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Abstract

Groundwater exploration is the most promising way to overcome water scarcity in hyper-
arid regions around the world. Due to the scarcity of hydrogeological information in these
regions, groundwater exploration is a challenging issue requiring the joint application of
satellite and land-based information to delineate the groundwater aquifers in such harsh
environments. In this research, an integrative approach was undertaken for groundwater
exploration in the southwestern corner of Egypt as one of the most hyper-arid regions
in North Africa. To fill the knowledge gap in this large area, two high-resolution satel-
lite gravity datasets (EIGEN-6C4 and TOPEX-1min) were employed in combination with
land-based geophysical surveys for a better understanding of groundwater potentialities in
terms of structural controls. Further, the approaches of high-pass filter, tilt angle derivative,
and enhanced horizontal gradient amplitude were used to analyze EIGEN-6C4 dataset.
Additionally, 2D and 3D models along with a high-pass filtered gravity map were con-
structed to provide the subsurface barriers and preferential groundwater flow pathways.
Several NNE windows have been recognized, particularly to the east of Gabel Kamel along
Uweinat-Aswan uplifting allowing groundwater flow along northeastern structural trends.
To verify this assumption, land-based magnetic and DC resistivity sounding surveys were
executed at two selected sites based on the interpretation of satellite gravity and remote
sensing data. The resistivity and 2D magnetic modeling reveal the presence of remarkable
sub-basins with sufficient saturated sedimentary cover. Ultimately, the review of the differ-
ent datasets, including satellite gravity and land-based geophysical investigations, facili-
tated the geological interpretation for detecting the structural controls on the groundwater
flow paths and produced satisfactory results at shorter time frames and lower costs com-
pared to typical groundwater exploration in arid or hyper-arid regions of the same charac-
teristics elsewhere.
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Article Highlights

e In hyper-arid regions, groundwater exploration needs much effort to overcome the
shortage of hydrogeological and paleo-environmental information

e The integrated multi-scale geophysical approach builds a robust geological interpreta-
tion in hyper-arid environments

e The space-borne geophysical data sets can act as a preliminary stage for planning high-
resolution investigations

1 Introduction

Globally, climatic changes are widely predicted to influence water resources in arid and
hyper-arid regions. Therefore, a full understanding of the role of groundwater as a com-
ponent of the global water resources is essential for managing the scarcity of water in
arid regions worldwide, and for vastly improving the sustainable development of water
resources for the generations to come. In this context, the Egyptian Western Desert (Fig. 1)
represents a typical example of the complexity of land development in a region facing
water scarcity. In the regions throughout the world that have similar conditions of aridity
and population densities, the groundwater plays a crucial role in providing a water supply
for different purposes and sustaining important natural worldly ecosystems (Salako et al.
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Fig.1 Location of the study area in the hyper-arid zone. a The worldwide aridity map displaying the loca-
tion of Egypt and North Africa in the hyper-arid zone (Kamerman 2020), b Digital elevation model (DEM)
map of Egypt and the study area in the southwestern corner, and ¢ Landsat image of the investigated area
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2009; Famiglietti 2014; Elewa et al. 2016; Wrathall et al. 2018; Bello et al. 2019; Huang
et al. 2019). Therefore, exploring and exploiting new sources of groundwater in hyper-arid
regions needs much effort (Salem 2015; Mahmoud and Kotb 2017; Abdel Hafeez et al.
2018; Elewa et al. 2021; Khiabani et al. 2021; Goémez-Alday et al. 2022) including assess-
ment of the groundwater potentialities, hydrogeological setting of aquifers, delineation of
subsurface structures and their impact on groundwater flow, and the recharge sources (Sim-
mers 1997; Foster and Chilton 2004; El-Meselhy et al 2020; Herrera et al. 2021; Sahour
et al. 2022). Accordingly, the developed exploration programs and sustainable management
strategies should be recognized for evaluating the groundwater resources in such regions.

In arid mountainous terrain and very remote regions as in the southwestern corner of
the Egyptian Western Desert (Fig. 1), the inspection of paleo-environmental information
is an important aspect as the first step toward a realistic and effective design of the ground-
water exploration program to overcome the shortage of hydrogeological and paleo-environ-
mental information. According to the current climatic conditions, the area occupies a por-
tion of the hyper-arid zone belt as is characterized by high temperatures (annual mean of
maximum temperature: 36.5 °C), and the precipitation is scarce and does not exceed 5 mm/
year with an average yearly humidity of 30% and natural evaporation rate of 22.2 mm~d
(Mohamed el al. 2022). As a hyper-arid environment, the region has an aridity index
exceeding 200, i.e., the evaporation rate exceeds 210 times the precipitation (Gemail et al.
2021a). However, the region has been subjected to previous wet climatic periods in the
Early Holocene, which exert their influence on the present surface landscapes and paleo-
recharge areas of groundwater aquifers (Kuper and Krdpelin 2006; Sultan et al. 2013).

Unfortunately, the scanty water resources are inherent in such hyper-arid regions and
represent a severe problem and a challenging issue for the developmental and economi-
cal activities, and give rise to ecosystem degradation and dramatic social repercussions. In
such cases, the groundwater conditions in the area represent a key component for any sus-
tainable development strategy in the agricultural activities and urban expansion where the
area is not developed and needs much investment that may support the lateral population
spread out of the Nile Valley. In addition, the drilled water wells in the eastern border of
the considered area (Fig. 1¢) have been heavily exploited since the 1990s, which has led to
an extensive decline in the potentiometric surface of the Nubian Sandstone aquifer (Ebra-
heem et al. 2003; Nabawy et al. 2009, 2010; El Alfy 2014; Gemail et al. 2021a and b).

In such arid environments, the Remote Sensing (RS) analysis of satellite radar data
(e.g., Radarsat) should be employed as indirect exploration tools to locate the potential
zones and basins for groundwater accumulations in hard rocks, and therefore, to identify
suitable areas for more detailed field scale surveys (El-Baz 1995; Robinson et al. 1999,
2000; Ghoneim et al. 2007; Laake 2011; Abdelkareem and El-Baz 2015, 2017; Moham-
med et al. 2017; Ghoneim and El-Baz 2020). However, none of the previous RS studies
in the investigated area has produced complete evidence on the geological structures at a
depth that can provide valuable inputs related to the groundwater movement and subse-
quently locating the potential sites for groundwater exploration. Another important issue is
related to the role of deep subsurface structures (faults, fractures, and basement intrusions)
in recharging the structurally controlled aquifers as in the case of the Nubian Sandstone
Aquifer System (NSAS) that covers the basement rocks in the southern parts of Western
Desert. In this aspect, the traditional satellite imagery approach is a great challenge due to
the high terrains and extensive sand dunes in these regions, in addition to the innovative
data sets that are needed for deep structures detection. Practically, to fill the knowledge
gap, in this case, advanced methodologies applied carefully to large scale and high-resolu-
tion satellite gravity data in combination with additional data sources (satellite altimetry),
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terrestrial geophysical data, and available subsurface geological information can be used
to improve the understanding and modeling of the ridge-graben structures in the basement
surface (Sander 2006; Braitenberg and Ebbing 2009; Braitenberg et al. 2011; Vaish and Pal
2015; Rabeh et al. 2018).

