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A B S T R A C T

Egypt, relying heavily on the Nile as its primary water resource, is facing a rising water budget deficit due to 
increasing consumption, hydroclimatic changes, and upstream river damming. To address the above, innovative 
management of High Aswan Dam Reservoir (HADR), the third largest artificial reservoir on Earth, and its ex
change with the surrounding groundwater system is suggested to develop new agricultural areas. However, the 
interconnectivity mechanism between the HADR and the fossil Nubian aquifer, the largest transboundary aquifer 
in Africa, remains speculative due to the lack of in-situ investigations. To address this deficiency, we perform a 
geophysical survey using aeromagnetic, time-domain electromagnetic, and vertical electrical resistivity sounding 
in a 330 km2 pilot area to the northwest of the HADR that is hypothesized to have a dense fracture system that 
could act as a conduit between these two large water bodies. Our survey results show the presence of normal 
faults cross the reservoir to the tangential basement and the sedimentary cover that are water-saturated and act 
as recharges to the Nubian fossil aquifer. These in-situ investigations confirm previous orbital gravity observa
tions by GRACE-FO hypothesizing the interconnectivity between the reservoir and the Nubian aquifer, which was 
subject to debate. We suggest that such connecting areas between these two water bodies can be optimal sites for 
future agricultural development using improved management of surface water-groundwater exchanges for irri
gation. Finally, our findings highlight upcoming challenges for this linkage if the level of HADR reaches below 
~160 m above mean sea level (amsl) due to upstream dam operation during the Nile’s extended drought periods. 
Under these conditions, the Nubian aquifer could discharge back into the HADR at the investigated site, changing 
the water budget of the aquifer and compromising the planned agriculture developments in the adjacent areas, 
which account for ~ 10 % of the total arable land in Egypt.

1. Introduction

Egypt is Africa’s most populous, arid, and water-scarce country, with 
a water share per capita of ~560 m3 (Fouad et al., 2023), classifying it 
as severe water stress. The implications of this alarming and rising water 
scarcity on food security and the national and regional socioeconomic 
stabilities are major, including social unrest and outflow migration 
(Heggy et al., 2023, 2022a, 2021). As such, the nation seeks to achieve a 

sustainable water management strategy by 2030 to address the above 
threats. Egypt primarily relies on surface water resources from the Nile 
to irrigate its agricultural land, mainly located on the banks of the river 
and in its Delta (Abotalib et al., 2023). These arable lands represent 4 % 
of the country’s total area, while the other 96 % are arid deserts (Fouad 
et al., 2022, 2023; Nikiel and Eltahir, 2021). These planted areas are 
home to ~95 % of its inhabitants (FAO, 2016). During the last decades, 
all of the water requirements for developmental activities in Egypt were 
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fulfilled by the Nile (Heggy et al., 2022b). However, population growth 
and the rising demand for water usage and food production, as well as 
the increase in the size of urban areas to the detriment of the agricultural 
land and the increase in upstream damming, has resulted in a large 
water budget deficit beyond the average yearly flow (Heggy et al., 
2022a; Yousif, 2019). For instance, the Grand Ethiopian Renaissance 
Dam (GERD) operation is projected to alter the High Aswan Dam 
Reservoir (HADR) during extended drought periods. GERD reservoir can 
adjust the flow of the Nile River, which could reduce the stored water 
budget downstream in the reservoir (Heggy et al., 2023). A decrease in 
the flow of the Nile due to GERD operations could lead to lower water 
levels in HADR, reducing the amount of water available for recharge 
into the Nubian Sandstone Aquifer System (NSAS). Therefore, the 
Egyptian authorities proposed groundwater resources and HADR man
agement as the main mitigations to address the nation’s budget deficit 
(Fathy et al., 2021). Expanding groundwater extraction and HADR 
water management is considered one of several proposed mitigations of 
water scarcity in Egypt (Heggy et al., 2021).

