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Abstract: The goal of the present study is to investigate, delineate, and evaluate the
shallow Miocene groundwater aquifer with vertical and lateral facies variations in the
Gara oasis, western desert of Egypt. This oasis represents a typical arid region in North
Africa. Through grid texture analysis, lineament detection, edge detection, thresholding,
and identifying areas of structural complexity from the filtered residual reduced-to-pole
magnetic anomaly map, it is possible to outline the fracture zones that principally control the groundwater aquifers and water flow in the area. The groundwater quality and
quantity are examined hydro-geochemically through nine groundwater samples that were
gathered from wells and springs distributed throughout the area around Gara Lake. Measurements of physio-chemical parameters (TDS, pH, and EC) are carried out and its
spatial distribution is critically studied. The results reveal that the ion-exchange process
caused by water-rock interaction is the dominant process. Furthermore, the main ions
in the groundwater in the study areas were Na and Cl. This might be due to evaporation or halite dissolution with the upward flow of waters through the fractures from
the deep aquifer of the Nubian sandstone to the shallow aquifer of the fractured Miocene
limestone.
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1. Introduction
Groundwater has been a major challenge to sustainable agricultural expansion in the oasis of Egypt’s northwestern desert (NWD) during the last
few decades in accordance with the needs of agricultural, tourist, and economical evolution (Al-Omran et al., 2013; Aly et al., 2011). Several wells
were developed in response to the increased agricultural land, urbanization
developments, and food industries (Salheen, 2013). The inadequate dispersion of all these wells and excessive groundwater began to reduce both the
pressure head and the groundwater quality (Dahab, 2004). This is a prevalent problem in Siwa (SO) and Gara oasis (GO), both in Egypt’s NWD.
Unfortunately, especially in GO, drilling for water supply continues to occur without permission, requiring further hydrogeochemical investigations
to detect changes in the quantity and quality of groundwater resources. An
extensive assessment of groundwater potential may be performed by evaluating recharge sources, whether they are from surficial water infiltration
or migrating, as well as significant structural and fault systems from surrounding aquifers. The Gara depression, located in Egypt’s north-western
corner (Fig. 1), and the closest depression to SO, is considered as one of
the desert areas that have no running canals or streams, furthermore, it is
distinguished by a common hot climate that is described by the poverty of
rains, high temperature, consequently over evaporation. Therefore, in all
different fields, GO is essentially a typical arid region dependent on groundwater, in particular, brackish water that flows from the limestone fractured
Miocene aquifer (shallow), distinguished as the source for farming of agricultural, manufacturing, and constructive improvement in the region (El
Hossary, 2013; Abo El-Fadl et al., 2015; Aly, 2015; Gad et al., 2018; Aly,
2020). In the Gara and Siwa depressions, artesian wells from the upper shallow Miocene groundwater aquifer represent an established and conventional
source of irrigation water (Aly et al., 2016). Due to the explicit requirement
for more undeveloped land, the upper shallow Miocene limestone aquifer
has been explored by excavating and borehole drilling to reveal significant
sources of irrigation water (Aly, 2001). The total number of artesian wells
has exceeded 900. Because of the oasis’s continuous agricultural development and expanding demand for water resources, as evidenced by increased
water consideration, there is a critical need for evaluating water quantity
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and quality in the Gara and Siwa depressions (Aly and Benaabidate, 2010;
Aly et al., 2016). The magnetic method, on the other hand, is a geophysical
method that can be utilized in hydrogeological investigations. The magnetic
technique is the most flexible of all geophysical techniques since it may be
employed in both shallow and deep studies (Dobrin and Savit, 1988). It is
also inexpensive including both regional and local investigations. The magnetic method has mostly been used for regional surveys in hydrocarbon exploration (Abdelazeem et al., 2020, 2021; de Smet et al., 2021; Abdelrahman
et al., 2019; Kwami et al., 2018; Abdulrahman et al., 2017; Helaly, 2017;
Gobashy and Al-Garni, 2008; Al-Garni et al., 2006); engineering geophysics
(Araffa et al., 2021; Abdelazeem et al., 2014); groundwater exploration
(Gobashy et al., 2021b; Al-Garni et al., 2006); mineral exploration (Gobashy et al., 2020, 2021a; El-Sawy et al., 2018; Abdelrahman et al., 2019),
mapping geological structures and igneous intrusions (Al-Garni et al., 2012;
Ndatuwong and Yadav, 2014; Wang et al., 2017; El-Sawy et al., 2018);
archaeo-geophysics (Schneidhofer et al., 2017); as well as estimating sedimentary basin thickness and identify groundwater contamination (Rehman
et al., 2019) and geologic hazard and risk assessments (Fergany et al., 2015;
Al-Garni and Gobashy, 2010) are examples of such wide range of applications.
The main targets of this work are to delineate the subsurface structures
in the GO area, and their effects on the groundwater including the characteristics of the aquifer, and their hydrochemical properties. The aeromagnetic RTP map was used for obtaining the regional subsurface structures
that may control the groundwater aquifer. The study provides also a detailed hydrogeochemical study on the shallow aquifer groundwater in the
GO area.

2. Geology
Gara oasis (GO) is located on the western limb of Egypt’s Qattara Depression, which extends from west to east (Fig. 1). A critical part of the GO
depression is beneath sea level; at its deepest about 60 m, making it Egypt’s
second-lowest point after Qattara (133 m beneath sea level). It is bordered
by steep slopes on both the northern and southern sides, and the west side
is graded into upper Eocene to lower Miocene clastic. The depression is con309
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sidered to have developed as a result of the interaction of salt weathering
and wind erosion (Said, 1990; Ayyad and Ismail, 1992; Orabi et al., 2015;
Osman and Orabi, 2017 and others). The salt crumbles the depression floor
due to the severe Aeolian weathering, and the resultant sands are carried
away by the wind (Elzarka and Radwan, 1986; El-Khoriby, 1994).
To understand the geochemical footprint of different water aquifers in
the GO the surface and subsurface hydrogeological units were introduced
and described.

Fig. 1. Satellite image of Gara area.

2.1. Geological settings
The Gara depression developed as a dome formation that was fragmented
by karstic processes during the late Miocene period and then developed by
310
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deflation and substantially altered by mass wasting and fluviatile processes
(Elzarka and Radwan, 1986; Said, 1990; Orabi et al., 2015). The depression is dug in Tertiary sedimentary strata ranging from the Middle Eocene
Mokattam group to the Middle Miocene Marmarika formation (Fig. 2). On
the NE side, there is a regional dip of a few degrees toward the N–NW.

Fig. 2. The stratigraphic succession of Gara floor.

