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Fractured crystalline aquifer is considered as the main source of water supply in most of the arid and
semi-arid regions. Fractures play an essential role as pathways through which groundwater Cows from
high catchments to supply the productive wells in lowlands. The hydraulic conductivity measurements for
highly fractured crystalline aquifers are a must for optimal management of groundwater extraction from
these aquifers. The current work aims at estimating the hydraulic conductivity of the crystalline aquifer
by using an unconventional approach based entirely on the processing of remotely-sensed lineament data
and Beld observations. Extracted lineaments at four sites near the productive wells along Wadi Nasab
area (WNA) were traced from Landsat (ETM+7) and other ancillary geological data by using image
processing and GIS tools. Hence, four discrete fracture networks (DFN) were designed and practiced for
the selected test sites to model the groundwater Cow through the fracture system in order to estimate the
hydraulic conductivity of the investigated crystalline aquifer. The achieved results indicated that the
hydraulic conductivity of fractured basement aquifer of WNA varied between 2.3 9 107 and 6.1 9 107
m/s. The estimated hydraulic conductivity values are close to the values of previous Beld inBltration tests
in the nearby area at Sinai. The previously estimated inBltration rates (expressing the vertical hydraulic
conductivity) on the fractured crystalline outcrops ranged between 2.6 9 106 and 6.5 9 107 m/s, which
are concordant with achieved results. Moreover, the achieved values match the previously published
values of hydraulic conductivity for similar crystalline aquifers around the world, reCecting the high
validity of the used unconventional, low-cost approach to estimate the hydraulic conductivity of fractured
crystalline aquifers. The designed approach can be potentially practiced on similar basins in Sinai
peninsula and other comparable basins having similar geological and climatic environments around the
world.
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1. Introduction
The crystalline basement, mostly igneous and
metamorphosed rocks, and associated aquifers
occur in extensive areas of Sub-Saharan Africa
where they cover more than 40% of the surface
area. The crystalline basement normally contains
interconnected fracture porosity with a relatively
high hydraulic conductivity. The fractured crystalline aquifer provides the local inhabitance of
South Sinai with the required water needs for
various uses. Groundwater occurs within these
crystalline rocks in Bssures or in the superBcial
weathered zones. The near-surface saturated zones
of fractured aquifers were of the most highly
hydraulic conductivity and distinguished by higher
groundwater Cow velocities (Wilson et al. 2017;
Medici et al. 2019a, b, c).
The intensifying stresses on water resources for
various uses amplify the complication of water
management designing (Hermans et al. 2006). In
developing nations, the planning of water management often relies on questionable estimations of
their water resources. The latest rise of water
requirements has encouraged the hydrogeologists
to search for new approaches to assess the
groundwater potentiality and recharge possibilities
of the widely spread aquifers (Murmu et al. 2019).
The use of remote sensing techniques in geology
has recently undergone significant advances, for
example, in geological mapping, mineral and water
exploration, and in delineating the potential sites
for groundwater, geothermal resources and petroleum accumulations (Kumar et al. 1999; Chowdhury et al. 2009; Ganapuram et al. 2009; Dar et al.
2010; Elewa and Qaddah 2011; El-Rayes et al.
2015; Arnous 2016; Abubakar et al. 2018; Bal
azs
et al. 2018; Pour et al. 2018). By applying variant
remote sensing techniques, the recognition and
interpretation of lineament derived from satellite
images extended helpful tools in groundwater
studies (Mohamed et al. 2015).
The methodologies for estimation of groundwater Cow parameters in fractured aquifers have been
advanced by numerous authors (Tsang et al. 1990;
McKay et al. 1993; Lo et al. 2014; Ren et al. 2018).
Firstly, optical and acoustic imaging and Cuid
logging, or borehole dilution tests are employed to
deBne the number of discontinuities inCuencing the
Cow. Subsequently, the hydraulic tests are operated for computation of fracture permeability and
hydraulic aperture using the cubic law. At this
stage of work, enormous authors came to fracture
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Cow velocities for description of fractured igneous
and sedimentary aquifers, assuming a parallel plate
model of fracture Cow (Witherspoon et al. 1980; Ji
and Koh 2008; Quinn et al. 2011).
Lineament analysis of remote sensing data
constitutes an integral part of studies related to
tectonics, engineering, geomorphology and exploration of natural resources such as groundwater and
ore deposits (Koopmans 1986; Kar 1994; Koike
et al. 1996; Philip 1996; Kumar et al. 1999; Masoud
and Koike 2005; Leblanc et al. 2006; Madani 2009;
Prabu and Rajagopalan 2013; Meixnera et al. 2018).
Few methods were practiced using the remotely
sensed lineament data to evaluate groundwater
potentiality in arid and semi-arid provinces (Lie
and Gudmundsson 2002; Solomon 2003; Mogaji
et al. 2011; Omran 2013; Prabu and Rajagopalan
2013; Tahir et al. 2015; Arnous 2016). Recently,
remote sensing techniques are excessively practiced
by geological communities for regional lineament
mapping and automatic extraction (Suzen and
Toprak 1997; Arlegui and Soriano 1998; Desjardins
et al. 2000; Ahmadirouhani et al. 2017). Relative to
groundwater exploration, lineaments expressing
faults and fractures reCect zones of increased
porosity and permeability, which in turn has
greater significance in groundwater occurrences
and distributions (Bense et al. 2013, 2016; Medici
et al. 2019a). The combination of remotely-sensed
data along with Beld data in the geographic information systems (GIS), aided the understanding of
Cow regime and hydrogeological setting of the
regarding aquifers (Dorn et al. 2012; Roques et al.
2014a, b; Ren et al. 2018). It also helps in identifying aquifer potentialities and well yields
(Lubczynski 1997; Leblanc et al. 2006; Sultan et al.
2007; Arnous 2016).
Crystalline rocks and their associated aquifers at
WNA are often exposed as a vast watershed area.
They are primarily composed of igneous and
metamorphic rocks of Pre-Cambrian era and constitute the majority of the stable tectonic shelf of
the Sinai sub-plate (Said 1990). From a hydrogeological point of view, opinions have varied on the
importance of crystalline aquifer from one place to
another, based on certain factors mainly related to
water availability and the water needs of the local
inhabitants (Hazell et al. 1992; Wright 1992; Gustafson and Kr
asn
y 1994; Abiye et al. 2011). Due to
water scarcity in arid and semi-arid regions like
WNA, much attention has been paid to the
potentialities of the shallow crystalline aquifers
(Boisson et al. 2015; Alazard et al. 2016).
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Due to the heterogeneous and anisotropic nature
of the fractured crystalline aquifer, the groundwater acquires a very complex Cow character (Mar
echal et al. 2007). Water researches have long
focussed on the yields of the crystalline aquifers
relative to their depths (Davis and Turk 1964),
geologic setting (Houston and Lewis 1988) and
weathered proBle thickness (Foster 1984). Several
researchers have been studying the development of
transmissivity against depth and storage capacity
of the weathered crystalline rocks (Saad 1967;
Davis and Turk 1969; Summers 1972; Duba 1974;
Read 1982; Woolley 1982; Chilton and Foster
1984). They often cite the transmissivities of the
fractured crystalline aquifers without regard for
the total hydrodynamics of the fractured materials.
Because of the relatively low permeability of
fractured crystalline aquifers, it is difBcult to
measure their hydraulic conductivities utilizing the
conventional methods (Howard et al. 1992; Roques
et al. 2014a, b). Therefore, the current work aims
to suggest an innovative, unconventional approach
in estimating the hydraulic conductivity of fractured crystalline groundwater aquifer using the
remote sensing lineament data in combination with
the Beld-measured fracture data. The hydraulic
conductivity values are estimated via quantifying
the Cowing water through a discrete fracture network (DFN). The implementation of our methodological approach will enhance the reliabilities of
the 3D groundwater Cow and transport models
(e.g., MODFLOW, MODPATH, MT3DMS).