The HADR is considered the nation’s largest strategic water reserve, 
with a maximum volume of 162 Billion Cubic Meters (BCM) (Eldardiry 
and Hossain, 2021). However, it suffers from high evaporation(Elba 
et al., 2014) and seepage losses to the adjacent Nubian Sandstone 
Aquifer (NSSA). While the evaporation is well constrained based on 
accurate atmospheric observation (Hassan et al., 2018). The modeled 
seepage recharge and the connectivity between the HADR and NSSA are 
widely debated and uncertain (Diab, 1972; EI-Difrawy, 1988; Elsawwaf 
et al., 2014; Ghoubachi and El-Abd, 2016; Kim and Sultan, 2002; Met
waly et al., 2006; Rabe et al., 2009). For instance, the use of the Gravity 
Recovery and Climate Experiment (GRACE) suggests that during high 
stands of HADR, the seepage from HADR to NSSA accounts for 6 BCM 
per year (Abdelmohsen et al., 2020). The evaluation of this volume of 
seepage as a function of the HADR water content is subject to active 
research. The potential impacts of this seepage on the surrounding 
environment of HADR, including changing groundwater levels, soil 
stability, and the potential for developing new agricultural areas (Hanna 
and Osman, 1995), is a subject of scientific and public interest. However, 
with high uncertainties, these studies diverge on the direction of the 
connection and the amount of seepage from HADR to NSSA. To address 
the above, we perform a geophysical survey using aeromagnetic, Time 
Domain Electromagnetic (TEM), and Vertical Electrical Resistivity 
Sounding (VES) at a 330 km pilot area located Northwest of the HADR 
(Fig. 1a), which is one of the planned areas (Abdelkhalek and 
King-Okumu, 2021), for new agriculture development around HADR to 
increase the national agriculture area. As such, assessing the ground
water resources in this pilot area and their recharge through structural 
conduits from the High Aswan Dam reservoir is crucial for achieving 
sustainable agricultural development projects. Understanding the 
seepage from HADR to the NSSA is crucial in this regard. This can be 
achieved using the aeromagnetic, electrical resistivity, and electro
magnetic methods, which effectively assess groundwater conduits and 
structure-controlled recharge (Gaber et al., 2020; Gonzales et al., 2016; 
Kotb et al., 2014; McClymont et al., 2011; Kirsch, 2006).

The three objectives of our geophysical investigation in the pilot 
study area are, first, the identification of water-bearing formations; 
second, the determination of the geoelectrical characteristics of the 
aquifer basement relief; and third, the elicitation of subsurface struc
tures that act as a groundwater conduit between the aquifer and HADR. 
Based on the above, we provide the optimal locations for drilling 
boreholes to supply irrigation water for future sustainable agriculture 
development along the pilot study area.

2. Geological setting

The study area is located northwest of the HADR between 
23◦40′19.21″N to 23◦46′14.42″N and 32◦33′45.20″E to 32◦47′31.74″E 
and covers an area of about ~ 330 km2 (Fig. 1a). This area represents the 

Nubian plain of the eastern part of the sandstone Pedi plain (Said, 1975) 
and extends from the boundaries of the HADR in the east to Gilf El-Kebir 
in the west. It is composed mainly of Nubian sandstone (Abou Elmagd 
et al., 2014; Embabi, 2004; El-Naggar, 1970) with elevation ranging 
from 100-200 m above mean sea level (amsl) (Fig. 1b). The Nubian 
sandstone in the study area consists of Abu-Aggag and Timsah forma
tions. The former belongs to the Turonian age and consists of 
conglomerate sandstone with coarse-grained kaolinite overlying 
unconformable basement rocks (Issawi, 1978; CONCO, 1987; Issawi, 
1973), while the latter is composed of near-shore marine to deltaic se
quences of shale, silt, and sandstone with oolitic iron ore beds (Fig. 1c; 
CONCO, 1987). Structurally, the West Aswan area is affected by two 
fault systems (Fig. 1c) with trends almost in the N–S and E–W directions 
(Araffa et al., 2018; Idriss et al., 1985; Issawi, 1978; Mekkawi et al., 
1982). Some of these faults are strike slips (Awad and Kwiatek, 2005; 
Fat-Helbary and Tealb, 2002; Mekkawi et al., 2005). Hydrogeologically, 
the Abu-Aggag sandstone represents the main water-bearing formation 
in the west Aswan area. The water-bearing layers are separated by semi- 
confining clay intercalations (Geoistrazivanja Hamdan et al., 2013; 
Selim, 1986; Shedid, 2006). This water-bearing layer has not yet been 
thoroughly detailed in different places (Yousif, 2019), which we address 
in the present study.

3. Datasets and processing

Integrating multiple geophysical datasets, including aeromagnetic, 
TEM, and electrical resistivity data, can provide complementary infor
mation (Basheer et al., 2024; Gomaa et al., 2024; Kotb et al., 2021; 
Ebraheem et al., 2016) that reduces uncertainty in hydrogeological 
models. By constraining model parameters with geophysical observa
tions, such as aquifer geometry, hydraulic properties, and boundary 
conditions, it becomes possible to improve the groundwater flow 
simulation accuracy and prediction accuracy (Basheer et al., 2024). In 
the present study, we used three geophysical investigation methods to 
assess the potential presence of groundwater conduits between the 
reservoir and the Nubian aquifer: Aeromagnetic, TEM, and VES.

