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1.1 Introduction to sinkholes
Sinkholes are an important geological hazard in many parts of the world. It mostly involves karst terrains,
but anthropogenic sinkholes can occur in many urban centres, due to the presence of cavities excavated by
humans below the towns (Parise, 2022). Due to the variety of events which has caused both casualties and
damages resulting in severe economic and societal consequences throughout the world, sinkholes have
attracted increasing attention by both scientist and the mass media. Major events such as: the Winter Park
sinkhole in Florida (USA) in 1981, the two sinkholes at Guatemala City in 2007 and 2010, and the clusters
of sinkholes along the Jordanian and Israeli shores of the Dead Sea, further increased the attention (Parise,
2022). The occurrence of such sinkholes in urban areas has greater pushed forward the growing interest in
the field, even though the cases of sinkholes in Guatemala City were linked to artificial cavities (Waltham
and Lu, 2007). Another event, in May 2012, China, a heavy rainfall event caused 41 sinkholes at Maohe
village. The event caused damage to 143 houses, out of which 69 collapsed, leading to 1830 people needing
to relocate (Lei, Jiang, & Guan, 2013). Though, sinkholes do present a great risk, in some regions, they are
also potential natural, educational, recreational, and cultural resources which should be both well protected
and managed.
1.2 Karst landscapes
Sinkholes can occur when karstic features are formed due to movement of rocks or sediments into voids,
generated by the dissolution of water-soluble rocks, carbonate and/or evaporite rocks. Evolving rock
dissolution and the underground drainage characterizes the karstic terrain (Oliver-Cabrera et al, 2022). Such
karst landforms are seen throughout the world where soluble rock is present at, or near, the surface. Several
landforms are associated with the karst landscape: karst depressions, caverns, disappearing streams, and
springs. These karst landscapes are unique due to much of the drainage occurring underground in conduit
systems which dissolved and formed over long periods of time as well as due to their instability, as to the
irregular, but common, formation of karst depressions when the land surface collapses (Brinkmann et al
2008). In many areas throughout the world karst landscapes is the dominating expression, as in southern
China, the Mediterranean fringe, parts of the Carpathian Mountains and many areas of the United States
(Brinkmann et al 2008). About 13% of the Earth’s surface is classified as karst terrain (Witze, 2013).
There are big differences between carbonate and evaporite karst systems, having significant influence on
sinkhole hazard (Gutiérrez, 2016), e.g., the solubility of calcite and dolomite compared to gypsum and
halite. The solubility of calcite (CaCO3) and dolotmite (MgCa[CO3]2) is usually lower than 0.1gL-1, whereas
the equilibrium solubilities of gypsum (CaSO4 2H2O) and halite (NaCl) in distilled water are 2.4gL-1 and
360gL-1. This results in faster dissolution in evaporitic regions, more frequent sinkholes, as well as the
subsidence rate may be greater. Gypsum and halite also have lower mechanical strength and a more ductile
rheology (Gutiérrez, 2016). Furthermore, the evaporites may see substantial mechanical weakening due to
rapid dissolution. Interstratal dissolution of the highly soluble salts in the evaporitic successions can cause
large subsidence depressions and sinkholes with high strain rates (Gutiérrez et al 2014).
The amount of sinkhole related damages has, in the recent years, shown a rising trend (Gutiérrez, 2010).
This is despite the significant improvement by the scientific community, regarding their ability to assess
sinkhole hazards and manage the associated risks. According to Gutiérrez, 2010, this distance, between our
capabilities and achievements, can be credited to four factors: (1) An increasing amount people and human
structures in karst regions; (2) Sinkhole development-contribution done by human activities have
progressively higher impacts, e.g., that of groundwater extraction, aquifer dewatering. Around 75% of the
damaging subsidence events, in China, are human-induced; (3) Large hydrological projects in problematic
karst regions; (4) Political and technical decisions made without sufficient understanding of karst systems.

2

1.3 Sinkhole formation and classifications
Many different sinkhole classifications exist, though, recent studies have proposed six genetic
classifications of sinkholes to cluster them into two groups (Gutiérrez et al, 2014). These cover the
subsidence mechanisms for both those occurring in the carbonate and those in the evaporite karst regions.
With this classification, two groups can be differentiated from the genetic perspective, subsidence sinkholes
and solution sinkholes, see Figure 1.