2. The study area
Wadi Nasab is a major sub-basin of Wadi Dahab
mega-basin in South Sinai of Egypt (Bgure 1). It is
located in the southeastern part of Saint Katherine
city, between latitudes 28230 0000 –28400 0000 N and
longitudes 33560 4000 –34200 0000 E. Wadi Nasab
catchment has an area of 444 km2, a perimeter of
about 169 km and a length of about 62 km. It is
accessible through the main asphaltic road to Saint
Katherine city and then through a desert track
along W. Isbayia down to W. Nasab. W. Nasab
drains mainly to W. Zaghra to the northeastern
direction and hence joins W. Dahab mainstream.
Few Bedouin tribes are living within Nasab
catchment, depending principally on groundwater
supply for agricultural and grazing sheep activities.
They principally scattered as small communities
along the main stream of Wadi Nasab. Igneous and

metamorphic rocks constitute the major land cover
class of the WNA, whereas the alluvial deposits
occupy only the main stream zone. The cultivated
lands are represented by the local orchards of the
Bedouins along the main course of Wadi Nasab,
usually around the productive water wells.
As an arid area, the climatic condition of WNA
experiences extreme aridity, long hot and rainless
summers, and mild winters. The unique source of
freshwater is the rainfalls in winter, spring, and
autumn. During these seasons, the study area
experiences short, but very intensive rainfall,
which often causes severe Cash Coods endangering
the public infrastructures and even threating
human lives.
2.1 Geological setting
South Sinai is mainly overlaid by crystalline rocks,
composed mainly of igneous and metamorphic
units of Precambrian age, ranging from 850 to 540
Ma and intruded by dike swarms with variable
geochemical aDnities (Fowler and Hassan 2008).
The crystalline basement rocks constitute a part of
the Arabo-Nubian Massive, extending all-over the
northeastern corner of Africa and western Arabia
(Bennett and Mosley 1987). The geology of WNA
was debated among several researchers (Hume
1906; Said 1962; Ghodeif 1995; El-Masry 1998).
The Precambrian rocks of the study area comprise
from the oldest to the youngest, the following units
(Bgure 2):
• Metamorphosed volcano-sedimentary association, which covered a limited area located at
the western part of Wadi Nasab. It is referred as
Ferani metasedimentary succession formed
mainly of phyllites, metasiltstones, conglomerates, and volcanogenic sediments. The metavolcanics mainly include miscellaneous varieties of
rock species like rhyolite-andesite-dacite association and accompanied by minor basaltic
extrusive.
• Older granitoids represent the oldest intrusive
magmatic events. They inferred into late kinematic granites which comprises quartz diorites
and granodiorites. They were intruded by
younger granites and contained xenoliths of the
metagabbro-diorite complex. Younger gabbros
are found as small intrusions spread along
northern, southwestern and southern portions
of WNA. Some of the older granitoids are
subjected to low-grade metamorphism.
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Figure 1. Location (a) and physiographic map (b) of Wadi Nasab area (WNA), Sinai, Egypt.

Figure 2. Lithological map of WNA showing the aerial extensions of the enclosed lithological units.