Aeromagnetic data are used to identify geological structures such as 
faults, fractures, and lithological variations that may influence 
groundwater flow and storage, such as regions with shallow aquifers or 
areas of concentrated faulting and fracturing (Kivior and Boyd, 1998; 
Ramah, 2021). TEM surveys provide information about subsurface re
sistivity contrasts, which can help delineate aquifer boundaries and 
preferential flow pathways of the NSSA from HADR over the pilot study 
area (Mosaad et al., 2024). Integrating these datasets allows for a more 
comprehensive understanding of the spatial distribution of 
groundwater-bearing formations and connectivity (Kotb et al., 2014). 
Electrical resistivity surveys are used to estimate parameters such as 
hydraulic conductivity, porosity, and water content within aquifer for
mations. By combining resistivity data with TEM surveys, which offer 
depth penetration capabilities, it becomes possible to infer variations in 
subsurface lithology, water saturation, and aquifer properties over a 
range of depths (Sultan and Santos, 2009). This integrated approach 
enhances the characterization of hydrogeological properties and im
proves groundwater resource assessment (Kotb et al., 2021; Sultan and 
Santos, 2009). Accordingly, the electrical method is used as a supportive 
method to the TEM survey at shallow depth and probes most upper 
geologic layers in the study area to 150 m.

We also used geological exposures, hand-dug, and drilled water wells 
(Fig. 2) to collect all available hydrogeological information to support 
the interpretation of our geophysical survey.

3.1. Aeromagnetic data

The processed total intensity magnetic map of the study area was 
obtained from the Egyptian Geological Survey and Mining Authority 
(EGSMA, 1981). The total magnetic intensity data were extracted from a 
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Fig. 1. (a) Satellite image of Egypt showing location of the study area, (b) digital elevation model (DEM) of the study area with spatial location of measured stations, 
(c) geological map of the study area (modified after CONCO, 1987; Azeem et al., 2014).
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Fig. 2. (a) Measured TEM sounding N1, (b) modeled layers, and (c) lithology records from drilled well near the study area.

Fig. 3. (a) 2-D radially averaged power spectrum of the RTP magnetic data. (b) RTP map of the study area that is classified into magnetic zones. (c) Gaussian residual 
filtered (frequency = 0.12–0.4 Cycles/Grid Unit) of residual magnetic map of the study area. (d) Gaussian regional filtered (frequency = 0–0.12 Cycles/Grid Unit) of 
the regional magnetic map of the study area. (e) Tilt derivative filter (TDR) of the regional map. (f) Regional structure map from TDR Filter.
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10 km × 30 km grid. Total magnetic intensity measurements are derived 
from a 10 km × 30 km grid. The magnetic data are reduced to the 
magnetic pole to avoid distortion of the shapes, sizes, and locations of 
magnetic anomalies caused by the inclination of the Earth’s magnetic 
field. The values of the magnetic field for our study area (inclination 
32.8 and declination 1.9) are utilized to generate a reduced-to-pole 

(RTP) magnetic map (Fig. 3b). We applied frequency analysis and fil
ters to the obtained data in the frequency domain utilizing the Fast 
Fourier Transform (FFT) algorithm of the Oasis Montaj Package (Geosoft 
Inc, 2010; Fig. 3c, d, e). In addition, we applied a power spectral analysis 
to determine the regional and residual components of the magnetic 
anomaly (Fig. 3a, c, d). A Tilt Derivative (TDR) filter is then applied to 

Fig. 4. (a) Interpreted geologic cross sections along the A-A’, B-B’, C-C’ and D–D’ profiles (see Fig. 3b for the locations of the selected profiles). (b): 3D depth to 
basement map of the study area.
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the magnetic data to map shallow basement structures (Fig. 3e, f). Also, 
four 2D magnetic profiles were constructed using 2D modeling tech
niques using Gm-sys software (Fig. 4a) and mapping the depth to the 
basement over the study area (Fig. 4b).

