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ABSTRACT OF THESIS

RETHINKING KARST HAZARD ASSESSMENT IN KENTUCKY

Current karst hazard maps in Kentucky reflect the general lithology of the state
and ignore or significantly reduce the impact of the actual sinkholes present within these
areas. These maps rely on equal weighting, by area, of the Karst Potential Index (KPI)
map and the sinkhole inventory map. The KPI is based on a 1:500,000 geologic map and
less than 500 data points of carbonate rocks. The sinkhole inventory is derived from
topographic maps updated in the 1970s with approximately 10-foot resolution. This
method gives a preferential weighting of the KPI over the sinkhole data. Consequently,
the current method is broad in scope and ineffective in hazard assessment. There is a
need for a reliable karst hazard map for land use planners, government emergency
planning agencies, and other stakeholders. In this study, more detailed geology
information and LiDAR (Light Detection and Ranging) data are applied to three counties
(Bullitt, Logan, and Woodford) to generate a more accurate assessment of karst hazard.
An assessment method based on sinkhole density is also tested. By refining the hazard
score to more precise areas of concern, future stakeholders will find this data useful in
emergency planning and land assessment.
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Introduction

1.1

Karst
Karst can be defined as a land area that is underlain by soluble bedrock, commonly

limestones and dolomites, or evaporites, such as gypsum and halite, with a welldeveloped secondary porosity (Ford and Williams, 2007). Secondary porosity combined
with the high solubility of the rocks create conditions required to generate karst terrain.
Various parts of the United States and the world can have differing karst environments
and conditions. All 50 states in the US have areas with karst potential, although some
states have minimal amounts, states such as Florida, Missouri, and Kentucky have
extensive karst topography (Figure 1.1; Weary and Doctor, 2014).
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Figure 1.1. Karst potential of the continental US. Areas in light grey are considered humid karst climate and in light yellow
dry karst climate. Karst types indicated by various colors. Alaska, Hawaii, and Puerto Rico (not pictured) also have karst
potential (from Weary and Doctor, 2014).

The eastern US is considered to be in a humid karst climate, averaging over 76 cm
(30 inches) of rain per year, whereas the western US is primarily a dry karst climate,
averaging less than 76 cm (30 inches) per year (Weary and Doctor, 2014). While
evaporites can generate subsidence and sinkholes quickly, limestones and dolomites can
take decades to millennia to develop conduits or voids underground before subsidence
features are exposed at the surface. The rate of rock dissolution in karst topography by
water from meteoric and subsurface flows varies from arid to humid climates, and from
tropical to temperate climates.

1.2

Karst in Kentucky
In Kentucky, karst lithology is represented by limestones or dolomites, and land

with potential karst accounts for ~50% or more of the state's surface area (Dinger et al.,
2007; Currens, 2012). In humid temperate climates like Kentucky, the sinkholes that
develop can show up catastrophically, but a large number of sinkholes are identified by
their surface depressions and have not collapsed altogether. Kentucky’s karst morphology
is driven by underground water flow through streams and conduits in the subsurface.
These processes form the main features of karst in Kentucky, such as caves, springs,
sinking streams, and sinkholes. Fractures in the bedrock become enlarged as water
percolates down creating solution porosity conduits. As the flow through these fractures
increases, the flow becomes more turbulent, increasing the rate of bedrock dissolution.
Additionally, these fractures tend to create a dendritic branching pattern of underground
flow similar to the patterns we see in streams above ground (Currens, 2002). According
3

to Waltham and Fookes (2003) karst in Kentucky is classified as kIII or mature karst, and
defined as common in temperate regions, with many suffusion and dropout sinkholes, and
extensive secondary opening of most fissures (Figure 1.2).

Figure 1.2. Engineering classification of karst. Kentucky karst is considered
mature karst level III.. NSH is the rate of formation of new sinkholes per km2 per
year (Adapted from Waltham and Fookes, 2003).

According to Waltham, Bell, and Culshaw (2005), there are six types of sinkholes,
but definitions vary depending on region and cause. The sinkholes in Kentucky broadly
express themselves in two categories, subsidence and collapse.
While 50% or more of Kentucky has karst potential, only about 38% has
topographically recognizable sinkhole development (Currens, 2002). Kentucky’s karst
physiography is primarily in two sections of the state, the Mississippian Plateau and
Bluegrass. There are other regions of karst within Kentucky, but the counties studied are
not in these sections, and no significant areas of sinkhole development are in these
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regions (KGS, 2012). The Mississippian Plateau of Kentucky is primarily Mississippian
age limestones, and the Bluegrass region Ordovician-age limestones and dolomites.

1.3

Sinkholes
Sinkholes are closed, internally drained surface depressions formed in karst

environments by the dissolution of water-soluble minerals in rocks and the translocation
of soils underground (Waltham et al., 2005). As a result, voids are created in the
subsurface, and the surface above can subside gently or collapse catastrophically into
these voids (Ford and Williams, 1989; Currens, 2002) (Figure 1.3). While the dissolution
of limestones takes place on geologic rather than human time scales, the conduits created
are preferentially used by subsurface water to create voids by transporting soils and
debris away, causing the collapse of the surface material. Anthropogenic effects on water
flow and concentration can accelerate this process as well (Chang and Hanssen, 2014).
Sinkholes can act as a collector and a conductor of surface water into underground
drainages, thereby increasing the rates of dissolution within a geographic area (Currens,
2002). This dissolution pattern underground can result in sinkholes that appear to cluster
together geographically (Parise, Pisano, and Vennari, 2018).

Figure 1.3. Sinkhole types: a) Subsidence - dropout, b) Subsidence, c) Collapse,
and d) Solution (Adapted from Waltham et al., 2005).
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In karst environments, sinkholes and underground conduits are the primary
sources of problems for engineers and land use planners (Galve et al., 2011). Settling of
the ground by subsidence sinkholes can damage buildings and roads. Sudden catastrophic
cover collapse can cause the most damage and even take human lives. Other dangers
presented by subsidence are flooding of depressions for days, back-flooding of the karst
conduits, and water losses from reservoirs (Erich, 2013). Sinkholes within Kentucky that
are of primary concern to hazard planners are solution sinkholes, subsidence sinkholes,
and cover-collapse sinkholes (Figure 1.3). While the formation mechanisms can vary, the
surface expression of each can be characterized as subsidence and collapse.
Solution sinkholes are generally slow to develop and are little threat to existing
infrastructure (Figure 1.3d). These sinkholes are the result of the slow dissolution of
surface rocks and are usually not subject to catastrophic failure. As seen in Figure 1.3d,
this type of sinkhole is ordinarily not associated with secondary porosity so underground
water flow is primarily laminar and dissolution of the bedrock occurs at the surface and is
not removed quickly (Culshaw and Waltham, 1987).
Cover-subsidence sinkholes can develop gradually, and the surface soils are
generally more permeable due to higher sand content and less clay (Figure 1.3b). Water
slowly infiltrates from the surface into expanding voids below and a depression forms at
the surface indicating a possible void in the subsurface (Culshaw and Waltham, 1987).
Over time these surface depressions can collapse, causing considerable damage.
Cover-collapse sinkholes are of significant concern because they can appear
suddenly and with little warning (Figure 1.3a). The surface soils contain clay and other
minerals that are stable even when there are significant voids below the soil layer. The
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surface material either through saturation or removal of more material on the underside
becomes too heavy to support the roof over the void and collapses suddenly (Culshaw
and Waltham, 1987). These types of sinkholes are of the most significant concern to
landowners because many times there is no previous surface expression of the void
below.

1.4

LiDAR and LiDAR Sinkhole Inventory
Light Detection and Ranging (LiDAR), also known as laser altimetry, has proven

to be an efficient and accurate method of mapping the ground surface to view depressions
in the soil that were previously unknown (Kobal et al., 2015; Kobal et al., 2014; Rahimi
and Alexander, 2013; Zhu et al., 2014). LiDAR data has dramatically increased the
resolution and accuracy of the Digital Elevation Models (DEM) used to map the ground
surface and extract the depressions (NOAA, 2012) (Vaze and Teng, 2007). This
technique has been automated to a degree and used to map the surface of the earth to
extract the depressions formed from sinkhole subsidence (Wu et al., 2016; Zhu et al.,
2014).
The Commonwealth of Kentucky has been mapped with LiDAR, but only a few
select counties have been analyzed for sinkhole depressions at this time. Two of those
counties — Bullitt and Woodford — have both the original sinkhole inventory from
topographic maps and the newly developed LiDAR sinkhole inventory. The LiDAR data
has been field-verified in these two counties, while the original sinkhole inventories have
never been field-verified (Zhu et al., 2014). Logan County, also in this study, the LiDAR
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sinkholes inventory has not been mapped or field-verified but has an extensive inventory
of sinkholes from topographic sources.
The use of LiDAR to map sinkholes has increased our inventories of known
sinkholes 3 to 4-fold (Zhu et al., 2014). Field checking of this data has shown an 88%
accuracy in interpretation of the depression as actual sinkholes. The LiDAR sinkhole
inventory that is used in these new maps is based on data acquired within the last 10
years and processed into DEMs with a nominal resolution of 0.71m for Bullitt and
Woodford counties (Heidemann, 2018; KGS, 2017).