• Younger granitoids (post-kinematic granites) form
the most extensive exposure of the study area.
They comprise monzogranites that occupy the
eastern, southern and northeastern exposures of
WNA. They are distinguished by the pegmatite
pockets and quartz veins and dissected by
swarms of acidic, intermediated, and basic dikes

(Bgure 3a). Alkali granites represent the latest
batholithic granitoid phase exposed in South Sinai
and composed mainly of syenogranites (Bgure 3b).
• Post-granitoid dykes are common and occur as
parallel swarm cutting in the monzogranites
pluton (Bgure 3c). They are of acidic, intermediate, and basic compositions.
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from 1 m, at the upstream parts, to more than
50 m at the lower streams.
Tectonically, WNA has been controlled by the
tectonic setting of South Sinai, which led to the
opening of the Gulf of Aqaba. The structural elements are mainly aAected by three major tectonic
trends NNE–SSW (Gulf of Aqaba axis), NW–SE
(Gulf of Suez axis), and ENE–WSW (Syrian Arc
Trend). The tectonic processes acting on the Gulf
of Aqaba zone substantially deform the adjacent
areas (Salah 2013), and consequently, the drainage
pattern mainly controlled by the dominant structural elements (Ben-Avraham 1985; Bayer et al.
1988).
2.2 Hydrogeological setting
The hydrogeological setting of the crystalline
aquifer in South Sinai is mainly controlled by several factors, including rainfall intensity, topographic altitude, joint densities of rocks, the
thickness of alluvial deposits, and conBguration of
the underlying basement relief, and dike trends and
compositions (El-Shamy et al. 1989). Rainfall and
snowmelt represent the essential sources of
groundwater recharge through fractured crystalline basement rocks (El-Rayes 1992). The stored
groundwater Cows through the fractures following
the topographic gradient to recharge the lowland
fault zones and alluvial deposits (El-Shamy and
El-Rayes 1992). Considering the lithological
attributes of WNA, the water-bearing formations
are classiBed into the followings:
2.2.1 Alluvial aquifer

Figure 3. Field photographs showing (a) highly fractured
monzogranitic rock body dissected by acidic dikes, (b) alkali
granitic rocks invaded by basic dike, and (c) post granitic
basic dike swarms of WNA.

• Finally, the alluvial deposits cover the Coor of
the main streams of W. Nasab. These deposits
composed mainly of sand, gravels, and rock
fragments imbedded in Bner silt and clay sediments. The sandy and gravely deposits are
derived from the country rocks by weathering
processes. The thickness of these deposits ranges

Alluvial aquifer covers the bottom of the main
streams of WNA (Bgure 4). It is fairly of heterogeneous composition, varying in grain size from
sandy and gravelly to boulders embedded in a silty
and clayey matrix. This aquifer has good hydraulic
properties and high yield; for this reason, the
majority of productive dug wells in WNA tapping
this formation (Bgure 5a). Ghodeif (1995) determined the hydraulic conductivity of alluvium
aquifer at WNA using pumping tests. His results
indicated that the hydraulic conductivity value
reached up to 1.96 9 103 m/s. The thickness of
alluvial aquifer ranged between 5 and 25 m
along upstream reaches, especially around the
Main Nasab Well, and gradually increases downstream, attaining up to 30 m thick. Hydraulic head
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Figure 4. Hydraulic head distribution map of WNA showing the groundwater level in meters above mean sea level.

mainly decreases downwards, where it ranges from
1425 masl at well (N1) down to 1260 masl at well
(N6) (Bgure 4). Depth to water changes from well
to well in Wadi Nasab. It ranges from 13.5 m at N1
to 34 m at well (N6). It is going deeper as the Wadi
course gets wider, where it is recorded as deep as 43
m in well (B) along the wide part of Wadi Nasab
course. The depth to water in the alluvial aquifer is
controlled by the impacts of the underlying basement relief, dikes acting as dams, and the changes
in stream width.
2.2.2 Crystalline basement aquifer
Crystalline basement aquifer constitutes the most
important water-bearing formation in South Sinai.
It is widely distributed along WNA and characterized by low yield. Based on the hydraulic properties
of basement rocks of South Sinai and their function
in the hydrogeological system, they are grouped into
three hydrogeological units namely Main Aquifer,
Aquitard, and Local Aquifer units (El-Rayes 1992).
The Main Aquifer occupies the highlands and
mountain peaks and characterized by high fracture
densities giving high recharge capacity by rain and
snowmelt water. The recharged water Bnds its way
through the joint system to feed the low-lying fault
zones (Bgure 5b) and also discharged as springs that

spread along with the contact of the Main Aquifer
with the underlying Aquitard Unit (Bgure 5c). In
this manner, groundwater moves step-like downward along the horizontal and non-horizontal joints
until the fault zone (Local Aquifer) is reached
(El-Rayes 1992).
Yields of the crystalline aquifer at St. Katherine
neighbouring area is measured considering the
dominant fracture pattern (El-Rayes 2004). The
acquired yield values are rating between 5 and 12.3
m3/day. Fracture lengths and densities have a
major impact on the yield of the crystalline aquifer
(El-Rayes op. cit.).
Depths to water oscillated between 4 and 6 m.
Water level Cuctuation is mainly attributed to the
damming eAect of the dikes system intruding the
basement bed-rocks. The dike system also plays a
prime role in groundwater movement and accumulation through the crystalline aquifer, where
they act as conduits when they are open-fractured
acidic dikes or act as barriers when they are sealedfractured basic dikes.
3. Materials and methods
The methodological approach over the study area
aims to discriminate the assorted lithological units,
extract the prevailed geological structural features
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Figure 5. Field photographs showing (a) large-diameter dug well penetrating the alluvial aquifer of WNA, (b) hand-dug well in
basement aquifer, and (c) fracture spring issued along fault zone in basement aquifer of WNA.

