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(ABSTRACT)

The prospect of using U.S.G.S. Digital Elevation Models (DEM's) to locate sinkholes has
been investigated. Three quadrangle maps, those of Blacksburg, Ironto and Newport,
were selected as these areas are dotted with sinkholes. An algorithm was developed to
extract sinkholes from DEM's. Sinkholes were also digitized from the topographic maps
to check the accuracy of those extracted by the program from DEM's. This was done by
overlaying pits extracted from DEM's with digitized sinkholes. Discriminant Analysis
was run to compare the characteristics of sinkholes identified by the program from those
that were not. It was found that few sinkholes could be located using the available integer
elevation data of 30m resolution. Noise in the data, even after running a filter, precluded
satisfactory results. It was concluded that elevation data of finer resolution and in real

format should be used for this analysis.
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Chapter I

INTRODUCTION

"Karst is terrain with distinctive landforms and drainage arising from greater rock
solubility in natural waters than elsewhere" (Jennings, 1985, p. 1). Solution by rain water
containing carbonic acid is usually the prevalent and dominant process in Karst, which is
underlain by carbonate rocks, such as limestones. Solution enlarges underground voids,
causing increased permeability of the rock. Surface drainage is replaced by an
underground system. As more water passes through the rock, voids become larger and
eventually form caves (Figure 1.1). Small, centripetal drainage basins and closed

depressions are seen on the landscape.

Closed depressions, also called sinkholes or dolines, range from a few meters to
thousands of meters in diameter and from one meter to hundreds of meters in depth.
These depressions can be of different shapes formed by various processes such as
subsidence or collapse. Sinkholes are a major source of pollution to the ground water.
Usually at the bottom of a sinkhole there is an opening which leads straight to the
groundwater supply through an underground fluvial system. This opening serves as a

1



Bl impermeable rock

@ Limestone

Figure 1.1 Evolution of Karst Landscape (a) to (f), with dissection of limestone
block between two impermeable rock layers. (a) dendritic system, (b) exposure
of limestone at the surface and establishment of a hydraulic gradient,

(c) enlargement of joints and fissures, (d) retreat of impermeable cover,

(e) isolation of rock masses, (f) surface fluvial system with isolated limestone
hills.

(Figure reproduced from Trudgill, 1985)



recharge zone (input point) for groundwater in Karst terrains. Recharge occurs in two
ways in Karst areas (Kastning, 1989). First, rain water may percolate through the soil and
into the joints and fractures in carbonate rock over large areas. This process is known as
diffuse recharge. Fertilizers, pesticides, and herbicides from agricultural lands percolate
through the soil into the ground water in a diffuse way (nonpoint source pollution).
Secondly, surface streams may be entirely swallowed up where they flow into caves or
sinkholes. This flow is known as discrete recharge. Toxic substances and other chemicals
from waste materials dumped into sinkholes (point source pollution), and storm water
runoff from animal feedlots, agricultural lands and roads reaches the groundwater
directly through the sinkholes and may be transmitted to domestic wells within hours
without filtration and cleansing through soil. By serving as direct conduits for pollutants
to the groundwater, sinkholes pose serious problems. So it is important that people
become aware of the problems associated with sinkholes in order to prevent point source
and nonpoint source pollution in karst terrains. Figure 1.2 illustrates the relationships

between human settlement and various natural elements of Karst settings.

Mapping of sinkholes

Maps are an important source of information on sinkholes, and for planning purposes, are

a tremendous asset to Virginia localities (Hirschman, 1991). Sinkholes are a very



Figure 1.2 Kastning's figure showing cause-and-effect relationships among
geologic, biologic, geographic and human factors in Karst Terrains. (How
throwing trash into sinkholes can poison groundwater).



important karst feature from a landuse planning perspective because of the potential
hazards of subsidence, flooding and pollution. To determine these areas that are sensitive
and critical, it is important to map them as accurately as possible by the least tedious,

expensive procedure available.

Sinkholes are more difficult to map than most other topographic features. They are
usually found in groups and most are small (between 5Sm - 30m in diameter). Some
depressions on the surface are man-made features though appearing as closed depressions
on aerial or satellite photographs. These can easily be mistaken for sinkholes during the

mapping process if they are not field checked.

Exposed carbonate rocks in Virginia are found in the Valley and Ridge, the Piedmont, and
the Coastal Plain physiographic provinces (Figure 1.3). But the majority of Karst is
located in parts of twenty seven counties in the Valley and Ridge physiographic province
(Hubbard, 1991). Regional distribution of sinkholes has been studied for two-thirds of the
Valley and Ridge Province by Hubbard and sinkholes were plotted on 7.5 minute, 1:24000
scale topographic maps. The remaining one-third is under study (Hubbard, 1992, personal
communication). The Virginia Division of Mineral Resources (DMR) has produced karst
feature maps at 1:50,000 scale only for Clarke and Giles counties (Hirschman, 1991).
For Montgomery County, Karst maps at 1:24000 scale were converted to digital format

by the Information Support Systems Laboratory in the Department of Agricultural



Figure 1.3 The Physiographic Provinces in Virginia.
(Figure reproduced from Hubbard, 1984)




Engineering at Virginia Tech. Very little Karst information is currently available in the

form of maps for the state of Virginia.