In recent years, the satellite-based gravity data have been successfully utilized for
regional geological mapping of sedimentary basins (Bomfim et al. 2013; Abdul Fattah
et al. 2013; Vaish and Pal 2015, Apollinaire et al. 2017; Narayan et al. 2017; Chouhan et al.
2020; Hassan et al. 2021), assessment of groundwater resources (Xie et al. 2012; Ahmed
et al. 2014; Singh and Rajuh 2020), and groundwater storage fluctuations (Tiwari et al.
2009; Landerer and Swenson 2012; Sun 2013; Melati et al. 2019). The first decade of the
new millennium witnessed the launching of three satellite missions, Challenging Minisat-
ellite Payload (CHAMP), Gravity Recovery and Climate Experiment (GRACE), and Grav-
ity field and Ocean Circulation Explorer (GOCE), which are devoted to gravitational field
measurements from satellites with sufficient resolution.

Numerous aspects including the global coverage in addition to the availability and reli-
ability of data quality are the most significant benefits of the space-borne gravity data-
sets. However, the robust interpretation of satellite gravity data in structurally controlled
basins, as any potential geophysical and regional-scale method, needs an additional source
of information for an accurate conceptual understanding of the shallow subsurface struc-
tures and lateral variations in the composition of sediments and bedrock. Therefore, the
combination of multi-scale geophysical techniques, with different physical properties of
subsurface layers and water content, can improve the applicability of a single method and
reduce the non-uniqueness problem of the interpretation (Gemail et al. 2016).

The advantage of multi-scale geophysical approaches for groundwater exploration has
been shown in a number of investigations (Oldenborger et al. 2013; Meier et al. 2014;
Parsekian et al. 2015; Muchingami et al. 2021) although applications in arid and hyper-arid
regions are rare. In a structurally controlled aquifer such as Nubian Sandstone, the tradi-
tional hydrogeological approaches based on available wells are insufficient in these sys-
tems where aquifer geometry changes rapidly and unpredictably over small spatial scales.
In contrast, the variability in major structural trends and basement reliefs is a critical issue
for understanding the spatial variability of groundwater flow paths. Satellite-based gravity
data provide regional-scale information of geological structures (Pham et al. 2020; Kumar
et al. 2022; Ekka et al. 2022), while at the land scale, ground-based geophysical surveys are
applied to describe local changes in sediment or hydraulic properties (Rodell et al. 2007;
Parsekian et al. 2015).

Consequently, the overall goal of this research is to explore and develop a practical strat-
egy for groundwater exploration and to study the link between tectonics and groundwa-
ter systems in the southern part of the Egyptian Western Desert as a typical example of
hyper-arid conditions. For this goal, an integrative and multi-scale approach was applied
by utilizing satellite-based gravity data and land-based geophysics including magnetic and
DC resistivity measurements as irreplaceable tools to identify the effective faulting trends,
which exert a strong control on groundwater flow pathways in the basement surface. This
integrative approach also attempts to discriminate between aquifers that hold little or no
groundwater potentiality from those having great potentiality. The southwest corner of
Egypt, where the Gilf Kebir Plateau is found (Fig. 1), lies within the Dakhla sub-basin
of the Nubian Sandstone Aquifer (Mohammed et al. 2017; Masoud et al. 2018; 2019; El
Shinawi et al. 2021; Gemail et al. 2021b). The motivation of the applied approach is based
on the combination and cross-validation of different geomorphological, hydrogeological,
paleo-climate, and geophysical datasets for unraveling the role of subsurface structure
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elements influencing groundwater from superficial cover to bedrock at depth in hyper-arid
environments. The present research exhibits how integrated multi-scale geophysical data
sets with different resolving power produce robust geological interpretation and can be
considered as a primary low-cost program for groundwater exploration in regions of exten-
sive aridity worldwide.

1.1 Geological and Hydrogeological Setting

The considered area covers the southwestern part of the Egyptian Western Desert (Fig. 1)
as a typical example of hyper-arid environment. From a geological and hydrogeological
point of view, several studies have been focused on the impact and origin of geological
structures, buried channels, and landforms on groundwater accumulations in the area using
remote sensing datasets such as Radarsat (i.e., EI-Baz 1998, 2000; Robinson 2002; Gho-
neim and El-Baz 2008, 2020; Gaber et al. 2011; Ghoneim 2011; Abdelkareem and El-Baz
2017; Robinson et al. 2017; Masoud et al. 2019).

The Gilf Kebir main plateau covers a large area with an elevation of 1200 m (a.s.l) and
consists of two extensive plateaus connected by a small land bridge (Linstddter 2007). The
most prominent geomorphologic feature is the prevalence of a fringe of dried and steep-
sided valleys with lengths up to 20 km long and 4 km wide that deeply dissect the edges
of both plateaus (Linstiddter and Kropelin 2004). An extensive drainage network appears
to have progressed primarily from west to east cutting the eastern and southern sides of
Kemal El-Din plateau (Fig. 2). To the south of the Gilf Kebir plateau, remarkable conical
high hills (Eight Bells) are observed along the NW-SE fault line (Fig. 2). The Eight Bells
are related to the widespread volcano-tectonic processes in the area, which have produced
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Fig.2 Three-dimensional topographic block of the extreme southwestern corner of Egypt showing the
prominent geomorphologic units and landforms. The drainage network was derived from a DEM (Robinson
2002). The upper block shows remarkable conical high hills along a NW—SW striking line at Eight Bells
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crater-shaped structures and dykes (Briigge 2017). Another outstanding geomorphologic
feature in the area is Selima sand sheets (Fig. 2) that extend from North Sudan and cover
the eastern parts of the considered area for about 250 km (Bubenzer et al. 2020). Its sur-
face is mostly flat with elevations ranging between 200 and 250 m a.s.l, except for the
high rocky exposures (500 m a.s.l). Buried stream deposits of fluvial origin were exposed
beneath the sand sheet (El-Ghawabi 1987). Ghoneim and El-Baz (2007, 2020) delineated
the paleo-watershed in the Selima sand sheets region using the Shuttle Radar Topography
Mission (SRTM) and GIS hydrological modeling routine and recognized four main tribu-
taries that drain eastward from Gilf Kebir, Uweinat, and northwestern Sudan highlands
(Fig. 2). To the east, the downstream of this mega-basin is characterized by the presence of
Late Pleistocene lake deposits (playa) which were favorable for groundwater accumulations
during past extreme rainfall events (McCauley et al. 1986; Ghoneim and El-Baz 2007).
Robinson (2002) interpreted the high-resolution Radarsat image and Space-borne Imag-
ing Radar C-band (SIR-C) and showed that these paleo-channels are structurally controlled
and drain from northwestern Sudan, culminating in the Kharga basin in the northeastern
parts of the considered area. Furthermore, the widespread NE and ENE faulting trends
and paleo-channels can transport the majority of the water from the south to the Kharga
Depression in the north, where it seeps through the underlying fractured sandstone rocks
(Robinson 2002). In such conditions, the major faults and fracture zones may connect sev-
eral sandstone aquifer layers, forming a mega-watershed (El-Baz 1995).