within the study area, develop speciBc image
processing for discrimination of lithological and
structural elements in WNA, and use GIS tools to
construct the various thematic maps.
Georeferenced data, including the topographic
sheets covering the study area at scale 1:50,000,
were utilized for remarking of satellite data and
positioning of Beld veriBcation points. Additionally, the previously published geological maps of
the study area (EGSMA 1994) and other ancillary
geological data were utilized to verify the developed maps.
Tabular data comprises the Beld data records,
fracture analyses, and supplementary published
structural data tables. Digital data was developed
by digitizing lineament sets already designated by
the Egyptian Mineral Resources Authority

(EGSMA 1994) and other published lineament
maps, in addition to the Beld-measured data. The
extracted lineaments are used to formulate a procedure capable of calculating the amount of water
Cows over discrete fracture networks (DFN). The
simulated DFN model will be able to estimate the
hydraulic conductivity of the fractured aquifer.
Several Beld trips were done to amass a chunk of
excellent knowledge about the fracture pattern
within the study area to assist in verifying the
extracted RS data. During Beldwork, the lithological descriptions and fracture measurements were
collected at about all observation points. Surveyed
GPS was employed in this level for the study area
through Beld veriBcation for the determination of
the lithological contacts and spatial distributions of
fracture elements. Enhanced satellite data was
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Figure 6. Location map of sites selected for lineament examinations at WNA.

calibrated by Beld data and so combined to
recognize the digital geological and structural maps
of the study area. The lithological map was digitally established in the ARC GIS environment. The
digital partitions, expressed as polygons and vectors of rock units and fracture sets, were hosted the
GIS system to get the topological association.
Then, the resultant information was converted into
the shape Ble format and processed to produce the
geological and structural maps of the WNA. The
connections among the lithologic units and structural elements were recognized in the 3D contexts
(X, Y, and Z sectors). Finally, the achieved maps
were correlated with the previously published maps
of the WNA.
Lineament inspection meted out via visual
interpretation of the processed single bands (black
and white) and multi-bands (coloured) composites
involve standard band combinations and stretched
images. Four test sites on basement exposures of
WNA are selected to look at the fracture pattern to
estimate the hydraulic conductivity of the predominant crystalline aquifer. The chosen sites were
situated near already operating productive well
Nos. 1, 6, 7, and 8 (Bgure 6).
Structural lineaments are extracted from the
processed satellite images of WNA. The goal of
lineament mapping and analysis is the clariBcation

of the role of lineaments in groundwater availability within the crystalline aquifers. The practice of
lineament extraction via satellite image of WNA is
summarized by the Cow chart (Bgure 5). The
satellite Landsat ETM+7 image (path 174/row 40)
of WNA was downloaded from the USGS Earth
website http://earthexplorer.usgs.gov. It is a cloudfree image launched during the dry season.
Landsat data (ETM+7), essentially composed of
multi-spectral bands 1, 2, 3, 4, 5, 7, and panchromatic band 8 with spatial resolutions of 30 and 15
m, respectively, are accustomed to delineate the
prevailing lineaments in WNA. The micro-lineaments have been automatically extracted using
panchromatic band 8. The radiometric improvement process is practiced to the ETM +7 image in
order to enable the visual discrimination of the
lineaments. Spatial enhancement processing of the
ETM+7 image is conducted by fusion of the multispectral image with 6 bands (1, 2, 3, 4, 5, and 7)
and the panchromatic band (band 8) so as to boost
the spatial resolution of the image via reducing the
pixel size from 30 to 15 m. The fracture traces are
characterized by endpoint coordinates of every one.
The fracture-trace mapping of WNA has been
meted out by integrating the Landsat ETM+7
data (extracted manually and automatically) with
additional geo-referenced Google Earth data with
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high special resolution (0.7 m). The chosen Google
Earth image has been downloaded as a JPEG
image format and subjected to geo-referencing
process, in order to be positioned into the exact
spatial position of the ETM+7 image. The georeferencing procedure was accomplished utilizing
the Beld control points (FCP) on both the ETM+7
and the Google Earth images. Consequently, the
resultant image has been projected into the UTM
zone 36 north, WGS84 coordinate system. Finally,
the resampling nearest-neighbour techniques are
practiced to regulate the pixel value of the image
into 15 m resolution.
The remotely sensed data are complemented
with the Beld data survey of fracture pattern in
WNA using GPS instrument to boost the data
coverage and enhancing the map accuracy. It is
veriBed that the most important structural elements scattered in WNA were joints, dikes, and
faults. To calibrate the achieved fracture pattern of
WNA, the analyzed lineament data were compared
with the observed Beld data. Image processing was
operated by utilizing the ERDAS Imagine 8.5 and
PCI Geomatica 9.1 software package (PCI Geomatica 2001). Two common techniques of lineament extraction are employed in the current study,
manual and automatic extractions.
3.1 Manual lineament extraction
Geologists have recognized that the linear feature
reCects a weak zone or structural oAset element in
the earth’s crust. Lineament is a traceable linear or
curvilinear surBcial element and mainly expresses a
fault or weakness zone in the bedrock media or it
may reCect the topographic relief of tonal contrasts. It is known that lineament or ‘fracture
trace’ analysis, used in examining the groundwater
potentiality of fractured crystalline aquifers, are
not reliable unless supported by Beld examinations.
In large-scale surveys, the Beld checking of each
lineament is useless in terms of time-consumed and
cost eAectiveness. Lineament analysis of the
remotely-sensed data comprises the processing of
huge amounts of data sets (Koronovskii et al. 1986;
Bishta et al. 2015; Scheiber et al. 2015; Thakur
et al. 2016; Das and Pardeshi 2018). These data
sets implement the spatial density distributions by
using contour maps, consider the sub-parallel lineament swarms rather than individual lines, and
reject the false linear elements while combining the
real elements into the lineament frameworks
(Abalos et al. 1989). Lineament interpretation is

