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Abstract

Sinkholes constitute the principal geologic hazard in central
Florida. Local hydrogeology is recognized as an important
factor in their formation. We use a GIS to investigate the spa-
tial relationships between hydrogeology and sinkhole forma-
tion near Orlando, Florida. Landsat T™™ imagery, digital to-
pography, and well data are used to construct a model of the
head difference between a discontinuous set of surficial aqui-
fers and the Floridan aquifer, a regionally extensive confined
aquifer. This model is quantitatively compared to a buffer
model of distance to nearest sinkhole constructed from a da-
tabase of collapse events. Sinkhole occurrence is positively
associated with regions where the head difference is between
5 and 15 m. In these regions, sinkholes are more common
and more closely spaced than expected. In contrast, sink-
holes are less frequent and farther apart than expected in
regions of low head difference. This association of sinkhole
proximity to high head difference demonstrates the impor-
tance of hydrostatic loads in sinkhole hazard.

Introduction

Central Florida is well known for its numerous karst lakes
and landforms. Sinkholes are ubiquitous features of karst ter-
raines and constitute a major geologic hazard in central Flor-
ida. The term ‘“sinkhole” refers to an area of localized land-
surface subsidence, or collapse, due to karst processes, which
results in a closed circular depressions of moderate dimen-
sions (Monroe, 1970; Sweeting, 1973; White, 1988). Sink-
holes are formed by the subsidence or collapse of surficial
material into subsurface cavities in regions underlain by
limestone and other rocks susceptible to dissolution by
ground water. They typically form funnel-shaped depressions
ranging in size from meters to hundreds of meters. Although
many sinkholes form by processes of progressive subsidence,
formation by catastrophic collapse is common and, because
of its inherent suddenness, is a major geologic hazard. Both
sudden and progressive formation of sinkholes damages
roads, bridges, power transmission lines, pipelines, build-
ings, and farmland, and results in massive financial losses to
society. For example, a single collapse event, the Winter
Park, Florida sinkhole of May 1981, caused over 4 million
dollars in damages (Jammal, 1982). Between 1970 and 1980
sinkhole-related damages in the U.S. alone exceeded 200
million dollars (Newton, 1987), and global damages over the

D. Whitman and L. Powell are with Florida International
University, Miami, Florida 33199 (whitmand@fiu.edu).

T. Gubbels is with Raytheon Systems, Landover, MD 20774.

PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING

past 25 years probably exceed 1 billion dollars, as sinkhole
development affects approximately 15 percent of the world
(Wilson and Beck, 1992).

Existing studies of sinkhole hazards have traditionally
been the province of civil engineers, geologists, and hydrolo-
gists accustomed to working at local scales (e.g., Benson and
La Fountain, 1984; Wilson and Beck, 1988). New remotely
sensed data sets and computer-based techniques developed
during the 80s and 90s have opened the opportunity for
more synoptic study of the sinkhole hazard. The resolutions
of commonly available satellite imagery — 30 m for Landsat
T and 10 m for SPOT — impose firm limits to the detection
of small natural objects such as sinkholes, and this scale lim-
itation prevents their use for direct local or regional mapping
of sinkholes. Instead, these data sets offer potential for un-
derstanding sinkhole collapse hazard by permitting the direct
synoptic spatial analysis of such related phenomena as to-
pography, surface hydrology, and land use. Comparison of
these data with an independently derived historical sinkhole
occurrence database allows questions of sinkhole hazard to
be addressed on a regional scale.

This study demonstrates the utility of computer visuali-
zation and geographic information system (GIS) software for
investigating the triggering phenomena of geologic hazards.
A GIS provides the ability to organize, visualize, and merge
spatial datasets from different sources and allows quantita-
tive spatial analysis and predictive modeling of these data. In
this study, these tools are used to examine some of the re-
gional geologic phenomena that influence the sinkhole haz-
ard in central Florida. In particular, we examine the spatial
interrelationships between hydrostatic heads of a surficial
and a confined aquifer system and the locations of reported
sinkholes in central Florida.

Regional Setting

The study area lies adjacent to the rapidly growing Orlando
metropolitan area and includes parts of Lake, Orange, and
Seminole counties, covering approximately 3500 km? The
most distinct physiographic features are the sand covered
Lake Wales, Mt. Dora, and Orlando ridges (Figure 1). These
ridges are relict coastal features and correspond to the areas
of greatest unconsolidated sediment thickness (Lichtler et al.,
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Figure 1. Generalized physiographic map of the study
area near Orlando, Florida. Areas of high topography are
indicated in the stippled pattern, intermediate topography
in the dashed pattern, and lowest topography in white.
Sinkholes indicated by crosses are from the Florida Sink-
hole Research Institute database (Spencer and Lane,
1995). Physiographic provinces are modified after White
(1970).

