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Abstract

The southern Mediterranean coast suffers from limited water resources as a result of exploitation of water supply, popula-
tion growth, and climate change. Spatial lineaments and Seawater Intrusion (SWI) were detected at the southeast portion
of Ras El Dabaa, on Egypt’s northwest coast, using the direct current resistivity (DCR) method. The Vertical Electrical
Sounding (VES) data were acquired using Schlumberger array along four profiles and inverted both independently and
jointly, aiming to obtain Two Dimensional (2D) geoelectrical images. The results of the one Dimensional (1D) inversion
of VES data at each profile were stitched to form pseudo-2D sections on which the resistivity values and aquifer thickness
in the southwest of the region appeared to be generally increasing, indicating a potential improvement in water quality.
However, the results did not fully image the lateral variation but focused on the horizontal boundaries of the subsurface.
On the contrary, the results of 2D inversion of the same data sets successfully managed to provide images that depicted
resistivity distribution in both lateral and vertical directions. The detected sets of lineaments and fractured zones within the
oolitic limestone and fossiliferous limestone units control the occurrence of groundwater in the region. The 2D inversion
scheme revealed a low resistivity zone that indicated the presence of SWI and/or the dissolution of marine salts from the
marine limestone bedrock of these aquifers in the northern portions of the studied area. Additionally, analysis of the 2D
apparent porosity section shows how aquifers are connected by secondary porosity, which is defined by structures that
resemble channels. The current approach offers valuable structural information for future planning and development of
such complex geological coastal locations, taking into consideration the vulnerability of the groundwater system.
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Introduction

One of the most significant obstacles is the existence of car-
bonates for groundwater exploration in arid and complex
geology coastal areas. Carbonate rocks dissolve readily
in water. Cavities and other karst characteristics originate
because the presence of fractures in carbonate rocks accel-
erates their deterioration. In these types of aquifers, the
fracture networks are locations where groundwater mostly
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flows (Abu Risha and Sturchio 2018). Compared to the
fracture network, the carbonate matrix has significantly low
hydraulic conductivity (Cook 2003). As a result, the bulk
of fractured carbonates consist of mixed level of porosity
(Cook 2003). In the case of the coastal aquifers, saltwater
intrusion accelerates the deterioration of the carbonate aqui-
fer matrix and create complex subsurface structural pattern.

The Direct current resistivity (DCR) method is one of
the vital tool for imagining the distribution of geo-electrical
structures. This method involves injecting electrical current
into the geological unit via two electrodes while simultane-
ously measuring the voltage difference between other two.
The method has been extensively used in some subsurface
investigations including environmental studies (Eze et al.
2022; César et al. 2017; Eleraki et al. 2010), mineral explo-
ration (Kaidi et al. 2023), groundwater exploration (Alzah-
rani et al. 2022). Geoscientist deduce the existence and
characteristics of a range of geological structures, including
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bedrock, groundwater zones and geological boundaries, by
analyzing the resistivity changes in the subsurface (Frisch-
knecht et al. 1933; Flathe 1955; Henry-Poulter et al. 1933).
The main goal is to obtain a full understanding of the subsur-
face resistivity distribution, lateral and vertical variations,
and a more accurate representation of geological structures.
These structural intricacies have a substantial impact on
resistivity measurements, which might result in ambiguous
subsurface interpretations. This study provides a potential
method for enhancing the evaluation of DCR data via 2D
inversion of VES data sets gathered individually.

Thereby providing a more profound insight into subsur-
face structure. Structural complexity is one of the major
challenges to be solved. This issue requires spatially dense
data set and appropriate software. Since the beginning of the
1970s, multi-dimensional inversion algorithms have been
developed (e.g., Rijo et al. 1977; Loke and Barker 1996;
Giinther 2004; Marescot et al. 2005 Monte Santos et al.
2008; and Ulugergerli 2017) and used for 2D and 3D inver-
sion of large data sets that are gathered with both conven-
tional four-electrode and multi-electrode systems. Note that
large scale studies targeting deeper parts of the subsurface
still rely on the conventional VES applications (e.g., Uchida
1991; El-Qady et al. 1999; Ozurlan et al. 2006; Khalil et al.
2011 and Massoud et al. 2015) in order to avoid cumber-
some cable deployment.