PROJECT OBJECTIVES

The aim of this research is to find an effective, efficient method to map sinkholes. As
Digital Elevation Models (DEM's) are widely available at various scales and have been
used for various applications (as discussed in chapter 3), it was decided to investigate the
possibility of using DEM's exclusively to extract sinkholes automatically. Hubbard's map
of Karst features was produced from aerial photographs, a time-consuming and expensive
process. Field checks were often necessary to determine whether depressions were
sinkholes or man-made. The method proposed in this research could be an excellent
alternative to map sinkholes as DEM's are available at very low cost and the use of
automation rather than photographic study would greatly reduce the time to extract the

sinkholes. Montgomery County, Virginia, is selected as the study site.



Topographic Maps versus Digital Elevation Models

Although topographic maps are available at a horizontal scale of 1:24000, it is not
possible to map all the sinkholes found in this area. The greatest problem is that the
contour interval for the local terrain is 20 feet, so sinkholes at an elevation between two
successive contours and less than 20 feet deep may not be depicted. The horizontal
resolution of topographic maps is much better than that of DEM's. However, with 1 meter
resolution in the vertical, DEM's may be better for analysis. To determine the relative
significance of horizontal versus vertical precision, DEM's were chosen for this study to
see if they were better for such analysis than topographic maps. No method is perfectly

accurate but one may be better than the other.

PROJECT OUTLINE

This study has been organized into six chapters including this introduction. The second
and third chapters are a literature review of Sinkholes and Digital Elevation Models
respectively. The fourth chapter describes the methodology used for this study and
discusses the results obtained. The final chapter concludes the study and makes

recommendations for further research.



Chapter II.

SINKHOLES

"Karst is a stage, with a characteristic appearance, in the development of dominantly
limestone mountain-forming rock, together with the natural phenomenon associated with
it, whose origin and evolution are the complex result of a peculiar petrographic
constitution, and an interplay in space and time of various geological, geographical,
climatological and biological causes and environmental conditions" (Jacuks, 1977, p. 17).
'Karst' areas are regions underlain by carbonate rocks where solution and solution
transport is the dominant process in sculpturing the landscape. The characteristic features
of such a landscape are sinkholes, caves, disrupted surface drainage and subterranean
drainage. The features leave no residue. (Jakucs, 1977). The term 'Karst' comes from a
Yugoslavian area 'Kras' where such landforms are well developed. Such karst features are
best formed in limestone though other carbonate rocks such as dolomite also develop
them. Karst landscape can also form on evaporites such as gypsum, or halite (rock salt)

but not so well as on limestones.



Solution is the predominant agent of sculpturing in Karst areas. As limestones are highly
soluble in acid waters, Karst features develop best on them. They are pure carbonates
containing 95% calcium carbonate and hence are more prone to dissolution than other
carbonate rocks. Limestones also have a high frequency of joints and fissures which
facilitate penetration of water further speeding up dissolution. Besides solution,
limestone rocks are also subject to other erosional processes. These include mechanical
processes such as frost action and abrasion, and biological processes which involve decay
of organic matter and penetration of plant roots along lines of failure. Decay of organic
matter produces acids that weather carbonate minerals by hydrolysis and penetration of

plant roots weakens the rock and forms a focal point for the action of abrasion.

Factors assisting solution and erosion of limestones

There are certain factors that aid in the solution and erosion of limestone. Karst
landforms are a result of an assemblage of erosional processes. The physical and
chemical characteristics of rocks influence the rate of weathering and the erosion process.
Among the physical characteristics, the ease with which the rock can be penetrated

~ influences the effectiveness of the process involved by increasing the internal and
external surface area. Penetrable joints and bedding planes provide lines of access to

percolating water. This encourages dissolution and hydration and facilitates freeze-thaw
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action. Plant roots also penetrate the joints enlarging them. But even the most soluble rock
may be quite resistant if it is infrequently jointed and better cemented. Joint frequency,
porosity, and permeability are the most important factors influencing the shape, height and
progressive evolution of karst landforms as they control the access of the erosion agents
to the rock mass. Grain size, degree of interlocking and the degree of cementation
influences weathering and erosion. The relationship between porosity and joint frequency
is a crucial one (Trudgill, 1985). Highly porous and permeable rocks cause a more
uniform flow of water through, allowing little time for chemical reactions to take place,
whereas less permeable rocks focus water flow along joints and fissures helping erosion

processes to work better.

