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Groundwater demand has dramatically increased due to the swift demographic explosion, especially in
arid areas, where groundwater is considered the main source for all purposes. Thus, this research inte-
grates climatological, lithological, structural, topographical, hydro-morphological, and geoelectrical data
to explore groundwater potential zones in the central part of Sinai Peninsula, Egypt using the GIS-based
Analytic Hierarchy Process (AHP). Seven thematic layers of soil moisture, rainfall, normalized difference
vegetation index, drainage density, lineament density, slope, and land use/land cover were built from dif-
ferent remote sensing data sets. The eighth layer represents a high-resolution lithological map of the
study area, constructed utilizing the power of the support vector machine over Sentinel 2 data and accu-
rately assessed with a previously published geological map. GroundWater Potentiality Map (GWPM) was
constructed and highlighted four main areas as promising zones. Comprehensive geoelectrical analysis
was executed through seventeen deep vertical electrical soundings (VESs) using Schlumberger configu-
ration, isoresistivity mapping, and geoelectric cross-sections along five different profiles. 3D view of
the studied area’s subsurface geological and structural pattern with groundwater flow direction specifi-
cation, and adequate aquifer characterization, revealed four main geoelectrical units. Geoelectrical data
results reasonably coincided with remote sensing data findings in highlighting three freshwater potential
zones. Furthermore, the study strongly recommends integrating low-cost remote sensing datasets in nar-
rowing the zone to be intensively investigated using further costly geophysical approaches or drilling test
boreholes.
� 2022 National Authority of Remote Sensing & Space Science. Published by Elsevier B.V. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Groundwater is the vital source for drinking, irrigation, and
enhancing all socio-economic aspects in arid and semi-arid regions
(Mukherjee et al., 2012; Todd and Mays, 2004). Egypt in general,
and particularly the Peninsula suffers from freshwater deficiency
(Araffa et al., 2015; Sultan et al., 2009); besides, the unmanaged
population growth takes this issue to the worst. Solving this prob-
lem requires a comprehensive exploration program to allocate
potential groundwater zones besides a managed plan to monitor
and regulate the random exploitation of known groundwater
aquifers.

Lately, remote sensing (RS) data not only proved their efficiency
in identifying potential groundwater zones (Arnous et al., 2020;
Daniel Hervé et al., 2021; El-Rayes et al., 2020; Melese and Belay,
2021) but also transcends in monitoring its deterioration (Arnous
and El-Rayes, 2013; Elbeih et al., 2021) and assessing the risk of
its invasion by seawater (Fehri, 2021). Integrated geospatial tech-
niques globally help in delineating the groundwater potential
zones (Arunbose et al., 2021; Das and Pardeshi, 2018; Qadir
et al., 2020), utilizing various multi-criteria decision-making meth-
ods e.g. regression models (Ozdemir, 2011), frequency ratio (FR)
(Naghibi et al., 2015), influencing factor (IF) (Das and Pardeshi,
2018) and Analytic Hierarchy Process (AHP)(Kumar et al., 2022).
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Fig. 1. a) Location map of the study area. b) Location map of the vertical electrical soundings and Jica boreholes in the study area over DEM.
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As a structured analysis for interrelated parameters, AHP is
widely applied for various water management studies (Arunbose
et al., 2021; Abu El-Magd and Eldosouky, 2021). Thus, this research
utilized various remote sensing data sets in a comprehensive eval-
uation of the surface conditions related to groundwater infiltration
to highlight zones assumed to be favorable for groundwater stor-
age via multi-criteria overlay analysis using GIS-based AHP. How-
ever, the undenied role of remote sensing and GIS based on AHP in
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solving groundwater potentiality problems (Nigussie et al., 2019),
their findings are strongly recommended to be integrated with
geophysical tools. Consequently, supplementing AHP results with
a geophysical validation highly increased the accuracy of the out-
puts (Arunbose et al., 2021; Kulandaisamy et al., 2020) and could
help decision-makers in executing actual steps for groundwater
extraction. The electrical resistivity approach as one of the most
often utilized and effective geophysical tools for groundwater



Table 1
Characteristics of Sentinel 2 data (Shebl et al., 2022).
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explorations (Lee et al., 2021; Mohamaden and Ehab, 2019;
Riwayat et al., 2018) is applied in the current research.