1.5

Commonwealth of Kentucky Enhanced Hazard Mitigation Plan (CK-EHMP)
Karst environments create challenges for residential, commercial, agricultural, and

governmental development. Human activities accelerate the failure rate for sinkhole
subsidence and collapse through altered drainages or pumping and moving water into
different areas (Newton, 1987). In 1991, the National Research Council estimated that
annual costs in the United States from flooding and structural damage caused by land
subsidence exceeded $125 million (USGS, 1999). In the recent past, many development
projects have been built in areas of high risk for land subsidence. Examples of high-cost
land subsidence in Kentucky include the Dishman Lane highway collapse and the floor of
the Corvette Museum in Bowling Green, Kentucky (Polk et al., 2014). Much of this
damage could have been avoided with a more diligent investigation of hazard, better
planning, and proper construction based on hazard analysis. Damage estimates are hard to
find, but some authors estimate that subsidence costs the state over 20 million dollars per
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year (Currens, 2012). Insurance is not widely available, and only Tennessee, Florida, and
West Virginia legislate that karst hazard insurance is available to property owners.
The U.S. Disaster Mitigation Act of 2000 requires States to have a FEMA approved
State Hazard Mitigation Plan to be eligible for federal hazard funding (Disaster
Mitigation Act, 2000). Kentucky’s plan includes karst subsidence hazard plans but only
about half the states, as of 2013, have a karst hazard plan, even though all 50 states have
the risk of karst hazard to varying degrees (Weary, 2015). In 2013, Kentucky’s karst
hazard plan used the Karst Potential Index (KPI), and a database of sinkholes within a
predefined 1-km2 grid system known as the Military Grid Reference System (MGRS).
The plan uses an equally weighted area of the KPI and the area occupied by sinkholes
within each 1-km2 cell to create a karst/sinkhole hazard score (Figure 1.4). The final
Commonwealth of Kentucky Emergency Hazard Management Plan (CK-EHMP) has four
categories of risk associated with karst hazard. These four levels are low, moderate, high,
and severe (Figure 1.4; CK-EHMP, 2013).

Figure 1.4. Kentucky’s 2013 karst/sinkhole hazard score map (after CK-EHMP,
2013).
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The KPI is a statewide map created in 2001 based on a broad interpretation of the
location of a variety of carbonate bedrock and the susceptibility of each to ground
subsidence (Figure 1.5; Paylor and Currens, 2002). The map has three categories of karst
potential: no karst, moderate karst, and high karst and is based on a 1:500,000 (500K)
geologic map (Noger, 1988). The sinkhole data used in 2013 is based on 1:24,000 (24K)
scale topographic maps using closed topographic contours to determine sizes and
locations of sinkholes (Figure 1.6). This data has a 10-foot interval due to the
topographic-map limitations.
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Figure 1.5. Karst occurrence in Kentucky, based on the percent of CaCO3. Non-karst (white), moderate karst (light blue), and
major karst (dark blue) (modified from Paylor and Currens, 2002).

Figure 1.6. Kentucky’s sinkhole database before LiDAR data acquisition.

A comparison among Figures 1.4, 1.5, and 1.6 shows that the karst hazard map
mimics the KPI map with less regard for the sinkhole data. Improving karst hazard maps
would help mitigate many of the costs associated with sinkhole subsidence and collapse.
More accurate maps would provide a better overview for landowners before purchase,
construction, or other development on their properties. Besides saving property and
buildings, lives could be saved. By using all the current information now available to us,
we can better evaluate hazards and their associated risks.
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Methodology

2.1

Introduction
This analysis takes place in the Commonwealth of Kentucky and is applied to

Woodford and Bullitt counties. Both of these counties have the LiDAR sinkhole data
available but differ in geologic age of deposition. Various counties were studied to see if
the methods used are consistent for limestones and dolomites deposited under different
geologic conditions. However, while different periods of deposition are involved, they
are subject to similar means of sinkhole formation, through conduits dissolving the rock
from below. Further testing was done on Logan County to see if the methodology holds
for other karst areas within the Commonwealth of Kentucky with no LiDAR sinkhole
data available.
To have confidence in karst hazard potential maps, we need accurate maps of both
sinkholes and geologic formations. Past research has shown that the formation of a new
sinkhole is more likely in proximity to existing sinkholes (Pulis, 2011; Panno et al., 2008;
Currens, 2012). This proximity may be related to soil types and geology creating
conditions in localized areas favorable for additional ground subsidence (Parise et al.,
2018). In the last 10 years, the use of LiDAR to map geologic hazard especially sinkholes
has increased dramatically (Wu et al., 2016). Geologic maps at the 24K scale are
available in Kentucky but were not used in the 2013 karst hazard assessment.
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2.2

Analytical Approach
2.2.1

Kentucky Emergency Hazard Management Plan

The original karst hazard map defined by the state of Kentucky’s emergency
management plan is based on a 500K scale bedrock map, and the number of sinkholes
within predefined 1-km2 square cells (CK-EHMP, 2013) (Figure 1.4).
The calculations used in the 2013 CK-EHMP consisted of assigning a percent value
to the area occupied by karst lithology and sinkhole area using the 1-km2 MGRS (CKEHMP, 2013). The types of karst area in each cell are weighted to assign relative hazard
potential to each type: non-karst (0), moderate karst (0.5), and major karst (1.0) (Equation
1). Sinkhole area percent is the summed values of their area in square kilometers divided
by cell size. The cells are based on the total area within each cell, as some of the cells
cross the borders of the counties and do not equal 1-km2 within the subject county.
Eq. [1]

(major karst area within cell * 1) + (moderate karst area within cell * 0.5)
+ (non-karst area * 0) = karst area percent/cell size

The calculation of the karst hazard score in the 2013 CK-EHMP is the karst area
percent times one-half added to the sinkhole area percent times one-half (Equation 2).
Eq. [2]

(karst area percent * 0.5) + (sinkhole area percent * 0.5)
= karst hazard score

Equation 2 supplies a value between 0 and 1, and the CK-EHMP then uses the
Jenks Natural Breaks classification to create four categories: low, moderate, high, and
severe hazard potential (Table 2.1). This method is designed to optimize a set of values
based on reducing the variance within classes and maximizing the variance between
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classes. It is useful in groups of data divided into 7 or fewer classes so readers can
differentiate between classes easily (Jenks, 1967). We will be applying the Natural
Breaks divisions used by the 2013 CK-EHMP throughout our results to keep a consistent
comparison of the results across multiple counties.
Table 2.1. Hazard potential categories with assigned Jenks Natural Breaks
values in CK-EHMP 2013.

Hazard Potential Category
Low
Moderate
High
Severe

2.2.2

Jenks Natural Breaks Score
0.0 to 0.070
0.071 to 0.200
0.201 to 0.390
0.391 to 1.00

24K KPI Map

The new 24K KPI map was generated using the 7.5 geologic quadrangle maps
available from KGS and a rating of karst formations based on four rating factors. The
rating factors of each formation are defined by bedding thickness, percent of insoluble
rock (percent of CaCO3 present), carbonate grain size, and carbonate fraction of bedrock
(Currens and Paylor, 2017). Each of these factors was given a weight based on percentile
ranking within each category, with four possible values assigned. For example, percent
insoluble was assigned four values of 5 to 15% (highly soluble), 15 to 30% (moderate
soluble), 30 to 50% (low solubility), and >50% (non-karst) (Table 2.2). These values
along with the other three categories were then combined, and the KPI was generated
with four possible karst conditions: low, moderate, high, and severe. A grid of 1-km2 was
then overlaid on these values to create a karst area percent.
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Table 2.2. Rating factors for the karst potential of carbonate rocks in Kentucky
(modified from Currens and Paylor, 2017).