3.2. TEM and VES measurements

Seventeen TEM measurements are conducted as a grid along the 
study area, in addition to one for validation carried out close to a drilled 

well near the study area and under the same hydrogeological conditions 
(Fig. 1b). A simple coincident loop configuration (Fitterman and Stew
art, 1986) has been employed using a TEM-FAST 48 HPC instrument 
with single square loop configuration (working as EM transmitter and 
receiver) with (200 m × 200 m) using current intensity ranges from 1 to 
4A. The survey was carried out by repeating the measurement two or 
three times at the same station to assess the variability of the readings. 
The most suitable signal-to-noise measurement was selected for further 
processing steps and interpretation. The individual TEM datasets are 

Fig. 5. Examples of interpreted TEM sounding. (a) TEM 1 from geo-electric group I, (b) TEM 8 from geo-electric group II, (c) TEM 16 from geo-electric group III, and 
(d) VES curves inversion results for V1 and V2.
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first iteratively inverted using ZondTEM 1D software (version 5.2).
The VES measurements followed the TEM survey. We used the 

SYSCAL JUNIOR equipment employed for the sounding. Because of the 
high resistivity of the surface, the dry Nubian sandstone layer makes 
transmitting the current into the ground challenging. Several attempts 
were made to overcome this problem by increasing the number of 
electrodes used to make a bridge. We also added water near the elec
trodes to improve connectivity to the ground. However, only two ver
tical electrical soundings were successfully conducted using the 
symmetrical Schlumberger electrode spread technique at each of the 
selected points. The IPI2win Software (Version 3.0.1 s) has been used for 
resistivity data processing.

The first step in interpreting the sounding results is solving the in
verse problem. Basically, based on an initial model, inversion of 1D TEM 
and VES data is the process of predicting XYZ distribution of layers with 
different resistivity values. The initial model parameters were integrally 
constructed from surface general geology and subsurface geological 
information derived from well N1 (Fig. 2). Examples of the inversion 
results of three TEM soundings and two VES are depicted in Fig. 5. It has 
to be noted that the root mean square (RMS) between the observed and 
the calculated parameters is less than 10 % for all TEM and VES 
soundings in the study area.

4. Results

Our results of integrating aeromagnetic maps with TEM and elec
trical resistivity surveys aim at mapping the structural elements of the 
investigated area, including faults, fractures, and lithological variations, 
providing insights into groundwater flow between HADR and adjacent 
Nubian aquifer and identifying preferential conduits and recharge 
zones, supporting better management of surface water-groundwater 
exchanges to irrigate new agricultural developments:

4.1. Aeromagnetic results

The examination of the RTP map (Fig. 3b) shows that the investi
gated area is represented by sets of shallow negative and positive 
magnetic anomalies with varying amplitudes, wavelengths, sizes, and 
magnitudes. According to the frequencies of magnetic anomalies am
plitudes, the RTP map can be qualitatively segmented into four zones of 
very high, high, low, and very low amplitude (Fig. 3b). The variation of 
the amplitudes of these magnetic anomalies may reflect changes in the 
composition and depth of geologic rocks.

4.1.1. Magnetic spectral analysis
Energy spectrum analysis is a technique that quantitatively assesses 

large and complex magnetic datasets. Spector and Grant (1970) use a 
depth analysis technique to compute two-dimensional power spectra 
from gridded magnetic data. The radially averaged power spectrum of 
the magnetic data was calculated (Fig. 3a), and the best-fit straight lines 
of the spectra were determined. The magnetic components of shallow 
and deep sources were represented by the two best-fit segments that 
were obtained. The slope/4p of that segment indicates the average 
depth of the magnetic sources corresponding to each segment. The
average depth values for deep and shallow magnetic sources, respec
tively, are 0.7 km and 0.1 km from the survey level, according to depth 
computations done on these segments.

4.1.2. Residual magnetic component map
Examining the map of residual magnetic component (Fig. 3c) bears a 

striking resemblance to the RTP map (Fig. 3b), which would imply that 
the majority of basement rocks in the study area which are the cause of 
the magnetization—are either exposed at shallow depths or are cropping 
out on the surface. A portion of the magnetic anomalies span a signifi
cant geographic area. Furthermore, these anomalies have high magni
tudes, high to low frequencies, and moderate to high amplitudes, 

indicating that the magnetic bodies causing the magnetization are 
extended at depth.

4.1.3. Regional magnetic component map
The procedures for separation are intended to distinguish between 

more pronounced local anomalies and broader regional variations 
(Fig. 3d). This map can be categorized as having low zones (negative 
magnetic anomalies) in the middle and eastern regions, which are 
covered in varying thicknesses of Nubian sandstone of the Abu Aggage 
formation. Their amplitudes reach up to − 145 nT. Also, positive mag
netic anomalies represent the high zones. They covered the western part 
of the area and may be interpreted as a structurally high formation (i.e., 
a horst). They are found as a magnetic mass extending in the western 
part of the study area and may relate to the remnant magnetization of 
the oolitic iron bed. Their amplitudes reach 97 nT.

