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Abstract Karst rocks cover a wide area of Egypt. These rocks
include soluble sediments such as carbonate rock formations,
evaporites, and sabkha deposits that are characterized by
karstification features. Karst features could affect many cur-
rent and developing projects (urban areas and infrastructure).
The areas covered by the rocks susceptible to karstification
need detailed studies to examine the presence of karst features
and/or sinkholes. The current work provides a detailed evalu-
ation of the karst and/or sinkhole hazards around the city of
Sohag, Egypt. This research is rarely done in Egypt, using
field investigation and remote sensing application to deter-
mine the main karstic rock formations and the distribution of
the most problematic sinkhole areas. In this work, different
types of the subsidence mechanisms were investigated. Our
results indicated that field investigations help in finding dif-
ferent features related to karstification including small-scale
versus large-scale features and empty caves versus filled
caves. In addition, remote sensing techniques succeeded in
predicting and locating the sinkhole areas, and those determi-
nations were verified in the field. Finally, fundamental consid-
erations are discussed to better evaluate and manage the haz-
ard of karst and/or sinkholes.
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Introduction

Karst is a geomorphologic feature that is formed in soluble
rocks and/or sediments by widening existing fractures or cav-
ities through the dissolution activities (Youssef et al. 2016).
Amin and Bankher (1997) indicated that the dissolution of
karst units forms sinkholes that represent subsidence hazards
in Saudi Arabia. The dissolution process of the subsurface
materials causes collapse of the overburden materials resulting
in the formation of sinkhole depressions (White 1988). Ford
and Williams (2007) mentioned that the surface and subsur-
face rock dissolution mechanism largely overrules the me-
chanical erosion mechanism, leading to a distinctive morphol-
ogy and hydrology in karst areas. Karst systems are distinct
from non-karst systems because of the processes of karst dis-
solution and the presence of a well-developed and open sub-
surface (Gunn 2004). White (2002) indicated that karst pro-
cesses, along underground pathways, may give rise to the
formation of three-dimensional systems of conduits, some-
times forming huge, long, and extremely complex caves.
White (2007) mentioned that cave exploration gives valuable
information in studying karst aquifers. The formation of
caves, collapsed caves, and sinkholes due to the karst devel-
opment make the karst features are very distinctive. A sink-
hole inventory map is one of the main steps in sinkhole sus-
ceptibility analysis, hazard evaluation, and risk management.
Karst cavities represent major problems in many areas all over
the world such as in The Apulia region of southern Italy
(Parise 2006); in China (Gao et al. 2013); in the Bambui
Group, Brazil (De Carvalho et al. 2014); in NW-Morocco
(Theilen-Wilige et al. 2014); and in Saudi Arabia (Youssef
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et al. 2016). The presence of these problems cause damage to
human structures (Waltham et al. 2005), human life loss (Gao
et al. 2013; Gutiérrez et al. 2010), water leakage in reservoirs
(Gutiérrez et al. 2014a), instability problems (Song et al.
2012), and flooding and water table rise (Crawford 1984).
Different types of distinguishing surface features can be used
in recognizing the karst landforms using field and remote
sensing data. Features could be recognized using remote sens-
ing data such as Landsat enhanced thematic mapper plus
(ETM™) and professional Google Earth including ring, circu-
lar, and oval features and depressions, sinkhole clusters, and
aggregate accumulations (Youssef 2008a; Youssefet al. 2012,
2016). Other karst features could be distinguished in field
investigation such as sagging of the roof beds, collapse brec-
cia, and the solution deposits in the fractures.