The geological setting in the southwest corner of Egypt is defined by Uweinat—Gilf sub-
basin (Issawi and Sallam 2018). Paleozoic rocks have covered the west and east sides of the
scarps of the Gilf Kebir Plateau and in the area between the plateau and Uweinat (Fig. 3).
In this region, the irregularities in the basement surface are filled with coarse-grained sand-
stone of Araba Formation (Issawi 1978). In the locality of Uweinat—Gilf sub-basin, a thick
sand section (approximately 200 m) was deposited and termed Naqus Formation of Early
Silurian (Issawi and Jux 1982). In addition, distinctive sizes of volcanic intrusions of Late
Mesozoic—Early Cenozoic Meneisy (1990) are scattered on the surface of the western cen-
tral section of the Gilf Kebir Plateau. Grolier and Schultejann (1982) believe that volcanic
activity ranges in age from Oligocene or Miocene to Quaternary.

The Nubian Sandstone is one of the largest aquifer systems in the world, covering
more than 2 million km? in four adjoining countries in the northeastern part of Africa. It
comprises three major sub-basins; the most noteworthy is the Kufra sub-basin of around
900,000 km? and expands across Libya, northeastern Chad, and northwestern Sudan
(Fig. 4). The second is the Dakhla sub-basin which extends for an area of about 660,000
km? in Egypt, whereas the smallest is the Northern Sudan Platform sub-basin, enclosing
an area of around 360,000 m? and is located in northern Sudan (Mohammed et al. 2016).
The great majority of the territorial groundwater flow models (e.g., Ebraheem et al. 2003;
El Alfy et al. 2014) consider this aquifer as a continual basin. However, the E-W Uweinat-
Aswan uplift isolates the Northern Sudan Platform in the south from the Dakhla sub-basin
to the north of the area of investigation, while the SE-NW Uweinat-Howar uplift acts as a
barrier between Northern Sudan Platform and Kufra basin in the west (Fig. 4). The NSAS
comprises, for the most part, water-bearing Paleozoic and Mesozoic sands with silt and
clay intercalations of Tertiary sediments of deltaic origin (Thorweihe 1986; Hesse et al.
1987) with different thicknesses of 500, 3000, and 4000 m in the Northern Sudan, Dakhla,
and Kufra sub-basins, respectively.

During the last two decades, an intensive drilling program was carried out in the
eastern regions of the considered area for irrigation and small domestic purposes.
The groundwater is mainly fresh (500-1000 ppm) and satisfactory for drinking and
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Fig. 3 Geological setting of the considered area. a Geological map of the area proximal to Gilf Kebir Pla-
teau (USGS 2002), and b geological cross section between Abu Ras Plateau in the west and Tarfawi high in
the east (Issawi and Sallam 2018)

irrigation usage (Gemail et al. 2021; Mohamed et al. 2022). The saturated thickness in
the drilled wells is highly variable ranging between 137 and 650 m and the depth to the
water table ranges from 34 to 58 m. According to Foster and Loucks (2006) and El Alfy
(2014), no recent significant groundwater recharge has been detected and the groundwa-
ter is non-renewable water (fossil water), thus planning the use or pumping from drilled
wells should be based on the probability that sometime in the future the water in these
aquifers will be fully depleted. Reasonably, the current research aims to delineate the
subsurface structures and reliefs in the basement rocks that have subdivided the area
into sub-basins and controlled the aquifer recharge and groundwater movement. Under-
standing the conceptual flow model in structurally controlled aquifers can be employed
to establish a sustainable monitoring policy to manage and prevent intensive use in the
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et al. 2016)

regions of non-renewable sources considering the site characterization and the joint
structures.

1.2 Methodology and Data Acquisition

To accomplish the objective of the present study, different geophysical methods have
been utilized and arranged in a sequential manner from large to local scale as illustrated
in the flow chart in Fig. 5. In this integrative approach, two different high-resolution satel-
lite gravity data sets (EIGEN 6C4 and TOPEX1-min,) were employed to map the entire
area’s regional geological structures and lithological boundaries. Based on the collected
prior regional geological and hydrological information derived from the forgoing investi-
gations and interpretation of satellite gravity and remote sensing datasets, two promising
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Fig.7 Shaded relief maps of the available satellite gravity data: a the simple Bouguer anomaly map derived »
from EIGEN-6C4, b digital elevation model (DEM) from Topex, ¢ Free air anomaly map (FAA), d the
computed simple Bouguer anomaly map derived from TOPEX-1min

sites, southeast Eight Bells and northeast Gabel Kamel (Fig. 6), were selected for further
investigation using land-based geophysical measurements including land-magnetic and DC
resistivity measurements. The satellite geophysical dataset and field measurements in the
applied approach can be summarized as follows.

1.3 Large-Scale Satellite Gravity Dataset

Firstly, the gravity field data in the form of simple Bouguer anomaly (SBA), based on
EIGEN-6C4 model, was downloaded in ASCII-XYZ format from International Centre
for Global Earth Models (ICGEM) at GFZ Potsdam (http://icgem.gfz-potsdam.de) (Ince
et al. 2019). It was sampled to 0.009° (approximately 1 km; the maximum resolution for
the EIGEN-6C4), then gridded and displayed in a shaded relief image (Fig. 7a). Anderson
et al. (2009), Shako et al. (2013), and Forste et al. (2014) discussed the methodologies used
to generate the EIGEN-6C4 gravity field model. It combines gravity observations from sat-
ellite (LAGOS, GRACE and GOCE) and DTU ground-based data (Anderson et al. 2009).
The recent version of the EIGEN-6C4 model is a superior and more resolvable gravity
dataset compared with its precursors and has a resolution of 5X5 arc-minutes, which is
equal to 9—-10 km on Earth’s surface. Additionally, airborne gravity data and GPS observa-
tions were used to assess the accuracy of this gravity field model (Shako et al. 2013).

Along with the gravity field model of EIGEN-6C4, the data sets of satellite altimeters
GEOSAT and ERS-1 combined with CryoSat-2 and Jason-1 with a grid cell size of 1 arc
minute were used (Sandwell and Smith 2009; Andersen et al. 2009; Sandwell et al. 2013,
2014). The datasets of the two altimeters (CryoSat-2 and Jason-1) are characterized by high
track density and used to enhance the older altimeter data (Geosat and ERS-1). Topogra-
phy and gravity field data were downloaded from TOPEX/Poseidon (a geodesy satellite
launched by NASA). Satellite gravity data, in the form of free air anomaly (FAA), Version
29.1 together with corresponding geographic location and elevation (Version, 19.1), were
downloaded in ASCII-XYZ format from Satellite Geodesy at Scripps Institution of Ocean-
ography, University of California San Diego, USA (http://topex.ucsd.edu/cgi-bin/get_data.
cgi), with 1 arc-minute (1.85 km) resolution (Sandwell et al. 2014). The DEM and FAA
datasets were re-gridded and plotted in color-shaded relief maps (Fig. 7b, c, respectively)
using the Oasis Montaj Program v.8.3 (Geosoft 2015). The gravity effect of the Bouguer
slab (2nGph) was then subtracted from the FAA to produce SBA (Fig. 7d) where the obser-
vation points move back down to the datum sea level.

From Fig. 7c, it can be inferred that the FAA map did not reflect the lithological bound-
aries due to the presence of rugged mountainous terrain particularly in the western part of
the investigated area (Fig. 7a). Accordingly, a simple Bouguer (Bullard A) correction was
carried out to consider the extra mass located between the observation point and the datum
(geoid) in which the landmass above sea level can be approximated by a semi-infinite slab
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of uniform thickness and density. Practically, the Bullard (A) correction was implemented
using the average density of 2.67 g/cm3 for shallow crustal materials (Li et al. 2007). This
value is feasible in the present case study where the main objective is to detect the shallow
structures in the sandstone overburden and can change based on the regions and expected
depths.