Figure 1. Genetic classification of sinkholes. The subsidence sinkholes are defined by the material
impacted in the downward displacement and subsidence mechanism. The pattern in the bedrock shows
the rock types where the different subsidence mechanisms are mostly found - (Gutiérrez et al 2014)
Solution sinkholes are formed by differential corrosional lowering of the ground surface where bare karst
is found (Gutiérrez, 2016). Furthermore, infiltration water in the epikarst flows laterally to higher
permeability zones, resulting in self-accelerating dissolution. These sinkholes often have clay-rich residual
deposits in the floor and are likely to see occasional flooding, but rarely ground stability issues. Subsidence
sinkholes describes a wide spectrum of sinkholes, all generated by subsurface dissolution and deformation
and/or internal erosion of destabilized overlying material (Gutiérrez, 2016). From a hazard perspective, the
subsidence sinkholes are those of greatest importance, as they involve deformation of the ground. These
subsidence sinkholes are described using two terms, the first indicating the type of material impacted in the
downward displacement (cover, bedrock, or caprock), while the second refers to the subsidence mechanism
(collapse, sagging, or suffosion) (Gutiérrez et al, 2014), see Figure 1. Collapse is the deformation of soil or
rock material through development of failure planes or brecciation. Sagging is the ductile flexing, bending,
of sediments due to a lack of basal support. Downward migration of cover deposits with progressive settling
of the surface is referred to as suffosion. As for the materials, cover refers to unconsolidated allogenic
deposits or residual soil mantle, bedrock and caprock to karst and non-karst rocks, respectively. Most
developments of subsidence sinkholes involve multiple mechanisms affecting different materials. These
sinkholes can then be described using different combinations of the proposed terms (Gutiérrez, 2016).
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Collapses are usually catastrophic, sagging slow and gradual, while suffosion can be very rapid. For
adequate hazard assessment as well as the design of mitigation measures, a correct identification of the
sinkhole typology is significant.
Controlling the karstification of evaporites and carbonate are four main geological factors
(Gutiérrez, 2016): (1) The composition of the karst rocks as well as the neighboring lithology: (2) Structure
and texture of the karst rocks: (3) The amount and physio-chemical properties of the water flowing at the
soluble rock, as e.g., the solubility of carbonate rocks depends on the pH of the water, usually determined
by dissolved CO2 from the soil and air. Furthermore, mixing and temperature changes can cause renewed
aggressiveness in the groundwater: (4) The hydrogeological and hydrodynamic conditions, as e.g.,
transitioning from laminar to turbulent flow significantly increases the dissolution rate, due to the thinning
of the diffusion boundary layer. These processes causing the development of subsidence sinkholes are
sometimes activated or accelerated by either natural or anthropogenic influences on the karst environment
(Gutiérrez, 2016). According to recent scientific research, the main anthropogenic cause of sinkhole
development, are aquifer exploitation and mining-related dewatering, resulting in lowering of the water
table. Furthermore, according to the recent research, the negative impacts of groundwater pumping on the
sinkhole hazard, will continue to rise in the near future, particularly in regions of drylands, as those of the
Middle East (Taheri et al, 2015, Youssef et al, 2015). Potential effects of lowering the groundwater include,
increase groundwater velocity, loss of buoyant support, and the replacement of phreatic flows by downward
vadose flows, increasing the capability for internal erosion. The last being of particular importance in case
the water table gets below the rockhead (Gutiérrez, 2016). According to Newton (1984) more than 4,000
sinkholes resulted from groundwater withdrawal in Alabama (USA), since 1900. Furthermore, in 2013,
Florida (USA), Aurit et al, found good correlations between freeze events, strawberry farming regions, and
sinkhole occurrence. In this case, sinkholes were observed to be triggered by the water level drops due to
groundwater pumping for the sprinkler irrigation of strawberries.
1.4 State of research
Research on sinkhole formation has been conducted for more than a century, with Austrian geologists first
using the term “doline”, the original term for sinkholes, “sinkhole” being the commonly used term, initially,
in North America (Sweeting, 1972). In 1893, the Serbian geographer Cvijić published the book “Das
Karstphänomen” dedicating half the book to sinkholes. He characterized three types of sinkholes: funnelbowl-, and well-shaped. In 1972, Sweeting published a book, now considered to be the foundation of
modern karst geomorphology, also investigating sinkholes. Another key contribution to sinkhole
investigation was the creation of the Sinkhole Research Institute in Florida and introduction of international
sinkhole conferences, led by Dr. Beck, both in 1984 (Beck, 1991). Since then, several institutions have
developed karst and sinkhole databases, primarily incorporated in Geographical Information Systems (GIS)
(Parise & Vennari, 2013). E.g., the British Geological Survey has constructed a national karst database with
five different types of soluble rocks: dolomite, chalk, salt, limestone, and gypsum (Farrant & Cooper, 2008).
The British database is now used to develop sinkhole susceptibility models, by a scoring system. These
databases, and what models that can be derived from these, can be crucial tools to help make sinkhole
hazard assessments, decision-makers manage karst areas, to try to minimize environmental challenges.
Multiple surface and subsurface investigation methods exists, e.g., LIDAR (Light Detecting and Ranging,
InSAR (Synthetic Aperture Radar Interferometry, Microseismicity, and are needed, due to the difficulties
identification and precise mapping of karst and sinkholes pose (Gutiérrez, 2016).