1968; White, 1970). Elevations range from 30 to 94 m (Figure
2). The topographic ridges serve to localize the first-order
peninsular drainage divides and form the boundaries for the
Saint Johns, Kissimmee, and Withlacoochee river drainage
basins. The ridges are surrounded by the lower relief Lake
Upland and Osceola Plain. The Central Valley lies between
the sandy ridges and is occupied by several large shallow
lakes, including Lake Apopka. The lowest elevations in the
study area correspond to the Wekiva basin and St. Johns
River valley.

Viewed from space, the most prominent surface feature
of the study area are lakes (Figure 3). There are approxi-
mately 1500 discrete lakes in this region, the namesake for
Lake County. These lakes cover over 600 km?, or 17 percent
of the surface area. In places, groups of lakes are localized by
and aligned along the sandy ridges (Figures 2 and 3). Most of
these lakes occupy solution depressions. These solution de-
pressions are distinct from recent sinkholes; they generally
are much larger and have formed over much greater lengths
of time (possibly up to millions of years). There is a general
absence of surface drainage. Where streams are present, the
drainage pattern is disorganized. Rather than form surface
runoff, rainfall within this region infiltrates the subsurface.
This area thus forms an important recharge region for the un-
derlying aquifers (Lichtler et al., 1968).

The Florida peninsula is underlain by an extensive sys-
tem of aquifers contained in Cenozoic limestones and clastic
sediments (Table 1). In the study area, three distinct hydros-
tratigraphic units exist: Floridan Aquifer, the Intermediate
Confining Unit, and the Surficial Aquifer System (Florida Ge-
ological Survey, 1986; Miller, 1986; Miller, 1997). The Flori-
dan is a regionally extensive aquifer system situated within a
thick sequence of Paleocene to early Miocene age limestones
which have been subjected to extensive dissolution and cav-
ity formation. The Floridan aquifer provides the principle
municipal and agricultural water supply for much of central
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Figure 2. Topography of the study area. The digital eleva-
tion model was produced from USGS 7.5-minute topo-
graphic contour maps (see text). Horizontal resolution of
the DEM is 30 m. Elevations are relative to NGVD 1929.

and northern Florida. Spatial and temporal variations in its
potentiometric surface are often related to groundwater with-
drawal.

In the study area, the Floridan aquifer is capped by Mio-
cene age, variable thickness, low permeability clay rich clas-
tic sediments of the Hawthorn group. This unit acts as an
aquitard and forms the intermediate confining unit of the

81.5°

Figure 3. Landsat Thematic Mapper image of the study
area. Image is from band 5 of a path 16, row 40 image
acquired on 12 January 1986. Horizontal resolution is
28.5 m. The Orlando metropolitan area lies in the south-
east quarter of the image.

PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING




TasLE 1.

GENERALIZED STRATAGRAPHIC AND HYDROGEOLOGIC UNITS, ORLANDO, FLORIDA REGION. STRATIGRAPHY IS FROM LICHTER £7 AL (1968) AND JOHNSON

(1979). HyproGEOLOGIC TERMINOLOGY FROM FLORIDA GEOLOGIC SURVEY (1986).

Thickness

Series Stratagraphic Unit (m) Hydrogeologic Unit Lithology
Holocene Plio-Pleistocene  Alluvium and terrace 0-50 Surficial Aquifer System Undifferentiated quartz sand, and

deposits shell beds with some clay
Miocene Hawthorn Group 3-50 Intermediate Confining Clayey sand and silt, phosphatic

Unit sand, some limestone
Eocene Ocala Group 0-30 Upper Floridan Aquifer Granular, porous limestone
Avon Park Limestone 100-180 Some dolomitic limestone

Floridan aquifer. It varies in thickness from less than 15 m
in the southwest and northeast corners of the study area to
over 50 m beneath the southern Mt. Dora Ridge (Murray and
Halford, 1996). The Hawthorn is covered by variable thick-
ness, permeable, undifferentiated sand, silt, and shell beds
which range in age from Pliocene to Holocene, These units
are generally thickest beneath the topographic ridges and
form a set of unconfined, discontinuous aquifers known as
the surficial aquifer system. Because of its general low pro-
ductivity and poor water quality, this aquifer system is rarely
used for potable water supplies and, in contrast to the Flori-
dan, the water tables of these surficial aquifers are more di-
rectly influenced by changes in rainfall, runoff, and land use.