Rating Factor
Percent Insoluble
Bedding Thickness
Carbonate Grain Size
Carbonate Fraction of Bedrock

1
5 to 15%
<10cm
>64mm
<10%

2
15 to 30%
10 to 30cm
Calcarenite
10 to 50%

3
30 to 50%
30 to 100cm
Calcisiltite
50 to 90%

4
>50%
>100cm
Calcilutite
90 to 100%

The KPI map at 24K assigns the respective values, non-karst, low, medium, high,
and very high to the karst types in the database. Each type was calculated based on its
area occupied in each cell and then multiplied by a factor of 0, 0.25, 0.5, 0.75, and 1.0
respectively (Equation 3). This value was then used to assign a percent area occupied by
the respective karst values in each cell.
Eq. [3]

(Area non-karst * 0) + (area of low karst * 0.25) +
(area of medium karst * 0.50) +(area of high karst * 0.75) +
(area of very high karst * 1.0) = percent karst per cell

The sinkhole area percent is the actual square kilometer area occupied by sinkholes
within each cell. If a cell splits a sinkhole, then each cell is assigned a percentage value
according to the area of the sinkhole represented in the corresponding cell.
2.2.3

Alternate Karst to Sinkhole Ratios

The 2013 CK-EHMP uses a 50:50 ratio of sinkhole area percent to karst area
percent to produce a karst hazard potential score. In order to test the validity of the
sinkhole area percent being a better predictor of karst hazard, these ratios were adjusted
to favor the sinkhole areas over the karst area. The ratios tested are 75% sinkhole area to
25% karst area (Equation 4) and 90% sinkhole area to 10% karst area. The number of
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cells in each category is then compared to the 50% to 50% ratio and the KGS catalog of
reported sinkholes (Currens, in press).
Eq. [4]

(area sinkhole percent * 0.75) + (area karst percent * 0.25) =
karst hazard score

2.2.4

Sinkhole Density
2.2.4.1 Sinkhole Counts per Cell

Several other states, notably Virginia and Pennsylvania, use sinkhole density per
cell to calculate karst hazard potential (Pennsylvania, 2013). The advantage of this
method is that it is easier to identify the geographical extent of surface depressions and
sinkholes than to identify subsurface lithology through remote methods. Since studies
have shown a tendency for sinkholes to cluster (Galve et al., 2009a), using density
analysis as a potential karst hazard indicator is common (Gutierrez-Santolalla et al.,
2005b; Kemmerly, 1982; Williams, 1972). The density analysis methods vary depending
on the area studied, the number of sinkholes present, and the type or amount of karst
present.
Table 2.3 compares the density calculation methods used in Belgium and in
Pennsylvania to calculate karst hazard into just three categories; low, moderate, and high.
Belgium’s hazard score is based on the water table, bedrock depth and sinkhole density
(Kaufmann and Quinif, 2002). Belgium also used a square-kilometer grid system to limit
the geographical area and extent of lithology included in their analysis. Pennsylvania’s
sinkhole density is based on the number of karst features present. Pennsylvania uses a 1square-mile grid system (SSM, 2019), which is 2.5 times larger than the grid system used
by MGRS.
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Table 2.3. Sinkhole density hazard categories for Tournaisis, Belgium and
Pennsylvania using only sinkhole density and three categories (adapted from
Kaufmann and Quinif, 2002; SSM, 2019)
Hazard Score

Sinkhole Density Used by
Tournaisis, Belgium

Sinkhole Density Used by
Pennsylvania

Low

< 1 per km2

< 1 per mi2

Moderate

1 - 15 per km2

1 -100 per mi2

High

> 15 per km2

> 100 per mi2

The first density value used is the number of sinkholes in a cell divided by the area
of the cell (Equation 5). For the three counties in this study, the density counts are
defined in three categories: 0 sinkholes present, 1 to 10 sinkholes, and >10 sinkholes per
cell, representing low, moderate, and high hazard potential respectively. Using this
method assumes a uniform lithology.
Eq. [5]

Number of sinkholes per cell = Density of sinkholes

2.2.4.2 Sinkhole Counts and Karst Area per Cell
Another density method accounts for the area of karst within each cell and the
number of sinkholes per cell. This method is adapted from the 2018 Commonwealth of
Kentucky Emergency Hazard Management Plan (CK-EHMP, 2018). Keeping the
numbers consistent in magnitude, the following equation (Equation 6) is used to create
values between 0 and 1.
Eq. [6]

log10 ((karst area percent) + (sinkhole density) + 1) = karst/sinkhole score
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Equation 6 takes the base-10 logarithmic function and then adds one to that result
to keep the values positive. The Natural Breaks classification is used to generate four
categories of karst hazard: low, medium, high, and severe, with the values used in the
2013 CK-EHMP.
The karst area, non-karst area, and sinkhole density define four categories of hazard
(Table 2.4). Low hazard indicates cells with no carbonate rocks, so there is no potential
for karst. Moderate hazard reflects cells with carbonate rocks, but there are no sinkholes
present in those cells. High hazard cells are areas with carbonate rocks and between one
to nine sinkholes present. Severe hazards are areas of carbonate lithology but greater than
nine sinkholes present.
Table 2.4. Karst hazard categories for Kentucky using karst area and sinkhole
density (after CK-EHMP, 2018).

Hazard Score

2.3

Definition

Low

Area of no potential for karst

Moderate

Karst area with no sinkholes

High

Karst area with 1 – 9 sinkholes per km2

Severe

Karst area with > 9 sinkholes per km2

Study Area – Woodford, Bullitt, and Logan Counties
Figure 2.1 shows the location and physiographic regions of the three counties that

were selected to test with either a larger scale geologic map and, if available, the LiDAR
sinkhole data to improve karst hazard assessment. Woodford County is in the Inner
Bluegrass Region and is primarily Ordovician-age limestones and dolomites (Figure 2.1).
The western half of Bullitt County is in the Mississippian Plateau region and has a variety
19

of limestones and dolomites from the Mississippian period. The eastern portion of Bullitt
County is in the Bluegrass Region and has limestones and dolomites from the Silurian
and Ordovician periods. Logan County is in the Mississippian Plateau region and has a
depositional environment similar to western Bullitt County, but has a larger area of nonkarst lithology.

Figure 2.1. Commonwealth of Kentucky study area: Bullitt (dark blue), Logan
(green), and Woodford (red) counties. Inner and Outer Bluegrass (light blue)
and Mississippian Plateau (pink) regions.

2.3.1

Woodford County

Woodford County in central Kentucky has extensive exposure of Ordovician age
limestones (Figure 2.2). Over 90% of the county is Paleozoic carbonate rocks. This
lithology resulted in an almost uniform severe karst hazard based on the current hazard
maps. The 500K scale geologic map (Figure 2.2a) indicates that Woodford County is
almost entirely Lexington Limestone with a few small areas of Clays Ferry Formation
(Fm.) and High Bridge Group. The 24K scale geologic map (Figure 2.2b) differentiates
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the Lexington Limestone and the High Bridge Group into some of its constituent
members. The carbonate content of the various members can vary from 10% to 90%, and
they have a wide variety of bedding thicknesses. Dissolution characteristics of these
rocks can vary widely.

Figure 2.2(a-b). Woodford County geologic maps. a) 1:500,000 scale, b)
1:24,000 scale.

The 500K and 24K scale maps have very pronounced differences in the KPI values
generated by the lithologies (Figure 2.3). The Lexington Limestone in the 500K scale
map has every constituent member assigned the same type of carbonate rock. When the
map is differentiated into the respective members, the value assigned to the KPI shows a
wide variety and distribution of karst potential. The 24K KPI map hazard categories were
increased from three in the original 500K map (Figure 2.3a) to five in the new 24K maps
(Figure 2.3b); no moderate karst levels at 500K are present in Woodford County. The
increase in karst hazard levels is due to the increase in detail provided by carbonate rating
values in the 24K maps (Table 2.4).
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Figure 2.3(a-b). Woodford County Karst Potential Index (KPI) maps at a)
1:500,000 scale based on three categories of karst potential (no moderate karst
is present in Woodford County) and b) 1:24,000 scale using five levels of karst
potential.