Several geophysical approaches have been performed
along the northern coast of Egypt to examine waterbearing
aquifers and their properties. The evaluation of the DCR
method and electromagnetic (TEM) method such as very
low frequency (VLF) have revealed that the region has mul-
tiple geoelectrical layers, including alluvial deposits, lime-
stone intercalated with clay, and saturated oolitic limestone
(Zaghloul 2020; Hossam et al. 2021, 2023) and formation
of waterbearing is highly fractured limestone (Zarif et al.
2018, 2021 and 2022). So far DCR method has only been
applied to explore and identify the geometry of the ground-
water aquifers (Zarif et al. 2018, 2021; Marina et al. 2021).

The southeastern part of Ras El Dabaa, northwestern
coast of Egypt (Fig. 1) has been facing the challenge of geo-
logical complexity besides seawater intrusion (SWI) due
to its proximity to the Mediterranean Sea (Saqr and Abd-
Elmaboud 2024; Agoubi 2021; Eissa et al. 2016). Sets of
structural lineaments striking in a NE-SW direction have
an impact on the studied region (Abu Risha and Sturchio
2018). Groundwater recharge and occurrence are facilitated
by these lineaments, which are represented by faults, frac-
tures, and joints. The previous studies have assessed the risk
of SWI in coastal areas and identified the features of the
contact between brackish and seawater (Magesh et al. 2012;
Atwia et al. 2013; Eissa et al. 2016, 2018). Previous studies
have also proven that the DCR method provides valuable
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insights into the groundwater resources and aquifer charac-
teristics of coastal areas; thus, in the frame of this research,
the aim is to use 2D inversion of VES data to obtain more
advanced information on the subsurface structure of coastal
aquifer variability.

The 2D resistivity section, along with other geological
and hydrogeological data, helps to determine the linea-
ment structures and the extent and severity of SWI to allow
appropriate management strategies to be implemented. By
accurately identifying areas at risk of SWI, proactive mea-
sures can be taken to prevent further intrusion and ensure
the long-term availability of freshwater for the local com-
munity (Elasy et al. 2018; Eissa et al. 2016). Additionally,
this may provide valuable information for future planning
and development in southeastern Ras El Dabaa, taking into
consideration the vulnerability of the groundwater system.
This study provided an important opportunity to advance
the understanding of the 2D inversion of DCR data which is
considered one of the vital methods to evaluate the ground-
water potentiality and the coastal impacts of saltwater intru-
sion into shallow aquifers. The recent study on SWI in El
Dabaa area investigated the effects of desalination brine
injection and groundwater abstraction on the Middle Mio-
cene aquifer in the El-Dabaa region. Their study predicted
that the aquifer’s potentiometric surface would drop to
level of 1.4 m (Embaby et al. 2023). Adams et al. (2023)
determined that the radius of the drawdown-affected area
is roughly 550 m, with drawdown decreasing with distance
from the extraction wells. The influx of reinjected water has
an impact on the aquifer’s salinity; by 2040, the maximum
salinity at reinjection well sites will be 40,919 ppm, whereas
at productive well sites it will be 37,860 ppm.

The hydrogeological context of this study area was prone
to SWI problems; thus, a groundwater exploration survey
was carried out there. The SWI problem require mapping
the connections between the aquifers. DCR method and
multi-dimensional inversion scheme provided images that
depict of the subsurface resistivity distribution, in turn, geo-
electrical models that represent geological setting. Ques-
tions have been raised regarding the extent to which the use
of 2D joint inversion of VES data set enhances the accuracy
and resolution of detecting subsurface geological, in com-
parison to traditional 1D inversion scheme.