Over different parts of Sinai, several studies (Elbarbary et al.,
2021; Elewa and Qaddah, 2011; Mills and Shata, 2009) have imple-
mented GIS and RS data for groundwater potentiality mapping,
others (Sultan et al., 2009; Zarif et al., 2021) applied various geo-
physical measurements for groundwater exploration but the inte-
grated with RS data are not common. Thus, the main aim of the
current study is to prospect groundwater in the study area using
integrated RS and geoelectrical data. Moreover, Sentinel 2, Phased
Array type L band (1.27 GHz) Synthetic Aperture Radar (PALSAR)
DEM, Soil Moisture Active Passive (SMAP)/Sentinel-1 L2_SM_SP
product, Global Land Cover Map (GLCM) released by Esri, rainfall
data, and updated lithological map, were also integrated with geo-
electrical data to reveal the main geoelectrical units and assign the
fresh groundwater promising zones.
Band (b) Central wavelength (lm) Pixel size (m)

1 0.443 60
2 0.490 10
3 0.560 10
4 0.665 10
5 0.704 20
6 0.740 20
7 0.782 20
8 0.842 10
8a 0.865 20
9 0.945 60
10 1.375 60
11 1.610 20
12 2.190 20
2. Study area and geological setting

The investigated area is located at the western central part of
Sinai between latitudes 29� 1600 to 29� 4100 N and longitudes 33�
1600 to 34� 0000 E as shown in Fig. 1a, and occupies an area of about
3700 Km2. Fig. 1b shows the distribution of seventeen deep vertical
electrical soundings (VESs) over the study area. According to
UNESCO Cairo Office (2005), the study area is covered by sedimen-
tary rock units, such as Egma, (Lower Eocene chalky limestone),
Esna (Paleocene shale), and Sudr Formation (Upper Cretaceous
white to pale grey chalk), however, additional stratigraphical units
such as Malha, Raha, Wata, Matalla, and Duwi Formation, as well as
alluvial hamadah, and quaternary wadi deposits are also repre-
sented. As the UNESCO Cairo Office map has a smaller mapping
scale (1:500.000) which may cause inconveniences in the current
study, special importance was given to building an efficient geolog-
ical map depending on the spectral signatures of each rock unit uti-
lizing high spectral and spatial resolution sentinel 2 data (Shebl
et al., 2022, 2021b) (Table 1). Moreover, and with the proven nota-
bility of machine learning algorithms in lithological mapping, sup-
port vector machine (SVM) was applied to build a predicted
lithological map (Fig. 2).

The hydrogeologic setting is reported through the deep drilling
tests for the oil and groundwater explorations and pointed out
that, Sinai occupies six deep aquifers including Miocene, Eocene,
Upper Cretaceous, Lower Cretaceous, Jurassic, and Paleozoic aqui-
fer systems (EPIQ, 1998). Among these aquifers, the most impor-
tant aquifers in Sinai is the Lower Cretaceous Nubian sandstone
aquifer (Malha Formation) due to its wide extent, lithology, consid-
erable storage and fairly good quality. In addition, these aquifers
were classified into three main water bearing formations; the Pre-
cambrian basement (El-Shamy and El-Rayes, 1992); the Cretaceous
aquifers and the Quaternary aquifer (Shalaby, 1997).
Fig. 2. a) FCC 12/11/2 RGB for lithological differentiation and b) lithological map of
the study area created using SVM.
3. Materials and methods

3.1. Remote sensing

In the current study, Sentinel 2 data were utilized in lithological
classification, calculating Normalized Difference Vegetation Index
(NDVI) and Normalized Difference Moisture Index (NDMI)
(Fig. 3). A cloud-free, S2A MSI as an L1C product was obtained. Sen-
tinel 2 preprocessing included georeferencing, and radiometric
correction using sen2cor processor in Sentinel Application Plat-
form (SNAP). Moreover, A 10 m Land Use/Land Cover map (LU/
LC) was prepared through the recent Global Land Cover Map
(GLCM) released by Esri that depends also on Sentinel 2 data.
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PALSAR data, with 12.5 m Pixel size were obtained and used for
drainage network extraction (using SAGA and QGIS software),
slope mapping and lineaments delineation. The 3-km Soil Moisture
Active Passive data (SMAP/Sentinel-1 L2_SM_SP) (Mao et al., 2019)
are utilized for mapping soil moisture. Rainfall data were provided
by Prediction of Worldwide Energy Resources (POWER) NASA
Project.