Further corrections were applied to the SBA of EIGEN-6C4 and TOPEX data sets
(Fig. 7a, d) to generate the complete Bouguer anomaly. Firstly, the spherical cap (curvature
or Bullard B) correction was applied to convert the geometry for the Bouguer correction
from an infinite slab to a spherical cap with a surface radius of 166.735 km. Secondly, the
terrain correction (Bullard C) was applied where the considered area is characterized by a
significant rugged topography in the western parts. The resultant complete Bouguer gravity
maps derived from EIGEN-6C4 and TOPEX-1min are shown in Fig. 8.

A profile of Bouguer gravity of EIGEN-6C4 and TOPEX-1min was plotted (Fig. 8c) for
a comparative purpose to select a single type from both data sets for further manipulations.
Although the two profiles exhibit similar features, the profile of EIGEN-6C4 appears to be
much smoother, where the extensive necessary infinite slab and terrain corrections which
were applied to TOPEX-1min data might deteriorate the resulted simple Bouguer anomaly
map. As a result, the EIGEN-6C4 Bouguer gravity data were considered for further inves-
tigation of the area, and the TOPEX-1min data was not examined further. Accordingly,
regional-residual separation using high-pass filter, tilt angle derivative, enhanced horizon-
tal gradient amplitude, and 2D forward gravity modeling as well as 3D inversion gravity
modeling was applied to delineate the structural boundaries that govern the groundwater
flow. Additionally, the enhanced horizontal gradient amplitude (EHGA) method was used
for edge detection (Pham et al. 2020). This method is based on the arcsine function and the
ratio of the vertical to the total gradient of the HGA.

1.4 Land-Based Geophysics

The geophysical field work commenced by carrying out a magnetic survey that aims to
delineate the warping of basement relief topography as well as mapping the major struc-
tures (faults, rock discontinuities, intrusion, grabens, and horsts) that might dominate the
groundwater potentialities in the area. To validate the gravity anomalies, the magnetic sur-
vey was conducted along three long profiles distributed in different directions on both sides
of Gabel Kamel NE-SW ridge (one profile northwest Gabel Kamel and two crossing pro-
files at northeast Gabel Kamel, A and B in Fig. 6, respectively) based on the accessibility
of the ground conditions and the initial results of satellite gravity data. Two magnetom-
eters (Proton precision G-856AX with accuracy 0.1 nT and Cesium Vapor G-859Ap with
accuracy 0.02 nT) were synchronized for collecting the total magnetic field measurements.
Practically, one device was set up at the established base station to monitor the temporal
variation in the Earth’s magnetic field along with specified time interval and consequently
carry out the diurnal and micro-pulsation correction. The base station was selected to be
easily accessible and has a very low magnetic gradient. Moreover, it was located away from
any natural or manmade magnetic sources and tested to ensure that the background mag-
netic field is relatively uniform throughout the survey area to be of external origin (Gam-
betta et al. 2007). A total of 200 magnetic dial readings were collected using the second
device with sampling intervals ranging between 100 and 400 m to avoid data aliasing.

For the magnetic dataset, a program of SignProc was used to convert the data to the fre-
quency domain and subsequently carry out further enhancement analysis of the measured

@ Springer



Surveys in Geophysics (2023) 44:783-819 795

25000 0 25000 50000 -73 -54 -49 -45 -41 -36 -32 -13
BT T T T
(meters) N
WGS 84/ UTM zone 35N mGal

»
-
4

ot ok b IR SN : : L~ ’ ? -

. " - Seccccnnoce

A PR o N e R LT e : .
L .

Al

25000 0 25000 50000
5 o e

-105 -55 -50 -45 -42 -39 -35-30 -26 -8 }

mGal wes M(m‘lt':llrsz)one 35N mGal

0
-20
-40
-60

A
A
'80 1 T T T T T T T T T T T T T T T T T T T T T T
0 100000 200000 300000 400000
© \_~  EIGEN-6C4 model stations (m) \_~  TOPEX-1model

Fig.8 Comparison between the complete Bouguer anomaly maps derived from a EIGEN-6C4 dataset, b
TOPEX-1min dataset, ¢ comparison of plots of EIGEN-6C4 Bouguer anomaly and TOPEX-1min Bouguer
anomaly along profile AA’, for location see TOPEX-1min map

magnetic profiles. Edge detection techniques such as analytical signal and total horizontal
derivative were applied to figure out the true boundaries of geologic contacts (faults, dykes,
and intrusions) that are responsible for recharging the aquifers in the area. Furthermore,
a semi-automated technique of 2D Euler deconvolution was applied along the measured
magnetic profiles using a structural index of 1 to 3 with a step of 0.5 to identify the verti-
cal edges and determine the basement reliefs (Reid et al. 1990). Finally, two-dimensional
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magnetic modeling was performed along the magnetic profiles using the GM-SYS program
of Oasis Montaj (Geosoft 2015) to outline the fluctuation in the basement surface. The
location of faults and the width of the modeled blocks were constrained by incorporating
all available prior geophysical and geological information.

Afterward, the diurnal correction was carried out, and to emphasize more local field vari-
ations due to crustal sources, the International Geomagnetic Reference Field (IGRF), a global
model of the Earth’s magnetic field, was subtracted from the measured data. Finally, the
reduction to pole (RTP) transform was applied to remove the effect of the inclination angle of
the main magnetic field of the Earth. Moreover, the RTP filter helps for adjusting the magnetic
anomalies to their real position, where the magnetic anomalies are shifted to the north along
the profiles traversed in the south—-north direction.

After finishing the magnetic survey, DC resistivity measurements in the form of verti-
cal electrical sounding (VES) were performed using Syscal Junior R2 (IRIS) to confirm the
magnetic results and directly map the groundwater potentiates in the area. The method has
been recognized to be more suitable for hydrogeological and environmental investigations in
different conditions (Iserhien-Emekeme et al. 2004; Alabi et al. 2010; Anomohanran 2011;
Gemail et al. 2017; Gouet et al. 2020). A total of 25 sounding points were measured with
systematically current electrodes semi-spacing (AB/2) between 1.5 and 1000 m to penetrate
the sandstone cover and reach the basement surface based on the available geological and sat-
ellite gravity information. The soundings were performed using a well-known Schlumberger
electrode layout which is less sensitive to lateral inhomogeneity beside its deeper penetration
depth. At the investigated area of southeast Eight Bells (Fig. 6a), eight sounding points were
deployed along the profile marked by a dashed black line, whereas the area of northeast Gabel
Kamel encompassed two crossing straight profiles comprising nine sounding points and tra-
versing in N-S and E-W directions (Fig. 6b). In addition, eight sounding points were dis-
tributed in different places based on the RS and satellite gravity datasets (i.e., Gabel Kamel
and Nosb Alamir). During the field works, the standard deviation (SD) errors from repeated
cycles together with reciprocal errors were estimated to validate the quality control of read-
ings and excluding artifacts from the measured data. Values of higher standard deviation were
eliminated manually. To overcome the aridity conditions shown by the surface layers that are
characterized by very resistive ferruginous sandstone, some measures were considered, such
as digging a hole for each electrode, adding saline water in the hole and increasing the number
of current electrodes on both sides, particularly at large distances. Over and above, the global
coordinates of all geophysical data, in terms of northing and easting and topographical data,
were acquired using a Trimble G8 GPS system to facilitate locating the favorable zone for
forthcoming drilling with high accuracy.