Because large areas of the state are underlain at rela-
tively shallow depths by carbonate bedrock, sinkholes are
widespread in Florida (Schmidt and Scott, 1984; Upchurch
and Randazzo, 1997). During the 1980s, the Florida Sinkhole
Research Institute (FSRI) at the University of Central Florida
compiled an excellent computerized inventory of new sink-
hole occurrence in the state of Florida (Wilson and Beck,
1992; Spencer and Lane, 1995; Wilson and Shock, 1996).
This database contains over 1900 reported sinkholes occur-
ring between 1960 and 1991 and includes information on lo-
cation, date of occurrence, dimensions, and hydrogeologic
setting for each sinkhole. The study area contains 226 re-
ported sinkholes from the FSRI database (Figure 1). The ma-
jority of these sinkholes occur in the eastern half of the study
area on or adjacent to the Mt. Dora and Orlando Ridges.

Most of the sinkholes within the study area form due to
cover collapse (Sinclair and Stewart, 1985). Cover-collapse
sinkholes occur where the limestone is covered by clay-rich
(Hawthorn group) sediments with sufficient cohesion to bridge
cavities in the limestone. These sinkholes occur abruptly
when the cover collapses into the cavities and are typically
the most hazardous type of sinkhole. A simplified develop-
mental model of a cover-collapse sinkhole is shown in Fig-
ure 4. The sinkhole formation process begins with the
formation of a solution cavity within limestone near the top
of the Floridan aquifer. As this cavity grows upward, it is
bridged by the cohesive Hawthorn group sediments. Collapse
occurs when the cohesive strength of the bridge becomes in-
sufficient to support the weight of the overlying material.
The clastic materials of the cover unit fail and flow down-
ward into the cavity. As a result, a steep-sided surface de-
pression forms.

The local hydrogeology plays an important role in trig-
gering or retarding cover-collapse sinkholes. Water in the
surficial aquifer system acts as a load, causing a downward
hydrostatic force on the roof of the cavity. In contrast, water
pressure within the Floridan aquifer provides an upward
force supporting the cavity roof. Thus, a large positive head
difference between the surficial and the Floridan aquifer sys-
tems can be a major driving factor in sinkhole collapse. Spe-
cific triggering mechanisms include drops in the level of the
Floridan potentiometric surface, caused by excessive well
withdrawals, and rises in the water table of the surficial aq-

Water Table
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Surface

(conﬂned} -

cavity. Modified after Lane (1986).

Figure 4. Model of cover collapse sinkhole formation. Cover collapse sinkholes
generally occur in areas where unconsolidated semi-cohesive cover overlies a
confining unit above limestone strata. A: The process is initiated by the formation
of a large cavity within the Limestone unit. B: As this cavity expands upward into
the confining unit (Hawthorn). C: Collapse occurs when the cohesive strength of the
roof is exceeded by vertical stress due to the weight of the overlying material. When
the water table of the surficial aquifer lies above the potentiometric surface of the
confined Floridan aquifer, an additional downward load is applied to the roof of the
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uifer system, caused by increased precipitation or surface
water impoundments (Sinclair, 1982; Metcalfe and Hall,
1984; Newton, 1984; Sinclair et al., 1985; Sinclair and Stew-
art, 1985; Wilson and Beck, 1992).

Construction of Aquifer Models

Approach

As mentioned above, numerous studies suggest that the hy-
drostatic head difference between the surficial and Floridan
aquifers plays an important role in sinkhole occurrence. For
an unconfined aquifer, such as the surficial aquifer, the “‘hy-
drostatic head” is defined at the altitude of the water table.
For a confined aquifer, such as the Floridan, the hydrostatic
head is defined as the level to which water rises in tightly
cased wells penetrating the aquifer, and is represented physi-
cally by the “potentiometric surface” (Figure 4.) In order to
explore the relationships between hydrostatic heads and
sinkhole occurrence, a model of “head difference” between
these aquifer systems needs to be constructed. This model is
then compared both qualitatively and quantitatively to the
locations of reported sinkholes.

The processing flow is shown in Figure 5. The analysis
starts with three basic data sources: topography, Landsat im-
agery, and well data. First, satellite imagery and a digital ele-
vation model are used to derive a map of lake surface
elevations. This map is used as a model of the water table of
the surficial aquifer system. Then, well data are used to con-
struct a gridded representation of the Floridan aquifer potenti-
ometric surface. The potentiometric surface grid is then sub-
tracted from the lake elevation map to produce a map of lake
elevations relative to the Floridan aquifer potentiometric sur-
face. Finally, a head difference model is constructed and
compared with a sinkhole database.
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Figure 5. Schematic diagram showing the processing flow
used in this study.
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Surficial Aquifer Model

In the study area, the water table generally lies above the po-
tentiometric surface of the Floridan aquifer (Lichtler et al.,
1968; Boniol ef al., 1993; this study). Because the surficial
aquifer system is not used for municipal and agricultural wa-
ter supplies, relatively few monitoring wells sample it and
precise maps of the water table generally do not exist. Be-
cause their surfaces intersect the water table locally, lakes
provide a convenient surrogate means of mapping lateral var-
iations in water table elevation, especially in areas where
they are numerous. In this study, water surface elevations of
the numerous lakes in the study area are used as a model of
the head of the surficial aquifer system.