As part of the El Diffa plateau, the steep northern wall is the scarp
slope of a cuesta covered by middle Miocene carbonate rocks (Orabi et al.,
2015). Its gently sloped edges decline to sediments inclined southerly, leading to hidden rivers and sinkholes with no established downstream location. A certain section downstream, which is now extensively coated with
saline crusts, sabkha deposits, and salt marshes, declines southward into the
basin’s deeper quadrangular portion, where it has been estimated that there
are elevations as deep as 18 meters below sea level. Sinkholes and cavernous
sub-surface limestone in the area indicate to karstic development in the past
(Raid, 2001). Furthermore, karstification occurred during the late Miocene,
wherever the Mediterranean Sea returned while north-dipping aquifers were
discharged, leaving an empty basin (Moussa, 2006; El Gammal, 2010).
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As the Mediterranean Sea receded, what is now the Western Desert of
Egypt and its off-shore continuations were subjected to extensive erosion
by streams. A significant stream originating in the Gilf-Kebir Mountainous
region migrated northward to near the current locations of Siwa and Gara
depression, then through Libya’s Sahabi Channel System, or via a much
shorter path through the Qattara zone to a discharge near the edges of the
Ras Alam El Rum submarine valley away from the shore near Alexandria.
During these circumstances, the Qattara depression is produced by a stream
that is either a branch of the Gilf River or a portion of that river’s descending path into the Mediterranean Basin (Abdel-Rahman et al., 1980; Said,
1990; Hammad et al., 2000), Its waters were supposedly redirected into underground streams via drains and caves, rendering it inactive (Figs. 3 and 4).

Fig. 3. Karst escarpment observed in GO.

The produced geological map dominated the main rock units exposed on
the surface of the GO which can be differentiated into (Fig. 5):
– Mokattam group (Middle Eocene to Upper Eocene),
– Gara Fm (Oligocene),
– Moghra Fm (Middle Miocene),
– Marmarica Fm (Middle Miocene to upper Miocene),
– Sabkha (Karshef).
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Fig. 4. Karst caves in limestone succession at GO.

Fig. 5. Simplied geological map of Gara depression.
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Mokattam group:
These rock units could be divided in the study area into two main units the
lower with chalky and hard limestone with fractures and some caves called
Mokattam Formation. On the other hand, the second unit is characterized
by enrichment of fossils (Nummelites) which are characterized by yellowishwhite in color with marly limestone interbeds and extensive fractures and
caves of different sizes and geometry that called the Hamra Formation
(Figs. 4 and 6).

Fig. 6. Fractured limestone of Mokattam Group (Middle-Upper Eocene).

Gara Formation:
The Eocene succession was followed by cross-bedded limestone with intercalation of shale and silt that named the Gara Formation according to Orabi
et al. (2015), and Osman and Orabi (2017). This rock unit is equivalent to
Hamra member of Naqb Ahmer southwest of GO, which dominated with
variegated shale and silt, and iron-manganese concretions which changed
northward with cross-bedded limestone (Fig. 7).
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Fig. 7. Cross bedded and reworked limestone with clastics intercalation and concretions.

Moghra Formation:
In the south to southeast of the GO, Moghra Middle Miocene lithologic
units are widely exposed, consisting primarily of interbedded fossiliferous
shale, sandstone, gypsiferous claystone, and limestone, with the top part
consisting of continental to a shallow marine siliciclastic distribution including siltstone, shale, and white sandy carbonate beds, with sufficient
shell fragments (Fig. 8).
Marmarica Formation:
Marmarica is mainly composed of greyish white calcarenites with minor
shale interactions, followed by white limestone rich in fossils in the Miocene
(Fig. 9).
Sabkha (Karshef ):
Sabkha sediments composed of salt mixed with Quaternary deposits of silt,
sand, and clay intercalated with evaporates, which is locally named Karshef
(Fig. 10).
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Fig. 8. Moghra shale recorded outside the Gara depression to the southeast and northeast.

Fig. 9. Maramarica formation as a part of El Diffa plateau.

2.2. Subsurface geology of Gara
Near Gara wells:
Because the GO has an insufficiency of drilled wells, the description of the
subsurface of the GO has been dependent on the two nearby wells of Gibb
Afia-1 and Gibb Afia-2 wells (Figs. 11 and 12).
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Fig. 10. Karshef deposits (salty clastics).

Fig. 11. Litho stratigraphic section of Gibb Afia-1 well (modified after GPC, 1973).
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Fig. 12. Litho stratigraphic section of Gibb Afia-2 well (modified after GPC, 1973).

