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Abstract

The role of faults in controlling groundwater flow in the Sahara and most of the

hyper-arid deserts is poorly understood due to scarcity of hydrological data. The

Wadi Araba Basin (WAB), in the Eastern Sahara, is highly affected by folds and faults

associated with Senonian tectonics and Paleogene rifting. Using the WAB as a test

site, satellite imagery, aeromagnetic maps, field observations, isotopic and geochemi-

cal data were examined to unravel the structural control on groundwater flow

dynamics in the Sahara. Analysis of satellite imagery indicated that springs occur

along structurally controlled scarps. Isotopic data suggested that cold springs in the

WAB showed a striking similarity with the Sinai Nubian aquifer system (NAS) water

and the thermal springs along the Gulf of Suez (e.g., δ18O = �8.01‰ to �5.24‰

and δD = �53.09‰ to �31.12‰) demonstrating similar recharge sources. The find-

ings advocated that cold springs in the WAB represent a natural discharge from a

previously undefined aquifer in the Eastern Desert of Egypt rather than infiltrated

precipitation over the plateaus surrounding the WAB or through hydrologic windows

from deep crystalline basement flow. A complex role of the geological structures was

inferred including: (1) channelling of the groundwater flow along low-angle faults,

(2) compartmentalization of the groundwater flow upslope from high-angle faults,

and (3) reduction of the depth to the main aquifer in a breached anticline setting,

which resulted in cold spring discharge temperatures (13–22�C). Our findings empha-

size on the complex role of faults and folds in controlling groundwater flow, which

should be taken into consideration in future examination of aquifer response to cli-

mate variability in the Sahara and similar deserts worldwide.
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1 | INTRODUCTION

The extended geological and tectonic evolution of the Saharan-

Arabian Desert Belt since the Archean (i.e., older than 2.6 Ga rocks in

SW Egypt [Karmakar & Schenk, 2015]) and the multiple reactivations

of its fault systems (i.e., up to the Quaternary [Sakran & Said, 2018])

generated a complex faulted and folded regimes worthwhile any

investigation. Moreover, the barren nature of the Sahara, with almost

no vegetation cover or well-developed soil profiles, allows for conve-

nient regional structural and lithological mapping using satellite data

(Sultan et al., 1988). Therefore, the Sahara could be considered an

ideal environment to study fault kinematics (Moustafa, 2014; Sakran &

Said, 2018) and fault controls on a wide range of geological processes

such as groundwater dynamics (Hussien et al., 2017), landscape evolu-

tion (Abotalib et al., 2016), economic mineral deposits (Ibrahim

et al., 2016) and natural hazards (Youssef et al., 2009).
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The Saharan-Arabian Desert is home to more than 300 million

people with a projected increase to 700 million in 2050

(CIESIN, 2002). Linked to climate change, the Saharan-Arabian Desert

countries are expected to experience severe water scarcity (Gosling &

Arnell, 2016) with a projected water shortage in the range of 85–

283 km3 year�1 in 2050 (Droogers et al., 2012). This necessitates a

proper assessment of the response of aquifers in the Sahara to climate

variability (Abdelmohsen et al., 2019, 2020) and to properly define

areas of recharge and natural discharge in the vast desert zones

(Sultan et al., 2007), in order to develop sustainable groundwater man-

agement policies. Central to understanding these aquifer dynamics is

to constrain the control of geological structures (e.g., faults and folds)

on aquifer dynamics under such hyper-arid conditions that prevail the

Saharan-Arabian Desert climate. For example, there was a general

agreement that the deep Nubian aquifer system (NAS), which is one

of the largest aquifers in the world (area: 2.2 � 106 km2), receives a

limited recharge under the present hyper-arid conditions and thus

groundwater flow modelling scenarios frequently assumed very little

response to the climate variability (Bakhbakhi, 2006; Patterson

et al., 2005; Thorweihe, 1990; Voss & Soliman, 2014). Yet, recent

reports (Abdelmohsen et al., 2019, 2020) inferred from the analysis of

GRACE signals a rapid response of the NAS to the climate variability

with significant annual recharge of more than 5 � 109 m3. The over-

whelming majority of the annual recharge to the NAS arguably takes

place as turbulent flow through fractures and karst features

(Abdelmohsen et al., 2020).

The structural control on groundwater flow can provide highly

permeable pathways that preferentially channel the groundwater

flow, while under different circumstances it can create low permeabil-

ity barriers (Abotalib et al., 2016; Bense et al., 2013;

Gudmundsson, 2000). The structural control can also affect the river

systems and thus impact the sources of aquifer recharge (Frostick &

Reid, 1989). The magnitude of such control is mainly dependent on

three factors including the aquifer lithology, fault zone properties and

the relationship between structural elements and the hydraulic

gradient.

Faults in porous sandstone aquifers are developed from cata-

clastic deformation bands accommodating shear offsets on millimetre

to centimetre scales (Fisher et al., 2003; Fossen et al., 2007; Jamison &

Stearns, 1982). In these aquifers, faults have a dual behaviour, which

impede the horizontal fluid flow (Bense et al., 2013; Bense & Van

Balen, 2004; Bredehoeft et al., 1992) and on the other hand form

preferential pathways for vertical flow (Abotalib et al., 2016; Bense

et al., 2013; Khalil et al., 2015; Miller, 2005; Othman &

Abotalib, 2019; Sultan et al., 2007). In carbonate aquifers, fractures

are essential to connect pores and vugs (Abotalib et al., 2019a;

Aguilera, 1995; Antonellini & Mollema, 2000; Bense et al., 2013) and

to provide permeability through fracture-related anisotropy (Bense

et al., 2013; MacDonald & Allen, 2001; Mayer & Sharp Jr., 1998) giv-

ing rise to the dual porosity concept (Barker, 1991; Price, 1987).

These passages are initiated as pre-existing joints (Becker &

Gross, 1996) or en-echelon arrays of veins and finally are developed

into complex fault zones with multiple stages of slip (Willemse

et al., 1997) that allow a strong linkage between piezometric heads

up-gradient and down-gradient of the faults (Celico et al., 2006).

Fault zones are mainly composed of a fault core or gouge, mainly

of breccia and fine-grained matrix, and the damage zone, mainly con-

sists of fractures of various sizes trending parallel to the fault plane

(Bense et al., 2013; Evans et al., 1997; Seront et al., 1998). The fault

core is generally impermeable in case of non-active faults (Babiker &

Gudmundsson, 2004; Evans et al., 1997) and during inter-seismic

periods in case of active faults (Gudmundsson, 2000), whereas the

damage zones can be several orders of magnitude more permeable

than the surrounding rocks (Goddard & Evans, 1995; Gudmundsson

et al., 2001; Sibson, 1996). The relative high permeability of the dam-

age zone results in rapid flow channelling (Abdelmohsen et al., 2019),

thus the flow within the damage zone is responsible for most of the

total flow in the aquifer (Moreno & Tsang, 1994; Tsang &

Neretnieks, 1998). Tectonic forces and the sense of motion along

faults also control the groundwater flow across fractured aquifers.