Satellite imagery and a digital elevation model (Figures 3
and 2) are used to determine the locations and elevations of
surface water bodies. First, a 30-m horizontal resolution digi-
tal elevation model (DEM) is constructed for the study area
(Figure 2). This DEM is produced from 5-foot-interval topo-
graphic contours and water body shorelines digitized from
20 separate USGS 7.5-minute quadrangle maps. The contour
and shoreline vectors are used to construct a triangulated ir-
regular network (TIN) surface model. Elevation values on a
regularly spaced grid, with a grid spacing interval of 30 m,
are calculated from the TIN by linear interpolation. This DEM
is as good as, or of higher quality than, the comparable 7.5-
minute USGS DEMs which are available in only limited areas
in the study area.

Next, a binary raster mask of surface water bodies is ex-
tracted from a geocoded Landsat Thematic Mapper image ac-
quired in January 1986. To do this, a band ratio image is
computed by dividing band 2 by band 5. Because of the low
reflectance of surface water in the middle infrared wave-
lengths, this 2/5 ratio is an extremely robust way of extracting
water from Landsat imagery. The ratio image is constructed
using a threshold value of 1.0. In the resultant surface water
body image mask, water is assigned a value of 1 and land a
value of null.

The water body mask is resampled to the DEM resolution
and digitally overlaid on the DEM. The elevation of each wa-
ter body pixel is assigned the corresponding DEM pixel eleva-
tion. The resulting raster map of lake elevations is shown in
Plate 1A. In general, lake elevations decrease in a northeast-
erly direction from around 35 m above sea level in the Green
Swamp area to near sea level in the St. Johns River,

The elevations of the lakes and the water table are not
static. They change over time in response to seasonal and long
term fluctuations in climate and water use. While the loca-
tions of the lakes are based on a contemporary data set, their
elevations are based on quadrangle maps, most of which date
back to the 1950s. More recent lake stage data are available
for many of the larger lakes in central Florida (USGS, 1986a).
Within the study area, however, stage records exist for less
than 15 lakes, and this is inadequate for characterizing the
complex spatial variations of the surficial aquifer system.

In order to quantify the temporal variation in lake sur-
face elevations, we compared lake stage records within the
study area for the Autumn of 1986 (USGS, 1986a) with lake
elevations derived from the DEM. In all cases, the 1986 lake
stage records are within 2 m of those on the quadrangle maps,
with the vast majority within less than 1 m. This relatively
small long term change in lake surface elevations suggests
that the water table has been relatively unaffected by ground
water development in the region since the 1950s (Murray
and Halford, 1996). Short term fluctuations in lake levels are
also affected by seasonal rainfall, but are in most cases small
(Lichtler et al., 1968; Lichtler et al., 1976). For the purposes
of this study, the lake elevation map is assumed to be repre-
sentative of the long term average water table of the surficial
aquifer system.
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Head Difference Model

The potentiometric surface for the Floridan aquifer is rou-
tinely measured in the field by the USGS and Florida state
agencies using a widespread network of monitoring wells.
Extensive ground-water development of the Floridan aquifer
has led to a drawdown of the potentiometric surface of nearly
5 m in parts of the study area since 1950 (Miller, 1986; Mur-
ray and Halford, 1996). By the mid-1980s, this decline had
decreased and the potentiometric surface was in quasi-
steady-state conditions (Murray and Halford, 1996). For this
study, well data from September 1985 (Schiner and Hays,
1985; USGS 1986b) and TIN interpolation are used to con-
struct a potentiometric surface grid (Plate 1A). This time pe-
riod was chosen to correspond to the satellite image used to
map the lakes. In addition, this period roughly encloses the
median occurrence date of the sinkholes from the FSRI data-
base within the study area.

Contours of this surface are shown in Plate 1A. The sur-
face generally dips to the northeast from around 35 m above
sea level in the southwest part of the study area to less than
10 m in the northeast (Plate 1A). Raster subtraction of the
potentiometric surface from the lake elevation map is used to
produce a map of the lake elevations relative to the Floridan
aquifer potentiometric surface (Plate 1B). This map is a first-
order expression of the head difference between the Floridan
and surficial aquifers.

The elevations of most lakes lie at or slightly above the
elevation of the Floridan. This suggests that many of the
lakes communicate with the Floridan aquifer by seepage
through the intermediate confining (e.g., Lichtler et al., 1976;
Motz, 1998). A smaller but distinct population of lakes lies
at elevations significantly above the Floridan potentiometric
surface. These lakes tend to be concentrated in the eastern
half of the study area on the Mount Dora and Orlando ridges
(Compare Figure 1 and Plate 1), Somewhat surprisingly,
lakes with surface elevations significantly above the Floridan
potentiometric surface are absent from the Lake Wales Ridge.
One notable exception to this pattern is a series of small wa-
ter bodies located to the south of Lake Apopka on the Lake
Wales Ridge, which have surfaces between 10 and 25 m
above the Floridan potentiometric surface (Plate 1 and Figure
6). Field observations indicate that in all cases these water
bodies correspond to hydraulic sand quarrying operations.
Because these are not natural features of the landscape, we
do not feel that they are representative of the general hydro-
geologic setting of the region.