Figure 2.4 shows that sinkholes are not evenly distributed throughout this county
even though it is almost entirely carbonate bedrock. Since Woodford has both the original
sinkhole data (Figure 2.4a) used by the state for its maps and the LiDAR data (Figure
2.4b) obtained in the early 2000s, we can compare the hazard score based on this new
quantity and distribution of sinkholes.
LiDAR data has increased the number of known sinkholes in Woodford County
70% more than the original sinkhole inventory (Figure 2.4b). The original sinkhole
inventory has 1359 sinkholes, and the LiDAR sinkhole inventory has 2307 sinkholes. The
change in distribution is most notable in the western and southern portions of the county.
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Figure 2.4(a-b). Woodford County sinkhole inventory maps showing a) the
original sinkhole inventory and b) LiDAR sinkhole inventory. The circular
feature in the northeast section of the county is a remnant meteor crater formed
around 440 million years ago during the Ordovician period.

2.3.2

Bullitt County

Bullitt County, Kentucky, near the Ohio River and south of Louisville, Kentucky
has a varied karst lithology that progresses from non-karst in the western section of the
county to high and severe karst on the eastern side. This varied karst potential is due to
the wide variety of depositional ages and conditions found in the area (Figure 2.5). The
Mississippian in Kentucky is very diverse lithologically due to its widespread distribution
throughout the state. This diversity creates a broad range of carbonate fraction of bedrock
throughout the members and formations of the period.
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Figure 2.5(a-b). Bullitt County geologic maps. a) 1:500,000 scale b) 1:24,000
scale. The 24K map has members divided out of the formations and greater
topographic detail. Some members were joined into their respective formations
in the 24K map to improve readability.

The Bullitt County geologic maps (Figure 2.5) show the 500K map as undivided
members and formations. This lack of detail creates a KPI map that has little variety in
karst hazard potential (Figure 2.6). The 24K map has much greater detail of the variety of
lithologies that are present in the county. Some members were joined into their respective
formations or general lithologies in the 24K map to simplify the detail in this image
(Figure 2.5b).
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Figure 2.6(a-b). Bullitt County Karst Potential Index (KPI) maps a) 1:500,000
scale and three categories of karst potential b) 1:24,000 scale with five levels of
karst potential.

The Bullitt County 24K KPI maps have greater detail in the karst hazard potential
than does the 500K KPI map, but they also create an enhanced level of detail in karst
hazard potential scores, from three categories to five, similar to Woodford County
(Figure 2.6). Figure 2.6 also shows less karst hazard potential in the northeastern area of
the county but matches up well in the northwestern portion of the county.
Comparing the LiDAR sinkhole inventory to the original sinkhole data shows a
marked increase in the number of sinkholes known (Figure 2.7). The original inventory
contains 402 sinkholes, and the LiDAR inventory contains 1550, a 285% increase in
known sinkhole locations. One notable exception is the massive sinkhole shown in the
southern part of the county on the original sinkhole map, which does not appear on the
LiDAR map (Figure 2.7a). This depression is a large reservoir and not a sinkhole;
however, it shows up in the karst hazard potential map as a severe risk based on the
original sinkhole inventory.
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Figure 2.7(a-b). Bullitt County sinkhole inventories. a) Original sinkhole
inventory and b) LiDAR sinkhole inventory.

Zooming in on areas within Bullitt County using the new LiDAR data, it is
noticeable that many areas indicated as a significant risk of karst hazard have few or no
sinkholes present and areas noted as no karst risk have clusters of sinkholes. The countylevel sinkhole data does not match the carbonate bedrock well when increased to this
level of detail.
2.3.3

Logan County

Logan County in southwestern Kentucky along the Tennessee border also has a
variety of karst potential since it borders the Illinois basin and is in the Mississippian
Plateau region (Figure 2.1). It has a similar depositional environment as western Bullitt
County, consisting mainly of Mississippian-age carbonate rocks. Non-carbonate rocks
represent a significant portion in the northwestern part of the county (Figure 2.8). The
KPI at 500K and 24K scale are available for Logan County, but the LiDAR sinkhole data
for this county has not been mapped or field-verified at this time. Logan County has just
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the original sinkhole data available, so it is evaluated with just the two geologic maps
available and the original sinkhole inventory.

Figure 2.8(a-b). Logan County geologic maps. a) 1:500,000 scale map with
large sections indicated as rocks of Chesterian age and b) 1:24,000 scale with
the formations mapped into different members within those formations.

Using the 24K lithologic map to create a new KPI map allows for the increase from
three categories of karst hazard to five. The level of detail now available through the 24K
map compared to the 500K scale map can be compared to the changes without the
LiDAR data of the other two counties to see if the changes here are similar.
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Figure 2.9(a-b). Logan County Karst Potential Index (KPI) map. a) 1:500,000
scale and b) 1:24,000 scale.

Again, the KPI maps show a much larger variety of carbonate rock types found in
Logan County (Figure 2.9). The cells in the 24K KPI map above (Figure 2.9b) represent
the different quadrangles mapped over various years. In the west-central portion of the
county, there is a low hazard (green) and high hazard (purple) KPI mapped adjacent to
each other in this area three different limestone formations are shown as undivided in the
green section. However, in the eastern section, the Renault and Paint Creek are mapped
separately.
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Figure 2.10. Logan County original sinkhole inventory. LiDAR sinkhole
inventory has not been processed for Logan County at this time.

In Logan County, the LiDAR data is not processed for mapping sinkholes, but the
county has an extensive mapping of sinkholes in the original data, most notably the
extensive areas of karst in the southern half of the county (Figure 2.10). Logan County
has over 7000 mapped sinkholes in its original database compared to less than 2000 for
Woodford and Bullitt County combined.
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Results

3.1

Area-Based Assessment
The 2013 CK-EHMP uses the 500K KPI map and the original sinkhole inventory

to classify the entire state by level of karst hazard potential. After dividing the state into
cells, each cell is then evaluated for percent karst area and percent sinkhole area. To test
the area-based assessment at the county level, the 500K KPI and original sinkhole data
were mapped for Woodford, Bullitt, and Logan Counties. Then the 24K KPI data and the
LiDAR sinkhole data were used to see if a more practical map at the county level could
be developed.
3.1.1

Woodford County
3.1.1.1 500K KPI Map and Original Sinkhole Inventory

Examining the original sinkhole inventory and the 500K KPI map used in the 2013
study on a county level for Woodford County, there appeared to be little change in the
level of severe hazard potential (Figure 3.1a). The values from the original study show
almost all of Woodford County as a severe risk.
Figure 3.1a reflects the overall trend of the 500K small-scale statewide map
showing almost any area of Lexington Limestone or other Ordovician-age limestones
having a severe karst hazard potential. Several non-karst areas appear in the hazard map
of Woodford County (Figure 3.1a). These are the Garrard Siltstone, Kope Formation, and
Clays Ferry Formation, but these formations comprise only about 11 km2 of Woodford
County and are primarily shales and siltstones according to the 500K scale lithologic map
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(Figure 2.2a). Several of these non-karst areas have sinkholes present in both the original
and LiDAR sinkhole inventories.
Woodford County’s hazard potential indicates only 67 partial or complete 1-km2
cells that are low to moderate sinkhole potential out of 579 total cells, less than 12%, that
makeup Woodford County. The low category at this scale has less than 0.2 sinkholes per
cell, and the moderate category is less than one sinkhole per cell (Table 3.1). The low to
high hazard level at this scale is just 20% of the county’s land area; the severe category is
the remaining 80%. This map does place every one of the known sinkhole subsidence
cases reported to KGS in a severe category, but considering the high percentage of the
severe hazard on this map, this may be expected (KGS, 2017). This map would imply
that development anywhere in this county is at severe risk of karst hazard.
Using the new 24K KPI map with the original sinkhole inventory, the result begins
to show changes in the levels of hazard categories (Figure 3.1b). This combination has a
lower number of cells that indicate a severe level of hazard.
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Figure 3.1(a-c). Woodford County – a) Map based on CK-EHMP 2013 showing the 1:500,000 (500K) KPI data mapped
with the original sinkhole inventory. b) Map showing the 1:24,000 (24K) KPI data with the original sinkhole data. c) Map
showing the 1:24,000 (24K) KPI data and the new LiDAR sinkhole data. All three show (green dots) the KGS data
collected in person/phone of sinkhole cover collapses since 1997. Natural breaks values from the 2013 CK-EHMP.