based on linking of the remotely-sensed data from
geological objects with the available Beld data. The
discrimination of lineaments from satellite images
is accomplished via the automated segment tracing
algorithm (STA) (Koike et al. 1995), which enables
the analyzing of their orientations, lengths, and
densities.
The manual extraction process aims to extract
the main structural linear features (faults and
enormous joint sets) that might be visually distinguished within the satellite image. The manual
extraction process requires applying a pre-enhancement process for the satellite image that
features bands smoothing with a mean low pass
Blter, so as to get rid of noises using ERDAS
Imagine 8.5. Gradient-Sobel Bltering methods are
chosen to boost the looks of linear features. The
Sobel kernels provide an eDcient and quick means
to gauge lineaments in four main trends (Suzen and
Toprak 1997). Image directional Sobel Blter kernels
are given in four trends (table 1). A Sobel kernel of
393 pixel size is chosen and utilized for trends N–S;
NW–SE; NE–SW and E–W to display the linear
features in their own trends.
In the manual extraction process, the human eye
easily discriminates the non-geological (false) linear features, like roads, fences, and concrete
boundaries. Visually, it is observed that bands 1
and 2 were the simplest for discriminating against
the sedimentary exposures, while bands 3, 4, 5, and
7 were the best for discriminating against the
igneous and metamorphic exposures in WNA. Each
enhanced band constitutes a separate layer that
might easily join the opposite layers in a GIS
system to get the overlaying lineament map
(Bgure 7).
3.2 Automatic lineament extraction
Automatic lineament extraction may be a critical
process within the regional investigations of basement terrains. Methods of automatic detection of
lineaments from aerial photographs and satellite
images are discussed by several experts and oAer
quick and low cost relevant spatial information for

Table 1. Sobel Blter kernels in four principal trends at WNA.
E–W

NE–SW

N–S

NW–SE

–1 –2 1
000
–1 2 1

–2 –1 0
–1 0 1
012

–1 0 1
–2 0 2
–1 0 1

012
–1 0 1
–2 –1 0
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Figure 7. Flow chart describing the data used and summarizing the followed methodological approach.

local managers (Suzen and Toprak 1997; Sener
et al. 2005; Morelli and Piana 2006; Mostafa and
Bishta 2005; Masoud and Koike 2017; Raj et al.
2017; Das et al. 2018). Numerous authors have
considered the automated lineament extraction
process in basement territories (Madani
2001, 2009; Qari et al. 2008; Al Saud 2008; Mogaji
et al. 2011; Arnous 2016; Meixnera et al. 2018).
Orientations of extracted lineaments are predominantly concordant with the master structural
bearings in WNA. Automatic extraction is used to
accumulate sufBcient data to investigate the
structural framework needed for hydrogeological
applications in basement terrains. The lineament
analysis aimed to clarify the connection between

the lineament pattern and the hydraulic properties
of the recharge watersheds of the crystalline aquifer. InBltrated water through the delineated
recharge watersheds continues to Cow through the
depicted fractures (lineaments).
Landsat panchromatic image (15 m resolution) is
meant to manage lineament analysis using the
LINE 241 module of PCI Geomatica 9.1 software
package (Kocal et al. 2004). The automated lineament extraction process is conducted on Landsat
panchromatic image together with three principal
steps namely edge detection, threshold speciBcation, and lineament extraction. The satellite image
has been scaled to 8 bit employing a nonlinear
scaling procedure. The output might be a vector
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map that comprises the extracted lineaments of
WNA.
Lineaments are commonly seen as straight segments or edges on satellite images (Wang and
Philip 1990). To delineate these edges, the Band 8
image is sub-divided into two slices, for sedimentary and basement exposures and separately processed. Edge enhancement is conducted utilizing
significant kernels comprised of the directional 3 9
3 pass Blters (Suzen and Toprak 1997). The
threshold and user parameter values of Madani
(2009) are employed in image enhancement with
the help of PCI Geomatica 9.1 software, LINE
module, to facilitate the lineament extraction
process.
The conducted processing techniques on
ETM+7 and geo-referenced google images of WAN
enable us to extract all fractures and linear features. However, there are some non-geological linear features extracted as false lineaments, like
roads, pipelines, and terraces. To avoid the interferences between the false and real features, GIS
was used, particularly ArcGIS 9.3.1 software. This
was done through the overlapping of the detected
linear features with relevant topographic map
(1:50.000), with the spatial reference of linear features. Through this step, all the linear objects were
interpreted as non-geologic features (false lineaments) and specifically eliminated. The lineament
density maps are prepared through ArcGIS 9.3.1
environment using the ‘Line density’ tool using the
formerly extracted lineament data in Rockware
software to organize the rose diagrams.