4.1.4. Tilt derivative (TDR) filter
The general structure of the region can be obtained from magnetic 

data. In addition to supporting the interpretation, filtering the magnetic 
data brings out and highlights trends and anomalies in the data. Mineral 
exploration targets and shallow basement structures can be mapped 
with the help of TDR and its total horizontal derivative. The TDR map 
has the advantage of having its zero-contour line on or near the fault/ 
contact spot. The TDR filter is applied to the magnetic data deduced 
from the magnetic interpretation results (Fig. 3e) and used to construct 
the map of the dominant structure elements affecting the study area 
(Fig. 3f). The inferred faults affecting the basement and cover sedi
mentary rocks along the study area are represented by a group of normal 
faults (F1-F5, F8 and F9) having more or less, NE-SW, NW-SE (Fig. 3f) 
and other strike-slip faults (F6, F7 and F 10) having more or less E- W 
and NE-SW trends.

4.1.5. 2D magnetic modeling
Four 2D magnetic profiles (Fig. 3b) are modeled. The RTP magnetic 

values have been traced along these profiles. Basement structural cross- 
sections are constructed along these profiles to begin modelling using 
available geologic information, previously performed magnetic depth 
determinations, and the results of qualitative interpretation of magnetic 
maps.

The first profile (A-A’) lies in the northern part of the study area and 
is oriented West to East (Fig. 3b). A closer look at this profile indicates an 
outstanding match between the observed and calculated anomalies, 
with an error RMS of 3.955 %. (Fig. 4a). This model comprises two 
blocks that represent various types of basements in terms of composition 
and form. Furthermore, the model represents the geological existence of 
basin and horst areas induced by normal faults affecting the basement in 
depth ranges between 120 and 462 m along the profile.

The second profile (B-B’) is located in the center of the study area 
(Fig. 3b). The direction of this profile is from West to East (Fig. 4a). This 
model consists of two blocks that show various types and compositions 
of the basement. Also, the model reflects the presence of basin and horst 
areas according to the geologic setting of the study area, which can be 
interpreted as normal faults affecting the basement. The depth to the 
basement along this profile ranges between 120–389 m.

The third profile (C-C’) is located in the southern part of the study 
area (Fig. 3b). The direction of this profile is from West to East (Fig. 4a). 
The basement presents a depth range between 105 and 395 m. The 
model also reflects the existence of basin and horst zones, which are 
triggered by faults in the basement (Fig. 4a).

The fourth profile (D-D’) is a traverse profile that was drawn to cut 
the upper three profiles (Fig. 3b). The profile direction is from south to 
north. This profile reveals an excellent match between the observed and 
calculated anomalies, with a RMS error of 5.9. (Fig. 4a). A homogeneous 
basement can be seen in this profile. The basement depth varies between 
105 and 340 m along the profile, indicating a graben between two 
normal faults.
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Basement depth map is generated by digitizing the depths of the 
basement profiles. The interpreted depth to the basement map (Fig. 4b) 
indicates that the basement is deeper in the middle and western parts 
than the eastern parts, where the basement depth exceeds 450 m. The 
basement depth in the eastern parts of the study area reaches less than 
100 m. According to Fig. 4b, the maximum sedimentary thickness will 
be found in the western and some middle parts of the study area, while 
the minimum sedimentary thickness will be found in the eastern portion.

4.2. 1D and 2D models of TEM and electrical resistivity

The resulting parameters under every discrete point describe a sub
surface model involving three or four layers (Fig. 5). These layers are 
geologically correlated to produce six geoelectrical layers. Some of these 
layers appear and disappear spatially, forming three different subsurface 
geoelectrical successions with the aerial distribution. The first geo
electrical succession (I) describes the western portion and consists of 
three layers; the middle layer corresponds to the Timsah Formation, 
which rests under the surface layer, while the lower one corresponds to 
the Abu Aggage Formation (Fig. 5a; Table 1). The second geoelectrical 
succession (II) covers the middle part of the study area and consists of 
four layers. The correlation between the available geological informa
tion and aeromagnetic data suggests that the upper layer represents the 
surface layer, the second layer corresponds to dry sandstone, the third 
layer represents the water-bearing layer (Abu Aggage Formation), and 
the lowermost layer corresponds to the basement granitic rock (Fig. 5b; 
Table 1). The third geoelectrical succession (III) covers the eastern side 
of the study area and consists of two geoelectrical layers under the 
surface; the first layer represents silicified sandstone over basement 
granitic rock (Fig. 5c). A detailed description of the six encountered 
layers, consisting of three groups, is given in Table 1.