4

2.1 Approaches towards sinkhole hazard assessment
Over the past few decades, research into natural hazard assessments have resulted in a number of models
and methodologies in order to understand the mechanism of the natural processes, minimising the advert
effects on our living planet. From the review of the several existing environmental hazard approaches, and
associated literature, the methods can be divided into three categories; 1) qualitative, 2) semi-quantitative
and 3) quantitative approaches (Galve et al, 2009; Galve et al, 2008). Choosing one of those approaches is
highly dependent on the purpose of a given research.
The same approaches have been applying in karst landscape for different purposes including sinkhole risk
reduction planning. Effective environmental management efforts in the karst lands require two underlying
factors: 1) identification of the existing sinkholes in a given area (sinkhole inventory); and 2) detection of
the areas in which new sinkholes are likely to occur (sinkhole hazard maps) (Gutiérrez et al, 2008; Galve
et al, 2009). From the academic reviews, it is highlighted that different approaches have been adopted by
different authors aimed at assessing sinkhole hazard. These existing approaches are mainly based on
deterministic, probabilistic, and heuristic models. In the table No.1, we have briefly summarised these
approaches (for more information see: Galve et al 2009).
Deterministic models, built on geometrical suppositions or stability analyses assess the degree of stability
at particular points. Apart from not considering the complex mechanism of subsidence processes,
deterministic approaches require numerous parameters, which usually make these models time consuming
and costly. As a result, it is not considered as a suitable method to apply for broad areas. The next approach
is producing a hazard map based on sinkhole density, which only considers the spatial distribution of
sinkholes in a specific area. The idea is simply as follows: the greater number of sinkholes in an area, the
more the area is prone to sinkhole formation (Lindsey et al, 2010).
Another possibility to produce sinkhole hazard maps is using the distance of each sinkhole to the nearest
ones, which in the present research we will look into it in detail. This method called Nearest Neighbour
Analysis (NNA) may be used to predict whether new sinkholes tend to occur in the vicinity of the previously
existing ones (Clark et al, 1954; Gao et al., 2003, Galve et al, 2009). Moreover, there are other indirect
methods incorporating conditioning factors. They are divided into two groups: 1) heuristic (application of
a scoring system to a group of conditioning factors) and 2) statistical or probabilistic (statistical
relationships between the known sinkholes and a group of conditioning factors). In this regard, Jiang et al.
(2005) expanded the sinkhole hazard assessment to a national scale and applied the Analytic Hierarchy
Process (AHP) to develop a relative sinkhole risk map for the whole of China. Taheri et al. (2015) also
produced a sinkhole susceptibility model in a GIS environment applying the AHP approach and considering
a selection of eight contributing factors for sinkhole formation. In the following paragraphs, we will discuss
the two main approaches towards the spatial sinkhole hazard assessment, namely NNA and AHP.
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Table 1. A review of existing method for assessing sinkhole hazard (adopted from Galve et al, 2009)