Aquifer Head Difference and Sinkhole Occurrence

A qualitative examination of the spatial relationships be-
tween hydrostatic head difference and reported sinkhole oc-
currence reveals that lakes at elevations greater than 10 m
above the level of the Floridan are spatially associated with
the locations of reported sinkholes (Plate 1B). Conversely,
regions with few sinkholes tend to have a low head differ-
ence. This correlation is not perfect; the areas of highest
sinkhole density are not always coincident with the areas of
highest head ditference. In most cases, however, sinkholes
are in close proximity to lakes with high head difference.

A southwest to northeast trending profile across the
study area highlights the relationships between lake surface
elevations, the potentiometric surface, and the locations of
reported sinkholes (Plate 1A and Figure 6). This profile in-
cludes all lake grid cells and reported sinkholes within a 20-
km-wide swath and the average level of both the surface
topography and the potentiometric surface across the swath.
In the southwest part of the profile, lake levels are tightly
clustered at elevations between 0 and 5 m above the potenti-
ometric surface, and relatively few sinkholes are observed.
Sinkholes occur much more frequently in the central and
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northeastern portions of the profile. In these sections of the
profile, lakes tend to occur at higher elevations above the po-
tentiometric surface and are much more widely dispersed in
elevation. This suggests that both head difference and lateral
changes in head difference are important influences in sink-
hole occurrence.

These qualitative visual observations of spatial coinci-
dence provide the basis of a hypothesis that can be tested
quantitatively: Are areas of high sinkhole occurrence spatially
associated with areas of high head difference? Quantitative
testing of this interpretation requires the comparison of the
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Plate 1. Raster maps of lake surface elevations relative
to sea level and the Floridan potentiometric surface in
the study area. A: Lake elevations (m) relative to sea
level (NGVD 1929). Lake elevations are derived from a dig-
ital elevation model and satellite imagery (Figures 2 and
3, see text). Spot elevations and contours of the Floridan
potentiometric surface relative to sea level are derived
from well data (Schiner and Hays, 1985; USGS, 1986b).
The location of the cross-section and the width of the
projected swath for Figure 6 is indicated in red. B: Lake
surface elevations relative to the Floridan potentiometric
surface. Sinkholes indicated by crosses are from the FSRI
database.

October 1999 1173




60
Lake Wales Ridge

50 Sand Quarrys " .

Elevation above Sea Level (m)
w
=]

10

Avg Topography +/- 10km
Floridan Potentiometric Surf

Mt Dora Ridge

relative to sea level (m, NGVD 1929).

H Lake Surf -t

+ Rap%n:dasﬁg:hclaa W k}‘ .s_.:_. "
0 e - L akiva Springs )
0 10 20 30 40 50 60 70

Distance Along Profile (km)

Figure 6. Projected profile of lake surface elevations, sinkholes, average topography, and
the Floridan potentiometric surface. Profile location is shown in Plate 1. Elevations are

spatial co-occurrence of sinkholes, represented as points,
with lakes, represented as irregular polygons. Several meth-
ods of comparing point distributions do exist (Upton and
Fingleton, 1985). It is usually simpler, however, to transform
the point distributions to continuous raster layers and then
compare the layers on a pixel-by-pixel basis (Figure 5).
Cross-area tabulation is then used to quantify spatial associa-
tions between maps with summary statistics (Bonham-Carter,
1994).

The map of lake elevations relative to the potentiometric
surface (Plate 1B) is a discretely sampled estimate of a con-
tinuous head difference surface. Therefore, it is appropriate
to reconstruct this surface by interpolation. Head difference
values for each lake pixel are used to construct a TIN surface
model. This TIN is then linearly interpolated onto a 30-m-res-
olution grid. The resulting surface is shown in Figure 7A.
Because the water table will generally be higher than a line
connecting adjacent water bodies, this model should be
viewed as a lower bound of the head difference potential
within the study area.