Several image processing techniques (e.g., principal component
analysis, and independent component analysis) were applied to
discriminate the lithological units, however false color composite
(FCC) of 12/11/2 in RGB gives a reasonable identification for all
the exposed targets. Thus, a reference geological map (10 m pixel



Fig. 3. Methodological Flow Chart.

Table 2
Characteristics of training and testing data.

Rock Unit Training Pixels Testing Pixels

1 Wadi Deposits (WD) 693 499
2 Alluvial Hamadah (AH) 700 458
3 Egma Fm (Eg) 777 482
4 Esna Fm (Es) 649 412
5 Sudr Fm (Su) 694 698
6 Duwi Fm (Du) 636 596
7 Matalla Fm (Mat) 734 622
8 Wata Fm (Wa) 774 602
9 Raha Fm (Ra) 537 526
10 Malha Fm (Mal) 677 385
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size) was established via sentinel 2 FCC 12/11/2 in RGB respec-
tively (Fig. 2a). This composite clearly sets apart all the exposed
rock units after comparison with the georeferenced geological
map. To avoid scale inconsistencies accompanied by the conven-
tional geological map, this FCC was used for selecting training
and testing samples for SVM classification (Table 2). The accuracy
of the allocation process was assessed via confusion matrix
(Appendix A), overall accuracy (88.6553%), and kappa coefficient
(0.873), after testing the resultant lithologic map (Fig. 2b) with
ground truth samples. Subsurface lithology (Fig. 4) could be inter-
preted through the measured resistivity data. The resistivity curves
obtained by plotting the measured resistivity values against cur-
rent electrode half spacing were first manually interpreted utiliz-
ing the standard and the generalized Cagniard graphs (KOEFOED,
1960) to construct an initial model exhibiting the thickness and
resistivity for each layer. This initial model was then used to quan-
titatively interpret the various sounding curves using the IPI2WIN
software developed by a scientific group in Moscow State Univer-
sity (IPI2WIN Program, 2010) with a Root Mean Square (RMS) error
of less than 8 % for all VES points. To calibrate the interpreted resis-
tivity models with the geological data from the boreholes, VES 9
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was measured near the Jica 1 borehole (Fig. 1b) whose geological
record is shown in Fig. 4 (JICA, 1992).

These eight parameters (Rainfall, Soil Moisture, NDVI, Lithology,
Drainage Density, Lineament Density, Slope, and LU/LC) with dif-
ferent variables contribute to the process of highlighting ground
water potentiality (GWP) in the study area (Fig. 3). Several meth-
ods are known for making a decision, e.g., simple additive weight



Fig. 4. Stratigraphic description of the Borehole JICA (JICA, 1992).

Table 3
Normalized Eigenvector values of the analyzed elements.

Rank Thematic Layers Normalized Eigenvector (%)

1 Soil Moisture 28.7
2 Rainfall 24.2
3 Lithology 12.7
4 NDVI 11.3
5 Drainage Den 5.4
6 Lineament D 8.5
7 Slope 6.1
8 LULC 3.2

Fig. 5. Soil moisture maps using a) SMAP/Sentinel-1 data and b) Sentinel 2
Moisture Index (B8A-B11)/(B8A + B11).
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(Shebl et al., 2021a), Multi-influence factor techniques (MIF) (Das
et al., 2017), and AHP. As an efficient multicriteria decision-
making approach, AHP was recommended by several researchers
(Nigussie et al., 2019; Panahi et al., 2017). Thus, AHP is adopted
as a decision system for these shared parameters according to their
relative influence to wisely classify the GWP of the study area, by
assigning each pixel in the resultant thematic map a numerical
value or weight reflecting its potentiality for fresh groundwater.
The influence of each factor affecting GWP is controlled by compar-
ative and intrinsic weights (Das et al., 2017). The former describes
the relative importance between the main contributing factors,
while the latter arranges the attributes of a single factor according
to their importance for GWP. We used a pairwise comparison tech-
nique to give each criterion its weight based mainly on the full
knowledge of the study area conditions and after consulting
experts. The widely used scale (Wind and Saaty, 1980) makes the
comparison much easier by giving a relative importance number
ranging from 1 (equal importance) to 9 (extremely important)
and a pairwise comparison matrix was established and the normal-
ized principal eigenvectors were calculated for each criterion.
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3.2. Electrical resistivity