3.3 Discrete fracture network (DFN) design
and hydraulic modelling
The challenge for hydraulic conductivity estimation in fractured crystalline rocks through satellite
data alone is difBcult. The combination of remote
sensing data with Beld tests through geographic
information system (GIS) facilitates the estimation
process of the hydraulic conductivity of fractured
crystalline aquifers. The tactics employed in this
study enables us to supply the discrete fracture
network (DFN) of WNA with the extracted fracture traces from satellite image and Beld data
records. The DFN model is meant using planeparallel plates approximate (cubic low) counting
on the discrete fracture Cow emulation, from which
the hydraulic conductivity tensors of the fracture
system are estimated.
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To generate DFN as a random stochastical
distribution, Blum et al. (2005) developed a
model (namely Frac Frac) employing a density
constant (C) and fractal dimension (D), which are
dependents of fracture length distribution. Within
the present study, the density constants and
fractal dimensions found for the available fracture
length data failed to enable the generation of
suitable DFN for fracture Cow modelling. Instead,
the statistically-derived fracture input data
approach was used for the generation of the DFN,
where the actually existing and measured discrete
fracture networks were used for the hydraulic
modelling and so accustomed to evaluate the
hydraulic conductivity tensor of the crystalline
aquifer. The study area mostly covered by very
hard igneous rocks, during which the fracture
openings were mostly sharp, smooth and do not
have any inBlls, as observed within the Beld.
These conditions encourage us to the chosen
mean average value of 0.5 mm for aperture in
Cow calculations. Four discrete fracture networks
are delineated in WNA using the cut-out fracture
endpoint procedure. The length data of the
extracted lineaments exhibit what is so-called the
truncation eAect. The truncation eAect is generated because of the technical frailer to detect
minute lineaments with lengths and widths below
certain limits. Near to the detection limit, fewer
lineaments are going to be recognized (Pickering
et al. 1995; Bonnet et al. 2001). The truncation
inCuence was discriminated by performing the
chord procedure suggested by P
erez-Claros et al.
(2002) and Roy et al. (2007) (Bgure 8). Data
summary of lineament analysis mapping are listed
in table 2.
Chord procedure is applied to delineate the cutoA points. In this procedure, the leftmost and
rightmost data points are connected together on
the plot with a straight line (chord). The perpendicular distance between each data points on the
plot and the chord line will be measured. The data
points displaying significant distance will be categorized as cut-oA while the left points will be
ignored. Chord procedure is the most appropriate
technique to deBne the cut-oA point, where it is
unique, that is, independent on many regulating
factors.
Rose diagram recognizes four fracture sets
dominating the test sites and have 5–60,
60–105, 105–165, and 165–5 azimuth trends.
These sets were congruent with fracture patterns
all over the entire WNA. The fracture density of
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Figure 8. Truncation eAect of the extracted lineament length data at Site 1 and Site 3, WNA.
Table 2. Data of the trace line map analysis in WNA.
Area around
Well No.
1
6
7
8

Traces [–]

Min-length
[m]

D [–]a

Density
[m2]b

143
143
279
75

150
40
170
142

2.30
2.27
2.16
1.87

0.03
0.09
0.025
0.015

a

Exponent of the Power-law distribution.
Density extrapolated for a lower length cut-oA measured and reported in
Ghodeif (1995).
b

each set is determined based on the number of
fractures per unit area of rock media (Davis 1984).
The data of the trace line map analysis were used
to generate DFN. The Frac Frac program, based
on Visual Basic for application (VBA) in the Excel
environment, was used to ‘cut-out’ an area of 100 9
100 m from the fracture trace line map to generate
the modelled 100 DFN. The selected ‘cut-out’ areas
were positioned at sites surrounding the selected
wells with a good resolution and possible complete
data of fractures traces (Bgure 11). The selected
size of the area depended mainly on the resolution
of the identiBed traces. Thus, all the fracture traces
were deBned by endpoints in a decimal degree,
which transformed into coordinates within an
assumed rectangular grid with southwestern corner
of the cut-out area as a point of origin. The Frac
Frac calculates the endpoints of the lineaments
contained by the cut-out areas and their intersection points along with the four borders. Fractures
are connected with the boundaries of cut-out areas,
which are apparently to Cuid transport, were
visualized using VBA code which can delete all
fractures that are not accessible to the Cuid Cow
(Blum et al. 2007).

The hydraulic modelling of the fractures was
carried out with the simulation program Frac2D
(Blum et al. 2005), which was veriBed by means of
analytical solutions and the commercial program
UDEC (Universal Distinct Element Code, Itasca
2000). Compared to UDEC, the FRAC2D shows
higher accuracy in the Cow budget (Blum et al.
2004). The DFN is then used to evaluate the
hydraulic conductivity tensor of the crystalline
aquifer. FracFrac program (Blum et al. 2005) was
used to generate 100 random networks, based on
the length distribution parameter, the set speciBc
densities and set orientation. Relying on Beld
measurements, the average fracture aperture of 0.5
mm is assumed for Cow calculations. Frac2D program is used to develop the hydraulic conductivity
model of WNA and simulate the Cow of water
through the fracture system. Frac2D analyzes the
water Cow pattern among the four boundaries of
the model, that is utilized to estimate the Cow
volumes in x and y axes. The volume of Cowed
water per unit fracture width is proportionated to
the cubed aperture between the plates, denoted as
the common cubic law (Snow 1965; Louis 1967).
FRAC2D employs the endpoints of the lineament
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in the DFN to compute the Cow through its
boundaries using the cubic law:
Q¼

qg 3
a rh:
12l h

ð1Þ

To calculate the Cow Q [L3 T1] in a fracture, the
density of the water Cowing through q [ML3], the
gravitational acceleration g [LT2], the dynamic
viscosity of the water l [ML2T1], the hydraulic
gradient rh [] and the gap opening width ah [L],
which is the most important parameter for
calculating the Cow in a fracture, are required.
For the Cow simulations, constant water density of
1,000 kg/m3, gravity acceleration of 9.81 m/s2, and
dynamic viscosity of 0.001 kg/ms are assumed.
Zeeb et al. (2010) have suggested a hydraulic
gradient value of –1 to simulate the Cow with
different orientations through the boundaries of the
DFN by the Code Frac2D.
The principal direction of water Cow within
fractured media could be deduced from the conductivity ellipsoid model, which is derived from the
principal hydraulic conductivities and their trend
orientations (Zeeb et al. 2010). To calculate the
orientation of maximum Cow, a method developed
by Jackson et al. (2000) and modiBed by Blum
et al. (2005) is used. The conductivity tensors are
evaluated assuming the Darcian water Cow (Blum
et al. 2005).