Gibb Afia-1 well
To the west of the Qattara Depression is the Gibb Afia area. It is categorized as an anticlinal structure because of its prominent positive gravity and
surface geology. In the years 1955 to 1956, the Sahara Petroleum Company
(Sapetco) conducted a regional gravity survey that covered an extended
area of the Western Desert including the Gibb Afia concession. The Gibb
Afia structure appears on the constructed map as a positive feature, within
the Bouguer anomaly counter of 10.0 mgl. The Gibb Afia structure lies at
the West-South-West part of the Qattara Depression. The Gibb Afia-1 well
was drilled in 1956 on the far eastern part of this seismic structure. However, the well was located away from the gravity maximum by about 13 km.
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In Gibb Afia-1 well gas shows were recorded in 3 horizons; Lower Eocene,
Lower Cretaceous, and Paleozoic (Fig. 11). These gas shows are worth to
be mentioned because the Gibb Afia structure could be considered a perfect
trap for oil/gas. The complication of available geophysical and geological
data revealed that the Gibb Afia-1 well lies off the mentioned structure.
Hence, those recorded gas shows would be a good prospective target in a
better structural position.
Stratigraphic analysis
The penetrated stratigraphic section in Gibb Afia-1 well will be described
in the following, from top to bottom, and the lithostratigraphic succession
of the studied interval (Fig. 11).
Tertiary (Depth 0 – 420 m, thickness 420 m)
The Tertiary sequence in the Gibb Afia-1 well comprises 180 m thick Miocene
and 240 m thick Eocene sedimentary rocks. It overlies unconformably the
Cretaceous deposits (at drill depth 240 m).
Miocene
Middle Miocene (0 to 130 m in depth, and 130 m in thickness)
The reddish to grey-white, medium-hard, extremely fossiliferous limestone
of the Middle Miocene gives way to green to grey, calcareous shale in the
lower 30 meters. The faunal composition identified in this study suggests
offshore marine deposition in Refael environments. The Gibb Afia-1 well’s
Middle Miocene interval is part of the Marmarica Formation.
Lower Miocene (130 to 180 m in depth, and 50 m in thickness)
The Lower Miocene section in Gibb Afia-1 well consists of limestone, white
to creamy, microcrystalline, highly glauconitic, argillaceous, with some clay
interlayers. The entire section belongs to the Mamura Formation. The Lower Miocene section is unconformably overlying the Middle Eocene deposits.
The Oligocene and Upper Eocene deposits are absent in Gibb Afia-1 well.
Eocene
Middle Eocene (180 to 375 m in depth, and 195 m in thickness)
Within this interval, the drilling of the Gibb Afia-1 well was accompanied by
loss of circulation. Thus, the lithological description can be only estimated
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approximately. The Middle Eocene section consists of dolomite, which is
tan to cream, sucrose, hard, porous, crystalline, fractured, and cavernous.
This dolomitic section probably belongs to the Apollonia Formation.
Lower Eocene (375 to 420 m in depth, and 45 m in thickness)
The Lower Eocene section in Gibb Afia-1 well consists mainly of limestone.
It is brown to cream, partially dolomitic, cherty, and grading into grey,
partially conglomeratic shale. This limestone belongs to the Apollonia Formation. The Lower Eocene section is unconformably overlying the Turonian
deposits. The Palaeocene and uppermost Upper Cretaceous deposits are absent in Gibb Afia-1 well.
Cretaceous (420 to 1640 m in depth, and 1220 m in thickness)
The Cretaceous succession is subdivided into the Upper Cretaceous section
(420 – 800 m), and Lower Cretaceous section (800 – 1640 m).
Upper Cretaceous
Turonian (420 to 500 m in depth, and 80 m in thickness)
The Turonian section in Gibb Afia-1 well consists mainly of shale and limestone. The shale is blue to grey, fissile, and glauconitic. The limestone is
tan, compact, hard, and crystalline. It belongs to Abu Roash Formation.
Cenomanian (500 to 800 m in depth, and 300 m in thickness)
The Cenomanian deposits in the Gibb Afia-1 well are of a typical marine
environment and contain fossiliferous shale. It is grey to blue, soft sticky,
slightly calcareous, highly glauconitic, and intercalated with sandy bands at
the base and with occasional stringers of anhydrite at the upper part of the
section. The entire Upper Cretaceous section in Gibb Afia-1 well belongs
to the Bahariya Formation.
Lower Cretaceous
Albian (800 to 980 m in depth, and 180 m in thickness)
The upper part of the Albian section in the Gibb Afia-1 well consists of thick
carbonate deposits. The limestone is creamy, hard, dense, and crystalline.
The limestone is followed by coarse-grained sandstone, ill sorted, rounded
to subrounded, pyritic, and intercalated with shale streaks and bands. The
lower part of the Albian section consists of varicoloured shale. It is pink,
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blue, grey-red, soft, sticky, argillaceous, and silty. The entire Albian section
belongs to the Kiiarita Member of Burg El Arab Formation.
Aptian (980 to 1640 m in depth, and 660 m in thickness)
According to the previous work done by the Sahara Petroleum Company
(Sapetco), this part of the section was regarded to be of ”undifferentiated
Lower Cretaceous” with the single faunal species Chojfatella sp., which was
found in a core sample at drill depth 1021 m, and was considered later as
of Aptian age (Kazatchenko et al., 1970). The upper part of the Aptian
section in the Gibb Afia-1 well (980 – 1025 m) is characterised by the abundance of dolomite and carbonate deposits. The dolomite is cream-colored,
hard, crystalline, and dense, with a very high resistivity on the electric
logs. It should be considered as an equivalent to the Aptian dolomite, especially since it was accompanied by a good gas kick during its penetration.
The interval from 1025 to 1400 m consists of sandstone and shale intercalations. The sandstone is colourless, fine to coarse-grained, conglomeratic,
with carbonaceous material. The shale is varicoloured, soft, glauconitic,
and carbonaceous. The lower part of the Aptian section in Gibb Afia-1 well
(1400 – 1640 m) consists of fine to medium-grained, and subrounded sandstone, with thin intercalations of green, soft, pyritic, and glauconitic shale.
The entire Aptian section in Gibb Afia-1 well belongs to the Dahab Member
of Burg El Arab Formation.
The Aptian section overlies unconformably the Jurassic deposits. The
lowermost part of the Lower Cretaceous is absent in Gibb Afia-1 well.
GibbAfia-2 well
Gibb Afia-2 was the sixth drilling test well of the GPC in the Siwa area.
Gibb Afia lies to the west of Qattara Depression. As an anticlinal structure, the area is distinguished by a prominent positive gravity and surface
geology. The Sahara Petroleum Company (Sapetco) drilled the Gibb Afia-1
well in 1955 and 1956, which revealed a local Paleozoic uplift. Later (1969 –
1970) reinterpretation of this data by the GPC proved the misinterpretation
of Sapetco for the Gibb Afia structure. The structure’s peak was found to
be 13 km west of the Gibb Afia-1 well, according to recent seismic results.
Faults separate the structure into various blocks, making it more difficult to
interpret. In the seismic map, the structure measures 30 × 17 km. Its axis
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undulates from the latitudinal trend in the west to the NE at the eastern
part.
The available seismic data suggested the presence of the tectonic features
dissecting the apical part of the structure longitudinally into blocks. However, the latest seismic interpretation showed the Gibb Afia structure, on
the top Palaeozoic, as an anticlinal feature, trending NE–SW, approximately
50 km long and 15 km wide. A fault cutting along its north-western flank
and downthrown crosses this anticline to the northwest. The Gibb Afia-2
well reached an area of Upper Cretaceous rock that had been extensively
eroded (Fig. 12). The well was a serious complete loss and a fishing job
at 2191 m after which it was plugged back and sidetracked at the depth of
1705 m. Most of the sedimentary section penetrated was found to be flooded with fresh water. No oil shows were recorded in the well, and it was
plugged back and the area was deserted.
Stratigraphic analysis
The penetrated stratigraphic section in Gibb Afia-2 well will be described
in the following, from top to bottom, and the lithostratigraphic succession
of the studied interval (Fig. 12).
Tertiary (0 to 423 m in depth, and 423 m in thickness)
The Tertiary sequence in the Gibb Afia-2 well comprises 82 m thick Middle
Miocene, 66 m thick Lower Miocene, and 26 m thick Middle Eocene sedimentary rocks. It overlies unconformably the Cretaceous deposits.
Miocene
Middle Miocene (0 to 82 m in depth, and 82 m in thickness)
The limestone dominates the upper 30 meters of the Middle Miocene section. It is described as a tannic white to creamy in colour, medium-hard to
hard in texture, vuggy, and partially fossiliferous contents. The limestone
is followed by a 20-meter layer of sticky tannic grey to greyish-white shale.
The part of the Lower Middle Miocene section is made up of intercalations of limestone and shale. Tannic white to pinkish-white limestone that
is medium-hard to hard, sandy, and/or argillaceous in certain parts. The
Marmarica Formation covers the whole Middle Miocene portion of Gibb
Afia-2 well.
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Lower Miocene (82 to 148 m in depth, and 66 m in thickness)
The Lower Miocene portion of the Gibb Afia-2 well is mostly limestone with
some shale streaks. It is a Tannic white to pinkish-white limestone that is
hard, partially crystalline, and argillaceous in parts. The shale is beige with
tannic grey, soft to moderately hard, and insignificantly calcareous. The
recorded foraminiferal assemblage in this interval reflects a shallow marine
depositional environment varying from reefal to lagoonal. The entire section
belongs to the Mamura Formation.
Eocene
Middle Eocene (148 to 174 m in depth, and 26 m in thickness)
Dolomitic limestone represents the Middle Eocene section in the Gibb Afia-2
well. It is tan, hard, crystalline, light, and compact. This dolomitic limestone is barren of fossils. It is considered an Eocene age based on lithological
characteristics. The dolomitic limestone probably belongs to the Apollonia
Formation.
In the interval from drill depth 174 to 423 m, the circulation was lost
with no recovery. However, there are neither electrical logs nor ditch samples for this interval. It could be interpreted only by the aid of electrical of
the water well within the interval 174 to 334 m. This interval is composed
of limestone and streaks of shale.
Cretaceous (423 to 1295 m in depth, and 872 m in thickness)
The Cretaceous sequence in Gibb Afia-2 well is subdivided into a Cenomanian section (423–782 m), Albian section (782–952 m), and Aptian section
(drill depth 952–1295 m).
Upper Cretaceous
Cenomanian (423 to 782 m in depth, and 359 m in thickness)
The Cenomanian deposits are mostly sandstone with a few shale intercalations. White, pink, fine to coarse-grained, subangular to subrounded,
and porous sandstone. The shale is light grey, soft, and silty in sections.
The Bahariya Formation is represented by this clastic section in the Gibb
Afia-2 well.
Albian (782 to 952 m in depth, and 170 m in thickness)
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The clastic section underlying the Cenomanian sediments is devoid of fossils. It is mainly composed of sandstone that is white to rose, fine to coarsegrained, ill sorted, poorly porous, and kaolinitic. This sandstone is considered to be of the Albian age. Therefore, it seems that this 170 m thick
clastic section in Gibb Afia-2 well belongs to the Kharita Member of Burg
El Arab Formation.
Aptian (952 to 1295 m in depth, and 343 m in thickness)
The Aptian portion of the Gibb Afia-2 well is mostly shale intercalated with
sandstone and silt. The shale is light grey to grey in colour, soft to medium
in hardness, blocky, sticky, and flaky. The sandstone is white to greyish
white in colour, tan in texture, fine-grained, medium-hard to hard in hardness, weakly permeable, and compact. The siltstone is grey to light grey
in colour, medium-hard to hard in hardness, weakly porous, and micaceous
in places. The whole Aptian section of the Gibb Afia-2 well is part of the
Burg El Arab Formation’s Dahab Member. The underlying sediments date
back to the Carboniferous period. The lower Cretaceous, Jurassic, Triassic,
and upper Palaeozoic are all absent from the Gibb Afia-2 well.
The hydrogeological setting (water bearing formation)
In the GO different water-bearing formations represent the source for groundwater. These are the formations (the shallower aquifer of the Miocene fractured limestone, the intermediate aquifer of the Eocene fractured limestone,
and the deeper aquifer of the Cretaceous Nubian sandstone).
Both the Miocene and Eocene water-bearing formations describe the tertiary carbonate aquifer system (TCAS) (El Hossary, 2013). The aquifer system of the Nubian Sandstone (NSSAS) is overlaid by the tertiary carbonate
aquifer system. The fractured carbonate sections are separated by the low
permeability shale and clay layer from the underlying Nubian sandstone.
This layer is behaving as a cap rock (El Hossary, 2013). The main source
of recharge for the aquifers is the upward flow from the NSSAS (Ibrahim,
1991; Dahab, 2004). The target zone for our study is the Miocene Carbonate aquifer (Shallow aquifer). The Miocene fractured limestone involves
the floor of the depression below the surface part. The wells with depths
less than 150 m exhibit a zone of 80 m thick, consisting of hard limestone
interbedded with shale has a yield of 960 m 3 /day (El Hossary, 1999). The
productivity of this aquifer varies from one place to another due to the
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variety of fracture occurrences and the extent of its relationship with the
source of recharge (Nubian Sandstone aquifer). The various deep drillings of
RIGW (1996 – 1999) exhibit several zones of fractures inside the carbonate
aquifers.