The electrical resistivity approach is based on the measurement
of electrical resistivity variations in the earth’s subsoil. The con-
cepts of electrical resistivity depend on the electrical direct current
being injected via two electrodes known as current electrodes. Two
more electrode pairs (potential electrodes) are used to measure the
resultant potential difference. The apparent resistivity value
(Milsom and Eriksen, 2013) can be then calculated as it follows:

qa ¼ K
DV
I
;

where qa is the apparent resistivity in units of ohms/m, K is the
geometric factor, DV is the potential difference, and I is the applied
electric current.

For groundwater potentiality mapping, the Schlumberger array
is employed using the electrical depth-sounding design to detect
the vertical changes in electrical resistivity of the subsurface layers
at higher depths (Chidambaram et al., 2013). In this configuration,
all four electrodes are positioned in a line, with the outer electrode
spacing being more than five times that of the inner electrode
spacing. Only the current electrodes are moved during each mea-
surement, while the potential electrodes remain in place, which
are then moved when the signal becomes too weak. Through these
procedures, the apparent resistivity values are subsequently
obtained and interpreted to estimate the resistivity and thickness
of each geoelectric layer (Sholichin and Prayogo, 2019).

To investigate the Lower Cretaceous Nubian sandstone aquifer
(Malha Formation), seventeen deep vertical electrical soundings
(VES) with current electrode half spacing AB/2 ranging from 5 to
3000 m were measured in the available valleys of the study area
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as shown in Fig. 1b. The geoelectrical resistivity data measure-
ments were carried out in the study area by using the SYSCAL R2
which was produced by IRIS instruments in France.
4. Results and discussion

4.1. Remote sensing results

The eight groundwater controlling elements were analyzed and
classified according to the study area conditions, literature, and
experts’ opinion. Their normalized eigenvector values are shown
in Table 3.
4.1.1. Soil moisture (SM)
Soil Moisture (SM) as the most potential variable in hydrogeol-

ogy (Wang et al., 2020) got the first rank, as in this arid area mois-
ture content strongly indicates the presence of groundwater,
plants, or rainfall. Consequently, SM is mapped using 3-km SMAP
(Mao et al., 2019), and Normalized Difference Moisture Index
(NDMI) is calculated via the following equation (Gao, 1996;
Taloor et al., 2021) utilizing Sentinel 2 Near Infrared (NIR) and
Short-wave infrared (SWIR) bands:

NDMI ¼ ðNIR � SWIR1Þ=ðNIR þ SWIR1Þ

SMAP results and NDMI maps were compared, and a good correla-
tion was found, where both of them highlighted the northwestern
part of the study area with higher soil moisture, as shown in Fig. 5.
Fig. 6. a) Rainfall map in mm and b) Sentinel 2 normalized difference vegetation
index (B8-B4)/(B8 + B4).
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4.1.2. Rainfall
Rainfall is a main hydrological source for increasing groundwa-

ter storage (Arulbalaji et al., 2019) and directly impacts infiltration
and storage depending on the nature of the slope and rock units
exposed. The rainfall data were calculated for 15 points distributed
within and just beyond the borders of the study area to help in
building inverse distance weighted (IDW) rainfall interpolated
map for the study area. IDW method was selected to create the
continuous raster for the gauged points of rainfall as recommended
by Nigussie et al. (2019). Our results revealed that the average win-
ter rainfall of the study area ranges from 25.99 to 76.81 mm in
2016 as shown in the rainfall distribution map (Fig. 6a).