The next step involves producing a continuous surface
from the reported sinkhole locations. Two potential ap-
proaches exist. The first approach is to construct a sinkhole
density map by applying a moving average kernel to the map
shown in Plate 1B. The problem with this approach is that
the moving average acts as a low-pass filter, reducing the
spatial detail of the surface. In addition, the result is ex-
tremely dependent on kernel size. An alternative to a density
map is to construct a map of sinkhole proximity. First, a reg-
ular 30-m grid is superimposed over the study area. Then,
for each grid cell, the Euclidean distance from the grid cell
center to each sinkhole location within the database is calcu-
lated. The minimum distance value is then assigned to that
grid cell and the process is repeated for the next grid cell. In
essence, this is a buffering operation between each cell in
the raster grid and the nearest sinkhole point. The key to this
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operation is that it avoids the bias inherent in a sinkhole
density calculation; the resultant map is independent of grid
cell size, and regridding-induced errors are avoided.

Quantized versions of the head difference and distance
to nearest sinkhole grids are shown in Figure 7. An inspec-
tion of Figure 7A shows that the areas of highest head differ-
ence lie in a northwest trending swath to the east of Lake
Apopka and in a diffuse cluster in the southeast corner of
the study area. Inspection of Figure 7B reveals that there is a
relatively high density of sinkholes in the eastern side of the
study area. There is a large and semicontinuous region in
which inter-sinkhole distance is less than 2 km. In contrast,
in the western part of the study area, there are a number of
discrete regions in which the inter-sinkhole distance is quite
high. The maximum inter-sinkhole value reported here is ap-
proximately 12 km. Only a small fraction of the study area
has inter-sinkhole distance values greater than 10 km.

The correlation between two continuous variables is of-
ten measured by a correlation coefficient such as Pearson’s r.
For spatial data, global correlations between mapped varia-
bles are usually not very great, and correlations often appear
locally only under a given set of conditions (Bonham-Carter,
1994). A more illuminating method is to quantize the varia-
bles into a finite number of discrete classes and then com-
pare the degree of overlap between given classes by means of
a cross-area tabulation.

First, the head difference grid is quantized into 2.5-m
head-difference horizontal slabs or “slices.” Similarly, the
sinkhole proximity grid is quantized into 1-km inter-sinkhole
distance “'slices.” The study area contains a number of large
lakes within which sinkholes presumably would not be ob-
served or reported. In order to avoid the possible bias due to
under reporting of sinkholes which occur within these lakes,
all pixels covered by water bodies are assigned a value of
null.

Following Bonham-Carter (1994), a contingency table

PHOTOGRAMMETRIC ENGINEERING & REMOTE SENSING




an

M
o

]
(W) @susuayug peay

(wnyf) ajoyxurs 1Sauean 01 AJURISIQ

Figure 7. Head difference model and distance-to-nearest-
sinkhole map for the study area. Horizontal resolution of
grids are 30 m. A: Head difference model interpolated
from map of lake elevations relative to the Floridan aqui-
fer potentiometric surface (Plate 1B). The grid values
quantized into 2.5-m-high slices. Lakes are shown in
white. B: Map of distance to the nearest sinkhole. Map
is generated by application of buffer zones to sinkholes
shown in Figure 1 and Plate 1B. Map is quantized into 1-
km-wide slices.

(Table 2) is constructed where total areas of each unique
combination of head difference and distance to nearest sink-
hole are tabulated. This table is in essence a two-dimen-
sional histogram with elements T, where i ranges from 1 to
18, the total number of discrete head difference intervals,
and j ranges from 1 to 12, the total number of distance-to-
nearest-sinkhole intervals. Each row of the table corresponds
to a discrete head-difference interval bin and presents a one-
dimensional histogram of the corresponding distance-to-near-
est-sinkhole values for that bin. The summary row
containing the marginal totals, T, is the distribution histo-
gram of distance-to-nearest-sinkhole values by area for the
entire study area. Each column of the table, corresponds to a
discrete distance-to-nearest-sinkhole interval and presents a
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one-dimensional histogram of the head difference distribu-
tion. The summary column, T}, is the distribution histogram
for head differences for the entire study area. The total area
of study (minus lakes), T, is obtained by summing over both
rows and columns,

The cross-area tabulation and distribution histograms are
shown graphically in Figure 8. The bulk of the study area is
represented by a broad maximum located at head differences
of between 0 and 5 m, spanning an interval of distance-to-
nearest-sinkhole values from 0 to 8 km (Figure 8A). A smaller
yet distinct maximum is centered at a head difference of ap-
proximately 12 m, which is located generally at distance-to-
nearest-sinkhole values of less than 4 m. This secondary
maxima is more clearly indicated in the head difference dis-
tribution histogram (Figure 8B). This histogram appears bi-
modal, with the peaks corresponding to area populations
centered near 0 and 10 m, respectively.