3. Methodology
3.1. Aeromagnetic data collection and preparation
The aeromagnetic data in this study is extracted from the detailed survey conducted by EGPC (1989); the purpose of this data analysis is to
define the regional basic structure of the area in and around the Gara region, as well as to investigate the structural controlling parameters of the
depression’s shallow and deep groundwater aquifers. This survey data is
re-digitized and processed to 674 data points and a reduced-to-pole map is
created (Fig. 13a). In order to evaluate the general structure of the Gara
region, this map is subjected to several spatial filtering techniques. The
FFT2 Transform image of the RTP data’s radially averaged power spectrum is calculated (Fig. 13b) and the residual component between the two
wavelengths 20200 m and 7750 m is used as a suitable choice based on the
geologic structures in the study area. This residual component (Fig. 14) is
utilized for further analysis as the target is the shallow part of the earth’s
crust. The general trends that can be extracted from the residual map are
NW–SE, EW, and NE–SW. The NW–SE Cambrian trend matches with the
Erythrean faults and the Gulf of Suez trend. This is an old trend that has
been rejuvenated periodically mainly during Hercynian, and Alpine Orogenies. The residual component is then subjected to several grid analysis
techniques, such as texture analysis, lineament detection, edge detection,
thresholding, and structural complexity, using the CET tool of the OASIS
montaj c software (Geosoft, 2015). The result is the identification of common discontinuities in magnetic data.
Texture analysis: Texture analysis uses the standard filter (STD) that
signifies the dispersion of pixel intensities in the greyscale. This results in
high standard variation values in places of discontinuity. Moreover, it defines the regions of complicated textures connected to abrupt changes in
magnetic values. Numerically, for a window of N cells, whose character
value is µ, the STD (σ) of the cell values X i is provided by:
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Fig. 13. Magnetic anomaly map (a) of the Gara area reduced to pole (RTP); the corresponding radially averaged power spectrum (b).
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(1)