4.1.3. Lithology
Without suitable lithological conduits, rainfall cannot be easily

infiltrated, and groundwater cannot be stored in aquifers. Thus, the
third rank was preserved for lithology. The previously discussed
thematic map (Fig. 2b) is adopted as the final geological map in this
study. As an input for AHP, we reclassified the resultant geological
map into 5 main divisions depending on their hydrogeological
characteristics (mainly their permeability) as it follows: 1) very
low (Sudr, Esna, and Egma Formations), 2) low (Raha, Wata, and
Matalla Formations), 4) moderate (Duwi Formation), 5) high
(Malha Formation), and 6) very high (alluvial hamadah and Qua-
ternary wadi deposits).

4.1.4. NDVI
NDVI is considered a good indicator for groundwater especially

in these regions and ecosystems. Thus, a pixel-based NDVI ranging
from �1.0 to +1.0 is calculated in this study to assess GWP and to
Fig. 7. a) Drainage network and sub-basins within the study area dropped over
ALOS PALSAR DEM and b) Drainage Density map of the study area.



Fig. 8. a) Lineaments extracted from ALOS PALSAR DEM over their density map and
b) Slop map in degrees of the study area.

Fig. 9. a) Land use / land cover map of the study area.
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recognize the land covers in the study area by using the following
equation (Taloor et al., 2021) applied to Sentinel 2 data:

NDVI ¼ ðNIR � RedÞ=ðNIR þ RedÞ
The resultant NDVI map values (Fig. 6b) range from �0.0500951 to
0.751712 and show scarce vegetation in the western side compared
to the eastern part of the study area; however, scattered vegetation
is represented all over the area.

4.1.5. Drainage network
The drainage network indicates the presence of rainfall and

shows (together with slope) where the runoff water could be gath-
ered. Ashmawy and co-workers compared in detail between the
manually derived drainage network and those automatically
extracted, and concluded the reasonable efficiency and reliability
of the automated network in calculating morphometric parameters
and achieving comprehensive watershed analysis (Ashmawy et al.,
2018). The resultant automated network is displayed in Fig. 7a and
shows high drainage densities (Fig. 7b) in the southeastern part of
the study area resulting in higher runoff and lower GWP than the
rest of the study area.

4.1.6. Lineament density
The presence of fractures is a good indicator for groundwater

recharge, as these structural elements act mostly as pathways
delivering surface water to the groundwater aquifers. Shebl and
Csámer (2021) recommended PALSAR DEM in lineament extrac-
tion compared to the widely used optical datasets. Consequently,
PALSAR DEM was implemented to derive lineaments, then, a linea-
ment density map was created (Fig. 8a) to highlight zones of higher
dissections that are favorable for groundwater infiltration.

4.1.7. Slope
Slope greatly affects runoff direction, groundwater recharge,

and thus GWP. Areas with lower slopes (mostly flat) give more
time for surface water to be infiltrated compared to steep or mod-
erate slope (higher runoff) regions (Ibrahim-Bathis and Ahmed,
2016). The resultant slope map shows that gentle, moderate, and
steep slopes are represented within the study area (slope ranges
from 0� to 57.4�). Steep slopes are mainly associated with wadi
cliffs at the central part of the study area or higher rock exposures
at the western part; however, the northern central, and eastern
parts are mostly flat regions, as shown in Fig. 8b.

4.1.8. LU/LC
Human activities have a profound impact on ecosystems,

groundwater recharge, and quality (Scanlon et al., 2005). The con-
structed LU/LC map revealed that most of the study areas are
scrubland or bare ground with a smaller representation of crops,
built areas, and grass as shown in Fig. 9.

4.2. Geoelectric resistivity results

The results of data calibration between VES 9 and Jica 1 bore-
hole showed the presence of four main geoelectrical units, as
shown in Fig. 10. Above these geoelectrical units there is a geoelec-
trical layer (wadi deposits) separated into two subunits: the upper
unit is the aerated near-surface unit with higher resistivity values
than the lower unit, which is likely owing to wetness from surface
infiltration and/or moistures. The first geoelectric unit represented
by mostly Paleocene-Campanian clay with resistivity values
between 4.41 and 11.9X.m can be grouped into three stratigraphic
units with a total depth of about 270 m. The second geoelectric
unit is limestone with a resistivity of 117 X.m, which corresponds
to three stratigraphic units from the Coniacian – Santonian to
Turonian ages up to a depth of roughly 520 m. The third geoelectric
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unit extending to the depth of 865 m is built up of Cenomanian
clayey limestone with a resistivity of 50.3X.m. The fourth geoelec-
tric unit is composed mainly of sandstone with a resistivity value
of 412 X.m and represents the major aquifer of the Lower Creta-
ceous Nubian Sandstone deposits, which extend to a total depth
of 1115 m.