The areal distribution histogram of distance to nearest
sinkhole within the study area is indicated in Figure 8C. The
distance-to-nearest-sinkhole histogram (Figure 8C) is a
skewed unimodal distribution which peaks between 1 and 2
km. For comparison, the expected distribution for an inde-
pendent and randomly located (e.g., Poisson) population of
226 sinkholes within the study area is shown in the solid
line. This comparison reveals that the observed distribution
has larger inter-sinkhole distances than would be expected
for a random distribution. This behavior implies a non-ran-
domness or clustering within the observed spatial distribu-
tion,

One possible explanation for the long tail of the ob-
served distribution is that sinkhole occurrence is suppressed
in regions of low head difference and is enhanced in areas of
high head difference. In order to explore this assertion, the
area tabulation is split into two parts at the 5-m threshold
and replotted into two separate curves (Figure 8D). This sub-
division is justified on the basis of the bimodal distributions
suggested in Figures 8A and 8B. The anomalous areas of
large inter-sinkhole distance are mainly associated with areas
with head differences less than 5 m,

Another relevant way to evaluate the association be-
tween the maps shown in Figures 7A and 7B is to compare
the observed contingency table with one expected from inde-
pendent phenomena. The marginal totals T, and T, corre-
spond to the frequency distributions of head difference and
distance to nearest sinkhole, respectively. If these two phe-
nomena are statistically independent, then the expected
cross distribution T,*, is given by the product of the mar-
ginal totals divided Iby the grand total (Bonham-Carter, 1994):
Le.,

T:J - ILL'
b}

A comparison of the observed and expected cross distri-
butions is shown in Figure 9. For regions of inter-sinkhole
distances greater than 4 km, the observed cross distribution
(Figure 9A) shows greater areas at low head differences (4h
< 5 m) and lesser areas at high head differences (4h > 5 m)
than the expected cross distribution (Figure 9B). Subtraction
of the expected from the observed distribution yields the
area residual shown in Figure 9C. The area residual shows
the pattern and degree of spatial association between head
difference and sinkhole proximity. Regions 2 km or less from
the nearest sinkhole show a strong positive association to
head differences between 5 and 15 m and a negative associa-
tion with head differences between 0 and 2.5 m. In contrast,
areas with inter-sinkhole distances between 4 and 8 km
show a strong positive association with head differences be-
tween 0 and 2.5 m and a negative association with head dif-
ferences between 5 and 15 m. In other words, in areas of low
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TaslE 2. AREA CrROSS-TABULATION OF SLICED HEAD DIFFERENCE AND DiSTANCE-TO-NEAREST-SINKHOLE GRIDS. AREA UNITS ARE IN KMm?. THE FAR RIGHT COLUMN AND
THE BoTToM Row REPRESENT THE MaRGINAL ToTaLs T, AND T, RESPECTIVELY. THE GRAND ToTAL, T , 18 SuMMED Over BotH Rows AnND COLUMNS AND EQUALS THE
TotaL AREA OF THE STuDY (MiNUS LAKES).

Distance to Nearest Sinkhole (km)

Head Difference (m) 0 1 2 3 4 5 6 7 8 q 10 11  if
>32.5 0 0 1 3 3 0 0 0 0 0 0 0 7
30.0 to 32.5 0 1 3 2 1 0 0 0 0 0 0 0 7
27.5 to 30.0 0 2 2 3 1 0 0 0 0 0 0 0 7
25.0 to 27.5 0 4 4 2 1 0 0 0 0 0 0 0 11
2.5 to 25.0 2 5 5 3 1 0 0 0 0 0 0 0 16
to 22.5 3 8 8 4 2 0 0 0 0 0 0 0 24
to 20.0 11 10 7 3 1 0 0 0 0 0 0 38
to 17.5 22 23 16 10 6 1 0 0 0 0 0 0 79
to 15.0 48 67 63 41 19 6 2 2 1 0 0 0 247
to 12.5 62 67 57 44 23 15 13 8 G 2 1 2 299
to 10.0 55 58 38 31 7 q9 7 11 7 5 4 3 244
to 7.5 57 79 63 40 25 17 9 6 5 3 1 0 304
to 5.0 69 107 106 83 70 49 44 25 11 4 0 ] 567
to 2.5 49 111 123 109 90 79 2 41 11 3 2 0 679
to 0.0 13 29 1 24 28 23 22 15 9 2 0 0 195
5.0 to —2.5 5 11 13 12 13 8 7 5 4 2 ] 0 82
-7.5 to —5.0 0 2 6 6 4 5 5 4 0 0 0 0 34
-10.0 1o —=7.5 0 0 1 2 3 4 1 0 0 0 0 0 12
T, 392 584 551 427 308 218 172 114 55 20 7 5 2853
T
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Figure 8. Cross-area tabulation analysis. Areas are in km2. A: Contour map of the cross
distribution of head difference vs. distance-to-nearest-sinkhole grids (Figure 7; Table 2). B: Head
difference distribution for the whole study area. The histogram corresponds to marginal total T,
shown in Table 2. C: Distance-to-nearest-sinkhole distribution histogram for the whole study
area. The histogram corresponds to marginal total 7, shown in Table 2. The solid line is the
expected distribution for a population of 226 independent and randomly located sinkholes
within the study area. D: Comparison of distance-to-nearest-sinkhole histograms for the areas
split at the 5-m-head difference level.
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Figure 9. Cross-area residual analysis. A:
Observed cross distribution of head
difference and distance-to-nearest-
sinkhole grids (Figure 7; Table 2). B:
Expected cross distribution assuming
independence of head difference and
distance to nearest sinkhole. C: Residual
(observed - expected) cross distribution.
Dark areas show positive associations
between head difference and distance-to-
nearest sinkhole. Light areas show
negative associations.