Fractures that were caused by tensional forces have capacities to

channel flow more than compressional fractures due to the reduction

of fracture spaces under compressional stresses (Li, 1994).

The interaction between fault zone trends and the regional

groundwater flow direction imparts four controls on the groundwa-

ter dynamics: (1) capturing the groundwater flow into the deformed

zone in case of parallel or low angle faults (Babiker &

Gudmundsson, 2004; Gudmundsson, 2000; Mohamed et al., 2015),

(2) reorienting groundwater flow (Lachmar & Schieb, 2007;

Sweetkind et al., 2011), (3) damming the groundwater flow giving

rise to compartmentalization or hydraulic sheltering (T�oth, 2009) in

case of perpendicular or high angle faults and (4) damming and rais-

ing the groundwater flow in case of confined deep aquifers (Abotalib

et al., 2016; Abotalib & Heggy, 2019a; Abotalib, Heggy, Scabbia, &

Mazzoni, 2019b; Sultan et al., 2007).Recent approaches utilized the

integration of geochemical and isotopic analyses with structural

mapping from satellite imagery and airborne geophysical survey in a

GIS environment to better understand the groundwater dynamics

and structural control on the groundwater flow in highly deformed

zones (Abdelaal et al., 2021; Abotalib et al., 2019a; Mohamed

et al., 2015; Sultan et al., 2011a). In addition to monitoring environ-

mental and hydrological processes (Elkadiri et al., 2016) interpreta-

tion of satellite images and aeromagnetic data provided the regional

overview necessary to assess the large-scale surface and subsurface

continuity of the structural elements and to examine their cross-

cutting relationships (Ragani & Ebinger, 2008; Roy et al., 2014). On

the other hand, the geochemical and isotopic analyses are undoubt-

edly the most reliable methods to identify the origin of groundwater

and to characterize the water facies and water-rock interaction pro-

cesses (Clark & Fritz, 1997). Furthermore, the GIS environment rep-

resents the platform to integrate the available information

(e.g., satellite images, aeromagnetic data, spatial distribution of

chemical and isotopic data, geological and structural maps and loca-

tions of wells and springs). Therefore, integrating the above-

mentioned datasets could improve the outcomes of groundwater

explorations in highly deformed regions as in the case of the WAB.
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The Eastern Sahara (Figure 1) is characterized by arid to hyper-

arid climate of long hot and rainless summer months and mild winters

of very low rainfall intensity (5–15 mm/year; Elba, 2017). Yet during

winter months, occasional and sporadic rainstorms may cause flash

floods and recharge the aquifers (El-Saadawy et al., 2020; Gheith &

Sultan, 2002; Prama et al., 2020). This was not the case during the

Pleistocene, where prolonged pluvial episodes predominated the East-

ern Sahara and recharged the aquifers with groundwater significantly

lighter in isotopic composition than those recharged from modern

precipitation (Abotalib et al., 2019b; Abouelmagd et al., 2012; Hussien

et al., 2017). The Wadi Araba Basin (WAB), along the west coast of

the Gulf of Suez, represents a major morphotectonic depression in

the Eastern Sahara (Figure 1). It contains cold springs (13 up to 22�C),

which are distributed near the foot slopes of the surrounding high pla-

teaus, as well as few shallow hand-dug wells that are located at the of

centre of the Wadi (Figure 2). The springs are typically located along

faulted scarps, however their discharge temperatures are much lower

than all other fault-related springs along the Gulf of Suez such as

F i gu re 1 Location map of the WAB in the Eastern Desert, Egypt. Also shown are thermal springs (along the Gulf of Suez), anticline folds and
main faults (shear zones; from Hussein & Abd-Allah, 2001; Rosenthal et al., 2007), and outcrops of the crystalline basement and Nubian
sandstone in Sinai and the Eastern Desert. Inset shows the areal extent and regional groundwater flow (black arrows) of the NAS over Egypt and
surrounding countries
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Hammam Faroun, Ain El Sokhna and Hammam Mousa, which range in

discharge temperature from 32.5 to 70�C (El-Fiky, 2009). The anoma-

lous cold discharge temperature of the springs in the WAB, the origin

of their waters and the structural control on the groundwater flow

dynamics in such a highly deformed basin remain poorly understood

with very little effort towards understanding the hydrogeologic set-

ting in the WAB in view of its structural complexity.

Using the WAB as a test site, this study integrates interpretations

of satellite imagery with geochemical and isotopic analyses and field

observations to examine to what extent geological structures (faults

and folds) can control the groundwater flow and discharge under

hyper-arid conditions. Moreover, the study provides an integrated

cost-effective approach that heavily relies on readily available data

sets to characterize and define new groundwater systems in

data scarce regions. In order to achieve these objectives, satellite

images (e.g., Quick Bird, Geoeye-1 and SPOT-6 images) and aeromag-

netic data used to map the regional distribution of major structural

elements (folds and faults), then the geochemical and isotopic proper-

ties of groundwater samples collected from cold springs and shallow

hand-dug wells were analysed. This was followed by spatial analysis

of the results in a GIS environment and finally, a conceptual model

was developed to explain the origin of cold springs and the role of

geological structures in controlling groundwater dynamics in

the WAB.

2 | SITE DESCRIPTION

The WAB, along the west coast of the Gulf of Suez, is the major mor-

photectonic depression in the Eastern Desert of Egypt and is located

between the plateaus of El Galala El Qibiliya (≈1500 m high) and El

Galala El Bahariya (≈1270 m high; Figures 1 and 2). The basin extends

from the southwest to the northeast for about 90 km and has a catch-

ment area of approximately 2700 km2, which drains the surrounding

high plateaus and spreads out eastward into the coastal plain and the

Gulf of Suez. It is formed as a NE–SW breached doubly plunging anti-

cline with its crest deeply incised and eroded by fluvial activity leaving

behind inward-facing erosional scarps (Moustafa & Khalil, 1995). The

F i gu re 2 Geologic map of the WAB (modified after Klitszch et al., 1987 and Budziak et al., 1995) showing the surficial geological units,
surface and deep-seated faults as well as location of springs and shallow-dug wells
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WAB anticline represents together with the folds distributed around