4.2.1. Iso-resistivity maps
In the present study, iso-resistivity maps were constructed for

each geoelectric unit using the interpreted true resistivities to



Fig. 10. Calibration between VES 9 and Jica 1 well.
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illustrate the lateral variations in geoelectric resistivity values, as
shown in Fig. 11. It is demonstrated that the first clay layer is char-
acterized by relatively low resistivity values, ranging from roughly
3.1 X.m to 52 X.m. The minimal resistivities are extended in the
central part from north to south at VES 9 and VES 8 as well as
the southeastern part of the study area at VES 17,while, the
maximum resistivity values are concentrated in the western and
Fig. 11. Isoresistivity maps for a) the first geoelectric unit, b) the second g
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eastern parts of the study area at VES 2 and VES 16, respectively.
Furthermore, the resistivity of the second geoelectric unit ranges
from around 12.4 X.m to 230.1 X.m. The highest resistivity values
are concentrated in the southwestern part at VES 4, the central
north part at VES 9, and the eastern part at VES 15 and VES 16
while those of the lowest values are represented in the central part
of the study area at VES 6, VES 7, VES 10, and VES 11 as well as the
southeastern part at VES 17. Additionally, the third geoelectric unit
has resistivities ranging from about 2.2 X.m to 57.6 X.m. The
northwestern and northeastern parts including VES 10, VES 11,
VES 14, VES 15, and VES 16 represent the lowest resistivity zone,
whereas the highest values are concentrated in the southwestern
part at VES 2 and VES 4 as well as the central north part at VES
9. Finally, the geoelectric resistivity contour map for the fourth unit
representing the main aquifer of the Lower Cretaceous Nubian
Sandstone has resistivity values ranging from about 57 X.m to
412.6 X.m. The lowest resistivity values are distributed over the
northeastern part at VES 10, VES 11, VES 14, VES 15, VES 16, and
VES 17, while those of the highest resistivities are demonstrated
in the central-north part of the study area at VES 5, VES 6, and
VES 9 and in the central-south part of a small extension at VES 8.
The differences in resistivity levels are thought to be caused by
the varied salinity rates of the groundwater that has saturated
the aquifer, as evidenced by several studies (Abd El Rahman,
2001; Abd El Samie and Sadek, 2001; Basheer and Alezabawy,
2020; Ghoubachi, 2013; Shalaby et al., 2012). It means that this
aquifer may contain good quality fresh groundwater in the western
part and the salinity is increased towards the eastern part of the
study area due to clay intercalation.
eoelectric unit. c) The third geoelectric unit, d) the fourth geoelectric.
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4.2.2. Geoelectric cross-sections
To provide a clear picture of the subsurface geological and

structural conditions in the study area, geoelectric cross-sections
along with five different profiles (P1, P2, P3, P4, and P5) were con-
structed. Fig. 1b shows the major directions of the geoelectrical
profiles and related soundings for each profile.
Fig. 12. Geoelectric cross-sections along a) profile P1, b) profile P2, c) profile P3, d) pr
subsurface geological and structural pattern.
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Fig. 12a-e show the geoelectric cross-sections constructed for
the mentioned profiles. The quantitative interpretation illustrates
that the clay layer is characterized by low resistivity values ranging
from 3.7X.m at VES 10 to 50X.m at VES 2, and its thickness varies
from 38 m at VES 4 to 349 m at VES 12. The second geoelectric unit
of limestone has resistivity values ranging from 14.2X.m at VES 11
ofile P4, e) profile P5, f) Panel diagram depicting a 3D view of the studied area’s



Fig. 13. Elevation contour map for the main aquifer in the study area.
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to 465 X.m at VES 16, and its thickness varies from 35 m at VES 4
to 314 m at VES 10. The third geoelectric unit of clayey limestone
has resistivity values ranging from 1.1 X.m at VES 16 to 50.3 X.m
at VES 9, and its thickness varies from 150 m at VES 3 to 385 m at
VES 14. The fourth geoelectric unit representing the Nubian sand-
stone aquifer of interest has resistivity values ranging from 25X.m
to 412 X.m at VES 11 and VES 9 respectively with unknown thick-
ness due to its undetectable lower surface. Faults can be deduced
to the different cross-sections based on lateral variation in lithol-
ogy and resistivity readings. These faults are also confirmed by
the surface mapped ones taking the trends of the Gulf of Aqaba,
Gulf of Suez, and Syrian arc system.