Table 3.1. Woodford County – Sinkhole-to-cell ratios based on 2013 CK-EHMP
natural breaks values (OrgSink-500K KPI), 24K KPI data with original sinkhole
inventory (OrgSink-24K), and 24K KPI data with LiDAR inventory (LiDARSink24K). Natural breaks values from the 2013 CK-EHMP.
Woodford - OrgSink-500K KPI

#Cells

#Sinkhole

Low (0.0 to 0.07)

32

6

0.19

Moderate (0.071 to 0.20)

35

34

0.97

High (0.21 to 0.39)

50

118

2.36

462

1410

3.05

#Cells

#Sinkhole

Low (0.0 to 0.07)

57

31

0.54

Moderate (0.071 to 0.20)

43

77

1.79

High (0.21 to 0.39)

289

789

2.73

Severe (0.391 to 1.0)

190

671

3.53

#Cells

#Sinkhole

Low (0.0 to 0.07)

54

36

0.67

Moderate (0.071 to 0.20)

44

149

3.39

High (0.21 to 0.39)

275

1626

5.91

Severe (0.391 to 1.0)

206

1696

8.23

Severe (0.391 to 1.0)
Woodford - OrgSink-24K KPI

Woodford - LiDARSink-24K

Sinkholes/Cell

Sinkholes/Cell

Sinkholes/Cell

3.1.1.2 24K KPI Map and Original Sinkhole Inventory
The severe level has dropped from 462 cells to 190 cells, a 59% decrease, and just
34% overall compared to the previous 80%. The number of sinkholes per cell has also
increased but not drastically, going from 3.05 sinkholes per cell in the severe category to
3.53 with the change in the KPI map scale (Table 3.1). The change reflects not only the
differences in lithology but the fact that many of the 500K scale severe hazard cells
contain few if any sinkholes. On the 24K KPI map, the number of cells in the high
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category increased from 50 to 289, a 478% increase. The high category has increased
dramatically reflecting the overall movement of hazard from severe to high. The number
of sinkholes in this category increased from 118 to 789, a 569% increase. The sinkholes
per cell have just a 15% increase from 2.36 per cell to 2.73 per cell. The number of
sinkholes increased as well as the number of cells, but the ratio of sinkholes per cell did
not increase as quickly. The number of cells containing low to moderate risk increases
from 67 to 100, a 49% change. The areas indicated as non-karst at the 500K scale, now
appear to be composed primarily of Lexington Limestone with areas of Clays Ferry
Formation limited to the ridge tops. The 24K KPI map more accurately reflects the
lithology of the county and by extension, reflects a variation in the hazard that the 500K
scale map cannot show.
3.1.1.3 24K KPI Map and LiDAR Sinkhole Inventory
The LiDAR sinkhole dataset provides us with over a two-fold increase in the
number of known sinkholes within Woodford County (Figure 3.1c). The original
sinkhole inventory has 1568 sinkholes in the county; the new LiDAR inventory has 3507
sinkholes in Woodford County, a 124% increase (Table 3.1). The 24K KPI map and the
LiDAR sinkhole inventory indicate small changes in the number of cells within each
category as compared to the 24K KPI and original sinkhole inventory (Table 3.1).
However, the percent change of sinkholes per cell in the high to severe categories is over
100%. The high category percent change is 122%, and the severe category is 133%. This
difference is most notable in the southern section of Woodford County and some in the
western areas. The new sinkhole inventory provided by LiDAR indicates that sinkholes
cluster in certain areas and have been missed by previous maps in large portions of the
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county. The percent change in the number of cells in the severe category has only
changed by 8.5%, but the number of sinkholes per cell has risen by 133% from 3.5
sinkholes per cell to 8.2 (Table 3.1). This increase is due to the increase in known
sinkholes throughout the county. Overall, the number of low-risk cells remains primarily
at the borders of the county. The western border of Woodford County is the Kentucky
River, listed as non-karst in these models, and the river has incised into the harder Tyrone
and Oregon Formations. These two conditions would create a lower karst hazard
potential on this map.
3.1.2

Bullitt County
3.1.2.1 500K KPI Map and Original Sinkhole Inventory

The original 500K map of Bullitt County shows severe karst hazard primarily
limited to the northeast section of the county with a few areas along the southeastern edge
(Figure 3.2a). Half of the defined cells in the county indicate low karst potential (Table
3.2). The northeastern and northwestern sections of the county are Ordovician and
Silurian in age, along with a small part of the southern section of the county. These areas
are predominantly limestones with interbedded shales and are the highest content
carbonate rocks in the county. The southwestern sections of the county are primarily
Lower Mississippian in age and are shales, silts, and sandstones with a large alluvial
concentration in the central section. While areas of the alluvium do show sinkholes
present, this map defines it as non-karst (Figure 2.6a).
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Figure 3.2.(a-c). Bullitt County - a) Map based on the 2013 CK-EHMP showing the 1:500,000 (500K) KPI data mapped
with the original sinkhole inventory (dark blue). b) Map showing the 1:24,000 (24K) KPI data with the original sinkhole
data (dark blue). c) Map showing the 1:24,000 (24K) KPI data and the new LiDAR sinkhole data (light blue). All three
show (bright green circles) the cover-collapse data reported to KGS. Natural breaks values from the 2013 CK-EHMP.

Table 3.2. Bullitt County - Sinkhole-to-cell ratios based on 2013 CK-EHMP
natural breaks values (OrgSink-500K KPI), 24K KPI data with original sinkhole
inventory (OrgSink-24K KPI), and 24K KPI data with LiDAR inventory
(LiDARSink-24K KPI). Natural breaks values from the 2013 CK-EHMP.
Bullitt - OrgSink-500K KPI
Low (0.0 to 0.07)
Moderate (0.071 to 0.20)
High (0.21 to 0.39)
Severe (0.391 to 1.0)
Bullitt - OrgSink-24K KPI
Low (0.0 to 0.07)
Moderate (0.071 to 0.20)
High (0.21 to 0.39)
Severe (0.391 to 1.0)
Bullitt - LiDARSink - 24K KPI
Low (0.0 to 0.07)
Moderate (0.071 to 0.20)
High (0.21 to 0.39)
Severe (0.391 to 1.0)

#Cells #Sinkholes
441
18
90
14
245
196
89
152
#Cells #Sinkholes
404
3
326
157
134
219
1
1
#Cells #Sinkholes
412
32
323
806
130
790
0
0

Sinkholes/Cell
0.04
0.16
0.8
1.71
Sinkholes/Cell
0.01
0.48
1.63
1
Sinkholes/Cell
0.08
2.5
6.08
0

3.1.2.2 24K KPI Map and Original Sinkhole Inventory
Switching to the 24K KPI map from the 500K map changes the hazard potential
map noticeably, the severe potential areas drop to just one cell, but this single cell has a
lake incorrectly designated as a sinkhole (Figure 3.2b) in the original sinkhole database.
The result, subtracting this error, is that no areas within Bullitt County are in the severe
category in the 24K KPI map. The high category decreases by 45% from 245 cells to 134.
The movement of these risk categories results in an increase of 262% to the moderate
category. Most of the sinkholes in Bullitt County are in the Louisville Limestone and
Waldron Shale in the eastern section and the Salem Limestone in the northwest.
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3.1.2.3 24K KPI Map and LiDAR Sinkhole Inventory
The number of sinkholes present in the LiDAR sinkhole inventory of Bullitt
County is 328% more than the original inventory, 402 to 1550. The 24K KPI and LiDAR
data are similar to the results of the 24K KPI and the original sinkhole data (Figure 3.2c).
Even with an increase of 1248 sinkholes in the LiDAR data, zero cells fall into the severe
category, the incorrectly labeled reservoir is not in the LiDAR database, and the areas
considered high risk are almost identical, 134 to 130. Notably, the numbers of sinkholes
per cell increase from 0.48 to 2.49 in the moderate category and from 1.63 to 6.08 in the
high category but remain 0 in the severe category.
Interestingly, the low and moderate categories are almost identical, 404 to 412 and
326 to 323, respectively. The number of sinkholes per cell rises from 1.6 to 6.0 in the
high category. So even though the number of known sinkholes increased 328%, the
change in karst risk stayed almost the same with each of the 24K KPI maps. Interestingly,
the KGS sinkhole catalog places seven out of eight cover-collapse sinkholes in the
Louisville Limestone, and in the high category.
3.1.3

Logan County
3.1.3.1 500K KPI Map and Original Sinkhole Inventory

Logan County has 8370 sinkholes mapped in the original sinkhole database,
Woodford County has 1568 and Bullitt has only 380. So while there is no LiDAR data
available, the number of suspected sinkholes is very high. Logan County’s hazard map at
the 500K scale and original sinkhole inventory plot very well to the 2013 CK-EHMP map
in current use (Figure 3.3a). There is a good correlation in the southern half of the county
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with large clusters of sinkholes to severe hazard levels. At the northern reaches of the
severe level, however, the clustering and number of sinkholes decrease dramatically.
Areas listed as high risk, in yellow, begin to have few if any sinkholes present, with
notable exceptions. At 500K KPI the map indicates 92% of the county has high to severe
karst potential (Table 3.3). These two categories also account for 99% of the mapped
sinkholes. The severe level has a sinkhole-per-cell ratio of over 8.5.