Existing methods
Summary
Weaknesses
Deterministic
models Assess the degree of stability at specific - Requiring numerous parameters
(Stability analyses or points
- Difficult and expensive to obtain
numerical models)
- Generally based on geometrical
suppositions
Do not consider the frequent complexity
of subsidence processes
- Not suitable for large areas
Susceptibility zonations
based on expert criteria

susceptibility maps based Some researchers have transformed
on the spatial distribution sinkhole density maps into susceptibility
of the sinkholes
maps.
the idea is the more number of sinkholes
in an area, the more the area is prone to
sinkhole formation
Nearest
neighbour Provides a nearest neighbour index
distance (susceptibility (NNI), quantifying the degree of
zonations
using
the clustering-dispersion of the sinkholes.
distance of each point to
It can be used to test whether the new
the nearest sinkhole)
sinkholes tend to occur in the vicinity of
the previously existing ones or not
The
production
of
detailed
geomorphological maps is the key step
for the generation of these models.
The models can be constructed in a
simple and rapid way without applying
complicated statistical procedures.
Can be constructed from sinkhole
inventories for any karst area
Indirect
methods This method is divided into two models:
incorporating
1) heuristic (scoring system to a group of
conditioning factors.
conditioning factors)
2) statistical or probabilistic (statistical
relationships between the known
sinkholes and a group of conditioning
factors)
Probabilistic models may be
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High degree of subjectivity
Needs to be provided by an expert with a
good knowledge of the study area and the
related phenomena

They may not identify satisfactorily
sinkhole alignments.

The models are limited by the availability
of data on the conditioning factors (can be
different from area to another)
Some of the data of conditioning factors
are difficult and expensive to obtain due to
their subsurface nature.

Existing methods

Summary

Weaknesses

used to forecast the impact of changes in
the conditioning factors on the
development of sinkholes; they are good
to assess landslides.

2.2 Nearest-Neighbour Analysis (NNA)
Several studies have examined the probability of the existing and future sinkhole zones using the nearest
neighbour method (Hyatt and Jacobs,1996; Galve et al,2009, among many). Usually, this model is derived
from sinkhole inventories. In this model, the highest hazard zone corresponds to the minimum distance and
the lowest to the maximum distance (Galve et al,2009).
The spatial distribution of many geologic features can be treated as a pattern of points on a map. The pattern
of points can be then classified into three categories 1) clustered, 2) random, and 3) regular. Applying NNA
method, Hyatt and Jacobs (1996) observed that the distribution of the sinkholes in Albany, Georgia in the
US, tend to be more clustered which then they used this information for further prediction analyses. Nearestneighbour analysis provides an objective method for distinguishing among these spatial distributions. This
is done by comparing the average observed distance between features and their nearest neighbour to an
expected or theoretical average distance between nearest-neighbour points in a distribution generated by a
random process (Clark et al, 1954).
The nearest neighbour distance is defined as the straight-line distance between a point and the closest next
point. Yet, this method like many others is not exceptional from having drawbacks. The method is totally
based on patterns in the data, without any specific “statistical model” that must be evaluated. In fact, the
nearest neighbour methods do not rely on any “models” at all but instead simply use the existing data to
“predict” new observations (Miner et al,2012). Despite its drawbacks, NNA is placed among one of the
most reliable methods in the domain of sinkhole hazard assessment.
The study done by Galve et al (2009) examined some different approaches including NNA, simultaneously,
aimed at the selection of the best prediction method. They studied multiple sinkhole hazard models for each
of the three selected sinkhole types independently in three study areas of the Ebro Valley evaporate karst
(NE Spain). The mentioned study is the more complete thus far, as it compared the nearest neighbour
distance, sinkhole density, heuristic scoring system and probabilistic approaches to obtain reliable results.
The reliability of the models based on sinkhole density and proximity was conditioned by the degree of
clustering of sinkholes. The nearest neighbour distance and sinkhole density were assessed as the most
reliable sinkhole hazard models. The following paragraphs explains the statistical procedure of the method,
which has been derived and summarized from Clark et al, 1954.
Step 1: Define the distribution of the features of interest as a pattern of points.
Step 2: Select a representative study area within the total population of points. This study area is generally
a square or quadrat large enough to enclose 30 or more points.
Step 3. Number each feature within the study area and measure the distance to each feature’s nearest
neighbor.
Step 4. Calculate the mean of the measured or observed nearest-neighbor distances (dobs).
Step 5. Calculate the density (ρ = N / A) of points within the study area – the number of points (N) divided
by the area (A).
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Step 6. Compare the observed mean nearest-neighbour distance (dobs) to the expected values for the various
types of distributions. The expected values for the various types of distribution are dependent upon the
density of points (ρ) within the study area.
• Random: the expected mean nearest-neighbor distance is given by:
dran = 1 / (2 • ρ½)
• Clustered: in the most extreme case the expected mean neatest-neighbor distance
will be zero.
• Uniform: the mean distance between nearest neighbors will be maximized in a
hexagonal pattern where each point has six equidistant nearest neighbors.
In this case the expected mean nearest-neighbor distance is given by:
duni = 1.0745 / ρ½
STEP 7. The comparison mentioned in step 6 is best accomplished the calculation of the nearest-neighbor
index (R), given by:
R = dobs / dran
If the mean of the measured nearest-neighbour distances (dobs) approaches zero, then the nearest-neighbor
index (R) will approach 0.0, indicating tight clustering within the point distribution. If the mean of the
nearest-neighbor distances (dobs) approaches the theoretical maximum value (duni), then the nearestneighbor index (R) will approach 2.15 (1.0745 / 0.5), indicating a uniform distribution of points. For
random point distributions the nearest-neighbor index (R) will have a value of 1.0.