" #
kxx kxy oh
qx
ox
;
ð2Þ
¼
qy
kyx kyy oh
oy

where qx is the Cow in the x-direction (m3 s1), qy is
the Cow in the y-direction (m3 s1), kxx is the
component of hydraulic conductivity tensor in the
x-direction (m s1), kyy is the component of
hydraulic conductivity tensor in the y-direction
(m s1), kxy is the component of hydraulic conductivity tensor in the xy-direction (m s1), and h
is the gradient with rh = 1 (–). The Cows qx and qy
are derived from the boundary Cows calculated by
FRAC2D.

4. Results and discussion
Crystalline rocks and their associated aquifers at
WNA are exposed as a vast watershed area. The
heterogeneous nature of the fractured crystalline
aquifers implies the complex groundwater Cow
characters of such aquifer. For this reason, it is so
difBcult to measure their hydraulic conductivities

utilizing the conventional methods. Alternatively,
the present unconventional approach utilizes the
remotely-sensed lineament data in combination
with the Beld-measured fracture data in estimating
the hydraulic conductivity of fractured crystalline
aquifer of WNA. Mapping of the major fault traces
in WNA was achieved by visual interpretation of
the digitally processed multi-bands ETM+7
(Bgure 9). The produced map exhibits that the
dominant fault trends are mainly NE–SW and
NW–SE, which are followed by the main streams of
Wadi Nasab, while the N–S and E–W trends found
in minor predominance (Bgure 9b–e). The majority
of delineated lineaments have NE trend by [40%.
Other trends, including N–S and E–W, were
recorded by a lower percentage. The micro-lineaments have been automatically extracted using
panchromatic band 8. Rose diagram of WNA displays that the NNE, NE, NNW, and WNW trends
were among the master trends dominating WNA
(Bgure 9a). Lineaments trending NE and NNE are
the most predominant in WNA with a percentage
ranged between 25 and 28%. The conclusive lineament map is established using enhanced single
and multi-band images supported by Beld measurements and additional published data. Four
Beld stations are selected at WNA to measure the
real fracture pattern and assess the reliability of
the images-extracted lineaments. Field measurements of fracture system dominating WNA recognize four fracture sets having NNE, NE, ENE and
NNW trends (Bgure 10). Field measurements conBrmed that the major trends of fractures in the
crystalline terrains were NNE, NE, NW and WNW
as recorded in the Beld stations (Bgure 11). Fracture lengths and frequencies greatly inCuence the
recharge, storage, and yield of the crystalline
aquifer. The speciBc fracture densities were deBned
by evaluating the measured fracture frequencies of
each set. Consequently, tectonically deformed terrains tend to store considerable amounts of water.
Lineament density largely evolved in close proximity to fault zones, generating appropriate
environs to percolate and store the rain-water.
Lineament intersection density map shows the
distribution of lineament intersections per unit cell.
The intersection density distribution map recognizes zones of varied lineament trends. Lineament
intersection density is estimated by counting the
number of lineament intersections per unit area.
The lineament intersections in WNA have a great
inCuence on the rainwater inBltration rate to the
crystalline rocks. The high intersection density
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Figure 9. Rose diagram (a) showing the dominance of main lineament trends. The spatial distribution of NW–SE (b), the
NE–SW (c), the N–S (d), and the E–W (e) lineament trends in WNA are delineated by edge enhancement processes.

Figure 10. Rose diagram showing trends of the measured
minor fractures at WNA.

ranges between 21% along the 1 km radius scale
and 9% at the 6 km radius scale. The majority of
productive wells in WNA are situated within zones
of high lineament intersection densities (Bgure 12).
The location of wells close to the high-density
intersection zones conBrms their importance as
recharge zones. El-Rayes (1992) stated that the
inBltrated water Bnds its way through the fracture
system to recharge the low-lying fault zones (local
aquifer). The existence of water conduits–fractures
with long extension linking the watersheds may
enhance the productivity of the linked wells (ElRayes 2004). Joint densities decrease downward
throughout the hydrogeological units of South

Sinai. In this respect, rain water directly inBltrates
and stored in the highly fractured crystalline rocks,
especially the top-most hydrogeological unit, and
slowly percolates to the low-lying fault zones and
alluvial aquifer crossing the low-density fractured
unit (El-Rayes 2004).
The evaluation of hydraulic conductivity is an
important topic due to the little availability of Beld
data, particularly on fractured crystalline aquifers
of WNA. As it was mentioned, Frac2D utilizes the
fracture endpoints data in the discrete fracture
networks (DFN) to estimate the volume of Cowing
water between their edges. Outcrops in most of the
investigated area have neither weathered material
nor covers of boulders, which facilitates the
extraction of lineament data and obtaining the
complete DFN. Four DFNs are delineated for the
selected test sites (Bgure 13). The fracture-trace
maps of Site 2 (mostly covered by monzo-granites
and volcanic rocks) and Site 4 (mostly covered by
alkali granites and monzo-granites) exhibit a
remarkable connection among the prevailing fracture sets. DFN simulation demonstrates and conBrmed such connectivity between fracture sets.
However; Sites 1 and 3 exhibit minimal connection
between fractures than that of the previously mentioned sites due to their lower lineament densities
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Figure 11. Trend diagrams for the fracture measurements at four Beld stations in WNA.