Figure 3.3(a-b). Logan County - a) Map from CK-EHMP 2013 showing the
1:500,000 (500K) KPI data mapped with the original sinkhole inventory (light
blue). b) Map showing the 1:24,000 (24K) KPI data with the original sinkhole
data (light blue). The KGS catalog sinkholes are shown, but there are only two in
the database in Logan County (light green circles). Natural breaks values from
the 2013 CK-EHMP.

The exception to this clustering is in the north-central portion of the county. Some
sinkholes lie on a line trending northeast. These sinkholes appear to coincide with
mapped faults in the county, possibly creating access for water under the unconsolidated
rocks and soils to dissolve limestone bedrock below the surface.
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3.1.3.2 24K KPI Map and Original Sinkhole Inventory
Logan County’s 24K KPI map with the original sinkhole inventory has a similar
result to the 500K KPI map, but there is a noticeable change along the eastern and
northern borders (Figure 3.3b). The low to moderate risk in the north extends
considerably farther south, reflecting both the reduced number of sinkholes present and
the higher accuracy of the lithology at 24K. The number of cells in the low to moderate
categories increases over 275% and 323% respectively (Table 3.3). In the low category,
the number of sinkholes rises, from 1 to 40, and the moderate category rises from 72 to
305. Both these categories go up in sinkholes per cell, low from 0.02 to 0.18 and
moderate from 1.0 to 1.5. While the sinkhole counts rose, the overall effect was limited
as the cell counts adjusted similarly. A large amount of the changes to the hazard
category were in the high category, a 47% decrease from 538 to 286 cells. The severe
category dropped 16% as well from 865 to 724 cells. High went from 1.69 to 2.87
sinkholes per cell, and severe went from 8.5 to 9.7 sinkholes per cell. The increase
resulted from the cells having a more even distribution in each category from the 24K
KPI but the sinkholes primarily being distributed in the moderate to severe categories.
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Table 3.3. Logan County – 500K KPI and original sink inventories (OrgSink500K KPI), 24K KPI data with original sinkhole inventory (OrgSink-24K KPI).
No LiDAR data has been processed at this time for Logan County. Natural
breaks values from the 2013 CK-EHMP.
Logan_ OrgSink-500K KPI
Low (0.0 to 0.07)
Moderate (0.071 to 0.20)
High (0.21 to 0.39)
Severe (0.391 to 1.0)

#Cells
58
72
538
865

#Sinkhole
1
77
909
7383

Sinkholes/Cell
0.02
1.07
1.69
8.54

Logan_ OrgSink-24K KPI
Low (0.0 to 0.07)
Moderate (0.071 to 0.20)
High (0.21 to 0.39)
Severe (0.391 to 1.0)

#Cells
218
305
286
724

#Sinkhole
40
454
821
7055

Sinkholes/Cell
0.18
1.49
2.87
9.74

The trend of these changes overall is to increase the sinkhole-per-cell ratios of the
low, moderate, high, and severe categories. So as the overall number of cells in each
category increases, the number of sinkholes in each cell is decreasing at a slower rate.

3.2

Alternative Sinkhole/Karst Weighting Ratios Assessment
The 2013 CK-EHMP uses a weight ratio of 50% sinkhole area to 50% karst area

within each cell to create the karst hazard score. If sinkholes are a better predictor of karst
hazard than just karst area alone, then adjusting the weight given to the sinkhole area
compared to the karst area should further refine the hazard score. Different values used to
test the effect of the ratios on the hazard scores are 75% sinkhole area to 25% karst area
and 90% sinkhole area to 10% karst area.

41

42
Figure 3.4(a-c). Woodford County with three different sinkhole/karst ratios at 500K KPI and original sinkhole inventory.
Levels are assigned four values: low (dark green), moderate (light green), high (orange), and severe (red). a) Sinkhole
area 50% and the karst area 50%. b) Sinkhole area 75% and karst area 25%. c) Sinkhole area 90% and karst area 10%.
Sinkholes in blue and KGS sinkhole catalog in bright green. Natural breaks values from the 2013 CK-EHMP.

3.2.1

Woodford County - 50/50, 75/25, and 90/10 Sinkhole-to-Karst
Assessment

Figure 3.4a-c shows the substantial changes in hazard levels influenced by karst
area percent versus sinkhole area percent. All of the values in Figure 3.4 use the original
sinkhole inventory and the 500K KPI map. Reducing the weighting of the karst area
percent and increasing the sinkhole area percent, the hazard levels shift from severe to
moderate. In Woodford County, this shift is nearly uniform across all the hazard
categories (Figure 3.5). The natural breaks values for each category were selected to
match the CK-EHMP, 2013 (Figure 3.4). This shift is also controlled by the natural
breaks values being held to the values from the 2013 CK-EHMP. Using these values
provides a consistent result across all counties.

Number of Cells

Woodford County - Karst Hazard Scores
Original Sinkholes - 500K KPI
50/50, 75/25, 90/10 percent ratios
500
450
400
350
300
250
200
150
100
50
0

456

37

37

48

460

454

56

65

105
3

13

Karst Hazard Potential

Figure 3.5. Woodford County with original sinkhole data and 500K KPI.
Sinkhole-to-karst area ratios of 50%/50%, 75%/25%, and 90%/10% show the
number of cells in each category as the weight of the karst area to the sinkhole
area is reduced. Natural breaks values from the 2013 CK-EHMP.
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When the ratios are moved from a 50% to 90% sinkhole-to-karst area ratio, the
karst potential shifts to lower karst hazard scores; as the karst area represents less of the
overall score, the karst potential hazard score drops significantly (Figure 3.5). When
using a 50% sinkhole area and the 50% karst area the severe category is 79% of the karst
hazard score. When we weight the sinkhole area at 75% and the karst area at 25%, the
high category becomes 79% of the overall karst hazard score. The severe category at
these weights drops to just three cells or less than one-half percent. Moving the weight
scores to 90% for the sinkhole areas and 10% for the karst area again reduces the karst
hazard score to the moderate category being 80% of the overall hazard score, and the
severe category goes to 0% with the high category at just one-half percent.
This effect is more pronounced in the data with the original sinkhole inventory and
the 500K KPI map (Figure 3.5), but the LiDAR sinkhole inventory and 24K KPI map
show a similar trend (Figure 3.6). As the ratio of the percentages change from 50% each
to 75%/25% and then to 90%/10% the hazard scores shift from high and severe to low
and moderate.
The LiDAR sinkhole and 24K KPI data have a similar trend as Figure 3.5 but not
nearly as steep a change (Figure 3.7). They indicate that the karst area percent has a more
substantial effect on karst hazard potential than the area occupied by sinkholes. These
shifts in the hazard scores indicate that the area within each 1-km2 cell is overrepresented by the karst area compared to the sinkhole area. The natural breaks values for
each category were selected to match the CK-EHMP, 2013.
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Figure 3.6(a-c). Woodford County with three different sinkhole/karst ratios at 24K KPI. Levels are assigned four values:
low (dark green), moderate (light green), high (orange), and severe (red). Original sinkhole inventory data is light blue,
and data from the KGS sinkhole catalog inventory is bright green. a) Sinkhole area 50% and the karst area 50%. b)
Sinkhole area 75% and the karst area 25%. c) Sinkhole area 90% and the karst area 10%. Natural breaks values from the
2013 CK-EHMP.

Number of Cells

Woodford County - Karst Hazard Scores
LiDAR Sinkholes - 24K KPI
50/50, 75/25, 90,10 percent ratios
400
350
300
250
200
150
100
50
0

373
275

53 44

284
206
73

220

187
1

17

1

Karst Hazard Potential

Figure 3.7. Woodford County with LiDAR sinkhole data and 24K KPI. Sinkholeto-karst area ratios of 50%/50%, 75%/25%, and 90%/10% show the number of
cells in each category as the weight of the karst area to the sinkhole area is
reduced. Natural breaks values from the 2013 CK-EHMP.