Alternatively, an entropy filter was also shown to improve magnetic anomalies in the area (Holden et al., 2008), by measuring the textural information within the study area. The statistical randomness of neighbourhood
data values is measured by quantizing the data into discrete bins and then
analysing the total number of distinct values resultants from that quantization. The Entropy map evaluates the complexity and presents the results in
an image. The high value of image Entropy implies that the neighbouring
pixels have a strong contrast. The image’s complex textures are reflected
in the image’s high entropy (Mohanaiah et al., 2013).
Lineament detection: to enhance linear features, two tools for lineation detection area used; Phase Symmetry (PS) which improves the appearance of linear features by highlighting zones that are expected to contain
axes of symmetry; and Phase Congruency (PC) which address the discontinuities (or edges) by locating possible edge features by identifying points
where local spatial frequencies are in phase.
Edge detection: this generates skeletal estimates of features through
Amplitude thresholding which applies non-maximal suppression and amplitude thresholding; Skeletonization which decreases feature regions to thin
lines; and Skeleton to Vectors which exports the skeletal thin lines to vectors.
Thresholding and structural complexity: these are performed by
analysing the trend detection output to identify regions of structural complexity.
3.2. Analyses and collection of groundwater samples
In September 2019, nine groundwater samples were collected from wells and
springs located around the Gara Lake region. In Fig. 19 depicts the locations of the samples, and the hydrogeochemical properties. Physiochemical
parameters (TDS, pH, and EC) were measured in the field in actual environments using portable instruments. The pH was obtained using a pH
meter–CG 817, TDS were determined in dS/m at 25 ◦ C using an electrical
conductivity meter (Test kit Model 1500 20 Cole and Parmer). According
to Klute (1986), Ca and Mg were measured utilizing the Versenate titration
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Fig. 14. Residual bandpass filtered anomaly map, Gara area. Possible linear trends are
posted as solid lines.

technique (EDTA), A flame photometer was used to estimate Na and K,
The chemical titration technique was used to produce Cl and HCO 3 , and
a turbid metric technique spectrophotometer was used to detect SO 4 . To
prevent the effects of stagnant water, water was circulated for around 10
minutes before measurements were collected. One litre of water was collected in two fresh and cleaned plastic bottles for each sample. To overcome
metal adsorption to bottle walls and decrease biological activity, water in
one bottle was acidified with HNO3 to a pH lower than two. At Egypt’s
Desert Research Centre, Central Laboratory, water, and soil analysis section, the samples were chemically analysed for major elements using conventional procedures. Total hardness and calcium hardness tests were used
to detect the presence of Ca and Mg cations. Following Table 1 summarizes
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the analytical parameters of the investigated samples.
Table 1. Results of chemical analyses of the collected water samples.

3.3. Data representation (spatial and graphical)
The spatial configurations of the parameters are represented as maps. By
displaying the concentrations of major ions in the Piper trilinear diagram,
the hydrogeochemical facies of groundwater and drifts of salinity progression could be determined (Chidambaram et al., 2011; Gimenez Forcada,
2010) and Geochemistry Software AqQA, version AQC10664, utilized to
evaluate Schoeller diagrams (RockWare AqQA software, 2011). Binary diagrams including Sulin, ionic relationships, Gibbs diagrams were created
using Excel program version 2010 Hierarchical cluster analysis (HCA), and
Var-Covariance matrix based on Euclidian correlation coefficient were determined utilizing PAST 4.03 (Hammer et al., 2001).

4. Results
4.1. Magnetic analysis
The structural configuration of the study area and the geometrical structure of the shallow and deep aquifers were delineated by grid analysis of
the residual signal of the RTP aeromagnetic field of Gara.
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A map showing the investigated area’s RTP magnetic anomalies (Fig. 13a),
Exhibits a magnetic relief of about 60 nT. Three major high magnetic
anomalies can be distinguished; the first is toward the west of Gara Lake
(A), the second toward the east (B), and the third anomaly toward the north
(C). As shown on the Residual bandpass filtered anomaly map, these three
anomalies are segregated from the surrounding low magnetic background by
possible magnetic contacts or faults (Fig. 14). Considering Fig. 14 indicates
that the area is influenced by regional trends including such NE–SW and
E–W.
Results of this Grid analysis on the bandpass filtered RTP map of the investigated area using standard deviation (STD) and entropy analysis (EA)
are shown in (Fig. 15a). Possible zones of discontinuities are characterized
by high STD values, while a Sharp peak with small STD values may indicate a trend caused by fracturing. A broad peak with a large STD may be
formed by successive renewals of shifting stress direction.
The STD result was then used to generate the phase symmetry (PS) map
(Fig. 15b), which identifies the possible regions of interest and laterally separates the continuous lines (linear structures). The size and orientation of
the identified features are determined by the scale and orientation parameters. The PS employs the texture improvement from the STD consequences
for identifying zones of lateral discontinuity (Fig. 15b). The effects of PS
are used to transform discontinuity zones into structures to generate the
skeleton map (Fig. 15c). A series of skeletonization and vectorization techniques (selecting line segments) were used to the findings to detect and
recognize the linear features in the region (Fig. 15c). Figures (15a–c) show
multiple intersection zones with NE–SW trending. Each skeleton line in
Fig. 15c reflects weak (shear) zones over this direction. The structural control trends are the ENE, NE–SW, NNE, E–W, and NW–SE trends. Further
examination of the skeleton map (Fig. 15c) delineates that the high-density
structures are arrayed along with ENE, NE, E–W, and NW directions. The
intersections of the detected lineaments can also be used to identify possible
traps for possible hydrothermal fluids (Shebl et al., 2021). This assumption is confirmed by Well Rigwa-1 where the water temperature reaches 70
degrees Celsius as measured from site investigation (Fig. 15e). The collected line segments were used to construct the orientation entropy heat
map (Fig. 15d). The map is connected with feature orientation variation
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Fig. 15. a) Standard deviation (STD); b) phase symmetry (PS); c) skeletonization; d) entropy; and e) temperatures distribution through the wells.
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Fig. 15. Continued from the previous page.

(lineaments including crossings and intersections), facilitating the determination of structural complexity zones.
The result of the skeletonization over RTP and residual maps over the
study area is shown in Figs. 16 and 17 where their main high anomalies
toward the eastern, western, and northern parts of the area can be distinguished. Each one of these anomalies is controlled with the skeleton
structure trends. Possible faults/contacts separate these anomalies as indicated in Fig. 16. The rose diagram of these trends diagrams reveals two
major structural trends with varying intensities and lengths (Fig. 18). The
NE–SW, NNE–SSW, and E–W trends, as indicated by magnetic data, depict the most major tectonic trends impacting the investigated area. The
other minor structural trends depicted on the rose diagrams, such as the
NW–SE, are, however, less significant in this setting.
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Fig. 16. Skeletonization as posted on the RTP map of the study area.

Fig. 17. Skeletonization with Residual RTP map of the study area.
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Fig. 18. Rose diagram showing the structure trends in the study area and its statistical
analysis.