For DC resistivity data, the field measurements (apparent resistivities and AB/2) at each site
were inverted to determine the vertical layer distribution using IPI2win program (Bobachev
et al. 2008). This inversion scheme is based mainly on the linear filtering algorithm, which
creates a rapid and accurate direct problem solution for a wide range of models, involving all
the reasonable geologic and hydrogeological situations (Gemail 2015). In addition, Occam’s
inversion was applied to find the smoothest model which fits the data to an approved tolerance
(Vedanti et al. 2005). Figure 9 shows an example of the geological interpretation and Occam’s
inversion of sounding points VES1 and VES3 at NE Gabel Kamel.
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at VESI1 indicates shallow basement at 45 m depth and dry sandstone overburden, b resistivity curve at
VES3 displays a promising sandstone aquifer at 40 m depth with 250 m thickness, ¢ interpretation of VES3
using Occam’s inversion and equivalence analysis

2 Results and Discussion
2.1 Satellite-Based data
2.1.1 Comparison of Bouguer Anomalies and Geological Map

The derived Bouguer anomaly map was visually inspected in terms of boundaries
between lithologic units with different densities, constrained by the surface exposures
where available (Fig. 8a). The anomaly values were qualitatively tied to definite lithol-
ogy; consequently, the gravity data was used as complementary information in delin-
eating the boundary of each rock type. It is a clear evidence that the polarities of the
Bouguer gravity values are negative and the amplitude ranges from —73 to — 13 mGal.
To ensure the accuracy of the corrected Bouguer map (Fig. 8a), the derived anomalies
were qualitatively correlated with the in situ geological and geomorphologic features as
indicated in the surface geological map (Fig. 3) and Landsat image of the area (Fig. 1c).
In the complete Bouguer anomaly map (Fig. 8a), the influence of the basement out-
crops at Gabel Uweinat and Gabel Kamel in the southern boundary is expressed by
high Bouguer gravity values (—13 and —36 mGal, respectively). Contrarily, Selima
sand sheets to the east of Gabel Kamel can be traced by their well-defined gravity lower
signal than the surrounding uplifted basement at Trafawi high in the eastern bound-
aries of the area (Fig. 8). Additionally, pronounced negative anomalies extend in the
NS direction, passing through the Gilf Kebir plateau with minimum amplitudes (—73
mGal), may indicate a thick sedimentary sequence in a local basin. Linear Bouguer
gravity anomalies denote regional structures mostly faults and uplifts, where the area
is structurally complicated by mega-tectonic elements. The eastern part is marked by
well-defined isolated anomalies with moderate-to-high gradients, irregular patterns, and
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different sizes and shapes. These anomalies could be attributed to the shallow high-
density basement and/or basaltic intrusions.

The complete Bouguer gravity map, derived from EIGEN-6C4, was analyzed using a
high-pass filter to extract the effect of the Nubian Sandstone in the investigated area, where
the deep mantle contributions were removed from Bouguer anomalies using a cut off wave-
number: 0.01 Rad/m (Obenson 1974; Block et al. 2009, as shown in Fig. 10a). Figure 10
illustrates the regional-residual field separation obtained by high-pass filtering. The over-
all anomalies values are significantly low, ranging from — 15 to 21 mGal (Fig. 10b). The
major and distinct geological signatures in the high-pass filtered gravity map correlate well
with the existing geological map (Fig. 3).

2.2 Buried Deep Hydro-structures and Aquifer Configuration

As previously stated, the mega-watersheds and numerous buried streams in the area are
governed by regional faults and paleo-channels that extend for tens of kilometers and pos-
sibly indicate the presence of multiple intersecting horizontal groundwater aquifers. There
are minor fault types that act as local pathways of more limited areal extent (Robinson
2002; Ghoneim et al. 2007; Ghoneim and El-Baz 2020). In such case, the faulting sys-
tem in the area controls the basement reliefs that define the palaeo-channels with sharp
boundaries, as well as the thickness of the Nubian Sandstone cover. Therefore, the Bouguer
gravity map was filtered using the tilt angle derivative (TDR) method that has much more
advantage over other edge detection techniques in accentuating shallow and deep struc-
tures equally, moreover delineating the edges of dominant features (Miller and Singh 1994;
Verduzco et al. 2004; Oruc 2010; Ekinci et al. 2013; Pham et al. 2020). The TDR is an
arctan function of the estimated vertical derivative of the gravity field divided by its total
horizontal gradient (Pham et al. 2020). It usually yields the location of faults and con-
tact features more accurately than the first vertical derivative. Moreover, it traces the align-
ments of deep-seated structural or faulted orientation, which is well-consistent with the
regional tectonics (Oruc and Keskinsezer 2008). The inspection of the TTDR-derived map
(Fig. 11a) clearly identifies the structural framework of the shallow basement rocks that are
covered by the Nubian Sandstone sequence. Qualitatively, the positive TDR values (violet
color; Fig. 11a) may be interpreted as uplifted blocks or intrusion from high-density mate-
rial. Four positive zones can be easily recognized; in the west of Gilf Kebir (at Egypt-Libya
border), G. Uweinat uplift to the southwest, G. Kamel NNE-SSW ridge, and in the eastern
part where the basement is exposed to the surface in the northeastern corner near Bir Tra-
fawi uplift (Fig. 11a). These ridges are alternated by negative TDR domains aligned EW,
NS and NE. The major negative gravity anomalies trending generally in E-W and N-S
directions and locally NNE-SSW to the east of Gabel Kamel suggest deep-buried channels
or sub-basins in the sedimentary cover and extend downward in the basement. Zero TDR
value (solid black lines; Fig. 11a) that can be identified as light yellow color are coinci-
dent or close to edges/contact of the geologic structures. The boundaries derived from the
TDR map are compatible with the exposed basement boundaries in the Uweinat and Gabel
Kamel areas in the southwest and Bir Trafwai in the northeast corner.

Despite the fact that groundwater flows from the southwest to northeast, its depletion
in the southern parts of the Dakhla sub-basin is seemingly attributed to the presence of
EW Uweinat-Aswan uplifting, which inhibits the groundwater flow and consequently
reduces replenishment from the southern recharge areas (Hesse et al. 1987; Mohammed
et al. 2016). However, the NS and NNE paleo-river courses and the bounded faults in the
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Fig. 11 Comparison between the derived gravity anomalies and the superimposed drainage patterns from p
Radarsat-1 and SRTM, a tilt angle derivative (TDR) map of the Bouguer gravity anomaly. Solid black
lines represent zero contour, b the paleo-drainage system (Ghoniem and El-Baz 2020) superimposed on
high-pass filtered gravity map, and c the interpreted drainage features and alluvial fans overlain on SRTM-
derived slope map showing the role of NE and ENE structural trends in recharging the local aquifer during
the Early Holocene (Robinson et al. 2007)

area east of Gabel Kamel as detected from the TDR and high-pass filtered gravity maps
(Fig. 11a, b, respectively) are thought to be good groundwater conduits that connect the
Nubian Sandstone overburden with the recharging aquifer in northwestern Sudan. Moreo-
ver, it acts as a preferential flow path and controls the flow of the groundwater from the
south to north and northeast direction. To validate this assumption and understand the role
of these mega-structures in aquifer configuration, the results obtained from the derived
TDR and high-pass filtered maps were correlated and integrated with the previous results
from Radarsat-1 and SRTM and other optical remote sensing data (Robinson et al. 2000,
2007; Ghoneim et al. 2007; Ghoneim and El-Baz 2008, 2020).