3.2.2

Bullitt County - 50/50, 75/25, and 90/10 Sinkhole-to-Karst
Assessment

Bullitt County has a similar shift in karst hazard potential as Woodford County
using the natural breaks values from the 2013 CK-EHMP. As the karst area percentage is
reduced from 50% to 10%, the potential shifts from high and severe to low and moderate
(Figures 3.8 and 3.9). As the karst area value as a percent of the overall score lowers, and
the original sinkhole area percentage increases, the overall hazard score decreases from
severe to moderate. Figure 3.9 shows an increase in the low hazard category of over 68%
as the karst area percent reduces from 50% to 10%.
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Figure 3.8(a-c). Bullitt County with three different sinkhole/karst ratios at 500K KPI and original sinkhole inventory. Levels are
assigned four values: low (dark green), moderate (light green), high (orange), and severe (red). a) Sinkhole area 50% and the
karst area 50%. b) Sinkhole area 75% and the karst area 25%. c) Sinkhole area 90% and karst area10%. In all three diagrams,
the severe (red) square(s) reported in the southwestern area of the county is a large reservoir, mistakenly categorized as a
sinkhole in the original sinkhole inventory. Natural breaks values from the 2013 CK-EHMP.

Number of Cells

Bullitt County - Karst Hazard Scores
Original Sinkholes - 500K KPI
50/50, 75/25, 90/10 percent ratios
800
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Figure 3.9. Bullitt County with original sinkhole data and 500K KPI. Sinkholeto-karst area ratios of 50%/50%, 75%/25%, and 90%/10% show the number of
cells in each category as the weight of the karst area to the sinkhole area is
reduced. Natural breaks values from the 2013 CK-EHMP.

In the LiDAR data, this reduction of hazard values is even more pronounced
(Figure 3.10) as the value of karst area percent is reduced from 50% to 10% the low
category increases by over 109% (Figure 3.11). This increase effectively eliminates any
hazard at the moderate, high, or severe categories. This shift in hazard categories is most
evident using the newer 24K KPI maps regardless of sinkhole inventories used for the
comparison. The natural breaks values for each category were selected to match the CKEHMP, 2013.
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Figure 3.10(a-c). Bullitt County with three different sinkhole/karst ratios at 24K KPI and LiDAR sinkhole inventory. Levels are
assigned four values: low (dark green), moderate (light green), high (orange), and severe (red). Original sinkhole inventory data
is light blue, and data from the KGS sinkhole catalog inventory is bright green. a) Sinkhole area 50% and the karst area 50%. b)
Sinkhole area 75% and the karst area 25%. c) Sinkhole area 90% and the karst area 10%. Natural breaks values from the 2013
CK-EHMP.
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Figure 3.11. Bullitt County with LiDAR sinkhole data and 24K KPI. Sinkhole-tokarst area ratios of 50%/50%, 75%/25%, and 90%/10% show the number of cells
in each category as the weight of the karst area to the sinkhole area is reduced.
Natural breaks values from the 2013 CK-EHMP.

3.2.3

Logan County - 50/50, 75/25, and 90/10 Sinkhole-to-Karst
Assessment

Logan County is shown with the 24K KPI values and the original sinkhole
inventory, and the 500K KPI map shows near identical results as the 24K KPI map. The
results in Logan County are similar to the other counties examined (Figure 3.12). As the
karst area percent decreases the hazard scores also decrease. At a 75% to 25% ratio, the
severe hazard level goes from 47% of the total number of cells to 5%, and the high
hazard level goes from 19% to 43% of the total number of cells (Figure 3.13). Using the
90% to 10% ratio the high drops from 43% of cells to 11%, and the low to moderate
hazard level become 88% of the total cells. The results are similar to the other counties
studied, indicating that karst area is a much more significant percentage of each 1-km2
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cell than sinkhole area percent and has greater significance on the karst hazard score.
Logan County has a similar decline in karst hazard potential with a change in the
sinkhole area to karst area weighting (Figure 3.13).
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Figure 3.12(a-c). Logan County with three different sinkhole/karst ratios at 24K KPI and original sinkhole inventory. Levels are
assigned four values: low (dark green), moderate (light green), high (orange), and severe (red). Original sinkhole inventory data
is light blue, and data from the KGS sinkhole catalog inventory is bright green. a) Sinkhole area 50% and the karst area 50%. b)
Sinkhole area 75% and the karst area 25%. c) Sinkhole area 90% and the karst area 10%. Natural breaks values from the 2013
CK-EHMP.
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Figure 3.13. Logan County with original sinkhole data and 24K KPI. Sinkholeto-karst area ratios of 50%/50%, 75%/25%, and 90%/10% show the number of
cells in each category as the weight of the karst area to the sinkhole area is
reduced. Natural breaks values from the 2013 CK-EHMP.

3.3

Density Assessment
3.3.1

Woodford County - Density
3.3.1.1 Woodford County - Sinkholes per Cell

Two different density methods are analyzed to test for karst hazard potential. First,
the density is studied using the same methodology as the Commonwealth of
Pennsylvania, counting the number of sinkholes in each cell and assigning a range of
values to determine hazard scores. Three values are used to delineate karst hazard
potential, 0 sinkholes (low), 1 to 10 sinkholes (moderate), and greater than 10 (high)
(Figure 3.14). In the case of Woodford County both the original sinkhole inventory and
the new LiDAR-based sinkhole inventory are evaluated (Figures 3.14 and 3.15). In the
low category, the sinkhole hazard dropped 24% in the LiDAR map, the moderate
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category just rose 7%, but the high category rose 120% overall (Figure 3.15). Figure
3.14b reflects the high category primarily in the western and southern areas of the county.
Comparing the LiDAR sinkhole data to the original sinkhole data, the LiDAR sinkhole
inventory has expanded the number of known sinkholes in that region indicating an
increased risk of karst potential. There is a notable decrease in the hazard associated with
karst when compared to Figure 3.1. This density calculation method ignores the area and
type of carbonate rocks present in Woodford County. This method assumes that a given
sinkhole is only within a single cell. However, some are in more than one cell.

Figure 3.14.(a-b) Woodford County - Density/cell with original sinkhole
inventory and LiDAR sinkhole counts separated into three hazard levels: 0
sinkholes (low), 1 to 10 sinkholes (moderate), and >10 sinkholes (high). KGS
sinkhole catalog data (bright green circles). a) Original sinkhole inventory in
light blue. b) The LiDAR sinkhole inventory in dark blue.
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Number of Cells

Woodford County Density - Sinkholes per Cell
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Figure 3.15. Woodford County – Density/cell with original and LiDAR sinkhole
inventories. Cell counts separated into three hazard levels, 0 sinkholes (green), 1
to 10 sinkholes (yellow), and >10 sinkholes (red).

3.3.1.2 Woodford County - Karst Area and Sinkholes per Cell
The second method used to analyze density utilizes the karst area and the sinkhole
counts as factors in generating karst hazard potential. In Kentucky, it is essential to
account for the types of carbonate rocks present to assess karst hazard (Figure 3.16a-b).
Looking at the values in Figure 3.17, the differences between the 500K KPI and 24K KPI
using the original sinkhole inventory are minimal. The differences between the 24K KPI
maps using the original sinkhole data (Figure 3.16b) and LiDAR sinkhole data (Figure
3.16b) are pronounced. The low category values are equal. However, the moderate
category drops 25%, from 211 to 158 cells. The increases in the high and severe levels
are matched by the decreases in low and moderate categories. The high category is
increased by 5%, and the severe category increases over 123%. Again this increase is
most evident in Figure 3.16b in the southern part of the county. The LiDAR data
increased the number of known sinkholes in this area compared to the original sinkhole
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data. Compared to the first density method, which has only three categories of hazard, the
second method moves the low hazard category to the moderate hazard category. The
influence of karst on the values introduces a noticeable change.
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Figure 3.16(a-c). Woodford County - Cell count with sinkhole count and karst area density values: low (dark green), moderate
(light green), high (orange), and severe (red). a) 500K karst area map and original sinkhole inventory. b) 24K karst area map and
original sinkhole inventory. c) 24K karst area map and LiDAR sinkhole inventory.
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Figure 3.17. Woodford County - The number of cells assigned to each karst
hazard score. Original sinkholes and 500K karst map (OS500K) not mapped in
Figure 3.12 since numbers are nearly identical to the original sinkhole inventory
and 24K karst map (OS24K). LiDAR sinkhole inventory and 24K karst map
(LS24K).