In Egypt, karst rocks cover a large area including wide
areas along the eastern and western limestone plateaus
(Halliday 2003) which overlook the Nile valley from
Luxor to Cairo and evaporite rocks and sabkha areas that
are located along the Red Sea coast. The destruction and
damage related to karst and sinkhole activities have
substantially increased in the last decade in Egypt due to
the rapid increase in development activities that extend to
cover areas that are prone to karst hazards. The insufficient
understanding of karst in limestone and evaporite bedrock
can cause serious construction problems and losses in
properties and lives. There are several studies
documenting karst landforms that are found in Egypt,
especially sinkholes and caves. Hume (1925) recorded
the presence of some caves in Wadi Um Dud east of the
Tahta City and depicted the location of “Great Cavern” and
unnamed caves in Wadi Qasab and Wadi Abu Nafukh east-
ern south of Sohag City. El-Sayed (1995) described small
karstic features such as sinkholes and caves with dripstone
up to 0.8-m long in the Farafra area in the Wadi al-
Obayyid. El-Ramly (1997) studied karstic pollution and
subsidence problems of the Mokattam area. The
Mokattam karst, which is formed on the dissected
limestone plateau on the eastern fringe of metropolitan
Cairo, represents a famous example in Egypt. Khalil and
Hassan (1997) and Khalil et al. (2002) mentioned that the
karstic waters in the Western Desert characteristically arise
from fissures in the underlying Nubian sandstone and with
lesser quantities flow in fractured limestone rocks.
Halliday (2000, 2003) indicated that several significant
karstic features were located in the north southern Galala
plateau such as St. Anthony’s cave. Halliday (2003) indi-
cated that the most beautiful and important caves in Egypt
is that of Wadi Sannur which is considered as a potential
World Heritage Site. Ruggieri (2001) reported the occur-
rence of small caves along the road from Edfu to Dush in
the Kharga oasis and in Wadi Karnak. Brook et al. (2002)
described one of the most important caves in this western
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plateau, which is known as Djara Cave (40 m long). It is
located between Assiut and Farafra Oasis and resulted
from the dissolution of carbonates. Pielsticker (2002) ex-
plained the occurrence of the Egyptian Alabaster near the
road of Farafra-Baharya oasis by the unroofing of a large
cave. Wanas et al. (2009) indicated that some karst features
were located in the area between El-Baharia and El-Farafra
oases in the Western Desert. Abdeltawab (2013) mentioned
that the area between El-Minia and Maghagha also shows
some karst features.

Karst and sinkhole evaluation in Egypt represent a little
explored topic. Therefore, the current study represents a
new work that could help in understanding and evaluating
the karst phenomena in Egypt, using field investigation
and remote sensing applications. The current research pro-
vides an overview of the karst problem around Sohag
City, Egypt (Fig. 1). It determines the essential karst for-
mations and the distribution of the most problematic karst
areas (sinkhole and cave areas). These were illustrated
through many karst feature types covering the study area
with different subsidence mechanisms.

Study area characteristics

Sohag governorate lies in the middle part of the Nile Valley
which is situated south of Cairo by about 460 km between the
latitudes 26° 6' 54" t0 27° 9’ 26" N and longitudes 31° 13 18"
to 32° 36’ 50" E (Fig. 1). The Sohag City is bounded from east
and west by the limestone plateau in which there are many
wadis that dissect the plateau, and has a main direction NE-
SW; following these plateau inwards, there are low desert land
areas and agricultural areas surrounding the River Nile. The
limestone plateaus, in Sohag District, border the low land
desert from west and east and represent part of the major
Eocene Limestone plateau of the Eastern and Western
Deserts of Egypt. It rises about 200 to 300 m above sea level
and generally decreases toward the north. Structurally, the
limestone plateaus surrounding the Sohag City are character-
ized by many joints with different directions NW-SE (main
direction), NE-SW, and E-W. These joints have an essential
effect in the karstification processes due to the movement of
water through them. Sohag area belongs to the arid belt of
Egypt, which is characterized by dry climate. The rainfall in
the area is variable from time to time during the year with a
yearly average ranging between nill in summer to 17 mm in
winter. The rainfall in the Sohag area is very irregular and
sometimes it happens suddenly with high rate causing flash
floods (Kareim 2001). The average temperature in the area is
about 23.2°. The highest temperature is recorded in August
while the minimum is recorded in January with an average
between 14 and 30.8 °C.
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Fig. 1 Generalized geological
map of Egypt (http://www. 320

eeescience.utoledo.edu/Faculty/
Harrell/Egypt). Black box
represents the study area