El Themed fault in Sinai the southernmost limit of the Syrian Arc fold

belt (Bosworth et al., 1999; Hussein & Abd-Allah, 2001; Moustafa &

Khalil, 1995; Figure 1). Folds and uplifts of the Syrian Arc deformation

were developed during the closure of the Neo-Tethys in response to

the convergence of the African and Eurasian plates during the

Cretaceous-early Paleogene (Hussein & Abd-Allah, 2001; Moustafa &

Khalil, 1995). The southeastern and northwestern limbs of the WAB

anticline are cut by northwest-dipping and southeast-dipping reverse

faults (Figures 2 and 3). This structural setting resulted in the occur-

rence of pre-folding, steeply dipping lower Senonian shales and car-

bonates (e.g., Matulla Formation) along the base of the WAB scarps

underlying post-folding gently dipping upper Senonian chalk and car-

bonates (Hussein & Abd-Allah, 2001). Pre-folding fault pattern is

mainly controlled by E–W trending faults related to late Triassic/early

Jurassic divergence between African/Arabian and Eurasian plates

(Hussein & Abd-Allah, 2001). These older extensional faults accom-

modated a younger strike-slip movement with dextral and normal

components during the Syrian Arc compressional phase (Hussein &

Abd-Allah, 2001; Moustafa, 2014). Interpretation of aeromagnetic

data (Saada, 2015) indicated that the older E–W trending faults have

been intersected with younger NW faults during the Gulf of Suez

rifting (Figure 2). These rift-related faults were also associated with

syn-rift NW Miocene volcanic dykes (Figure 2) and coincided

with major basement lineaments indicating rejuvenation of preexisting

basement structures during rifting time (Sultan et al., 2007). The pres-

ence of such structural discontinuities in the WAB could significantly

affect the groundwater flow dynamics and complicate the under-

standing of the hydrogeologic settings and water resources in hyper-

arid desert environments.

The rock units in the Gulf of Suez region, including the WAB and

the surrounding plateaus, could be subdivided into three main succes-

sions: a pre-rift succession (Palaeozoic–Eocene), a syn-rift succession

(Oligocene–Miocene), and a post-rift succession (Post-Miocene or

Pliocene-Holocene; Alsharhan, 2003; Montenat et al., 1988; Figure 2).

In the WAB, the pre-rift deposits overlay the pre-Cambrian crystalline

basement and are classified into three sequences. These sequences

include, from base to top; (1) the Cambrian–lower Cretaceous sand-

stone sequence (Araba, Naqus, Abu Thora, Qiseib and Malha Forma-

tions), (2) the upper Cretaceous mixed clastics, carbonate and chalk

sequence (Raha, Wata, Matulla and Sudr, St. Anthony and St. Paul

Formations), and (3) the Palaeocene-Eocene carbonate sequence

(South Gallala, Esna and Thebes Formations; Höntzsch et al., 2011;

Moustafa & Khalil, 2016). The main portion of the WAB is underlain

by Palaeozoic sandstones and bounded by Lower Cretaceous to

Eocene rocks, which outcropped along the cliffs of the El Galala El

Qibiliya and El Galala El Bahariya plateaus (Figures 2 and 3). The syn-

rift rocks are exposed mainly in the south around St. Paul Monastery

as volcanic dykes, mainly of basaltic composition, while the post-rift

units are represented by alluvium gravels and loose sands distributed

along main stream courses and the coastal plain (Figures 2 and 3).

The main aquifer in Egypt is the NAS that underlies Egypt and

neighbouring countries including Libya, Chad and Sudan with a total

area of more than 2 million km2 (Figure 1, inset). The NAS overlies the

Pre-Cambrian basement complex and ranges in age from Cambrian to

the pre-Upper Cenomanian (Abotalib et al., 2016). In the Eastern

Sahara, the NAS varies in depth from surface outcrops at a few locali-

ties along the margins of the Red Sea and the Gulf of Suez to depths

of several hundred metres in the subsided blocks (Sultan et al., 2011a)

or even a few kilometres deep in the down-faulted blocks offshore

F i gu re 3 Simplified N–S cross section perpendicular to the WAB (NE–SW trend) showing the stratigraphic sequence and main structural
elements (faults and fold)
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the Gulf of Suez (Morgan et al., 1983). In the Western Desert of Egypt

and Sinai the regional groundwater flow in the NAS is from south to

north towards the Mediterranean Sea, while the regional flow in the

Eastern Desert is from east to west towards the Nile Valley

(Bakhbakhi, 2006; Sultan et al., 2007; Thorweihe, 1990). Local

groundwater flow regimes were also developed in the Eastern Desert

of Egypt as a result of the geodynamic evolution of the Eastern

Desert landscape during the opening of the Red Sea (Abotalib &

Mohamed, 2013). For example, the greater uplift of the northern parts

of the Red Sea rift in Egypt than the uplift in its southern parts (-

Garfunkel, 1988) resulted in a local north to south groundwater flow

in Wadi Qena basin (Hussien et al., 2017). The subsided blocks of the

Gebel Duwi system in the central Eastern Desert also created a local

west to east groundwater flow towards the Red Sea (Amer

et al., 2012).

In the WAB, the groundwater flow direction is poorly determined

and is expected to be largely affected by the distribution of faults and

folds as well as the general topography of the basin. Detailed exami-

nation of the interaction between different hydrogeological parame-

ters (e.g., recharge areas, regional gradient, aquifer depths,

potentiometric heads), geological structures and the landscape of the

WAB are prerequisites to better understand the dynamics of

the groundwater flow.

3 | MATERIALS AND METHODS

Remote sensing data sources used in this work include: (1) Shuttle

Radar Topography Mission (SRTM) digital elevation model (DEM;

scenes: 4; spatial resolution: 30 m) and (2) high-spatial resolution sat-

ellite images (viewable in Google Earth [e.g. Quick Bird, Geoeye-1 and

SPOT-6 images], spatial resolution: <1 m; source: Google Earth imag-

ery). High-resolution images were used in mapping geological struc-

tures. The following maps were also used: (1) geologic map for the

Eastern Desert (scale: 1:500 000; Klitszch et al., 1987); (2) four topo-

graphic maps for the north Eastern Desert scale 1:250 000). The pub-

lished geologic maps together with previous structural studies

(Hussein & Abd-Allah, 2001; Moustafa & Khalil, 1995; Schütz, 1994)

and interpreted structures from aeromagnetic data (Saada, 2015) were

integrated to help in mapping surface and subsurface structures in the

WAB and the surrounding plateaus. Aeromagnetic data were derived

from the total intensity magnetic map with scale of 1:50 000 (Aero-

Service, 1984). Total intensity magnetic survey was conducted using

the airborne Varian V-85 proton free-precession magnetometer along

parallel flight lines that were oriented in a NE–SW direction and an

azimuth of 45�/225�, at 1.5 km spacing. The Fast Fourier Transform

(FFT) was applied to transform the obtained total intensity magnetic

map into reduced to pole, regional, and residual components. Then,

the residual component (i.e., high-pass filter) was used to infer the

subsurface faults (Saada, 2015).