3.3.2

Bullitt County – Density
3.3.2.1 Bullitt County - Sinkholes per Cell

Using the number of sinkholes per cell for Bullitt County, the notable change is the
increase in the moderate and high hazard levels (Figure 3.18a-b). The increase in karst
hazard scores is a result of the increase in the number of known sinkholes between the
two sinkhole databases (Figure 3.19). One hundred twenty-five cells have an increase in
the sinks per cell counts, an increase of 108%. The increase in the severe level has
increased from 4 to 50 because of the additional sinkholes from LiDAR data. In Figure
3.18a, the maximum number of sinkholes in a cell is 19, but in Figure 3.18b the number
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rises to a maximum of 45 in a cell. The LiDAR data increases the average number of
sinkholes per cell from 2 compared to 0.4 for the original sinkhole database.

Figure 3.18. (a-b) Bullitt County - Density/cell with original sinkhole and LiDAR
sinkhole inventories. Sinkhole counts separated into three hazard levels: 0
sinkholes (low), 1 to 10 sinkholes (moderate), and >10 sinkholes (high). The
sinkhole inventories in blue. KGS sinkhole catalog (CurrensCoverCollapse) are
bright green circles. In the southwest corner of the county, a reservoir is
misidentified as a sinkhole in the original inventory.
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Figure 3.19. Bullitt County – Density/cell with original and LiDAR sinkhole
inventories. Cell counts separated into three hazard levels, 0 sinkholes (green), 1
to 10 sinkholes (yellow), and >10 sinkholes (red).

3.3.2.2 Bullitt County – Karst Area and Sinkholes per Cell
In the case of Bullitt County, the differences in density values when adjusted for
the karst area are significant. The 500K scale map does not indicate karst in a large
portion of the southwestern section (Figure 3.20a). When mapped to 24K the karst is
noticeable in both the original and LiDAR sinkhole maps (Figure 3.20b-c). The severe
category’s percentage change from the original sinkhole data to the LiDAR data is 12
times larger (Figure 3.21). This increase also better reflects the KGS sinkhole catalog. On
the LiDAR and 24K map, seven out of eight sinkholes from the KGS catalog history files
fall in either the high or severe category. On the original sinkhole map, only 4 out of 8
falls into the high category, and none are in the severe category.
However, the differences are almost all in the low to moderate categories (Figure
3.20a-b). There is a decrease of 61% in the low category and a 51% increase in the
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moderate category. The high and severe categories have almost no change. Moving to the
24K KPI map, using the LiDAR data moves both the high and severe categories from 114
cells total to 240 cells, an increase of 110%.
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Figure 3.20(a-c). Bullitt County - Cell count with sinkhole count and karst area density values: low (dark green), moderate (light
green), high (orange), and severe (red). a) 500K karst area map and original sinkhole inventory. b) 24K karst area map and
original sinkhole inventory. c) 24K karst area map and LiDAR sinkhole inventory.

Bullitt County Density - Sinkhole Count
and Karst Area per Cell
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Figure 3.21. Bullitt County – The number of cells assigned to each karst hazard
score..

At the 500K scale, 350 cells are shown as a low hazard, but at the 24K scale, that
number drops to 136, a 61% decrease (Figure 3.21). When mapped to the 24K scale, the
change from low at 500K is almost all increased to moderate with few increasing to high
and none to severe. Adding the additional sinkholes provided by the LiDAR dataset
moves the hazard up to high and severe by 64% and 1100% respectively (Figure 3.21)
3.3.3

Logan County – Density
3.3.3.1 Sinkholes per Cell

In Logan County, we only have the original sinkhole data (Figure 3.22). However,
Logan County has over 7000 sinkholes, 1.8 times as many as Bullitt County and 2.7
times as many as Woodford County (Figure 3.23).
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Figure 3.22. Logan County - Density/cell with original sinkhole inventory.
Sinkhole counts separated into three hazard levels: 0 sinkholes (low), 1 to 10
sinkholes (moderate), and >10 sinkholes (high). The original sinkhole inventory
is in blue. KGS sinkhole catalog sinkholes are bright green circles.
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Figure 3.23. Logan County - Cell counts separated into three hazard levels: 0
sinkholes (low) (green), 1 to 10 sinkholes (moderate) (yellow), and >10 sinkholes
(high) (red).
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3.3.3.2 Logan County - Karst Area and Sinkholes per Cell
The data from Logan County has minimal variation in the density map between the
500K KPI area and the 24K KPI area (Figure 3.24a-b). When adding in the karst data to
the density map, there is just a small change from low hazard to moderate. Overall, there
is just a 2% change in moderate hazard level and no change at all in the high or severe
levels (Figure 3.25). Looking at the maps in Figure 3.24, the sinkholes are noticeably
clustered in high enough numbers to create similar maps. The sinkhole density count map
(Figure 3.22), only having three categories compared to four in the karst area density
map, moves the low category into the moderate category, and the moderate category
shifts to the high category in Figure 3.24b.

Figure 3.24(a-b). Logan County - Cell count with sinkhole count and karst area
density values: low (dark green), moderate (light green), high (orange), and
severe (red). a) 500K karst area map and original sinkhole inventory. b) 24K
karst area map and original sinkhole inventory.
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Logan County - Sinkhole Count
and Karst Area per Cell
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Figure 3.25. Logan County - Cell count with sinkhole count and karst area
density values.
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Conclusions

4.1

Conclusions
The original sinkhole data is based on topographic maps with a variety of

resolutions that missed many smaller depressions and sinkholes. The KPI maps are based
on a 1:500,000 scale geologic map created in 1988, which is based on less than 500 data
points to define the carbonate bedrock. Starting with the 2013 CK-EHMP as a template,
we began investigating other possibilities for a more useful framework to determine karst
hazard on a county-wide basis. Using new data that was not previously available, such as
LiDAR sinkhole maps and geologic data from 1:24,000 scale maps, new hazard maps
were produced with the same criteria as the 2013 CK-EHMP. The data in the new maps
allow for the development of several different methods to look at karst hazard potential.
The first was testing various weighting scenarios of sinkhole area to karst area ratios. We
used the ratios to test for the sinkhole area's influence on the karst hazard scores. The
second was testing two density models used throughout the world and in the United
States. The first as a simple count of sinkholes in a pre-defined cell, and the second as a
count of sinkholes and the area of carbonate rock present in a cell. This study suggests
the following:
1. The 24K scale maps improve the definition of hazard potential at the county
scale with just the original sinkhole inventory available. The 24K map is an improvement
even without LiDAR sinkhole data available in every county.
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2. Combining the LiDAR data with the 24K KPI refines the karst hazard score.
Using both supports the idea that sinkhole clustering, along with the KPI values,
enhances the karst hazard scores.
3. The area-based assessment at 50% to 50% with both LiDAR data and 24K
geologic maps is a better indicator of karst potential than alternative ratios, such as 75%
to 25% and 90% to 10%. Increasing the weight percent of the sinkhole area to karst area
ratio did not improve the scores, and appeared to undermine the values. The percent of
the area represented by karst within each cell is significantly more than the area
represented by sinkholes.
4. Density seems to be the least reliable method for countywide 1-km2 maps,
especially the number of sinkholes per cell with no consideration of the karst area in the
cell. The lower reliability may be a result of sinkholes that cross cell boundaries possibly
being counted more than once, and not being counted as clustered with the right cell.

4.2

Future work
All 120 of Kentucky’s counties have a 1:24,000 scale geologic map available and

this map creates a better KPI map than the 1:500,000 scale map. Even with the
improvement in the 24K map, there are areas on the map that are listed as undivided or as
one entire formation, and this limits the ability to separate the units as individual
carbonate rock types. Geologic data needs to be enhanced to improve the reliability of the
karst hazard scores.
Currently, LiDAR sinkhole maps are only available for a limited number of
counties; as time and funding permit these maps should be expanded to include more
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counties. Karst features can and do change over time, through the filling of sinkholes,
repair of subsidence, or development altering the surface. All these actions remove the
evidence of karst features. LiDAR can collect current data to use on future developments.
Processing this future data may yield a clearer understanding of the relationship between
existing sinkholes and future sinkholes.
In this study, the hazard score breaks from the 2013 CK-EHMP were used to
evaluate area-based assessment results for the three counties. When the area-based
assessment is applied to entire Kentucky in the future, these breaks should be allowed to
be adjusted by the Jenks natural breaks method automatically.
The area-base assessment used linear combination of karst area and sinkhole area
for calculating karst harzad scores. Other means of combining the two areas should be
explored to better synergize their relative importance to the overall hazard. For example,
the ratio of sinkhole area to karst area is a good indicator of karst development, and
subsequently a potential alternative to the linear combination.
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