head difference, sinkholes are less frequent and farther apart
than expected. Conversely, in areas of high head difference,
sinkholes are more common and more closely spaced than
one would expect.

Discussion

The association of sinkhole proximity to head differences be-
tween the surficial and Floridan aquifers demonstrates the
importance of hydrostatic loads in sinkhole hazard. In partic-
ular, sinkhole formation appears to be retarded where head
difference is low. This result is consistent with previously
reported temporal associations between aquifer drawdown
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and sinkhole formation (Sinclair, 1982; Metcalfe and Hall,
1984; Newton, 1984; Sinclair et al., 1985; Sinclair and Stew-
art, 1985; Wilson and Beck, 1992). The highest sinkhole den-
sity is not always coincident with the highest head
differences (Plate 1 and Figure 7). Instead, the relationship
appears to be one of sinkhole proximity to regions of high
head difference and to regions of rapid horizontal change in
head difference (see Figures 6 and 7).

Head difference is related to a complex set of factors and
reflects the dynamic equilibrium between the surficial and
Floridan aquifer systems. A limiting factor is the height of
the land surface relative to the potentiometric surface. High
head differences cannot exist in lowlands where the ground
lies near or below the potentiometric surface. The Lakes
Wales and Mt. Dora ridges form the most prominent physio-
graphic features of the study area. Both ridges are underlain
by similar thicknesses of clastic cover (Lichtler et al., 1968).
Their average heights both lie approximately 15 m above the
potentiometric surface (Figure 6). Only the Mt. Dora ridge is
associated with head differences high enough to drive sink-
hole formation (compare Figures 1 and 7B). Apparently, ele-
vated regions of thick surficial cover are not always associ-
ated with sinkhole formation. Instead, head difference appears
to be the key factor.

Wilson and Beck (1992) observed that 85 percent of the
new sinkholes near Orlando, Florida occurred within the
high groundwater recharge areas defined by Lichtler et al.
(1968). Within their study area, these high recharge areas
correspond to the Mt. Dora and Orlando ridges. Their study
area was confined to Orange and Seminole Counties and
thus did not include the Lake Wales ridge to the west. Their
reported association of sinkhole formation with recharge ar-
eas overlooked the variability of head difference between re-
charge areas because the eastern boundary of their study area
happened to exclude the Lake Wales ridge. Our decision to
include the Lake Wales ridge was driven by the results of
synoptic regional terrain analysis using remote sensing and
GIS techniques; the results demonstrate the value of these
techniques to further sinkhole studies.

We suggest that mapped areas of high head difference
may be a useful predictor of sinkhole hazard. The Orlando
metropolitan area derives virtually all of its municipal, in-
dustrial, and agricultural water supplies from the Floridan
aquifer and this water use has resulted in declines in the po-
tentiometric surface of as much as 6 m since the 1930s (Mur-
ray and Halford, 1996). The regions of greatest decline are
coincident with our mapped areas of high head difference.
Continued groundwater withdrawals will likely increase
sinkhole hazard in the future.

Conclusions

GIS and GIs-derived datasets are useful tools in evaluating re-
gional factors associated with sinkhole hazard in central
Florida. These methods show that sinkholes within the study
area are not distributed randomly but instead appear to be
clustered in space. In general, they are found in close prox-
imity to lakes whose surfaces are perched at elevations signif-
icantly above the potentiometric surface of the Floridan
aquifer. These lakes delineate regions where the head differ-
ence between the surficial and the Floridan aquifer systems
is high. Regions 2 km or less from the nearest sinkhole show
a strong positive association to head differences between 5
and 15 m and a negative association with head differences
between 0 and 2.5m. In contrast, areas with inter-sinkhole
distances between 4 and 8 km show a strong positive associ-
ation with head differences between 0 and 2.5 m and a nega-
tive association with head differences between 5 and 15 m.
In other words, in areas of low head difference, sinkholes are
less frequent and farther apart than expected, Conversely, in
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areas of high head difference, sinkholes are more common
and more closely spaced than one would expect. This associ-
ation of sinkhole proximity to head differences demonstrates
the importance of hydrostatic loads in sinkhole hazard.
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