Eleven water samples were collected from springs and shallow

hand-dug wells during a field trip in February 2019 (Table 1; Figure 2).

Three of the historically reported hand dug wells in the centre of theT
a
b
le

1
P
hy

si
ca
l,
ch

em
ic
al
,a
nd

st
ab

le
is
o
to
pi
c
co

m
po

si
ti
o
n
o
f
w
at
er

sa
m
pl
es

fr
o
m

th
e
W

A
B
,n

o
rt
h
th
e
E
as
te
rn

D
es
er
t,
E
gy

pt

C
he

m
ic
al

an
al
ys
is

C
at
io
ns

(m
g/
L)

A
ni
o
n
s
(m

g/
L)

ID
N
am

es
W

at
er

he
ad

s
(a
m
sl
)

pH
T
(�
C
)

E
c
(μ
S/
cm

)
T
D
S
(m

g/
L)

N
a+

K
+

C
a2

+
M
g2

+
H
C
O

3
�

SO
4
2
�

C
l�

δD
(‰

)
δ1

8
O

(‰
)

d
-e
xc
es
s
(‰

)

1
M
o
na

st
er
y
o
f
St
.A

nt
o
ny

4
5
6

7
.9
4

1
8

3
9
0
0

2
4
9
6

5
9
8
.6
8

9
.2
2

1
2
6
.6
6

5
5
.4

2
3
5

8
4
8
.2
9

6
5
9
.6
5

�5
3
.0
9

�8
.0
1

1
1
.0

2
4
5
0

8
.3
4

2
0

4
0
6
0

2
5
9
8

6
7
8
.3

1
0
.3
8

9
3
.1
2

4
4
.6
4

2
4
7

8
0
3
.4

7
2
4
.0
2

�4
9
.0
6

�7
.6
9

1
2
.5

3
4
6
5

7
.7
5

1
4

2
4
0
0

1
5
3
6

2
4
6
.5
6

4
.8
4

1
3
3
.3
4

5
7
.7
4

2
4
7

3
7
6
.8
1

4
4
5
.1
9

�4
0
.0
8

�6
.7
2

1
3
.6

4
4
5
6

7
.4

2
2

2
1
0
0

1
3
4
4

2
2
9
.4
4

4
.6
8

1
2
9
.3
2

5
3
.7
4

2
6
8

3
3
1
.6
8

4
1
5
.9
9

�3
9
.8
1

�6
.9
1

1
5
.5

5
A
in

B
ar
da

a
3
5
6

7
.4
3

1
9

3
4
2
0

2
1
8
9

3
7
8
.5
2

6
.9

1
4
5
.2

9
6
.5
6

2
3
2

4
6
4
.2
1

7
2
2
.2
2

�4
4
.8
1

�7
.0
5

1
1
.6

6
A
in

B
ir
ed

aa
3
5
6

7
.4
4

2
0

3
5
5
0

2
2
7
2

3
7
7
.7
8

2
4
.7
6

1
5
0
.7
8

1
2
8
.0
3

3
1
0

3
3
7
.4

5
7
0
.8
8

�4
1
.5
5

�6
.8
1

1
3
.0

7
H
an

d-
du

g
w
el
l

2
8
5

7
.9
4

2
1

2
5
7
0

1
6
4
5

3
1
0
.4
2

1
1
.8

9
9
.7
4

8
4
.2
6

3
5
5

2
0
0
.2
6

6
2
5
.0
7

�3
1
.1
2

�5
.2
4

1
0
.8

8
M
o
na

st
er
y
o
f
St
.P

au
l

3
5
7

7
.7
7

1
9

3
2
2
0

2
0
6
1

4
1
9
.2
6

7
.5
2

1
5
6
.1
8

5
7
.5
6

3
0
4

5
0
6
.5

6
1
9
.2
3

�3
8
.5
2

�6
.1
6

1
0
.7

9
H
an

d-
du

g
w
el
ls

2
3
3

8
.0
1

1
7

3
7
2
0

2
3
8
1

4
7
1
.7

4
.5
4

1
6
1
.2
6

6
0
.9
8

1
9
2

4
9
4
.9

7
9
4
.6
1

�3
9
.9
8

�6
.1
3

9
.0

1
0

2
3
2

7
.9
4

1
5

4
4
1
0

2
8
2
2

5
8
8
.2
6

7
.9
8

1
9
6
.0
8

6
9
.7
2

1
2
9

6
0
2
.8
8

1
0
9
7
.8
4

�4
1
.2
9

�6
.4
0

9
.9

1
1

2
3
2

8
.4
4

1
3

3
5
4
0

2
2
6
6

4
9
7
.5
2

8
.4
2

1
3
8
.5

4
6
.9
8

1
7
8

4
4
8
.2
8

7
9
0
.2
2

�3
9
.0
7

�5
.7
2

6
.7

6 of 19 KHALIL ET AL.



WAB were defunct by the time of sampling and thus they were not

sampled. Coordinates and elevation of springs and groundwater wells

were surveyed using a handheld Garmin etrex 30x GPS receiver. Tem-

perature (T) and electric conductivity (Ec) were measured in the field

with a portable ADWA (AD 330) Ec/TDS/T meter (Table 1). Water

samples were collected and filtered (using 0.45 μm size filters) into

three 50 mL polyethylene bottles; for stable isotope analysis (δ18O

and δD), anion and cation analyses. The latter set of samples was acid-

ified using HNO3 to pH < 2.

Isotopes and major ions were analysed in the Geochemistry and

Hydrogeology laboratory in the College of Geosciences at the Univer-

sity of Bremen, Germany. The isotopic analysis (δ18O and δD) was

conducted via a laser-based liquid water isotope analyser (DLT-100,

Los Gatos Research, Inc.). Each sample was injected and measured six

times, from which the last four analyses were used to determine the

isotopic composition by average. The measurement accuracy for δ18O

and δD is ±0.3 ‰ and ±1‰, respectively. The relative oxygen and

hydrogen isotope ratios are reported in Table 1 as per mil deviations

(‰) from the V-SMOW (Vienna Standard Mean Ocean Water) in

terms of the conventional delta (δ) notation. Major anions and cations

were measured using the ion chromatography (IC) and inductively

coupled plasma-optical emission spectrometry (ICP-OES, Perkin Elmer

Optima 7300), respectively. The ionic balance error for major ion anal-

ysis did not exceed ±5%, except sample No. 6 that showed error 9%.