4.2. Hydrogeochemistry
4.2.1. Spatial distribution
The pH values range from 7.3 to 7.9, indicating moderately basic water,
according to the chemical analyses (Table 1). According to Bis (1998), all
of the water samples had pH levels between 6.5 and 8.5, which was within
the permitted range. The spatial distribution map of pH (Fig. 19a) shows
higher values (slightly alkaline) at (Western and NW) parts that represent
lower salinity (TDS) as in (Fig. 19c) wherever lower values of PH recorded
at (Eastern and SE) parts including higher salinity close to Gara Lake. Water’s electrical conductivity (EC) ranges from 6430 to 10910 (µs/cm) and is
a measurement of its capability to transport an electric current. In general,
the water EC shows an increment in (Eastern and SE) parts close to Gara
Lake and a decrease in (Western and NW) parts Fig. 19b. Freshwater (TDS
< 1500 mg/l), brackish water (1500 to 5000 mg/l), and saline water (TDS
> 5000 mg/l) are the three main kinds of total salinity, according to Chebotarev’s categorization (Chebotarev, 1955a,b,c). The investigated aquifer’s
groundwater salinity (TDS) refers to brackish to saline water (Gad et al.,
2018; Aly, 2015; Abo El-Fadl et al., 2015) with salinity contents varying
from 3500 to 6500 mg/l (Fig. 19c). This salinity could be related to the

334

Contributions to Geophysics and Geodesy

Vol. 52/3, 2022 (307–357)

Fig. 19. The sample locations, and geospatial concentration of (a) PH, (b) EC, (c) TDS,
and (d) TH in the research area is depicted on maps.

shallow depth of the wells that stimulates the performance of evaporation,
as the rainfall is low (45 mm/year) (Abo El-Fadl et al., 2015). The dissolution of gypsum streaks associated with limestone rocks is also thought to be
related to the salt content (Yousef, 2010 and Guindy, 2000). TDS spatial
distribution map in Fig. 19c shows an increase in Eastern and SE parts and
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a decrease in Western and NW parts.
The total hardness (TH) may be calculated using the following equation,
according to Todd (1980), Hem (1985, 1989), and Ragunath (1987):
TH (mg/l) = 2.497 Ca2+ + 4.115 Mg 2+ .

(2)

Figure 19d and Table 1 show the total hardness of the water samples obtained, ranged from 817.244 to 1893.459 (mg/l) as CaCO 3 . Its values display
under the (very hard) category related to the increase in salinity (Abo El-Fadl
et al., 2015), reflecting the limestone dissolution which led to salinity increase as explained before. Spatially, pH, EC, TDS, and TH concentrations
increased toward the east where Gara Lake is located. This is essentially
associated with the consequence of leaching and dissolution of dissolvable
salts reaching to the increase of hardness (TH) with the appropriate value
to the impact of NaCl concentration (influence of ionic strength) on increasing solubility of Mg2+ and Ca2+ in water (Freeze and Cherry, 1979; Hem,
1989).
The major ions Na, Ca, Mg, K, Cl, HCO3 , and SO4 describe the total mineralization of most groundwater. As shown in Table 1, the highest recorded concentration among cations is Na and among anions is Cl,
while arrangement discerningly based on the percentage of concentrations
for cations is Na + K >Ca >Mg while Anions Cl >SO 4 >HCO3 . As shown
in (Figs. 20a, b, c, e, and g), following the general TDS increasing trend, Ca,
Na, Cl, Mg, and HCO3 are increased toward the eastern part with southern and SW part for (Ca, Na, Cl, and HCO 3 ), elsewhere Northern and
NW for Mg. The maximum concentrations of these elements (420.6, 1850,
3050, 217.8, and 280.6 mg/l, respectively) were noticed in samples GS11
except Na which gets its maximum at sample GS9. On the other hand,
the concentration of K and SO4 (Figs. 20d and f) increased toward the
North-eastern part for both K and SO 4 in addition to NE for SO4 direction
where the maximum concentrations of both elements were recorded (473
and 1273.5 mg/l). Sample GS3 which located in the western part is represents the lowest concentrations of Ca, Na SO 4, and Cl (139.4, 1040, 360, and
1750 mg/l, respectively) while the lowest concentrations of Mg and K (60.7
and 41 mg/l) are represented by sample GS9 in the southern part. The lowest concentration of HCO3 (183 mg/l) was encountered in the north-western
part where sample G12 is located.
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Fig. 20. The concentrations of the main ions (mg/l) in the investigated area (a) Ca; (b)
Mg; (c) Na; (d) K; (e) HCO3; (f) SO4; and (g) Cl.
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4.2.2. Samples classifications
Cluster analysis (CA)
Hierarchical clustering is the most widely used in environmental sciences,
according to Davis (1986) and Salem et al. (2015), and is regularly used in
the organization of hydrogeochemical data. Using hierarchical cluster analysis, CA is used to categories estimated groundwater properties into groups
or clusters depending on their similarity or differences that exist in data set
variations (Abdel-Gawad et al., 2020; Salem and Osman, 2017; Salem and
El-Horiny, 2014). When two items belong to the same group, their point of
connection is maximum; otherwise, it is minimum. The distance between
samples is considered as a measure of similarity in hierarchical cluster analysis (Vega et al., 1998).
Based on these hydrochemical compositions, collected samples were classified into three groups as shown in Fig. 21a dendrogram. Also using cluster
analysis, ion associations were distinguished into three groups as presented
in Fig. 21b dendrogram. The dendrogram in Fig. 21a reveals that G1 samples are related to G2, and G3 at a significant distance, this means that two
samples (GS3 and GS12) can be differentiated from the other groundwater
samples hydrogeochemically. G2 and G3 are highly associated groundwater groups that indicate hydrogeochemical variations from G1. With sequences of Na > Mg > Ca and Cl > SO4 > HCO3 , Group G1 has the lowest average TDS (3740.5 mg/l). Regarding sequences of Na > Ca > Mg and
Cl > SO4 > HCO3 , groups G2 and G3 have average TDS values of 3598 and
6230 mg/l, respectively (Table 2). The samples from group 1 are situated in
the western and north-western parts of the region, while the samples from
the other two groups are concentrated in the central and western parts.
Schoeller diagrams are used to describe the water chemical categories of
the sample groups (Figs. 22a, b, and c). In general, all of the groups reTable 2. The average composition of the hydrochemical parameters of the three sample
groups. TDS (mg/l) and ions (meq/l).
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Fig. 21. Dendrograms show the groundwater samples groups (a) and the ion associations
(b) based on ion concentrations in meq/l.

vealed that the predominant ions in the groundwater were Na and Cl. This
might be due to evaporation or halite dissolution with the upward flow of
groundwater via the fractures from the deeper aquifer, Nubian sandstone
aquifer to the shallower aquifer, fractured shallow Miocene limestone aquifer
(El Hossary, 2013; Aly, 2015). Three ion associations were distinguished
Na-Cl, K-HCO3, and SO4 -Mg-Ca (Fig. 21b). Such ion associations reflect the possible hydrochemical processes affecting the studied groundwater.
Na-Cl association indicates evaporation and halite dissolution, K-HCO 3 represents the organic matter decay and fertilizers application and SO 4 -Ca-Mg
association could be related to sulphate dissolution.
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Fig. 22. Schoeller diagrams of the gathered groundwater samples, each set of samples
representing a chemical type.