2.3 Analytical Hierarchy Process (AHP)
A high majority of researchers have long focused on direct hazard mapping zonation built on expert criteria
(i.e., Rosdi et al, 2017; Jiang et al. 2005; Taheri et al, 2015; Gao and Alexander,2008). There are some
disadvantages of these sinkhole maps, which include having a high degree of subjectivity and requiring
knowledgeable experts to be well aware of the hazard and the study area (Galve et al, 2009). The other
limitations would be the availability of data on the conditioning factors, some of which are difficult and
expensive to obtain due to their subsurface nature. Yet, the benefit of the AHP technique is its ability to
easily break down a problem into a hierarchy (Taheri et al, 2015). Here, we will briefly explain the method.
The AHP is one of the most popular and widely used multicriteria methods addressing complex decisions.
The technique is employed for ranking a set of alternatives or for the selection of the best in a set of
alternatives. The evaluation process yields opinions based on pair-wise comparisons hence it is an ideal
technique for decision making involving multiple choices. In other words, in this approach, you have a set
of criteria, which should be priorities by pair-wise comparisons. The importance of the decision is directly
linked to the weight of a criterion (table 2). For example, a preference of the weight 1 means that two subindicators are equal, whilst 9 implies that the sub-indicator carries nine times more importance with respect
to that which is being compared (Saaty,2008). AHP utilizes the required weights, and assigns a weight to
each criterion against each of the other criteria. The selection of the variables (criteria) considered to be
more significant for each study area based on the expert’s knowledge on a given phenomenon, here
sinkholes.
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In sinkhole hazard assessment those criteria are attributed to the causal factors contributing in sinkhole
formation. Basically, the main contributing factors are as follows (Galve et al, 2008):
 Topography
 Geomorphology
 Geology
 Hydrogeology,
 Hydrochemistry and human activity of the study areas.
Table 2. Saaty’s scale for pairwise weight assignment (Saaty,2008)

In summary, the following procedure is used for the AHP method:








Defining scenarios which describe the problem
Defining effective factors and categorizing them into homogeneous categories
Structuring the categories into a hierarchical structure
Creating the matrix for pair-wise comparisons
Determination of the final way using expert choice software
Applying consistency and sensitivity analysis over the AHP results
Hazard evaluation