Robinson et al. (2007) delineated a closed basin east of the Gabel Kamel (Fig. 11c¢),
based on multispectral and Radar SIR-C images where the Selima sand sheets lie that
receives water from the surrounding southern highlands. Additionally, Robinson et al.
(2007) constructed new fluvial and slope maps of southwest Egypt (Fig. 11c) based on
SAR data and delineated the alluvial fans and buried channels at the eastern edges of Gilf
Kebir plateau. The correlation of these remote sensing observations with the high-pass
filtered and TDR maps indicates that the area could be discriminated into two different
geological provinces around the N-S ridge of Gabel Kamel (Fig. 11a, b). Interestingly,
the area east of Gabel Kamel is intersected by several northeast drainage lines that extend
from northwestern Sudan and open the southern E-W Uweinat-Aswan uplift (Fig. 11). In
contrast, the western side is characterized by E-W and NNE-SSW structures that likely
brought water from the western tributaries during monsoon periods in the Early Holocene
(8500-7000 B.C.E).

2.3 Faults and Groundwater Recharge System

From the hydrogeological standpoint, the inspection of gravity lineaments and bounded
basement faults is critical for understanding how the aquifer system in the area of investi-
gation is recharged. The recent high-resolution edge detection technique of enhanced hori-
zontal gradient amplitude (EHGA) was calculated to define the major fault trends control-
ling the pathway of groundwater in the area (Fig. 12a). It provides more accurate and better
resolution edges, as well as avoids false edges in the results (Pham et al. 2020). The EHGA
map (Fig. 12a) exhibits sharp quasilinear and continuous structures associated with abrupt
density changes as peaks of maxima horizontal gradient. Alternatively, the major and dis-
tinct lineaments are graphically plotted on the areas of the high gradient of tilt derivative
values. The extracted lineaments are superimposed on the tilt derivative image (Fig. 12b)
and show a strong correlation with that of EHGA.

Examination of the extracted lineaments from the EHGA- and TDR-based approach
(Fig. 12a, b) reveals that the N-S and E-W are the dominant major trends in the west-
ern region (west of Gabel Kamel rose diagram, Fig. 12b) which control the subsurface
structures and correlate well with the presence of basement exposures at Gabel Uweinat
and Gabel Kamel. The southern extensive E-W faults along with the uplifted basement
act as natural barriers in the direction of water flow from northwestern Sudan. Therefore,
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Fig. 12 Lineaments extracted from a edge detection technique of enhanced horizontal gradient amplitude p
(EHGA), b TDR map and rose diagrams in the west and east sides of Gabel. Kamal, and ¢ lineaments map
of northwestern Sudan and Southwestern Egypt (Mansour 1991) derived from Landsat image and the mon-
soonal rain in Early Holocene (Kuper and Krdpelin 2006)

these faults reduce the occurrence of groundwater along with the crossing S-N trend in the
area due to shallow basement reliefs. In addition, the controlling E-W faults in the west-
ern part of the area could explain the abundance of E-W paleo-channels that facilitated
the water flow during wetter periods (8500-7000 B.C.E) from western high mountainous
terrains to east Uweinat lowlands as inferred from multispectral and Radar SIR-C images
(Robinson et al. 2007; Ghoneim et al. 2007; Ghoneim and El-Baz 2020). In contrast, the
NE-SW, NNE-SSW and NW-SE regional trends are the prevailing faults in the eastern
regions (rose diagram of east Gabel Kamel, Fig. 12b). These fault trends are most probably
controlled by subsurface structures that have an impact on groundwater movement and the
aquifer configuration in the eastern regions (Fig. 12). Consequently, the characterization
of subsurface structures that control groundwater flow (paleo-rivers) using the lineaments
extracted from the derivatives of satellite-based gravity data and RS observations provide
insights to identify the groundwater potentialities in addition to better understanding the
water flow regime during the wetter periods in the Early Holocene as shown in Fig. 12¢c. At
that time (8500 B.C.E), the current hyper-arid conditions were replaced by savannah-like
environments, and the area was receiving a huge amount of monsoon rains from the south
(Kuper and Krdpelin 2006).

Based on the lineaments map (Fig. 12), the magnitude and the pattern of the gravity
lineaments derived from TDR and EHGA techniques reflect the tectonic framework of the
area. The complex pattern of the Bouguer anomaly indicates that the area is characterized
by major and minor faults. The composite rose diagram (Fig. 12b) depicts five pronounced
major trends arranged in decreasing order according to their abundance: N-S, NE-SW,
NW-SE, EEN-WWS, and NNE-SSW. These results correspond to those inferred trends
by Mansour (1991) and Robinson et al. (2007) who detected faults with four main direc-
tions, namely E-W, N-S, NW-SE, and NNE-SSW (Fig. 12¢).

2.4 Basement Relief and Groundwater Potentialities

To verify the gravity lineaments and subsurface basement relief that govern the groundwa-
ter potentialities in the area, 2D forward modeling along AA’ profile (Fig. 13) of the high-
pass filtered gravity was applied to configure the basement surface in the southern bor-
der of the area where the depth to the basement fluctuates. The constructed model shows
the topmost sedimentary cover with an average density of 2.60 g/cm? (Senosy et al. 2013)
underlain by basement rocks with an average density of 2.8 g/cm? (Gaulier et al. 1988;
Marsouk 1988; Saleh et al. 2006). The available data from four wells (GPC-7, GPC-9,
Awkaf 13, and R21 wells) in the east were utilized to constrain the modeling process and to
narrow down the possible solutions to a unique plausible geological model. The maximum
depth to the basement is 710 m below the ground surface as extracted from the constructed
model and forced by GPC-7 well (Fig. 13). Along the model, the basement surface and
width of the modeled blocks are changed in an iterative way until achieving an acceptable
fit between the observed and calculated anomalies (RMS error=0.258 mGal).

The examination of the model shows that along the areas proximal to the western uplift-
ing zone, the total thickness of Nubian Sandstone ranges from less than 50 m to nearly
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Fig. 13 2D forward modeling along AA' profile a high-pass filtered Bouguer gravity anomaly map shows
the location of A—A' profile, b observed gravity anomalies along AA’ profile, and ¢ geological interpreta-

tion along AA' profile showing the irregularities, and concavities in the basement surface along both sides
of Gabel Kamel constrained with four water wells.

375 m, whereas the basement rocks crop out at Gabel Uweinat and Gabel Kamel. It can be
noticed that the groundwater flow from the south is blocked along large segments of the
Uweinat-Aswan uplift, particularly in areas where the depth to the basement is shallower
than that of the groundwater level (Fig. 13). Moreover, the deviation in the direction of
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groundwater flow from southwest—northeast to east—northeast could be in part related to
the presence of Uweinat-Aswan uplift. This suggestion is supported by the presence of out-
flow of some springs (e.g., Bir Trafawi and west Bir Trafawi springs) in the northeastern
corner of the area. In addition, the model depicts depressions or windows with a depth to
the basement of more than 300 m, which exceeds the water table depth (30—50 m) imply-
ing that the groundwater flow is not fully obstructed along the entire length of the uplifting
zone. The largest segment is clearly observed to the east of Gabel Kamel (Fig. 13c) and
serves as a preferred conduit for groundwater flow, giving the areas directly located north-
ward a hydrological significance. Furthermore, this promising area is considered a part of
Misaha Graben which extends, from the eastern side of Gabel Kamel in the west to Bir
Safsaf basement rocks in the far East, approximately 350 km long (Fig. 12c).