Piper Diagram
On a Piper trilinear, the hydrochemical data of the categorized groundwater samples were described (Piper, 1944, and Fig. 23). Piper diagrams are
a significant tool in identifying water types collected from various groundwater resources areas based on the ionic structure of distinct water samples
(Salem and Bayumy, 2016; Al-Ahmadi, 2013; Al-Omran et al., 2013; Semerjian, 2011; Baba et al., 2008). The piper diagram shows that all of
the recorded samples graphed within the Na-Cl category sub-area, with Na
as the predominant cation and Cl as the predominant anion in the investigated groundwater, as shown in Fig. 23. All samples are grouped and
gathered in the alkaline water with principal sulphate with chloride domain
and sodium with potassium domain, indicating that the groundwater samples correspond to the Na, K, Cl, and SO 4 facies, indicating the dominance
of alkali over alkaline earth (Na + K > Ca + Mg) and strong acids over weak
acids (Cl + SO4 > HCO3 ), according to piper’s diamond field classifications.
This is mostly attributed to the evaporation of gypsum and halite as ma340
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rine sediments related to Miocene limestone as aquifer material and/or the
dissolving of halite and gypsum as marine deposits (Aly, 2015; Gad et al.,
2018; Abo El-Fadl et al., 2015; El Hossary, 2013).

Fig. 23. The hydrochemical type of the obtained groundwater samples is depicted in a
Piper diagram.

The Diagram of Sulin
According to Sulin’s diagram (Fig. 24), three water types were distinguished.
The greater salinity of the samples, which exceeds 6230 mg/l, confirms a
recent marine (MgCl2 type) water origin (samples GS3, GS5, GS10, and
GS12). When (rCl − r (K + Na) / rMg) < 1 for this water type, indicating
that there is no additional Cl to interact with Ca (Abdelazeem et al., 2020).
The increased salinity of the samples establishes brine water (CaCl 2 old
marine water), which reaches 6102 mg/l and is expressed at samples (GS6,
GS7, GS8, and GS11). When (rCl − r (K + Na) / rMg) > 1 in this water
type, indicates that Cl can react with Ca to create CaCl 2 (Abdelazeem et al.,
2020). The continental water (deep meteoric water, Na 2 SO4 ) is represented
by only one sample (GS9). This meteoric water type might be related
to groundwater generated previous to improvement activities, when soil
salinity is the predominant factor of groundwater constituents (Salem et al.,
2015).
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Fig. 24. the genetic types of the investigation area’s shallow groundwater are depicted in
Sulin’s diagram.

4.2.3. Hydrogeochemical processes
Gibbs diagrams
The ratios of Na + K/(Na + Ca + Mg) and Cl/(Cl + HCO 3 ) as a consequence of TDS are depicted in Gibbs’ diagrams (Fig. 25a, b). Precipitation
dominance, rock dominance, and evaporation dominance are all characteristics of main resources of dissolved chemical components that may be evaluated using these diagrams (Gibbs, 1970). The Gibbs diagram (Fig. 25a, b)
indicates that the major contributor of Na and Cl is evaporation. Moreover,
Evaporation enhances salinity degree by causing an increase in Na and Cl
concentrations, as well as an increase in TDS levels. The concentrations
of ions produced by mineral dissolution develop significantly as a result of
evaporation, resulting in higher salinity (Subba Rao, 2006; Kumar et al.,
2014; Aly, 2015).
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Fig. 25. The hydrogeochemical processes in the examined groundwater aquifer are shown
using Gibbs diagrams (a, and b). TDS and ion concentrations are measured in milligrams
per liter (mg/l).

Relationships between TDS and ions
Figure 26a-g illustrates the correlations of TDS with the main ions Ca, Mg,
Na, k, HCO3 , SO4 , and Cl, while Table 3 includes the coefficients of correlation values (r). The most significant ions indicating the primary features
of salinity are Ca, Na, HCO3 , and Cl. The corresponding plots of TDS
correlations with Ca, Na, HCO3 , and Cl depicted in Fig. 26a, c, e, and g
have correlation coefficients equal to 0.96, 0.81, 0.82 and 0.97, respectively
(Table 3). The other elements Mg, K, and SO 4 don’t affect the current
groundwater salinity where their relationships with TDS show week order
(Table 3). In TDS-Na and TDS-Cl relationships (Fig. 26c and g) samples are clustered around the evaporation line suggesting that the present
groundwater’s Na and Cl concentrations are controlled by the evaporation
process. In these graphs, samples are plotted across the evaporation line
(Fig. 26a, e, and f) revealing that the excess of Ca, HCO 3 , and SO4 could
be related to mineral dissolution. In contrast, Mg and K (Fig. 26b, and
d) are plotted below the evaporation line which might be due to mineral
precipitation.
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Table 3. Matrix of correlation coefficients between dissolved ion concentrations.

Ionic relationships
The correlations between the various main ions are extremely important for
determining the origin of salts and groundwater hydrogeochemical processes,
as well as for correlating various water characteristics (Hem, 1989). As a
result, correlation coefficients (Table 3) were computed, and scatter binary
plots between distinct ionic pairings were generated (Fig. 27). The origins
of salinity in the area may be seen in the plot of the Na with Cl correlation
(Fig. 27a). The strong interaction involving Na and Cl (r = 0.809) reveals
that each ion can be created within the same sources, which might include
dissolution of halite, evaporation, and confined old saline water in sediments
(Abdelazeem et al., 2020; Barzegar et al., 2017; Narany et al., 2014).
The plot Ca/SO4 (Fig. 27b) is shown with week correlation (r = 0.33375,
Table 3), while the samples are distributed around the line of unity, which
indicates the source of this groundwater samples are formed from each of
Ca and SO4 by equality. The plot of Ca with Cl helps in determining
how groundwater composition changes as a result of the dissolution of salt
minerals including anhydrite, gypsum, dolomite, and calcite (Abdelazeem et
al., 2020; Salem et al., 2015). Ca and Cl ions have a very strong positive
connection (r = 0.94, Table 3, and Fig. 27c), and all samples are plotted
higher than the 1:2 line, indicating that Cl concentration is greater than Ca
concentration. The plot Na/HCO3 , and Cl/HCO3 relationships (Fig. 27d
and e) are shown with an intermediate and strong correlation (r = 0.6121
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Fig. 26. The relationship between Total Dissolved Solids (TDS) and Ions concentrations
(a-g).

and 0.75052, respectively). The samples are plotted lower than the line of
unity where Na and Cl concentrations are higher compared to that of HCO 3 .
The plot Na/Ca ratio (Fig. 27f) is shown with a strong coefficient (r =
0.72807) and samples are distributed lower than the line of unity toward the
Na concentration, which indicates the effect of the exchange of ions between
Na and Ca (Salem et al., 2015). The Ca/HCO 3 plot in (Fig. 27g) shows a
strong relation (r = 0.76696), while the samples are distributed lower than
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Fig. 27. The hydrogeochemical processes that occurred in the investigated groundwater
region were evaluated using ionic relationships.