The resistivities and thicknesses are presented as 2D visualization 
cross-sections. The cross-sections in Fig. 6 are shown as a function of 
their equivalent geologic rock formations. The horizontal and vertical 
extensions of the dissimilar layers in the West-East direction are shown 
along the A-A’, B-B’, and C-C’ sections. The changes of geoelectrical 
parameters in the SW – NE direction at the central part of the study area 
have been shown in the cross-section (D-D’) of the transverse. The 
generated geoelectrical cross-sections visualize obviously the main 

geologic features that characterize the study area. Moreover, the above 
explains the structural relationship between the three detected groups of 
layering succession (i.e., I, II, and III). According to the geological map 
of the study area, the relative vertical displacements of the correlated 
formations in the developed geoelectrical cross-sections, represented by 
four normal faults affecting the study area, have been inferred (F1-F4). 
Two faults strike in the NE-SW direction (F1 and F2), and the strike of 
other faults is NW-SE (F3, F4). Some of these faults are responsible for 
relatively uplifting the older succession in front of the younger sedi
ments (Faults F1 and F3 at the West and East). The other faults formed 
the basin base on which the Nubian sandstone sediments were 
deposited.

4.3. Priority decision map

To evaluate and assess the water-bearing layer, we used the 
computed geoelectrical properties (resistivity, thickness, and depth) to 
create three classified contour maps that depict the spatial distribution 
of the aquifer (Fig. 7). The resistivity distribution (Fig. 7a) of the Abu 
Aggage water-bearing layer is characterized by values ranging from 21 
to 45 Ω.m). The low values (<30 Ω.m) are found in the western part of 
the area due to the increase of clay content and/or the presence of iron 
oxides. The thickness (Fig. 7b) increases from 60 m in the East to a 
maximum thickness of 400 m in the West, indicating a prevailing Nubian 
sandstone aquifer acting as a long-term water resource. Generally, the 
Abu Aggage water-bearing layer could be observed at depths ranging 
from 18 to 72 m below the ground surface (Fig. 7c). It is shallow and 
semiconfined at the western part of the area where the cap rock is the 
Timsah Formation to the unconfined character at the central and eastern 
parts of the study area.

The priority decision map was generated using resistivity, thickness, 
and depth with an equal weight of 33.333 % and shows three categories 
to consider when drilling new water wells (Fig. 7d). Decision-makers 
could use it to decide where to drill water wells in the best locations 
and extract groundwater for sustainable development projects. Given 
higher basement relief and the presence of compact sandstone in the 
eastern portion, in addition to fault directions, the Nubian sandstone 
water-bearing layer in the study area is likely to be recharged from the 
South and not from the East (Fig. 8). This result agrees with the expected 
recharge model conducted by Yousif (2019).

5. Discussion

Our study investigates the groundwater occurrence, distribution and 
the potential interconnection between HADR and the Nubian aquifer 
over a pilot area of 330 km2 using three geophysical methods: Aero
magnetic, TEM, and VES. Our results (Figs. 3- 6) pertain to three main 
findings that constrain uncertainties regarding the interconnectivity 
between HADR and the Nubian aquifer, the potentiality of the aquifer 
for use in sustainable agriculture projects, the role of structural setting in 
recharging the Nubian aquifer and the indirect role of upstream 
damming in affecting the water recharge/discharge between HADR and 
NSAS.

First, our findings suggested that the main aquifer along the study 
area is represented by the Abu Aggage formation, which is distributed 
along the study under semi-confining conditions. In the eastern part of 
the pilot area, the formation is unconfined, while in the western part, it 
is under confining conditions due to the existence of an aquitard layer of 
the Timsah formation above the water-bearing layer. In terms of the 
resistivity distribution of the water-bearing layer, the water quality 
ranges from fresh, in the eastern part of the water-bearing formation due 
to lower clay intercalation, to brackish in the western side due to high 
intercalated clays (Fig. 7a). The water-bearing layer thickness, ranging 
from 160 m in the east to 400 m in the west (Fig. 7b), is thick enough to 
provide the needed water volume to sustain planned projects in the pilot 
area of 330 km2 which need ~270 million cubic meters per year for 

Table 1 
Ranges of resistivities and thicknesses inferred from the survey data interpre
tation for different layers with their corresponding lithology and geological 
formations.