26°

220
25° 270

Mesozoic -Cretaceous sandstone .2~ Quaternary :] Unconsolidated sediments

A L Evaporite, Sandstone
Paleozoic  [Jisandstone & shale % Neogene -& conglomerate
Precambrian -Crystalline basement o Paleogene Limestone

29° 310 350 37°

Distribution of sinkhole-prone areas in Egypt

Egypt, located on the northeastern part of the African
Continent, comprises four geological zones with different lith-
ological, structural, and geomorphological features (Fig. 1):
(1) Zone (1): Precambrian rocks: they are called the Nubian
Shield, situated on the Eastern part of Egypt, and mainly con-
sists of igneous and metamorphic rocks. Karst-related features
are rare or absent in this zone. (2) Zone (2): Paleozoic rocks:
they consist of sandstone and shale. They are exposed in some
small areas in Egypt especially the south western corner and
southern Sinai. (3) Zone (3): Mesozoic rocks: they consist of
sandstone and some carbonates of Cretaceous age. They are
exposed in some areas in Egypt especially the southern part
and middle section of Sinai. (4) Zone (4): Cenozoic rocks:
they consist mainly of three groups, namely, (a) limestone
rocks that are related to Paleogene which covered the middle
part of eastern and western plateau, which sometimes is cov-
ered by Quaternary deposits and the middle of Sinai; (b)
Neogene evaporite, sandstone, and conglomerates covering a
narrow coastal area of the Red Sea, east of the Nubian Shield,

and the north western area of Egypt and the eastern side of
Suez Gulf; and (c) undifferentiated sediments that cover west,
north, and along the Red Sea cost and Nile valley of Egypt.

Methodology

The main investigation methods are presented in the current
study, including field investigation and remote sensing appli-
cation. Field investigation was carried out to conduct a detail
study of different features of karst processes and verification
of the remote sensing results. Remote sensing data used in the
current study including Landsat 7 ETM* and Google Earth
images. Google Earth images have a high resolution (<1 m
pixel size), which provides good opportunities to detect and
map sinkholes and karst features. In the current study, two
methods of detections were applied. First according to visual
interpretation of ETM* and high-resolution satellite images
(Google Earth images). The second method by using en-
hanced processing of the ETM* images to automate recogni-
tion of susceptible sinkhole and karst areas. The material used
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in this analysis consists of Landsat 7 ETM" imagery Path175,
Row 42, acquired on 2000. The image is cloud free and geo-
metrically corrected to a UTM Zone 36 north and WGS84
datum. Landsat ETM™ is multi-spectral remote sensing data
that have eight bands of the electromagnetic spectrum. The
image processing has been done using the Environment for
Visualizing Images (ENVI 5) software. The ETM* bands 1, 2,
3,4, 5, and 7 were stake together to build one image with 30-
m resolution. The produced image was fused with band 8 to
produce a final image of the study area with 15-m spatial
resolution. Different image processing techniques were
employed including principle component analysis (PCA),
minimum noise fraction (MNF), and hue saturation value
(HSV).

Results and discussion

Karstification-susceptible units in the area
around the Sohag City

Despite the arid climate of Egypt (the annual rainfall precipi-
tation is less than 100 mm), many caves, sinkholes, and
karstification features were detected recently, notably in El-
Minia, Sohag, Assiut, and other areas. Most of the recent
documented caves, sinkholes, and other karstification features
are associated with human activities that may favor or trigger
dissolution and/or subsidence processes. Limestone rocks in
the area around Sohag are classified into two formations: the
Thebes Formation and the Drunka Formation.