4 | RESULTS AND DISCUSSION

4.1 | Regional geological and hydrological
investigation

Integration of high spatial resolution satellite images (viewable in Goo-

gle Earth; Figure 4) and field observations (Figure 5) indicated that the

locations of springs on both sides of the WAB were restricted to

the intersection between the steeply dipping to vertical lower

Cretaceous-lower Senonian sandstone and shale beds and the overly-

ing gently dipping to horizontal upper Senonian chalk and carbonates

(Figure 5a,b). Within the Monastery of St. Antony, four active springs

were reported along the scarp foothills of El-Galala El-Qibliya Plateau.

Thick fault cores of impermeable cemented breccia were reported at

the locations of these springs (Figure 5c) indicating a structural control

on the groundwater discharge. Along the scarp foothills of El-Galala

El-Bahariya Plateau (Figure 4b), two active springs (Ain Bardaa and

Ain Biredaa) and a hand-dug well were also reported. Ain Bardaa

and Ain Biredaa were 300 m apart and showed dense vegetation

along the discharge path of the springs (Figure 5d). The angular

unconformity between the steeply dipping lower Cretaceous-Lower

Senonian sequence of the high conductive Nubian sandstone beds

and shales, and the low conductive gently dipping upper Senonian car-

bonates (Figure 5a,b) also controlled the groundwater discharge along

the two sides of the WAB.

Inspection of the high-pass filtered aeromagnetic data (Figure 6)

indicates that major NW-SE trending subsurface faults predominate

the WAB and some of these faults extend beneath both sides of the

WAB. Moreover, the natural springs along the WAB escarpments and

the hand dug shallow wells within the basin are strictly limited the

extent of these faults (Figure 6). These observations demonstrated a

major role of the interaction between Syrian Arc folds and faults and

rift-related faults on the groundwater flow through bringing the per-

meable sandstone aquifer adjacent to low permeable carbonates and

shales especially in the northwestern limb of the WAB anticline

(Figure 2), the steep dipping of strata by Senonian tectonics and hin-

dering groundwater flow with impermeable fault cores and channel-

ling the groundwater flow along high-conductive faults. Examination

of the spring discharge elevations indicated that the water head in

each spring varied greatly from the other locations (Table 1). The ele-

vation of water discharge in the four springs in the Monastery of

St. Antony ranged from 450 to 456 m amsl. On the other hand, the

spring in the Monastery of St. Paul, further south, attained water dis-

charge elevation of only 357 m amsl, while the elevation along Ain

F i gu re 4 High-resolution satellite imagery (viewable in Google Earth) showing the occurrence of springs (open purple circles) along the
intersection between steeply dipping lower Senonian beds (marked by blue lines) and the overlying gently dipping upper Senonian beds along the
escarpment foothills of El-Galala El-Qibliya (a) and El-Galala El-Bahariya (b) plateaus
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Bardaa and Ain Biredaa northward attained 256 m amsl and for hand-

dug wells within the centre of the WAB, the water head was only

232 m amsl. This is not usually the case for confined and/or

unconfined aquifer settings with upgradient recharge where the natu-

ral hydraulic head gradient decreases as the distance from the

recharge region increases. Accordingly, the significant variations in

F i gu re 5 Field observations
around the WAB springs. The
angular unconformities between
the steeply dipping lower
Senonian beds and the gently
dipping upper Senonian beds
along the escarpment foothills of
El-Galala El-Qibliya (a) and El-
Galala El-Bahariya (b) plateaus.

(c) Fault core with cemented
breccia in association with the
St. Antony spring 1. (d) Dense
vegetation along the path of Ain
Biredaa spring

F i gu re 6 Residual magnetic component map of the WAB and surrounding plateaus showing the inferred subsurface faults (yellow lines;
modified from Saada, 2015)
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discharge elevation suggested that compartmentalization of ground-

water system into isolated subdivisions along faults might dominate

the subsurface setting in the WAB.

4.2 | Oxygen and hydrogen isotopic composition
(δ18O and δD)

The isotopic composition (δ18O and δD) and d-excess values of the

analysed water samples are listed in Table 1. The conventional

δ18O–δD diagram (Figure 7) showed the position of the analysed sam-

ples, as blue circles, relative to the Global Meteoric Water Line

(GMWL; Craig, 1961) and the Mediterranean Meteoric Water Line (-

MMWL; Gat & Carmi, 1970). For comparison purposes, reported iso-

topic analyses of groundwater tapping the NAS from the Western

Desert (green circles; Patterson et al., 2005; Table S1), the Eastern

Desert (brown circles; Sultan et al., 2011a; Sherif et al., 2019;

Table S2) and the Sinai Peninsula (grey and yellow triangles; Sultan,

Metwally, et al., 2011b; Abouelmagd et al., 2014; Table S3) and ther-

mal springs along the sides of the Gulf of Suez (Figure 1 for location;

white circles in Figure 7; Sturchio et al., 1996; Table S4) were also

plotted. The isotopic signature of fractured basement aquifers was

included to represent the modern meteoric rainfall over the Eastern

Desert (brown rectangles; δ18O: �2.72‰ to �1.10‰ and δ2H:

�14.24‰ to �1.90‰; Sultan et al., 2007, 2011a; Sherif et al., 2019;

Table S5) and Sinai (grey rectangles; δ18O: �5.05‰ to �3.36‰ and

δ2H: �23.2‰ to �18.70‰; Sultan et al., 2011b; Abouelmagd

et al., 2014; Table S6). Given the frequent rainfall events over these

mountainous regions and their steep slopes in addition to the high

conductivity of fractures, paleowaters were likely to be flushed away

and the fractures only retained modern water (Abouelmagd

et al., 2014).