Figure 12. Showing the spatial distributions of lineament intersections densities at different radius scales (1, 3 and 6 km radius)
and sites of productive wells in the crystalline aquifer of WNA.
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Key location map

Figure 13. The DFN of the test sites (S1–S4) showing the lineament densities and intersections, WNA.

and intersections, or due to lineaments concealment
by weathered material of the country rocks.
The principal Cow direction in the fractured
aquifer could be determined on the conductivity
ellipsoid (Bgure 14), where the maximum axis of the
ellipsoid represents the maximum hydraulic conductivity (Kmax), while the perpendicular axis on
the maximum one in the ellipsoid represents the
minimum hydraulic conductivity (Kmin) (Zeeb et al.
2010). The main trend of the maximum hydraulic
conductivity expressed on the conductivity ellipsoid as the angle bounded by the Kmax line and
x-axis (measured in the counterclockwise direction). DFN modelling with the mean average fracture aperture of 0.5 mm gives the following results:
• For Site (1) near well No. (1), the maximum
hydraulic conductivity (Kmax) = 39107 m/s
with an estimated Cow direction of 10.
• For Site (3) near well No. (7), the hydraulic
conductivity (Kmax) = 2.3 9 107 m/s with an
estimated Cow direction 6.

• For Site (2) near well No. (8), the hydraulic
conductivity (Kmax) = 4.3 9 107 m/s with an
estimated Cow direction 12.
• For Site (4) around well No. (6), the hydraulic
conductivity (Kmax) = 6.1 9 107 m/s with an
estimated Cow direction of 30.
The achieved results indicate that groundwater
Cow direction is governed by the principal lineament orientations dominating WNA (NNE–SSW
and NE–SW lineament sets) (Bgure 14).
To test the validity of our results, the outcomes
of FracFrac program are compared with both
previous Beld experimental data of the inBltration
test conducted on similar fractured crystalline
exposure at the neighbour local area by Yair and
Lavee (1976) and with other published estimates of
hydraulic conductivity of crystalline aquifers
(Freeze and Cherry 1979) as well. Given the similar
geologic and hydrogeological settings of neighbouring area (to the northeastern part of the
present study area), it is possible to use the
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5. Conclusion

Figure 14. Hydraulic conductivity tensors for the examined
discrete fracture networks (DFN) at the four test sites (S1–S4)
of WNA.

experimental results of Yair and Lavee (1976) at
the neighboured area in the veriBcation of the
obtained results. Yair and Lavee (op. cit.) simulate
varied rainstorm intensities sprinkled on fractured
crystalline exposures in the neighboured Saint
Katherine area, in order to quantify the runoA
discharge and estimate the inBltration capacity.
They obtain inBltration rates varied from 2.69106
to 6.5 9 107 m/s for the tested fractured crystalline exposures. Additionally, Freeze and Cherry
(1979) stated that the hydraulic conductivity for
fractured crystalline aquifers is ranged between
104 and 108 m/s, which come in agreement with
the obtained values by the present study.
Previously, the hydraulic conductivity of the
fractured aquifers has been estimated by conventional hydrologic techniques such as Beld pumping
tests or laboratory experiments on the core-plug
samples using mini-permeameters (Patle et al.
2018; Moharir et al. 2020; Singh et al. 2020). Scientists hardly get the conductivity estimates
because of the technical difBculties, time-consumed, and cost-effectiveness. The present study
formulates a new unconventional method to estimate the hydraulic conductivity of the fractured
crystalline aquifer in arid regions. The achieved
results conBrm the validity of applying such rapid
and low-cost unconventional technique to evaluate
the potentiality of the crystalline aquifer.

The remotely-sensed, the ancillary geological and
Beld data are used to study the structural
framework and to construct the lineament map of
crystalline rocks in WNA. Then, the achieved
lineament data was used to build DFNs at four
test sites near some productive hand-dug wells.
The DFNs were designed to model the fracture
Cow pattern and estimate the hydraulic conductivity values of fractured basement aquifer using a
constant fracture aperture. The achieved results
showed that the hydraulic conductivity of fractured basement aquifer of WNA varied between
2.3 9 107 and 6.1 9 107 m/s. To verify the
achieved results, they are compared with previous
inBltration tests conducted on a neighboured
similar area. The comparison conBrmed the convergence of the achieved results with the previous
Beld inBltration test data on local nearby site and
also found concordant with the published range
values of hydraulic conductivities for similar
fractured crystalline aquifers around the world.
Model outputs have revealed that lineaments play
an essential role in the passing of the percolated
rainwater into the fractured crystalline aquifer
and govern the Cow direction of the recharged
water. The main eAective lineament trends prevailing WNA were NNE–SSW, NE–SW, and
NW–SE.
We believe that this approach is robust and
advantageous, especially for the estimation of
hydraulic conductivity of fractured crystalline
rocks for the following reasons: (1) previously, the
designed approach was successfully tested over a
different area, although it was applied on different
geological environment (Zeeb et al. 2010). The
designed approach can be potentially practiced on
similar basins in Sinai peninsula and other comparable basins having similar geological and climatic environments around the world, (2) the
designed approach can be applied to hydrographic
basins of relatively large areal extent in the
basement terrains.
The estimation of hydraulic conductivity of
crystalline aquifer via the discussed therein
unconventional approach utilizing remotelysensed data provides a rapid and low-cost technique to evaluate the aquifer potentiality at
WNA. Application of the proposed approach gives
encouraging results when practiced on grass-less
coverage arid terrains like Sinai and Arabian
peninsula.
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