Thebes Formation was introduced by Said (1960) to de-
scribe the laminated and massive cherty limestone. This for-
mation represents the lower part of the Eocene limestone of
the Nile Valley that conformably overlies the Esna shale. It
occupies the foot of the limestone scarp at the area around the
Sohag City with a thickness of 150 m, and constitutes most of
the eastern limestone scarp, and extends from Wadi Qasab-
Wadi Abu Nafoukh in the south to Awlad El Shekh in the
north. In the area, west and southwest of Sohag, the Thebes
Formation (up to 110 m thick) is composed of fine grained,
massive to laminated limestone with flint bands. The banded
flinty limestone succession is easily separated from the over-
lying “Drunka Formation.” No karst features, “sinkholes, or
caves” were detected of the Thebes Formation.

The term Drunka Formation was first introduced by El
Naggar (1970) to describe the stratigraphic succession
overlying the Luxor Formation and is exposed with a
thickness of more than 200 m in the type locality at
Gabal Drunka, southwest of Assiut. Mostafa (1979) stated
that Drunka Formation covers ~90% of the area east and
northeast of Sohag City. Most of the scarps in the study
area are composed of Drunka Formation, which has a
wide extension outside this area. In the study area, the
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Drunka Formation overlies the Thebes Formation. The
Thebes Formation is easily differentiated from Drunka
Formation by its white color, massive bedding, and the
abundance of large silicified carbonate concretions. Field
studies indicated that the lower part of the Drunka
Formation (about 30 m) forms a transition zone between
the Thebes and the lower Drunka Formation, which is
characterized by the presence of silicified concretions
(up to 1.2 m in diameter). The upper part of the Drunka
succession (up to 100-m thickness) is composed of gray-
ish white, massive to bedded bioturbated limestone. The
abundance of Echinoderms, Molluscs, calcareous algae,
large Foraminefra, as well as the widely distributed bio-
turbation all may indicate that the sediments of the
Drunka Formation were deposited under near shore con-
dition (Laporte 1971; Wilson 1975; Mostafa 1979). The
Drunka Formation is characterized by the presence of
karst features including caves of different sizes as well
as depressions.

Karst types and mechanisms

The current work follows the genetic sinkhole classification
introduced by Gutiérrez et al. (2008, 2014b). This genetic
classification used two main sinkhole categories called
solution and subsidence sinkholes. Solution sinkholes
represent shallow enclosed depressions, due to the
differential erosion of the exposed karst rock surface.
Development of this type of sinkhole is guided by
discontinuities, does not involve the settlement of the land
surface, and consequently do not produce a ground
instability hazard. Subsidence sinkholes are related to
subsurface dissolution and controlled by downward
gravitational movement of the undermined overlying
sediments. The subsidence sinkholes are responsible of
surface deformation, damages, and/or internal erosion of the
sediments and/or rocks. Gutiérrez et al. (2010) indicated that
the genetic sinkhole classification is applicable to karstic rocks
(carbonate and evaporate rocks). Two terms were used to de-
scribe subsidence sinkholes. The first term characterizes the
subsidence materials into cover (represents loose deposits),
bedrock (refers to karst rocks), and cap rock (describes non-
karst rocks). The second term describes the subsidence mech-
anism including collapse (refers to brittle deformation of soil
or rock materials), suffosion (indicates downward migration
of loose cover deposits through conduits and progressive set-
tling), and sagging (means downward bending of ductile sed-
iments and/or rocks). Complex sinkholes could be formed
which characterized by the presence of different material types
and many subsidence mechanisms. In the current work, dif-
ferent types of sinkholes were recognized in the study area as
shown in (Fig. 2).
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Fig. 2 Sinkholes classification in
the study area (the generic
classification of sinkholes is
according to Gutiérrez et al.
(2008, 2014b)

Fig. 3 a—c Large-scale
karstification features and d—f
small-scale karstification features
inside the filling caves materials
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Fig. 4 Several collapsed caves
showing different karst features.
a—e show buried sinkhole filled
with weakly cemented red sand
and coarse brecciated materials
(sand and fine materials with big
boulders of limestone fragments).
These limestone blocks resisted
the dissolution and represent the
caves remnants of network type
karst

Field identification and characterization of karst
in the study area

Field investigations were conducted in the area around Sohag
City including the Sohag-Assiut asphaltic road and Sohag-
Red Sea road. Several karst features were detected and inves-
tigated in detail in the Drunka limestone Formation. The
Drunka limestone Formation in the study area is characterized
by bioturbation, joints, fissures, and fractures which facilitate
the process of dissolution of limestone and trigger the forma-
tion of caves, sinkholes, and collapsed caves. Several features
from this kind were detected along these asphaltic roads.