Group Layer Resistivity 
ranges (Ω.m)

Thickness 
ranges (m)

Suggested geological 
interpretation (Lithology/ 
Formation)

(I) A 22–51 17–27 Silt, sand and gravels/ 
Surface layer

B − − −

C 6–9 41–44 Shale with oolitic iron-ore 
bed /Timsah formation

D 21–33 320–380 Water bearing sandstone
E − − −

F − − −

(II) A 24–179 10.-18 Silt, sand and gravels/ 
Surface layer

B 106–305 8–19 Dry sandstone
C − − −

D 22–45 69–333 Water bearing sandstone
E − − −

F 1012-7337 − Basement
(III) A 90–151 19–46 Silt, sand and gravels/ 

Surface layer
B − − −

C − − −

D − − −

E 515–827 151–229 Silicified Nubian Sandstone
F 4802-25278 − Basement
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irrigation. The water-bearing layer along the pilot area is a promising 
aquifer for use in future sustainable development projects, whether it is 
industrial, agricultural, or construction of new urban areas. The decision 
map (Fig. 7d) can support decision-makers in optimizing the imple
mentation of the planned projects in the vicinity of HADR, using the two 
crucial observations made herein on groundwater quality (as deduced 
from the water-bearing formation resistivity distribution), groundwater 
quantity (as deduced from the water-bearing formation thickness) or the 
borehole drilling depth (deduced from the distribution of the thickness 
of the water-bearing formation). A separate priority map for each of 
these observables was constructed (Fig. 7a, b & c). The potentially 
cultivable area around the HADR is close to one million feddans (420 
thousand hectare) (Hanna and Osman, 1995), which can be an increase 
ranging from 8 to 10 % of the total agricultural area in Egypt.

Second, our findings reveal that the structural setting in the HADR 
northwestern adjacent area controls the groundwater flow, recharge, 
and occurrence. Additionally, basement relief plays a crucial role in 
defining the quantity of the stored groundwater in the pilot site. 
Depending on their orientation and hydraulic permeability, faults may 
act as preferential flow paths, directing water toward the aquifer. 
Conversely, faults can also act as barriers, impeding groundwater 

movement and impeding recharge patterns. For example, based on our 
geophysical survey and field observations, in the south-middle part of 
the studied area, the faults deduced from our survey serve as conduits 
for surface water infiltration into highly permeable rock formations that 
allow water to penetrate deeper into the subsurface of the adjacent 
aquifer (Fig. 8). While in the eastern part, the high basement and 
associated faults filled by hydrothermal solutions (i.e., quartz veins from 
field observations) block the direct recharge from HADR to NSAS from 
the eastern direction resulting in no groundwater existence (Fig. 8).

Third, our findings suggest that the groundwater level in the pilot 
site ranges from ~160 to 166 m amsl, implying that the recharge from 
HADR will continue as long as the reservoir level is above ~160 m 
(Figs. 6, 8). However, if the reservoir level falls below that level, the 
reverse flow direction from the Nubian aquifer system to HADR can 
reduce the groundwater level in the adjacent areas to below 160 m. The 
volume of such reverse discharge requires robust modeling effort to be 
carried out as a continuity of this investigation in separate work. How
ever, under the prolonged drought period (e.g., 1978–1987 where 
HADR level falls below 158 m; Abd Ellah, 2020, 2021) or potentially 
continuous unilateral operation of upstream damming, HADR can be 
below 160 m for an extended amount of time of a few to multiple years, 

Fig. 6. The four geoelectrical cross-sections inverted from our TEM and VES surveys show the distribution of the geoelectrical layers in relation to their equivalent 
geologic rock formations. The horizontal and vertical extensions of the dissimilar layers in the West-East direction are shown along the A-A’, B-B’, and C-C’ sections. 
The changes of geoelectrical parameters in the SW – NE direction in the central part of the study area have been shown in the traverse cross-section (D-D’). The 
generated geoelectrical cross-sections visualize obviously the main geologic features that characterize the study area. Moreover, they explain the structural rela
tionship between the three detected groups of layering succession (i.e., I, II, and III). The depth of the basement is deduced by the integration of aeromagnetic results 
(Fig. 4a) and the TEM results.
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increasing the discharge from the NSAS. It is important to note that the 
average operational water level of HADR within the period of 
1965–2020 is 170 m amsl. However, extreme values of 158 m and 182 m 
amsl were observed at the beginning of 1987 and 1997 (Abd Ellah, 
2021). The water levels in HADR exhibit significant seasonal fluctua
tions, primarily due to the seasonal patterns of the Nile River, which is 
influenced by the annual rainy season in the Ethiopian Highlands (which 
feed the Blue Nile). Typically, the levels rise during and after the rainy 
season (July to October) and fall during the dry season (Elhaddad et al., 
2024: Basheer et al., 2024).