The analysed water samples from the WAB ranged between

δ18O = �8.01‰ to �5.24‰ and δD = �53.09‰ to �31.12‰. Most

F i gu re 7 δ2H versus δ18O plot for (1) water samples from the WAB (blue circles); (2) NAS samples from the Western Desert (green circles;
Patterson et al., 2005), the Eastern Desert (brown circles; Sultan et al., 2011a; Sherif et al., 2019), Sinai (grey and yellow triangles; Sultan
et al., 2011a; Abouelmagd et al., 2014), and the Gulf of Suez (white circles; Sturchio et al., 1996); and (3) fractured basement aquifer from Sinai
(grey rectangles; Sultan et al., 2011b; Abouelmagd et al., 2014) and the Eastern Desert (brown rectangles; Sultan et al., 2007, 2011a; Sherif
et al., 2019). Also shown is the global meteoric water line (GMWL): δ2H = 8 δ18O + 10 (Craig, 1961) and Mediterranean meteoric water line
(MMWL): δ2H = 8 δ18O + 22 (Gat & Carmi, 1970)
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of the samples fall between the GMWL and the MMWL with isotopic

composition more enriched compared to the Nubian aquifer paleo-

waters from the Western and Eastern Deserts and Sinai but closer to

that of the thermal springs along the Gulf of Suez. The samples

roughly followed the Sinai mixing line, which was primarily reported in

Abouelmagd et al. (2014) and connect Sinai's enriched modern waters

in the fractured basement in south Sinai with significantly mixed paleo

and modern waters in the unconfined portion of the NAS in central

Sinai and the depleted paleowaters from the deep confined portion of

the NAS in north Sinai. In this context, the samples were located in

the middle of the mixing line between depleted paleowaters in the

deep NAS and the mixed water in the unconfined portion of the NAS

(Figure 7). The placement of the WAB isotopic composition along the

same mixing line of the NAS in Sinai and the similar composition with

the thermal springs along the Gulf of Suez suggest similar sources of

recharge. However, mixing ratios between paleowaters and modern

waters varied between the three systems possibly due to different

structural controls and travel distance from recharge zones. This sug-

gestion is also supported by the d-excess values (Table 1; Figure 8a)

where most of the WAB springs have d-excess values greater than

10‰ and similar to those in fractured basement aquifer, thermal

springs and unconfined NAS groundwater in Sinai. In contrast, major-

ity of the groundwater samples from the deep NAS in the Western

Desert, the Eastern Desert and Sinai have d-excess values less than

10‰, which was a characteristic feature of the NAS paleowaters

(Vengosh et al., 2007). The high d-excess values of groundwater in

the WAB springs, Sinai shallow NAS groundwater and thermal springs

along the Gulf of Suez could be attributed to higher Mediterranean

cyclones contribution to aquifer recharge. This is demonstrated by

radiokrypton dating of NAS groundwater in Sinai and the Negev

Desert, which distinguished two moisture sources of recharge under

cooler conditions compared to the present: a recent one with elevated

d-excess from the Mediterranean cyclones during the last 38 ky and

an older source, 361 ± 30 ky ago, with low d-excess from the tropical

Atlantic (Yokochi et al., 2019; Table S7). The recent high d-excess

groundwater component was locally recharged from the Nubian sand-

stone outcrops in Sinai and the Negev Desert (Abouelmagd

et al., 2014; Yokochi et al., 2019) as well as the northernmost portion

of the Eastern Desert including the WAB. On the other hand, away

from the Mediterranean effect, the Eastern Desert of Egypt as well as

most of the Egyptian lands receive modern precipitation that are char-

acterized by low d-excess compared to modern precipitation in the

northern regions affected by the Mediterranean cyclones. For exam-

ple, the analysis of the d-excess values of modern precipitation from

three stations in Egypt (available from the IAEA WISER portal:

https://nucleus.iaea.org/wiser/index.aspx), namely Rafah and Al-Arish

(i.e., representative of the Mediterranean effect) and Cairo

(i.e., representative of the Egyptian precipitation with a negligible

Mediterranean effect; Table S8) showed that the mean values of d-

excess for Rafah and Al-Arish stations were 18‰ and 16.9‰, respec-

tively compared to a lower mean value of Cairo station which

was 7.3‰.

4.3 | Water chemistry

Water samples from the WAB have TDS ranged from 1344 to

2822 mg/L (Table 1). In most samples, the anions were dominated by

Cl� with an abundance order of Cl� > SO4
2� > HCO3

�, while the main

cation was Na+, with an abundance order of Na+ > Ca2+ > Mg2

F i gu re 8 Plots of δ18O (‰) versus d-excess (‰) (a) and δ18O (‰) versus Cl� (mg/L) (b)

10 of 19 KHALIL ET AL.

https://nucleus.iaea.org/wiser/index.aspx


+ > K+. Since Cl� is assumed to be a conservative element that is not

subjected to modification by water-rock interactions, it has been

widely used with major and minor ions as well as isotopes through

binary plots to give insights about mineral dissolution and sources of

salinity (Appelo & Postma, 2005; Hiscock & Bense, 2014).

Given the hyper-arid climatic conditions over the study area, the

effect of evaporation on water chemistry should be examined. One

common practice is to investigate the relationship between δ18O and

Cl� (Figure 8b). Inspection of Figure 8b showed that the WAB waters

were characterized by an increasing level of Cl� concentration (500–

1000 mg/L) with no correlation (r2 = 0.02) with δ18O content. This

indicated that evaporation was not a prominent process in determin-

ing the chemistry of the groundwater in the WAB.

Spring and well water composition from the WAB were plotted

on binary relations between Cl� and major ions relative to simple sea-

water dilution line (SWDL; Figure 9a–d) to investigate the possible

geochemical evolution of the water samples. Additionally, for

comparison, chemical composition of groundwater from the uncon-

fined and confined parts of the Sinai NAS (Abd El Samie &

Sadek, 2001; Table S3), the fractured basement aquifer in Sinai (Gat &

Issar, 1974; Tantawi et al., 1998; Table S6), and from thermal springs

along the Gulf of Suez (Sturchio et al., 1996; Table S4) were included.

With increasing salinity from the low mineralized waters in the frac-

tured basement and unconfined NAS to high mineralized waters in

the confined NAS and thermal springs, the chemistry of water samples

from the WAB showed an intermediate composition between the two

sets. Moreover, in all the binary diagrams, all waters roughly shared

similar chemical evolutionary characteristics/trends.

From Na+ versus Cl� binary diagram (Figure 9a), Na+ and Cl�

were positively correlated (r2 = 0.5) and some water samples from the

WAB fall along SWDL while the others showed Na+ excess. Ground-

water samples following SWDL seemed to be derived from marine

aerosols and/or mixing of entrapped saline water. The excess Na+ in

some samples could be interpreted as Na-silicate dissolution and/or

F i gu re 9 Plots of Na+ versus Cl� concentrations (in meq/L) (a); Ca2+ versus Cl� concentrations (in meq/L) (b); SO4
2� versus Cl�

concentrations (in meq/L) (c) and Mg2+ versus Cl� concentrations (in meq/L) (d). Seawater dilution line (SWDL) was defined using seawater ratios
from Vengosh (2014)
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cation exchange reactions. Additionally, the samples plotted along the

1:1 line (halite dissolution line, HDL, Figure 9a), may indicate the con-

tribution from halite dissolution to Na+ concentration in the ground-

water. Ca2+, Mg2+, and SO4
2� contents in all the WAB waters were

in excess of SWDL (Figure 9b–d) and lacked of any correlation with

Cl�, suggesting cation exchange reactions and water rock

interactions.