A 3D inversion gravity modeling was applied to delineate the basement surface. This
inversion method is more dependable than that of the forward modeling where the quanti-
tative solutions resulting from inversion are more readily than the iterative trial-and-error
process of forwarding modeling (Saibi et al. 2021). The 3D gravity inversion was used
to construct a 3D model of subsurface basement depth from topographic and high-pass
gravity data using the 3D GM-SYS of Oasis Montaj Ver.8.3.3 (Geosoft 2015). Details on
the inversion technique are available in Li and Oldenburg (1996), Toushmalani, and Saibi
(20154, b) and Saibi et al. (2021). The 3D inversion modeling is significant as a guide to
show where and how the basement boundaries of the 3D geological model may control the
groundwater movements in the area. The applied 3D geological model was constrained
by the drilled wells in the eastern region and the estimated depths to the basement surface
from land-magnetic and DC soundings in the western area.

The constructed basement relief map (Fig. 14) exhibits a closed basin in the western
area west of Gabel Kamel. Contrary, open to semi-open basins (denoted by green color)
are located in the eastern area east of Gabel Kamel. In contrast, the basement rocks are
exposed and are very shallow (violet to red colors) in the western portion except for the
enclosed basin (denoted by the yellow color), which is located south of the Eight Bells.

(w) uoneAdy

Fig. 14 Extracted 3D inversion gravity modeling shows the basement relief constrained with available wells
in the eastern parts and the results of DC resistivity sounding and magnetic methods around Gabel Kamel
ridge (coordinates WGS 84/UTM zone 35N)
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Otherwise, deep basins (from — 500 to 200 m denoted by green color) are divided by shal-
low basement barriers (from — 100 to 200 m denoted by the orange color) characterize the
eastern half of the study area.

A structural map was prepared based on the high-pass filtered gravity data (Fig. 15a).
To better understand the impact of subsurface structural control on groundwater potentiali-
ties and water flow patterns, a 3D block was constructed and compiled from the plane view
of the structural map (Fig. 15). Two cross sections were created from 2D gravity mod-
eling along N-S and W-E profiles and boreholes information in the East Uweinat region
(Fig. 15b). For instance, the structure map (Fig. 15a) enabled tracing the main tectonic
features and the controlling peculiarities of the groundwater flow in the area, especially a
boundary between the uplifted basement and Nubian Sandstone. From this perspective, the
NNE and NE structures at various spatial scales interrelate with the recharge system from
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Fig. 15 Extracted structure map from high-pass gravity dataset a the major structural elements that control
the groundwater potentialities in the area, and b a 3D block shows the groundwater flow regime related to
the structure elements in the area. The southern and eastern borders of the block were constructed using 2D
gravity modeling and constrained with available wells in the eastern side of the area
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northwestern Sudan to control the direction, magnitude, and stability of the flow regime in
the area east of Gabel Kamel (Fig. 15b). In contrast, the presence of Uweinat-Aswan uplift
at shallow depths to the west of Gabel Kamel reduces the groundwater potentialities in the
western buried channels and sub-basins. To confirm these results, the geophysical logs and
lithologic information from the drilled wells in the eastern side were employed to construct
a hydrogeological cross section along the NE profile (Fig. 16). Along this section, the base-
ment surface displays a vertical displacement of about 150 m in a short distance between
Awkaf-13 and Awkaf-1 wells, consequently increasing the aquifer thickness to its maxi-
mum value in Awkaf-1 well. Therefore, the saturated thickness of the Nubian aquifer varies
between 90 m in the northeastern corner near Bir Trafawi to 650 m at GPC-7 in Misaha

basin (Ebraheem et al. 2003). The aquifer in these wells is mainly composed of sandstone
with siltstone lenses in places.

2.5 Land-Based Data

To validate the results of satellite gravity, two sites were selected for land-based geophysi-
cal surveys on both sides of the Gabel Kamel ridge which is a key structural control in
the area. The land-based magnetic survey was analyzed to delineate the local structural
framework affecting the thickness of the groundwater aquifer in the investigated sites. On
the other hand, the vertical electrical sounding results were directed to assess the aquifer
potentiality and water quality in the area.

The interpretation of sounding points in terms of true resistivities and actual thickness
was used to establish the geoelectric cross sections and subsequently delineate the aqui-
fer layer, if present. The first profile (35.7 km long) was measured on the northwestern

= - A’ NE
52 5 %
30 H 3 g =
é Z < 3 3
oo 4 g = = 300
| — A A
250 [ | Boma ‘,v—‘-——--';;——|:— 290
¢ :
~ ?T 5
£ 200 L : £ ?ffv e
7 j
- ]
- ; ¢ ?
£ §4 150
z ' > ==
' < <
E 1 L] ? (;
= 100 i et £ E

Elevation (m)

L =l
L . O ,
50 S O ' 5
) R z
: ' t 3‘3
: ' " i
° e v £ e °
' l/\ T IS ¢
-50 Ko -50
P
0 5 10 km 52”7 Faultiine é Water well

:] Basement rocks Ay
l: Nubian Sandstone

Silts with sands fine to medium

Unconformity surface

M/~ Gamma Ray log

~_~~ Resistivity log

Fig. 16 Hydrogeological cross section from the lithologic and geophysical logs of the drilled wells in the