Large- versus small-scale features
The dissolution of the limestone in the area around the Sohag

City is very common. The field investigations which were
conducted in the area east and west of Sohag led to detection
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of several karst features. The karst features are well represent-
ed as subsidence, tilting, and sagging of the limestone beds
(Fig. 3a—c). Small features were also detected inside the filling
materials of the caves. These features were formed during the
formation of these karst features including tilting of the lam-
inated limestone beds (Fig. 3d, ) and sagging of the beds due
to the loading of the massive limestone located at the top of the
filling caves (Fig. 3f).

Filled caves versus empty caves

Karst features exemplified in the study area by the well-
known filled sinkhole and/or cavities (along the rock cuts
and the wadis that cut the limestone plateau). Large numbers
of these cavities can be seen along the road cut of the western
desert highway (Cairo-Aswan) and the eastern desert highway
(Sohag-Red Sea highway). Karst features in this area are of
different types: (a) pockets, (b) networks parallel to the strata
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or joints, indicating the preferential circulation of water along
discontinuities representing bedding planes, and (c) empty
voids and cavities. Detailed analysis of the caves infilling
materials varies from place to place, and in general, four facies
of deposition were detected (Fig. 4): (1) a coarse basal breccia
is composed of material derived from the country rock, blocks
of white chalk, limestone, and some chert with diameters
ranging from few centimeters to 1 m (Fig. 4b, d, e), and the
large boulders of the limestone represent the remnants of the
caves before the collapse (Fig. 4¢); (2) locally red sands with
muddy matrix (Fig. 3d—f); (3) coarsely crystalline gray calcite,
occasionally forming masses up to few meters and more than
5-m wide and long (Fig. 5b, c), and calcite in the cave varies
from microcrystalline varieties to layers of huge crystals up to
15 cm; and (4) deformed and fragmented limestone. In this
facies, the original bedding of limestone can be seen in spite of
the deformation and fragmentation (Fig. 3d). In most of the

Fig. 5 a One of the largest caves
along Sohag-Red Sea highway
(an entrance opening of 8-m wide
and 3-m height). b Calcite crystals
on the roof of the cave. ¢ Many
stalactite and stalagmite structures
inside the cave. d, e show an ex-
ample of local cavities more than
10 m in size, which were found
along western desert Cairo-
Aswan highway. f, g show prob-
ably cavernous weathering of
limestone in the study area

caves (empty and filled caves), the roof materials are massive
limestone (Figs. 4b—d and 5a—e¢).

As an example of the biggest caves on this road is at
latitude 26° 52" 42.2" N and longitude 32° 14’ 04.1" E, its
opening reaches 3.1 m and its height reaches 9 m
(Fig. 5a). Field investigations indicated that there is a
main joint that has the major impact on the cave area. It
represents the main pathway of the water toward the cave.
The joint bearing is N76°E (Fig. 5d). Some stalactites and
stalagmites are found in the cave which range from soda
straw forms to large tapered types. Some of them have
secondary coatings of different thickness. Others are
glassy and they appear as a monocrystalline (Fig. 5b, c).
Other empty caves were recognized in the area west of
Sohag City. Series of empty caves were recognized as
extending to 21 m in width and up to 2 m in height of
the opening. These caves extend within the limestone
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plateau for several meters (Fig. 5d, ¢). Other features such
as bioturbation and small caves were detected (Fig. 5f, g).