In addition, the plot of (Na+ + K+) versus (Cl� + SO4
2�;

Figure 10a) showed a strong correlation (r2 = 0.84), suggesting a com-

mon source of these ions, for example, possibly dissolution of residual

salts (such as Na2
+SO4

2�, Na+Cl�, and K2
+SO4

2�) usually accumulate

in arid/hyper-arid soils near the recharge zone. Further, comparing

the plots of (Ca2+ + Mg2+) and (Na+ + K+) versus total cations (TZ+;

Figure 10b,c) reflected an increasing contribution of Na+ + K+ to the

TZ+ in support of a silicate weathering. The latter could be empha-

sized from observing that most the WAB samples plotted along and

near the Na+ + K+ = 0.5TZ+ line (Stallard & Edmond, 1983;

Figure 10c), implying the contribution from silicate weathering, which

is dominant in the recharge zone (i.e., weathered Pre-Cambrian crys-

talline basement rocks and Palaeozoic and Mesozoic sandstones [-

Figure 2]). The Na+ excess over Ca2+ (Figure 10d) might be related to

the Na+–Ca2+ ion exchange reactions. Besides, the plot of Ca2+ ver-

sus HCO3
� showed that the WAB samples were deviated from the

calcite dissolution line (Ca2+ = 2HCO3
�), suggesting that carbonate

F i gu re 10 Plots of (Na++K+) versus (Cl� + SO4
2�) (in meq/L) (a); (Ca2++Mg2+) versus TZ+ (in meq/L) (b); (Na++K+) versus TZ+ (in meq/L)

(c); Na+ versus Ca2+ (in meq/L) (d); Ca2+ versus HCO3
� (in meq/L) (e) and Ca2+ versus SO4

2� (in meq/L) (f) for the WAB groundwater
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dissolution did not contribute to Ca2+ and HCO3
� concentration in

the groundwater (Figure 10e). In addition, most of the WAB samples

approaching the 1:1 line in Ca2+ versus SO4
2� plot (Figure 10f), indi-

cating that gypsum dissolution was one of the processes controlling

the chemistry of the WAB groundwaters. These results indicated a

complex hydrogeochemical evolution of the groundwater in the WAB.

Except for a negligible contribution of carbonate dissolution, traces of

marine aerosols in addition to silicate, gypsum and halite contributions

have been inferred. This can be explained by the high structural con-

trol and complex flow dynamics prior to spring discharge, which lead

to the interaction of the WAB groundwater with different lithological

facies between the recharge and discharge zones. Therefore, further

geochemical modelling, beyond the scope of this study, is required to

assess the hyrogeochemical evolution of the groundwater in

the WAB.

However, the comparison of the WAB and Sinai NAS groundwa-

ters (Figure 9) showed relatively similar trends in the binary graphs

and given the fact that the WAB and the Sinai systems represent con-

tinuous lithological units that have been detached during the Miocene

rifting of the Gulf of Suez (Hussein & Abd-Allah, 2001), a conclusion

of similar hydrogeochemical evolution in the two systems is still out

of reach even with similar mixing trends as chemical mixing cannot be

represented by a simple linear fitting.

4.4 | Origin of springs in the WAB and the role of
geological structures

The origin of the WAB springs and the role of geological structures in

their activity are rarely examined. A preliminary geomorphological

examination of the origin of the WAB springs indicated that they

might originate from meteoric water infiltration through karstic and

faulted permeable carbonates that rest on impermeable chalk

and shale base (Budziak et al., 1995). This hypothesis assumes a shal-

low unconfined groundwater flow from surface infiltration over the

carbonate-topped plateaus surrounding the WAB (T�oth, 2009). This

model is not consistent with the δ18O and δD composition of the

spring waters, which are located along the mixing line between Sinai

paleowaters and modern waters suggesting a significant resident time

in the aquifer before discharge rather than direct infiltration from

modern precipitations. Moreover, the meteoric water infiltration

through karst and faulted carbonates, overlying the spring locations,

would result in carbonate dissolution, a process that can be inferred

from the Ca2+–HCO3
� relationship (Figure 10e). However, this was

not the case and the WAB samples were far deviated from the car-

bonate dissolution line.

An additional model worthy of investigation is that the WAB

could be a ‘hydrologic window’ allowing the deep crystalline base-

ment groundwater flow from the Western Desert of Egypt to reach

the surface due to the absence of confining units (Mailloux

et al., 1999; Pepin et al., 2015). This model would require a similar iso-

topic composition between the WAB springs and the deep NAS in the

Western Desert or the Eastern Desert, however this was not the case

(Figure 7). Additionally, deep crystalline basement flow at high tem-

perature would allow for enhanced water/rock exchange with silicates

leading to an enrichment of the δ18O compared to the δD (Banerjee

et al., 2011; Craig, 1963). Inspection of the δ18O–δD (Figure 7) indi-

cates that the WAB springs show no significant deviation from the

GMWL. The cold spring temperature data (13–22�C; Table 1) of the

WAB do not also seem to support the deep circulation assumption.

Given that the isotopic composition of the spring water was

closer to Sinai groundwater and did not follow the Western and East-

ern Deserts NAS mixing line, the recharge zone of the springs should

be located proximal to Sinai, most likely along the west coast of the

Gulf of Suez. The Palaeozoic to lower Cretaceous sandstones, which

are exposed south of El Galala El Qibiliya, �35 km to the south of the

WAB, along the contact with the Pre-Cambrian basement rocks at

elevations attain 850–520 m amsl (Figures 2 and 3) represent a con-

ceivable recharge zone to the springs in the WAB. The groundwater

flows northward towards the spring locations along the walls of the

WAB, where discharge takes place. In this model, the transient

upward flow (q) of the groundwater follows Darcy's law as,

q¼�KA
∂h
∂t

ð1Þ

where the hydraulic conductivity (K) and the negative hydraulic gradi-

ent (∂h∂t ) control the structurally induced groundwater upwelling

(Abotalib & Heggy, 2019a) and (A) is the cross-sectional area. The

NAS in the WAB is under pressure exerted by the weight of the over-

lying impermeable steeply dipping lower Senonian shales and gently

dipping upper Senonian carbonates (Figures 3, 4 and 5a,b). Moreover,

the low hydraulic conductivity of faults zones (i.e., reverse faults along

the two sides of the WAB [Figure 3]) act as a natural barrier to the

groundwater flow in the NAS (Mohamed et al., 2015; T�oth, 2009).

