 2014) (88 percent). This difference in
success rate is most likely due to the differences in land uses between the two areas. The
Royal Spring groundwater basin has a larger percentage of urban area and twice as much
pasture-cropland as Floyds Fork. These two lands uses generally experience man-made
landscape modification that creates depressions. Additionally, Floyds Fork has 20 times
the forested area of the Royal Spring groundwater basin. Therefore, man-made landscape
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modification is less likely to occur in the Floyds Fork watershed that would produce
topographic depressions. These observations suggest that the value of LiDAR data in
identifying sinkholes may be highly dependent on the land uses of a study area.
This method could be improved by modifying the parameters in which polygons
are identified as sinkholes. False positives compose a large quantity of polygons that are
initially identified as possible sinkholes. If these discrepancies could be removed or
reduced, it would significantly reduce time spent in the field.
In the Royal Spring groundwater basin, LiDAR data are very useful as a first step
in identifying sinkholes that have developed since the publication of the USGS
topographic maps that were extensively used to create the statewide sinkhole database.
Vertical exaggeration shaded relief map, aerial photography and field checking must be
used to verify the presence of sinkholes. The newly identified sinkholes in the study area
should be used for future land-use planning in order to decrease or avoid personal injuries
and property damage.
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APPENDIX

31

32

Numbers

Id

Latitude

Longitude

Y/N

Date

Time

Comments

1

8021

38.059389

-84.4793

N

6/28/2014

8:28

Vertical drain

2

7923

38.061733

--84.488781

Yes

6/28/2014

8:40

Depression close to the rail road, appears to be bowl

3

7783

38.064617

-84.492708

N

6/28/2014

8:55

Vertical drain

4

7882

38.062497

-84.492067

N

6/28/2014

9:00

Vertical drain

5

6590

38.076443

-84.496391

N

6/28/2014

9:07

Vertical drain

6

6599

38.076348

-84.497491

N

6/28/2014

9:13

Culvert

7

6670

38.075157

-84.492873

N

6/28/2014

9:20

Vertical drain

8

6311

38.080945

-84.497803

Yes

6/28/2014

9:32

Bowl shape

9

6706

38.074662

-84.492746

N

6/28/2014

9:38

parking lot

10

6626

38.075867

-84.492158

N

6/28/2014

9:45

Vertical drain

11

3159

38.121319

-84.506447

Yes

8/15/2014

9:15

well developed

12

3227

38.120591

-84.507301

Yes

8/15/2014

9:30

well developed

13

3114

38.12232

-84.506267

Yes

8/15/2014

9:45

well developed

14

6614

38.076229

-84.467299

N

6/28/2014

10:00

retention basin

15

6563

38.077134

-84.46595

N

6/28/2014

10:08

swimming pool

16

6618

38.075988

-84.468478

N

6/28/2014

10:15

low yard
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Numbers

Id

Latitude

Longitude

Y/N

Date

Time

Comments

17

7445

38.068141

-84.464092

N

6/28/2014

10:20

swimming pool

18

5814

38.089254

-84.49397

N

6/28/2014

10:35

Vertical drain

19

5823

38.089006

-84.493321

N

6/28/2014

10:40

Vertical drain

20

5846

38.08865

-84.492625

N

6/28/2014

10:43

Vertical drain

21

5862

38.088375

-84.494643

N

6/28/2014

10:48

Vertical drain

22

5877

38.087826

-84.49302

N

6/28/2014

10:57

Vertical drain

23

6055

38.085847

-84.502521

Yes

6/28/2014

11:15

large doline structure

24

3885

38.113116

-84.49188

Yes

6/28/2014

11:23

well developed

25

3983

38.112356

-84.491838

Yes

6/28/2014

11:30

well developed

26

4326

38.108782

-84.505554

Yes

8/15/2014

12:10

well developed

27

4789

38.102823

-84.496224

Yes

8/15/2014

12:29

well developed

28

3045

38.123784

-84.511

Yes

8/15/2014

12:35

well developed

29

3129

38.122337

-84.508604

Yes

8/15/2014

10:00

doline well developed

30

3656

38.115835

-84.462956

N

8/15/2014

10:30

pond Sallee farm

31

3718

38.115241

-84.463048

N

8/15/2014

10:48

pond Sallee farm

32

1580

38.155377

-84.502867

Yes

8/15/2014

11:00

well developed

34

Numbers

Id

Latitude

Longitude

Y/N

Date

Time

Comments

33

1613

38.154844

-84.504643

Yes

8/15/2014

11:24

well developed

34

1768

38.152712

-84.494048

Yes

8/30/2014

11:30

egg shape

35

1836

38.152057

-84.495089

Yes

8/15/2014

11:45

well developed

36

1867

38.151494

-84.499772

Yes

8/15/2014

11:52

well developed

37

1123

38.166668

-84.507565

Yes

8/30/2014

12:13

well developed

38

1466

38.159785

-84.507867

Yes

8/30/2014

12:57

well developed

39

620

38.184513

-84.543386

Yes

8/15/2014

12:54

well developed

40

636

38.183785

-84.543087

Yes

8/15/2014

12:56

well developed

41

862

38.174058

-84.536965

Yes

8/15/2014

12:48

depression well developed

42

826

38.174779

-84.511239

Yes

8/30/2014

14:45

well developed

43

891

38.17424

-84.509185

Yes

8/30/2014

14:50

well developed

44

908

38.173763

-84.511861

Yes

8/30/2014

15:00

depression with bowl shape

45

910

38.173427

-84.508524

Yes

8/30/2014

15:15

depression with bowl shape

46

997

38.170195

-84.515414

Yes

8/30/2014

15:40

well developed

47

1100

38.167522

-84.506228

Yes

8/30/2014

16:10

well developed

48

18

38.206375

-84.5632

0

6/28/2014

No access

Numbers

Id

Latitude

Longitude

Y/N

Date

Time

49

15

38.206478

-84.562279

0

6/28/2014

No access

50

39

38.205387

-84.560726

0

6/28/2014

No access

51

214

38.201068

-84.553707

Yes

8/15/2014

13:15

Comments

large doline structure

35

36

Numbers

Id

Latitude

Longitude

Y/N

Date

Time

Comments

52

830

38.152057

-84.477688

N

8/15/2014

13:25

Culvert

53

211

38.067080

-84.466908

N

8/15/2014

13:40

Culvert

54

224

38.066920

-84.466205

N

8/15/2014

13:43

Vertical drain

55

833

38.051775

-84.476227

N

8/15/2014

13:50

Vertical drain

56

809

38.057913

-84.479976

N

8/15/2014

13:53

low yard

57

127

38.202708

-84.547735

N

8/15/2014

14:05

Culvert

58

425

38.109428

N

8/15/2014

14:15

Vertical drain

59

377

38.114448

-84.458377
84.5111691

N

8/15/2014

14:22

Vertical drain

60

955

38.171474

-84.511521

N

8/15/2014

14:28

Vertical drain
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