In the study area, it is essential to mention that the nature of
the upper part of the limestone plateau (Drunka Formation) is
characterized by many joints, fractures, and faults which make
this rock formation favorable to form karst phenomena
(Fig. 6). These joints and fractures could be considered as
the pathways for the infiltration water which play a major
role in limestone dissolution and cave formations. Grosch
etal. (1987) indicated that most of karst features are controlled
by joint systems. These karst features were developed during
the past pluvial periods.

Application of remote sensing in karst detection

Land use planning in karst terrains mostly relies on de-
tailed mapping of sinkholes and karst features. Sinkholes
can be recognized from topographic maps as closed de-
pression features (Alexander et al. 2013; Youssef et al.
2016). However, there are some problems using topo-
graphic maps for detecting sinkholes such as (1) most of
these topographic maps are old and new sinkholes may
have developed recently, (2) not all closed depressions in
the topographic maps are sinkholes, and (3) some small
sinkholes and karst features cannot be recognized on

Fig. 6 a—d Photograph showing
different joints in Drunka
Formation that activate the karst
formation
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topographic maps due to scale. In addition to that essential
and important information on sinkhole distribution and
evolution can be extracted from aerial photographs
(Carbonel et al. 2015; Gutiérrez et al. 2011).
Unfortunately, aerial photographs in many areas are not
available. However, with the development of remote sens-
ing images such as Landsat Enhanced Thematic Mapper
Plus (ETM"), surface features related to karstification and
sinkholes could be easily detected and mapped (Newton
1976; Youssef et al. 2012, 2016). High-resolution and ac-
curacy of remote sensing images provide good opportuni-
ties to detect and map sinkholes and karst features. The
remote sensing detection of sinkholes and karst features
are due to highly subdued geomorphic expression
(Youssef et al. 2012, 2016). Dinger et al. (2007) used
high-resolution images (1 m) to detect circular shapes as
indication of sinkholes. Guimarées et al. (2005) used
Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER) data to detect karst depressions de-
pending on a combination filtering and digital
classification of spectral images techniques. Siart et al.
(2009) used a combination of digital elevation data, high-
resolution images, and GIS to detect and map karst fea-
tures. In the current study, two methods of detections were
applied. First, according to visual interpretation of ETM*
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and high-resolution satellite images (Google Earth im-
ages). The second method by using enhanced processing
of the ETM™ images to automate recognition of susceptible
sinkhole and karst areas.

Results of visual interpretation

The reference map of karst and sinkhole features was built from
the visual interpretation of ETM™ (15 m), professional Google
Earth images (<1 m), and detailed field validation. These im-
ages were used to detect different karst and sinkhole features
such as circular and oval depression features and ring structures.
In the current study, circular and oval sinkhole features were
mapped. They appeared as subtle peripheral ridges and an in-
ternal depression (few meters deep) with a diameter or main
axial length ranging from a few hundred meters to some kilo-
meters (Fig. 7). Accordingly, these mapped sinkholes and karst
features were verified with the field investigation.

Results of ETM" analysis

In the current study, sinkhole and karst feature mapping have
four steps, building ETM* image composite with 30-m reso-
lution, using the/a fused method to prepare ETM™ with 15-m

Fig. 7 Reference maps from the
visual interpretation: a
Distribution of the dissolution
depressions were detected from
ETM* 15-m resolution (yellow
ovals). b, ¢ Google Earth images
show several depression with dif-
ferent sizes and shapes (oval and
circular) at the top of the lime-
stone plateau; around the Sohag-
Red Sea highway (b) and around
Sohag-Assiut highway (c)

resolution, apply different enhanced techniques to map sus-
ceptible sinkhole and karst areas, and field checking.

In the first step, the layer stacking was performed for bands
1,2,3,4,5, and 7 to produce a composite image using Erdas
Imagine (v. 9.2).