The combination of the abovementioned two hydrological parameters

lead to elevated groundwater table upslope of the fault zone and ulti-

mately groundwater discharge takes place along the spring locations.

Such simple gravitationally controlled groundwater flow model by

piston-flow from the NAS outcrops without dispersion is not consis-

tent with observed variable discharge elevations (Table 1) and the

absence of regional groundwater flow. A plausible explanation is that

complex structural control can lead to the observed variability in dis-

charge elevations through compartmentalization of groundwater flow

into isolated subdivisions along faults. For example, the older E–W

and NE–SW faults occurred at right angles to the regional south–

north groundwater flow direction and therefore acted as natural bar-

riers for the groundwater flow (Figure 2). On the other hand, the

younger rift-related NW–SE faults, which cut the older fault trends at

some locations (Figures 2 and 6), occurred parallel or at low angles to

the regional groundwater flow and thus could channel the groundwa-

ter flow through the natural dams at different discharge elevation

compared to the compartmentalized groundwater systems upslope of

the high angle faults. This suggestion is supported by the occurrence

of the majority of springs and hand-dug wells along the strike of the

NW–SE faults (Figure 2). Similar structural control is observed in
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the central Sinai (Abotalib & Heggy, 2019b) along El Themed fault

(Figure 1), which extends E–W and occurs at right angle to the

regional northward groundwater flow. Examination of the potentio-

metric heads of the NAS in Sinai (Rosenthal et al., 2007), shows that

the eastern side of El Themed fault act as a natural barrier

that impedes the groundwater flow further north (Figure 11) and thus

compartmentalizes the groundwater system into an individual sub-

basin with relatively elevated heads (up to 467 m amsl) and a high

hydraulic gradient. On the other hand, the central portion of El

Themed fault, which is cut by rift-related NW–SE faults that are

inferred from magnetic and geoelectric surveys in the central Sinai

(Sultan et al., 2009), showed a conventional groundwater flow with a

relatively low hydraulic gradient. This indicates that low angle faults

can capture and channel groundwater flow in hydrogeological systems

cut by high angle faults. It is noteworthy that anomalous groundwater

mounding on both sides of El Minsherah fault (Figure 11) was attrib-

uted to an artesian upward recharge from a deeper Jurassic aquifer

underlying the NAS (Abotalib & Heggy, 2019b; Rosenthal et al., 2007;

Vengosh et al., 2007).

The difference in discharge temperature between the investigated

springs of the WAB (13–22�C) and hot springs (32.5 and 70�C) at the

eastern shore of the Gulf of Suez (Figure 1) could also be attributed to

the structural control in the Gulf of Suez Area. Folding of the

Palaeozoic and lower Cretaceous rocks, which constitute the NAS, dur-

ing the Senonian uplifted the NAS strata to outcrop along the centre of

the WAB and brought them near surface along the WAB scarps. This

structural setting significantly reduces the depth to the NAS in the

WAB (several tens of metres to zero; Kuss, 1986) compared to the

depth to the NAS along the coast of the Gulf of Suez, which exceeds

several hundred metres to a few kilometres depth (Morgan et al., 1983;

Sultan et al., 2011a). Thus, the structural control together with the great

variability in the geothermal gradient in the Gulf of Suez area, which

ranged from 14.5 to 86.6�C/km (Fahil et al., 2020), can explain the dis-

charge temperature variations of springs in the Gulf of Suez Area.

F i gu re 11 Groundwater hydraulic
head data for the NAS, Sinai, showing the
anomalous groundwater head values
along the mapped El themed and
Minsherah shear zones
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Based on the abovementioned findings and discussions, a con-

ceptual model (Figure 12) is suggested to unravel the role of geologi-

cal structures on controlling groundwater dynamics and spring

discharge in the WAB and thus facilitates the interpretation of aquifer

dynamics in similar aquifers in the Sahara. In this model, the recharge

mainly takes place in the NAS outcrops south of El-Galala El-Qibliya

plateau, then the groundwater flows northward until it intersects with

the highly deformed zones in the WAB. The groundwater flow is

channelled along the low angle NW–SE trending faults and reach to

the northern scarps of the WAB. On the other hand, when the

groundwater flow encounters high angle E–W and the NE–SW

trending faults, it compartmentalizes in sub-aquifer systems leading to

different discharge elevation of the cold springs along the inter-

section between steeply dipping lower Senonian shales and carbon-

ates and the overlying gently dipping upper Senonian chalk and

carbonates (Figure 12).

The present study however provides a pioneer investigation of

the origin of the cold springs in the WAB and the extent to which the

geological structures can control the groundwater dynamics under

hyper-arid conditions, yet the limitation of subsurface data and the

absence of deep groundwater wells impede the comprehensive

assessment of aquifer characteristics and ultimately affect the accu-

racy of the results. It might be useful to conduct a future electric resis-

tivity survey to obtain a clear image of the groundwater and fault

interactions in the WAB.

5 | CONCLUSIONS

An integrated (structural mapping from field, satellite image and aero-

magnetic data interpretations, landscape analysis and geochemical

and isotopic data) approach was applied to examine the structural

control on groundwater flow dynamics in highly deformed arid region

along the western shore of the Gulf of Suez, the WAB. Findings

showed that locations of cold springs, recharge-discharge mecha-

nisms, temperature and head elevations at the WAB are mainly con-

trolled by complex stratigraphic and structural settings (e.g., faulting,

folding, angular unconformity and erosion). In comparison to equiva-

lent NAS groundwater in the Western and Eastern Deserts and Sinai,

the stable isotopic composition from the WAB showed similar charac-

teristics to those in Sinai suggesting similar recharge sources. The

hydrochemical analysis of the WAB groundwater showed a complex

water-rock interaction and suggested further geochemical modelling

to better assess the chemical evolution of the WAB groundwater. A

newly defined northward NAS groundwater flow system was

suggested to explain the occurrence of springs along the walls of the

WAB and the apparent variations in the groundwater heads. The E–

W and NE–SW faults which intersect the flow at high angles impound

groundwater upgradient and develop springs, whereas NW–SE faults,

subparallel to groundwater flow direction, act as preferred pathways

for groundwater flow. The preliminary findings from this study would

serve as a base to further investigation of the impact of fault

F i gu re 12 A conceptual model of the WAB showing the recharge area, springs and hand-dug wells locations, and groundwater flow and
accumulation with respect to mapped structures
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interactions on groundwater flow under arid conditions and for explo-

ration of compartmentalized groundwater occurrences along highly

faulted zones in the Sahara and similar arid deserts under current scar-

city of hydrological datasets.
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