3.1 Sinkhole susceptibility mapping in Marion County, Florida – Case study
In 2019, Subedi et al., conducted a study, mapping sinkhole hazards in Marion County, Florida, US, using
the AHP method. Of almost 18% of the total area of the US, underlie soluble rocks, and from 2000-2014,
sinkhole related damage costs were estimated to be at least 300 million dollars per year (Subedi et al. 2019).
Due to Florida’s shallow carbonate deposits, which are prone to dissolution by circulating groundwater, it
is highly susceptible to sinkhole activity (Oliver-Cabrera et al, 2022). Between 2006-2010, sinkhole related
claims increased 3-folds, in the state of Florida, as the state saw about 25,000 sinkhole insurance claims.
Though, it is not solely the economic challenges the sinkholes pose to the state, as over 10 million people
rely on groundwater. The groundwater of Florida can be affected by surface water flowing into the aquifers
without filtration and contaminating the waters, as a result of sinkhole activity. The sinkholes form
naturally, but due to the accelerated use of groundwater, the land resources, and a high precipitation rate,
an increase of sinkhole occurrence is observed in Florida (Oliver-Cabrera et al, 2022). Anthropogenic
structures promoting pond formation, interfering with the runoff and drainage pattern, and leakage from
9

sewer systems and septic tanks are likely to be the course of this acceleration (Subedi et al. 2019). Subedi
et al., (2019) utilized more than four decades of sinkhole incidence data, for central Florida, to generate a
spatially explicit map of sinkhole susceptible areas. The group looked to improve the model calibration and
provide information for further optimizations of the AHP method, demonstrating the advantages and
potential limitations of the method.
3.2 Study area
The study area of Subedi et al., (2019) was the Marion County, North-Central Florida. It is a densely
populated county, with an annual mean temperature of 21.8o and annual mean precipitation of 1290mm. It
is estimated that almost 1/3 of the population of in Marion County is living under immediate threats of
sinkholes, as well are about 32.000 building structures (Florida Community Affairs, 2005). It is then critical,
to identify potential areas susceptible to sinkholes, to prepare strategic land-use guidelines and hazard
responses, to help minimize losses of both structures and lives.

3.3 Application of the AHP method in Marion County, Florida
3.31Data identification
Conducting the AHP method, Subedi et al (2019) produced a sinkhole hazard map in Marion County,
Florida. In addition to the sinkhole inventory data, five main predisposing factors, which are contributing
to the sinkhole formation specifically in the area were selected. These causal factors; which have been
chosen from both natural and anthropogenic origins, are as follows: 1) proximity to closed topographic
depression (karst topography), 2) surficial geology, 3) soil permeability, 4) proximity to the flow
channels/drainage networks, and 5) the proximity to the active mines. For all these criteria, several subcriteria were assigned (Table 3). In the following paragraphs, we describe each criterion and their subcriteria in short (fig 2).
1) Distance from topographic depressions: Closeness to topographic depression has been related to
sinkhole occurrence in previous studies. Seven classes have been defined as, 0–100, 100–200, 200–
400, 400–600, 600–800, 800–1600, and >1600 m.
2) Surficial geology: Earlier in the introduction section, the importance of the geological condition
in the formation of natural sinkholes was mentioned. Therefore, this is a critical criterion for
sinkhole hazard assessment especially in karst areas. Eight geological types present in the surficial
geology data layer were chosen as sub-criteria: Ocala limestone (LS), Coosawhatchie formation
(FM), Undiferentiated tertiary-quaternary (TQ) sediments, Undiferentiated, Cypresshead formation
(FM), Hawthorn formation (FM), Holocene sediments, and Beach ridge & dune.
3) Soil permeability: Research shows that there is a linear relationship between the time for soil
surface collapse and soil permeability in a simulated sinkhole study. Five classes were allocated to
this criterion namely 0–23, 23–75, 75–119, 119–163, and 163– 200 in/hr.
4) Distance from flow lines: Irrigation networks and hydrologic flow channels are important
predictors of cover-collapse sinkholes. The current research observed higher sinkhole occurrence
near the hydrological flow networks. The distance was classified into five classes: 0–200, 200–400,
400–800, 800–1600, >1600 m.
5) Distance from active mines: For Marion County, the cumulative distribution function of sinkholes
showed a linear increase up to 8000 m from active mines. We manually reclassified the distance
from active mines layer into five sub-criteria: 0–2000, 2000–4000, 4000–6000, 6000–8000,
>8000m.
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Figure 2. Data layers and subclasses: (a) soil permeability (in/hr), (b) Distance from hydrologic networks (m),
(c). Distance from active mines (m), (d) Surfcial geology, and (e) Distance from closed topographic
depressions (m).