eastern areas. The lithologic description and logs are reported by the Research Institute for Groundwater
(for location see Fig. 15b)
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side of Gabel Kamel (southeast Eight Bells) intersecting the well-defined N—S sub-basin
as indicated from satellite gravity touching the Gabel Kamel ridge in the east (Fig. 15a).
Figure 17 displays the results magnetic survey in the form of graphical plots of the applied
derivatives and 2D modeling, in addition to the geoelectric cross sections for integration.
The magnetic field varies from — 161 to 31 nT with a gradual increase toward the
northeast. The results of different derivative techniques (Fig. 17a) exhibit a good cor-
relation between peaks and troughs along with the magnetic profiles, where the edges
of faults and boundaries of the magnetic sources are defined by the maxima (peaks) of
the analytical signal (Fig. 17a) and the high amplitude of total horizontal derivatives.
The 2D magnetic model (Fig. 17b) depicts seven polygons (P1 through P7) with mag-
netic susceptibility varying from 0.0004 to 0.0033, in CGS units, reflecting acidic to
intermediate basement rocks. Close examination of the model (Fig. 17b) reveals that
the maximum thickness of the sedimentary basin is located at the central part reach-
ing about 1200 m and decreasing dramatically toward both ends of the profile reaching
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Fig. 17 Integration of land-based magnetic and DC resistivity results at the northwestern side of Gabel
Kamel (Eight Bells) a graphical plots of the total horizontal derivative and analytical signal, b top panel is
the modeled RTP magnetic anomaly and bottom panel is 2D magnetic model along with the point source
depth solutions of 2D Euler deconvolution, ¢ resistivity cross section. For transect location, see Fig. 6a
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60 m. The Euler point source depth solutions are superimposed on the magnetic model.
The minimum and maximum detectable depths of the major faults are 200 and 1000 m,
respectively. According to the constructed magnetic model, the area southeast Eight
Bells is structurally suitable for groundwater accumulation. However, from the meth-
odological point of view, the magnetic method cannot only solely be judged on the
groundwater potentiality where the extremely high resistivity values (1200-45,000
Q m) along the profile indicate dry ferruginous sandstone and boulders (Fig. 16c¢).
The variable thickness along the profile could be attributed to the influence of inferred
faults. Although the resistivity section and 2D magnetic model clearly depict a basin
(Fig. 17b, ¢), unfortunately, the very high resistivity values (more than 3000 Q m) sug-
gest the area west of Gabel Kamel ridge to be dry. A possible interpretation is that the
basin is closed from the south, in the area between Gabel Uweinat and Gabel Kamel,
by basement uplift, which acts as a barrier for the groundwater flow from south to
north as deduced from the results of 3D gravity inversion (Fig. 14). To emphasize the
role of Uweinat-Gabel Kamel uplift for diminishing the aquifer potentialities, eight
resistivity soundings were carried out at Gabel Kamel and Nosb Elamir, and it indi-
cates that the sedimentary cover in these regions is thin and dry based on the inconsist-
ent high resistivity values (>5000 Q m) in all sounding points. In these regions, the
interpreted depths to the basement surface as indicated from land-based measurement
vary from 60 to 85 m. This assumption correlates well with the previous regional-scale
results from satellite gravity of the EIGEN-6C4 dataset.

In contrast, the resistivity characteristics in the northeast Gabel Kamel (Fig. 6b) dif-
fer significantly from those on the western side of Gabel Kamel ridge, where the resis-
tivity values are intensely decreased to their minimum values in the area (Fig. 18c).
As a result, the drop in resistivity values (70-200 © m) is attributed to the presence of
saturated sands with thickness ranging from 100 to 250 m. In the EW profile (Fig. 18),
the analysis of the magnetic derivatives in the western end reveals a shallow basement
intrusion with sharp vertical contact due to the impact of Gabel Kamel ridge (NNE) as
indicated from the structural map and 3D gravity inversion (Figs. 14, 15). In addition,
there is a good match between magnetic and resistivity results at that place where the
depth to basement surface is about 20 m with an exceedingly increase in resistivity
value (>5000 Q m) due to shallow basement intrusion (VES1, Fig. 18c). The most
significant observation is that the eastern region is clearly joined with the south and
southeast aquifer to increase the suitability of the sandstone overburden for groundwa-
ter accumulations as indicated from the perpendicular NS profile (Fig. 19). Moreover,
the integration of resistivity and magnetic models along the NS profile displays that
this profile runs along a typical NS sub-basin alternating with Gabel Kamel ridge, as
indicated from the uniform thickness of sandstone aquifer and great sedimentary cover
(> 500 m thick), and confirm the results of TDR and EHGA derivatives and 3D gravity
inversions (Figs. 11, 12, 14 respectively). The minimum depth to the basement sur-
face of about 200 m is estimated in the southern end of the NS profile (Fig. 19b). This
depth is sufficient for passing the groundwater in the south—north pathway to recharge
the aquifer in the north and northeast regions. Therefore, the interpretation of multi-
scale geophysical datasets in this hyper-region indicates that the area northeastern
Gabel Kamel to GPC-7 well is preferable for drilling new exploratory wells (Fig. 16).
This favorable area is considered as the extension of east Uweinat wells and may have
considerable high groundwater potentials with freshwater quality (500-1000 ppm).
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3 Summary and Conclusions

The groundwater exploration in arid and hyper-arid regions all over the world is always a
challenge due to the lack of hydrogeological information and the poor understanding of the
groundwater flow patterns. In this study, an integrated exploration strategy (space-borne
gravity and land-based geophysics) was applied to determine the structural control on
groundwater potentialities in the southwestern corner of the Egyptian Western Desert as a
typical example of a hyper-arid environment.

For regional mapping, the various mathematical derivatives of the EIGEN-6C4 model
as TAD and EHGA can be effectively used for better understanding the structural frame-
work that may control the groundwater flow and subsequently the promising sites for the
groundwater accumulation with large scale in arid regions. The hybrid gravity models like
the EIGEN-6C4 gravity model can be used for regional mapping of mega-structures in
inaccessible areas where ground geophysical surveys are difficult to conduct to cover the
entire area. The results from the satellite gravity data, land-magnetic and resistivity surveys
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Fig. 19 Integration of land-based magnetic and DC resistivity results along N—S profile at the northeastern
side of Gabel Kamel. a Graphical plots of the total horizontal derivative and analytical signal, b top panel
is the modeled RTP magnetic anomaly and bottom panel is 2D magnetic model along with the point source
depth solutions of 2D Euler deconvolution, ¢ geoelectric cross section. For transect location, see Fig. 6b

were compared and validated with foregoing regional geological, hydrogeology obtained
from remote sensing and boreholes data. These results demonstrate the effectiveness of
global satellite-derived gravity data in the study of geologically interesting areas, while the
integration of magnetic and DC resistivity methods approves their capabilities as useful
tools for groundwater exploration in hyper-arid environments. The applied integrative pro-
cedure demonstrates the importance of multi-scale geophysical investigations, to assist in
water resource management decisions and support the much-needed agricultural expansion
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in the extremely arid regions. The adopted methodology can be applied in a similar way to
other areas elsewhere with appropriate modifications for identifying candidate well loca-
tions. However, satellite datasets could not identify geological features at a finer scale as a
direct groundwater exploration tool. In this case, it can act as a preliminary stage for plan-
ning high-resolution investigations using DC impedance and geomagnetic surveys. Hence,
this study displays how integrating multi-source datasets as a time and cost-effective tool is
critical to sound groundwater exploration under structurally controlled conditions as in the
case of the Egyptian Western Desert.

In the area of Gabel Kamel, the southwestern corner of the Egyptian Western Desert,
the trend analyses show that the dominant tectonic trends are E-W and N-S in the western
side from the area and NNE-SSW and NE-SW trends in the east. These structures play an
important role in controlling the aquifer depths and recharge system where the E-W igne-
ous intrusions and shallow basement blocks in the west act as barriers in the direction of
water flow from the south or from the west during the wet period in the Early Holocene.
Therefore, the current results will be shared with the local government and decision-mak-
ers to conserve the sustainability of the aquifer system in the east of the Uweinat area and
design a long-term management plan for optimum use of the groundwater resource in this
hyper-arid region.

In future work plans and based on the current results, additional exploratory wells
should be drilled in the area east and northeast of Gabel Kamel for water sampling and
isotope studies for better understanding the origin and groundwater flow trends related to
the inferred subsurface structures. More detailed DC resistivity surveys may be required in
this region to delineate the accurate depth and thickness of the saturated zone for boreholes
siting. Further, the aquifer characterization and transport models could be estimated by
considering the NE-SW and E-W faults as preferential flow paths. An updated numerical
model should be constructed to improve the water resources management strategy that will
allow us to better understand more realistic scenarios by considering the recharging system
and groundwater movement in the area. To simulate the groundwater flow, the appropriate
aquifer parameters could be used from the geophysical logs and pumping tests.
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