GERD has the capacity to regulate the flow of the Blue Nile, which is 
one of the main tributaries of the Nile River, accounting for 80 % of the 
river flow (Heggy et al., 2023, 2021). As such, the water released from 
the GERD can be expected to modulate the level of HADR and, accord
ingly, the groundwater table depth in its adjacent areas. Under low- 
release scenarios, this can affect the aquifer sustainability around 
HADR and then affect the availability of irrigation water and hydro
power generation. Hence, alterations in the flow regime of the Nile River 
due to upstream damming could indirectly influence recharge rates and 
groundwater levels in the Nubian Aquifer. Proactive management and 
cooperation among Nile Basin countries is essential for addressing the 
above potential challenges and ensuring the sustainable management of 
both surface water and groundwater resources in the Nile Basin.

Finally, quantifying the volume of recharge or discharge from the 
High Aswan Dam Reservoir to the Nubian Aquifer can be challenging 
due to several limitations: (1) The hydrogeological system involving the 

Fig. 7. (a) Iso-resistivity contour map, (b) Isopach map of the water-bearing formation, (c) Depth to water-bearing formation map, and (d) Priority map of the water- 
bearing formation from the integration of aeromagnetic, TEM, VES results.

Fig. 8. Direction of the recharge flow in the study area.
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High Aswan Dam Reservoir, and the Nubian Aquifer is inherently 
complex, with various interconnected factors influencing water move
ment and storage. The aquifer heterogeneity, including variations in 
permeability and porosity, makes it difficult to accurately estimate the 
volume of water entering or leaving the aquifer. (2) Limited data 
availability and accessibility, including groundwater levels, aquifer 
properties, and surface water interactions, can hinder accurate quanti
fication. Insufficient monitoring infrastructure and data collection net
works can result in gaps in crucial knowledge for understanding 
recharge and discharge processes. (3) The interaction between surface 
water from the Nile River and the Nubian Aquifer further complicates 
quantification efforts in the absence of in-situ measurement of the hy
draulic gradients and flow dynamics. Addressing these limitations re
quires an interdisciplinary approach combining hydrogeology, 
hydrology, remote sensing, and modeling techniques that will be con
ducted as future work.

6. Conclusion and recommendations

In this investigation, we performed a geophysical survey using 
aeromagnetic, time-domain electromagnetic, and vertical electrical re
sistivity sounding in a 330 km2 pilot area northwest of the HADR that is 
hypothesized to have a dense fracture system that could act as a conduit 
between these two water bodies. The aquifer connection with HADR has 
been geophysically confirmed, suggesting an ongoing recharge of the 
NSAS. Our subsurface mapping suggests that the structural setting plays 
a major role in groundwater flow and recharge, acting as a conduit 
between HADR and NSAS. Such connecting areas could be promising 
sites for sustainable agricultural development projects due to the 
freshness and thickness of the groundwater-bearing layer. The investi
gated area shows that the recharge originates from the south and not 
from the closest eastern adjacent bank of the reservoir due to the higher 
basement relief, the presence of compact sandstone, the direction of 
faults, and the presence of the hydrothermal solution. The above high
lights that connectivity between these two water bodies is complex and 
does not abide by the geographical vicinity only but rather by the 
complexity of the structural elements in the area.

Furthermore, our findings reveal that the recharge to NSAS from 
HADR in the investigated area will continue as long as the reservoir level 
is above ~160 m. However, if the reservoir falls below this level, the 
reverse flow direction from the Nubian aquifer system to HADR can 
reduce the groundwater level in the adjacent areas to below ~160 m. 
The volume of this discharge is unquantified under monthly fluctuations 
in the HADR level. However, it can be a major factor under the pro
longed drought or unilateral operation of upstream damming, where the 
reservoir can reach critical levels for multiple years. These unaddressed 
uncertainties could question the sustainable use of these groundwater 
resources around HADR. Proactive management and cooperation among 
Nile Basin countries is essential for addressing the above potential 
challenges and ensuring the sustainable management of both surface 
water and groundwater resources in the region.

Finally, to quantify the amount of reverse discharge from NSAS to 
HADR during its low-level operation period, which is beyond this pre
liminary investigation, current capabilities and data availability, accu
rate groundwater modeling, validated with more large-scale airborne 
hydrogeophysical surveys (Heggy et al., 2024), will be needed. For 
instance, using numerical simulation tools such as MODFLOW (Langevin 
et al., 2017) to model groundwater flow can constrain the uncertainties 
on the seepage volume from the High Aswan Dam to the Nubian Aquifer 
and vice versa. Such modeling would need several dataset entries, 
including the hydraulic conductivity, gradient, piezometric levels, and 
geologic cross-sections.
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