In the second step, the layer stack mosaic (30-m spatial
resolution) was sharpened using panchromatic band (band 8)
(15-m special resolution) to produce a composite of ETM™*
image with a spatial resolution of 15 m. Image subsetting
was applied to produce image for the study area as shown in
Fig. 8a.

In the third step, the latter composite image (15-m
resolution) was used to map the most susceptible areas for
sinkholes and karst areas. In this method, it was assumed that
most of the caves are filled with red sediments. The mapping
technique was done by applying three enhanced techniques
including principle component analysis (PCA), minimum
noise fraction (MNF), and hue saturation value (HSV). (a)
The principle component analysis (PCA) depends on the anal-
ysis of principal components which applied on the original
bands of the multispectral image to produce an equal number
of components (Crosta and Moore 1989). PCA is a multivar-
iate statistical technique which selects uncorrelated linear
combinations of variables with a small variance (Singh and
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Fig. 8 a ETM" 15-m resolution 31°200°E 32°00°E
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Harrison 1985). The main aim of PCA is to overcome redun-
dancy in multispectral data. PCA is widely used for mapping
of alteration zones, aggregate materials, and Pliocene clay
(Tangestani and Moore 2002; Ranjbar and Honarmand
2004; Youssef 2008a, b). In the current study, PCA was ap-
plied onbands 1, 2, 3, 4, 5, and 7 of the ETM" image. The PC
transformation result indicates that PCA bands 1, 2, 3 in RGB,
respectively, are successful in detecting and distinguishing the
filled sinkhole areas from the surrounding materials (Fig. 8b).
(b) The minimum noise fraction (MNF) method is a common
method applied to determine the inherent dimensionality, to
segregate noise, and to reduce the computational of the image
data for further processing (Boardman and Kruse 1994).
Green et al. (1988) indicated that the MNF transform is char-
acterized by two types of principal component
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transformations. The first transformation is based on estima-
tion of noise covariance matrix. It depends on band-to-band
correlations. The second step is called standard principal com-
ponent transformation of the noise whitened data. For further
spectral processing, the inherent dimensionality of the data is
identified based on examination of the eigenvalues and the
associated images. The data is divided into two groups. The
first group is associated with large eigenvalues and coherent
eigen images, and a complimentary part with near unity ei-
genvalues and noise dominated images. However, the noise
could be separated from the data and improving the spectral
processing results by using the coherent portions. The result of
the current study indicated that the first three bands have large
eigenvalues. They are the most important bands to represent
the spectral information. Figure (8c) shows the combination of
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MNF 5, 1, 2 in RGB, respectively. They are clearly distin-
guished from the areas of filled sinkholes from the surround-
ing materials. (c) Hue saturation value (HSV) represents a
color model. It describes colors (hue or tint) in terms of their
shade (saturation or amount of gray) and their brightness (val-
ue or luminance). Firstly, the original image transforms into
the HSV color space. The input file has at least three bands or
a color display open to use this function. The stretch is applied
in the color display to the input data. In the current study, the
HSV was applied on original ETM* image bands 742 in RGB.
The results indicated that the HSV method is clearly marking
out the areas of filled sinkholes from the surrounding deposits
(Fig. 8d).

In the fourth step, probable sinkholes and karst areas were
randomly chosen for field checking. Random samples were
chosen by dividing the study area to equal cells and then
randomly selecting different sinkholes and karst areas from
some cells. To check susceptible sinkholes and karst features
in the field, it was found that the selected areas are depressions
filled with accumulation red sediments and sometimes includ-
ing columnar structure of limestone rock which resist the dis-
solution process (Fig. 9). Field checking indicated that the
enhanced techniques succeeded in mapping all areas of sedi-
ment accumulation (filled sinkholes and karst areas) in depres-
sions that could be related to dissolution phenomena.