the 1:2 line where excess Ca concentration is noticed. This indicates the
dissolution of calcite and the effect of the ion exchange process (Salem et
al., 2016).
Ion exchange
One of the water-sediment interactions that have a significant impact on
the primary ion compositions of groundwater is ion exchange (Xiao et al.,
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2012). In seepage zones, ion exchange interactions between clay minerals
and groundwater are essential (Salem et al., 2015). Ion exchange occurs in
the configurations containing a plot of ((Ca + Mg) − (SO 4 + HCO3 )) with
(Na – Cl), as shown in Fig. 28. Groundwater is not affected by ion exchange
when samples plot closer to zero toward the y-axis after subtracting Cl
from Na and assuming that all Cl originates from NaCl. The amount of Ca
and Mg is given by the corresponding dissolution of calcite, dolomite, and
gypsum on the x-axis of ((Ca + Mg) − (SO 4 + HCO3 )). Groundwater samples will plot on a direct line with a high correlation coefficient if exchange
processes occur in the arrangement (Jankowski et al., 1998). Correlation coefficient (r = −0.83662) of data from the research area depicted in (Fig. 28).
As shown in Fig. 28, most of the considered samples except GS9 have an
excess of Ca + Mg which could be obtained from replacing Na, indicating
an ion exchange process. Sample GS9 has an excess of Na, which might
be related to replacing (Ca + Mg). As a consequence, in the investigated
groundwater, the ion-exchange process owing to water-rock interaction is a
dominating component (Salem et al., 2016).

Fig. 28. The ion exchange mechanisms in the groundwater samples examined are depicted
in a binary diagram.
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Ca + Mg concentrations have no significant relationship with HCO 3 +
SO4 (r = 0.4487522), as shown in the Fig. 29a. The interaction between
Na + k + Ca + Mg and HCO3 + SO4 (r = 0.5688281, Fig. 29b) is, on the
other hand, significant. These two relationships indicated that Ca and Mg
aren’t just generated through the degradation of calcite, gypsum, anhydrite,
and dolomite, but also from other weathering of mineral and ion exchange
with Na (Abdelazeem et al., 2020; Salem and Osman, 2017; Salem et al.,
2015). Ca and Mg were eliminated from the solution in samples GS5 and
GS9, which might be associated to calcite and dolomite precipitation owing to sulphate (Aly, 2015; Salem et al., 2015; Salem and Osman, 2017;
Abdelazeem et al., 2020).

Fig. 29. Relationships illustrating how sodium replaces Ca and Mg in dissolved sulphate
and carbonate minerals to create salts with SO4 and HCO3 .

5. Discussion and conclusion
The extensive systems of faults impacting and controlling the aquifer of the
GO are represented by aeromagnetic data analysis. A fault contact system
controls the structure of shallow and deep aquifers that is evident from the
spatial filters applied to the data and its attributes as standard deviation
(STD), Phase symmetry (PS), CET skeleton, Entropy, Phase congruency,
amplitude thresholding, Skeletonization, and residual separation (bandpass
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filter). By using potential aeromagnetic field data, the subsurface structures are delineated and it is now possible to explain the complex structure
of faults/contacts that impact and regulate the GO groundwater aquifer
flow. The common extracted trends are ENE, NE, NNE, NW, and E–W.
The rose diagram revealed the two most common trends of the Phase symmetry (PS) and CET skeleton maps were NE–SW, NNE–SSW,ENE–WSW
and, E–W, with minor trends in NW–SE. These faults and fractures, which
extend along the edges of the Gara depressions, control and regulate underground water movement in all sides as well as in adjacent sedimentary
basins (potential water carriers). This is represented in Miocene Carbonate, a thick and thin shallow aquifer near the surface represented in the
study area by the fresh to slightly brackish water of the Dolomite calcareous limestone rock. Hydrochemically, the Miocene Dolomite limestone was
saturated with fresh to slightly brackish water of the near-surface groundwater interested aquifer in the researched area, and the overburden strata
were classified into about six layers. Groundwater, a significant source of
water in Egypt’s western desert, is suffering from serious quantity and quality issues. Scarcity of water, in combination with the generally arid climate
and the overuse of soils for agriculture, results in serious water quality issues. In GO, water salinity, a major indication of irrigation water quality,
was expected to be highest above the permissible limit in most of the wells
investigated, and it continues to rise with time. Problems with salinity, chloride and sodicity render this water inappropriate for irrigation and have a
harmful impact on agricultural operations in GO. In general, the water collected from the GO reflects shallow groundwater samples from the Miocene
aquifer, and its salinity ranged from moderate to high. All of the wells in
the research region exhibited bicarbonate and pH levels that were within
permissible limits. Sodium, magnesium, and chloride, on the other hand,
were the most abundant ions in GO. The type of water that predominates in
the Gara research area is NaCl, which is mostly attributable to the geology
of the area, which contains halite. It was also obvious that some areas had
distinct iron toxicity, such as sodium chloride. The deep artesian wells of
Nubian sandstone aquifers, on the other hand, were adequate for irrigation
of all sensitive crops, since groundwater is GO’s only supply of water. In
the study areas, shallow well water salinity varies from 3598 to 6230 mgl
(ppm), indicating that all water samples from shallow aquifers are salinity349
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high. The average in shallow aquifers was 9222.72 µs/cm, with a range of
6430 to 10910 µs/cm. The salinity problem is regarded as the significant
complexity facing agriculture in the Gara agro-ecosystem since most of the
groundwater utilized for irrigation is taken from shallow aquifers, which are
characterized by high salinities. According to Sulin’s diagram, three water
types were distinguished. Recent marine (MgCl2 type) water origin that is
verified by the samples’ greater salinity reaches 6230 mg/l (samples GS3,
GS5, GS10, and GS12). Brine water (CaCl 2 old marine water) which is
established by the higher salinity of the samples reaches 6102 mg/l and is
expressed at samples (GS6, GS7, GS8, and GS11). The continental water
(deep meteoric water, Na2 SO4 ) is represented by only one sample (GS9).
While Gibbs’s diagram illustrates that the evaporation process is the principal source of Na and Cl. Evaporation enhances salinity via increasing
Na and Cl concentrations, which is associated with an increase in TDS.
TDS-Na and TDS-Cl relationships demonstrate that samples are concentrated around the evaporation line, revealing that the evaporation process
is regulating Na and Cl concentrations in present groundwater. In the plot
of the Na with Cl correlation, the correlations between the different main
ions reveal the source of salinity in the area. The considerable improvement
among Na and Cl (r = 0.809) indicates that either ion might come from the
same supply, which could be evaporation, degradation of halite, or previous
trapped saline water in the sediments. To leach and eliminate salts from
the soil profile and ultimately reconstruct the degraded agro-ecosystem,
the study suggests utilizing deep fresh groundwater extracted from Nubian
sandstone in a repeated sequence, combining or rotation approach with salty
water from shallow Miocene aquifers.
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