A fence diagram (Fig. 12f) was produced along the first four
main geoelectric profiles (P1, P2, P3, and P4) in the study area, as
well as along the bordered soundings, showing the vertical and lat-
eral changes in the subsurface geology.

4.2.3. Aquifer characterization
The water-bearing formation of the Lower Cretaceous Nubian

sandstone aquifer represented by the fourth geoelectric unit
receives great importance in this study. Fig. 13 shows the elevation
contour map for the aquifer’s top surface interpolated from the
resistivity data of all VES points. The interpreted depth values for
this aquifer range from about 316 m to 956 m below the surface.
On the other hand, the aquifer has a minimum elevation from
�168 m to �68 m relative to sea level at the central north part
of the study area, while a zone with high elevation ranging from
+375 to 428 m relative to sea level is represented in the western
part with a NW-SE extension. We, therefore, can conclude that
the upper surface of the aquifer decreases gradually towards the
central and northeastern parts of the studied area suggesting the
flow direction of the groundwater which coincided with the north-
ern dip direction of Sinai’s stratigraphic units (Shalaby et al., 2012).
5. Data integration and groundwater potentiality mapping

All the eight remote sensing criteria maps are reclassified into
rasters with five classes (ranging from very low as 1 to very high
as 5), as shown in Fig. 14 and Appendix B. Each reclassified map,
with its appropriate weightage and known influence, is used as
input to perform a spatial weighted overlay analysis to build a
GWP map (Fig. 15a). The Consistency ratio (CR) value was 0.076,
which indicates that the overall AHP is acceptable (i.e., CR < 0.1)
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(Nigussie et al., 2019). GWP map classifies the study area into five
classes: (1) very low, (2) low, (3) moderate, (4) high, and (5) very
high, occupying areas of 0.156, 1072.7, 2269.3, 367.1, 1.172 square
kilometers respectively. Further inspection (depending on the
topography and visual interpretation) of the resultant GWP map
strongly highlights four main zones at the western part of the
study area (A-D in Fig. 15a) with moderate to high and very high
groundwater potentiality, recommended for drilling boreholes
and groundwater extraction.

Geoelectrical results indicated that the differences in resistivity
levels are thought to be caused by the varied salinity rates of the
groundwater that has saturated the aquifer. It means that this
aquifer may contain good quality fresh groundwater in the western
part and the salinity is increased towards the eastern part of the
study area due to clay intercalation. Spatial overlay analysis of
geospatial and geoelectrical data highlighted the higher groundwa-
ter potentiality of the western part than the eastern side and
revealed that three of these zones are approximately the same
highlighted areas using electrical data results as shown in
Fig. 15b. For instance, zone A in Fig. 15a almost totally coincides
with zone A in Fig. 15b (pinkish and red colors indicate higher
resistivity values, where there is a higher probability of freshwater
existence compared to the lower resistivity blue zones that repre-
sent higher salinity groundwater). Thus, the integration could be
concluded by delineating the highly potential freshwater zones
using remote sensing and GIS results that depend mainly on rain-
fall with freshwater monitoring using geoelectrical resistivity
results.