3.32 Pairwise comparison, decision matrix, and relative weights.
Using Saaty’s comparison scales (table 1), they provided pair-wise comparison matrix by scoring the
prevalence of one data layer or sub-criteria over the other in contributing sinkhole formation with the use
11

of subjective judgment. Having normalized the weights prior to assignment to the data layers and subcriteria, the logical consistency of the pair-wise comparison between the data layers and sub-criteria was
evaluated by the consistency ratio defined as:
Equation (1)
Equation (2)

Where CI is the consistency index; λmax (equation 2) is the largest or principal eigenvalue of the pairwise
comparison matrix, and n is the order of the matrix. CI=0 for matrices corresponds to the complete
compatibility and large values for CI indicate that the consistency of the matrix becomes worse. The relative
weights of the sub-criteria and data layers are shown in the table 3.
For the sinkhole hazard mapping, after having calculated the weights, with the use of ArcGIS 10.3.1
software, the equal interval approach was used to classify the resulting map into five classes representing
very low, low, medium, high, and very high hazard for the formation of sinkholes. Flow chart of the AHP
method is provided in Fig.3.

Figure 3. The flowchart of hazard mapping using the AHP.
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Table 3. Pairwise comparison matrices and the obtained weights of sub-criteria and data layers. Where, λmax is the
principal eigen value; C.I. is the consistency index; and C.R. is the consistency ratio.
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3.4 Discussion and Conclusion.
The pairwise comparison matrix for the sub-criteria and data layers for predisposing factors (table.4)
resulted in the highest weight to surficial geology (0.426) followed by closeness to topographic depression
(0.322), soil permeability (0.147), distance to flow channels (0.063), and distance to active mines (0.042).
The AHP approach resulted in a hazard map with about 20.4% of the study area falling in very high hazard
class. High hazard class covered almost 23% of the study area. Very low, low, and medium classes covered
about 55.4% of the total area.

Figure 4. Sinkhole hazard map for the study area applying AHP method.
The AHP model of sinkhole hazard mapping suggested that urban areas, agricultural areas, and transport
utilities had higher potential for sinkhole activity in the study area. The distribution of existing sinkholes is
primarily concentrated in the Ocala area and along major highways. The U.S. Census Bureau estimated that
almost 59,110 people lived in 26,081 housing units with the median housing value of $120,700 in Ocala
city in 2017. 7. As a result, a significant risk of sinkhole-associated loss of property and lives exists for this
part of the study area. The two factors such as, the pressure of urban water consumption on the aquifer or
the presence of carbonate and dolomitic geology are likely the reasons of the location of sinkhole hazard
zones.
3.5 Summary
Sinkhole formation and the damages therefore, are a major concern for Florida due to the high area of karst
topography, land-use, and groundwater extraction. Their formation is a massive economic burden as well
as ecological, and for Marion County, it is no different. In 2019, Subedi et al., used the AHP method to
create a sinkhole hazard map, of Marion County. They utilized long-term sinkhole incident report datasets
14

as well as selecting five main predisposing factors, contributing to sinkhole formation of the area: 1)
Distance from topographic depressions, 2) surficial geology, 3) soil permeability 4) distance from flow
lines, and 5) distance from active mines. Using Saaty’s comparison scales, Subedi et al. (2019), provided a
pair-wise comparison matrix for the sub-criteria and data layers for the predisposing factors. The
comparison matrix showed the factor with the highest weight being that of surficial geology (0.426).
Following, the equal interval approach was used to classify the resulting map into five classes, very low,
low, medium, high, and very high hazard for formation of sinkholes. The resulting hazard map showed
areas susceptible to very high and high sinkhole incidents cover about 44% of the total area, 20.4% of these
falling in the very high hazard class. One part of the study area, that was especially at risk, was the Ocala
area where according to the U.S. Census Bureau, almost 59,110 people lived in 26,081 housing units with
the median housing value of $120,700 in Ocala city in 2017. The AHP model of sinkhole hazard mapping
suggested that urban and agricultural areas as well as transport utilities had a higher potential for sinkhole
activity. Lastly, the report concluded that the pressure of urban water consumption and/or the presence of
carbonate and dolomitic geology are likely to be the reasons of the locations of sinkhole hazard zones.
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