Amongst the chemical properties, the carbonate content of the rock influences the rate of
solution. If a rock contains more than 75% carbonate it can be classified as a carbonate
rock (Folk, 1959; Bissel and Chilingar, 1967; quoted from Trudgill, 1985). Limestones
contain 95% calcium carbonate, and so are highly soluble in acidic waters (Figure 2.1).
Dolomite, another carbonate rock, contains a calcium magnesium carbonate and is less
soluble. Maximum dissolution rates are found in carbonate rocks with 1.0 - 2.5 % of

magnesium oxide content.

11
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Figure 2.1 Classification of carbonate rocks
according to Leighton and Pendexter (1962)

(Figure reproduced from Jennings, 1985)
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Requisites for sinkhole and cave formation

Kastning, 1991, suggests that there are certain required conditions to form sinkholes and
caves. Firstly, as mentioned earlier, the local rock must be easily soluble in mildly acidic
water. Secondly, openings must exist in the rock through which groundwater may easily
flow in order to come in contact with the bedrock for dissolution and to carry away the
dissolved material. Thirdly, the groundwater must be undersaturated with respect to the
minerals being dissolved in order to be able to dissolve additional rock. Fourthly, the
region in which such landforms (especially caves) develop must have variable elevations so
that water entering the ground at higher elevations is able to flow down to springs formed
at lower elevations. The last requisite is time. Geologic processes take time to occur.
Dissolving of limestone bedrock is a slow process from the standpoint of human daily

experiences, but is relatively rapid over geologic time.

Different Landforms

Sweeting, 1972, has classified landforms into 5 main groups:

1) Superficial landforms (small scale features) produced by solution of the surface rock
2) Landforms of limestone areas formed by normal or fluvial erosion.

3) Underground landforms e.g., caves and cave deposits

13



4) Closed depressions of large dimensions e.g. poljes;
5) Closed depressions of moderate dimensions e.g., dolines or sinkholes of various

types. These are regarded as essential units of karst.

Superficial landforms

Numerous solutional and other erosional and weathering features are common on Karst
limestones. These are called Karren or lapies. These can range from a few millimeters to
a few meters in width though they may attain 15 - 20 meters in length (Sweeting, 1972).

They are formed by solution along structural weakness, €.g., joints, bedding planes.

A very common solutional feature found especially in arid and arctic areas is grooves.
These are small and are formed by solution on exposed bedrock. They are also known as
rillenkarren (Figure 2.2) and are abundant in the Alps and the Dinaric Karst along the
Adriatic Coast. Their size varies with climate and vegetation, e.g. in arid areas where the
rainfall is less they are fine and small, and in tropical areas where limestone is not
obscured by vegetation they are usually long. In the Alps they are like "flutes on a Doric
column"” (Sweeting, 1972), whereas in the Dinaric Karst, they are wider and longer.
Rillenkarren form rapidly, in many cases within a few months or years, but they are not

found on limestones that disintegrate easily with solution as is seen with dolomites and

14
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Figure 2.2 Rillenkarren, Hakatai canyon in Grand Canyon

National Monument, U.S.

(Figure reproduced from White



other soft limestones. Another form of Karren is trittkarren (Figure 2.3). These occur on
flat surfaces and are in steps with a flat floor and steep back slope. They result from
solution of the rock. They are often seen along with rillenkarren, with the latter forming
on steeper slopes and trittkarren on gentler slopes. Where flows are sufficiently large,
deeper and wider runnels are produced. These are called rinnenkarren (Figure 2.4). They
are about 40 - 50 centimeters wide and a few meters long. Their troughs are generally
rounded and crests sharp. When crests are peaked they are called spritzkarren (Figure
2.5). Solution basins or kamenitzas form in areas where rock surfaces are more or less
horizontal and water collects in pools and basins (Figure 2.6). These range from a few
millimeters to about 50 cenﬁfneters in depth and a few centimeters to over three meters
in diameter. Kluftkarren result when solution takes place along joints and fissures which
are vertical or highly inclined (Figure 2.7). These wide and open joints are known as
grikes in England (Figure 2.8). The blocks between them are called clints or flachkarren.
There are also features called rundkarren which are similar to rinnenkarren except that
they form under a cover of humus or vegetation. Their troughs, crests and sides are
always smooth (Figure 2.9). Hohlkarren also form under humus cover but their troughs
are wider and smoother (Figure 2.10). Deckenkarren form when roots penetrate along the
joints and cause solution of the rock. Such grooves are common on joint faces,
particularly in the humid tropics (2.11). A complex group of karren features form a
limestone pavement (Figure 2.12). These pavements result from glaciation of the

limestone surface followed by solution. According to White, 1988, a limestone pavement

16



Figure 2.3 Trittkarren, in the French Pyrenees.

(Figure reproduced from White, 1988)
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Figure 2.4 Rinnenkarren, Hutton Roof,
Crag Westmorland.

(Figure reproduced from Sweeting, 1972)
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