Causes and impact of karst and sinkholes

Different types of factors that could cause karst include the
following: (1) Presence of soluble rocks: the geologic map of
Egypt shows that a significant portion of Egypt covered by
soluble rocks. (2) Presence of geologic structures: the chances
of limestone dissolution increase with the presence of struc-
tures such as anticlines, joints, and faults. Faults, joints, and
cracks are usually good pathways for water flow, and the

Sediment
accumulation

. ‘A A
Limestone
remnant
towers

Fig. 9 Limestone towers remaining inside aggregate sediment

formation of caves was confirmed by many investigations to
be controlled by the fracture distribution. (3) Subsurface dis-
solution of evaporite rocks due to infiltration of surface waters
(Youssef et al. 2011). Other areas could have the same phe-
nomena in Egypt especially along the Red Sea coast due to the
distribution of evaporite rocks. (4) Thickness of the overbur-
den: the probability of the occurrence of sinkholes is high
when the overburden of unconsolidated soil above the existing
solution cavity is thin. Because the process of soil flow into
the cavity is governed by a “piping” process, the speed of
piping is a function of distance, which is represented by the
thickness of the overburden. (5) Excessive groundwater
pumping: karstification due to this factor may occur in areas
characterized by excessive groundwater extraction from sub-
surface limestone aquifers. The top layers will subside or col-
lapse due to dewatering of underneath cavities. (6) Irrigation
and rainwater infiltration that cause karstification due to the
wetting of the topsoil. This leads to the increase in the topsoil
weight and decrease in its internal strength and cohesion.
Moreover, infiltration of water through the top layers causes
internal erosion processes and migration of sediments though
underlying cavities and conduits. (7) Static and dynamic
loads, such as external loads, man-made vibrations, and exca-
vation, may trigger the collapse of unstable cavities (Tharp
2003; Pazuniak 1989); Gertje and Jeremias 1989; Igbal
1995; Abdeltawab 2013).

Karst can pose multiple hazards to urban areas and infra-
structures, which need to be addressed through featured inves-
tigation methods (Gutiérrez et al. 2010; Parise 2010). These
hazard types will have direct and indirect effect on different
areas. The increasing human invasion of karst prone areas will
enhance the hazard degree due to karst features. In many car-
bonate areas, solid limestone can present a high bearing ca-
pacity which is good for the foundation. However, the lime-
stone is interspersed with open and sediment-filled voids as
well as pinnacles at shallow depth that will complicate foun-
dation design, subsurface homogeneity, integrity, and
excavatability processes. These features underlying a pro-
posed engineering project are unpredictable that will increase
the challenges for the engineers in dealing with these features.

Conclusion and final considerations

A significant proportion of Egypt is underlain by soluble sed-
iments, including Paleogene and Neogene limestone forma-
tions and evaporite in addition to Quaternary sabkhas. Karst
hazard investigation in Egypt is a very cursorial work; how-
ever, this type of research is very rare and it is still beginning.
The area around Sohag City provides an excellent location to
investigate karst (sinkholes and cavities). The recent increase
in sinkhole activities and their related hazards can be mainly
contributed to human activities that enhance and/or trigger
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subsidence phenomena. The majority of the karst features in
the study area contribute to cavities formed in the past under
humid conditions. Those cavities may have remained under
equilibrium conditions for a long time, until some changes
and/or alterations happened due to anthropogenic activities.
The disequilibrium conditions can initiate or accelerate inter-
nal erosion and subsidence processes. Extensive field investi-
gation was used to determine and classify different types of
karst features in the study area. In addition, the integration of
satellite remote sensing with the field data proved to be a
successful method in identifying karst features. It was found
that the karst features were distributed in many areas. Finally,
application of remote sensing techniques and detailed field
investigations proved to be useful and important tools to de-
tect and map the prone areas that might be at risk for surface
collapse.

For the final consideration, developing a systematic data
collection and analysis to establish a database management
system using geographic information system would be highly
desirable in order to determine, assess, and manage different
types of karst and/or sinkhole hazards. Application of geo-
physical techniques to the planning areas to understand the
subsurface karst features. The karst database and geophysical
works would help to determine the most karst-susceptible
zones where detailed investigations and application of
remediation/mitigation measures are the decision maker’s
priority.
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