Verifying and coinciding with our outputs, spatial investigation
of the known water wells within Sinai Peninsula (Elewa and
Qaddah, 2011) revealed that 4 water points are mainly located in
the western side of the study area (specified with higher fresh
GW potentiality compared to the eastern side). Precise localization
of the water wells revealed reasonable allocation with the GWPM
(located within moderate to high potential groundwater zones) as
shown in Fig. 15.
6. Conclusion

The current research manifests the effectiveness of implementing
remote sensing and geoelectrical resistivity data in prospecting fresh
groundwater in the western central part of Sinai. Soil moisture, rain-
fall, lithology, NDVI, drainage density, lineament density, slope, and
LU/LC can be regarded as the primary groundwater controlling sur-
face parameters. Using AHP these elements were combined and
highlighted higher GWP at the western and central portions of the
study area. The subsurface setting was inferred through 17 VESs that
revealed the existence of four main geoelectrical units: (1) Paleocene
to Campanian clay (11.9X.m-4.41X.m), (2) Coniacian – Santonian to
Turonian limestone (117 X.m), (3) Cenomanian clayey limestone
(50.3 X.m), and (4) Lower Cretaceous Nubian Sandstone (412 X.
m). The latter represents the main aquifer in the study area. Iso-
resistivity maps and geoelectric cross-sections highlighted the sub-
surface structural settings (exemplified through 3D view panel dia-
gram) and suggested a flow direction towards the central and
central northern parts of the investigated area in the major aquifers.
Through iso-resistivity and elevation contour maps, three groundwa-
ter potential zones are highlighted. Through remote sensing and geo-
electrical spatial data overlay, a strong correlation between the
surface and subsurface investigations results was noticed in demon-
strating the considered GWP of the western part and revealed that
three zones (recommended for drilling groundwater wells) of the
four (highlighted via remote sensing data) are approximately the
same zones protruded by geoelectrical results. These results are rea-



Fig. 14. Reclassified maps of a) Soil moisture, b) Rainfall, c) Lithology, d) NDVI, e) Drainage density, f) Lineament density, g) Slope and, h) LULC of the study area.
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Fig. 15. a) GWPM constructed from 8 integrated remote sensing elements and
highlighted 4 promising zones. b) Isoresistivity map for the aquifer showing
approximately the same groundwater potential zones.
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sonably verified through the spatial coincidence of 4 water wells
within the western side of the study area. This, in turn, reflects the
importance of remote sensing surface investigations in groundwater
exploration programs. The applied integrated approach is strongly
recommended for further groundwater prospecting as it helps at
least in tapering the area to be surveyed by costly and time-
consuming tools. Moreover, it could help decision-makers in sustain-
able groundwater management within the study area and its sur-
rounding arid regions.
Funding

This research received no external funding.
Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
to influence the work reported in this paper.
Acknowledgments

The authors would like to thank NRIAG, ESRI, NASA POWER,
ASF, JAXA, and ESA for providing the data. Ali Shebl, Mahmoud
Ibrahim Abdelaziz, and Mahmoud Abdellatif are funded
by Stipendium Hungaricum scholarship under the joint executive
program between Hungary and Egypt.
Appendix A. Error matrix, producer accuracy (PA), user
accuracy (UA), overall accuracy (OA), and kappa coefficient (K)
of SVM classification results.
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Appendix B. Score and weight assigned for the eight parameters.
Parameter
 Class
777
Score
 Weight
Soil Moisture
 0.045–0.068
 1
 0.287

0.068–0.079
 2

0.079–0.090
 3

0.090–0.108
 4

0.108–0.139
 5
Rainfall (mm)
 25.90–36.08
 1
 0.242

36.08–46.26
 2

46.26–56.44
 3

56.44–66.62
 4

66.62–76.79
 5
Lithology
 Sudr, Esna, and Egma Formations
 1
 0.127

Raha, Wata, and Matalla Formations
 2

Duwi Formation
 3

Malha Formation
 4

alluvial hamadah and Quaternary wadi deposits
 5
NDVI
 �0.050–0.050
 1
 0.113

0.050–0.069
 2

0.069–0.085
 3

0.085–0.201
 4

0.201–0.751
 5
Drainage Den.
 0.2192–6.331
 5
 0.054

6.331–9.065
 4

9.065–11.55
 3

11.55–14.29
 2

14.29–20.72
 1
Lineament Den.
 0.000–0.368
 1
 0.085

0.368–0.920
 2

0.920–1.739
 3

1.739–2.946
 4

2.946–5.217
 5
Slope (�)
 0.000–3.378
 5
 0.061

3.378–8.559
 4

8.559–15.76
 3

15.76–25.45
 2

25.45–57.43
 1
LULC
 crops
 5
 0.032

scrub
 3

bare ground
 4

built areas
 1
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