Materials and methods
Investigated area
El Dabaa city is located in northern Egypt, and it is one of

the cities of Matrouh Governorate. Its area is about 2,380
square km, and its population is about 30,000 people (Abu
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Fig. 1 [a] Topographic map of Egypt [b]Digital
elevation map [DEM] for the investigated site.
(source;-https://earthexplorer.usgs.gov), Red
polygon pointed out to the study area
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Risha and Sturchio. 2018). The city of El Dabaa is distin-
guished by its distinctive geographical location, as it is
located on the coast of the Mediterranean Sea and is located
near the city of Marsa Matrouh. This location made El
Dabaa city an important tourist and commercial city. The
city of El Dabaa has a recent history, as it was established
in 2004 as a residential and commercial city as part of the
project to establish the E1 Dabaa Nuclear Power Plant. The
site is located in the northern part of the “Great Marmarican

Elevation [m]

Homoclinal Plateau” in the southern Mediterranean Sea
(Fig. 1). It has an arid environment, and the average ground
surface elevation of the study area is around 40 masl. The
investigated area is mainly surrounded by landforms that
represent the integrated effects of several endo-genetic and
exo-genetic characteristics, such as climatic conditions and
lithological characteristics (Shata 1955, 1971; Abdallah
1966; Sayed 1967). The survey area is located southeast of
El Dabaa (Fig. 1), where the Quaternary alluvial deposits
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and/or sand drift cover the limestone formation that serves
as bed rock. Drainage lines, ridges, depressions, dunes, and
southern tableland help govern surface runoff dispersion
as well as groundwater recovery and storage. According to
Abu Risha and Sturchio (2018), the area is organized into
three fundamental geomorphologic sections running north
to south (Fig. 2a). These topographical sections: a northern
coastal plain with elevations ranging from 0 to 20 masl, a
central piedmont plain situated between 20 and 50 masl, and
a southwestern tableland reaching heights of 50 to 254 masl.
An escarpment overlooking the coastal plain borders its
northern side. The slopes of tableland borders are typically
divided by the outlets of drainage systems that flow to the
coastal plain from the sources located at high grounds. The
current study area is situated in the piedmont plain, which is
a transitional zone that stretches northward from the table-
land and southward from the coastal plain.

The northwest Mediterranean coastal zone is composed
of silt and sedimentary rocks, which span from the Tertiary
to the Quaternary age, (Shata 1971). In the study area, the
Miocene deposits are overlain by Pleistocene oolitic lime-
stone, as illustrated in Fig. (2a). The subsequent deposits
are of Quaternary origin. The Quaternary deposits consist
of the Pleistocene Oolitic and cardium limestone, in addi-
tion to a slight coating of loamy deposits and drift sands
that primarily cover low-lying areas and the floors of nar-
row valleys that intersect the tableland. This is followed by
Miocene deposits, of the Moghra and Marmarica Forma-
tions (Fig. 2b). The base fluviatile to fluviomarine deposits
are representative of the Moghra Formation. Its constituent

parts include interbedded sand, shale, and argillaceous lime-
stone. The limestone rocks that are higher in the composi-
tion of shallow marine origin, and their wide areal expansion
is characteristic of the Marmarica Formation. It is the rep-
resentation of the saline waterbearing formation and is
composed of fragmented white limestone and a lower gray
calcarenite with some shale intercalation. There are some
minor structural undulations in the form of broad monocline
structures or mild upfold and downfold structures (Yousif
and Bubenzer 2015). The majority of folded structures have
a NE-SW orientation in Fig. (2a). Several significant faults
in the area have downslopes that face north (Abu Risha
and Sturchio 2018). According to Abu Risha and Sturchio
(2018), the water supplies in the studied area are recharged
by the available precipitation. Some of landforms affect
groundwater storage and accumulation are the local part
of tableland, ridges, topographic depressions, length of the
dunes, and drainage networks. These features also control
the dispersion of surface runoff.

Pleistocene oolitic limestone and middle Miocene aqui-
fers are the two categories into which the aquifers in the
area under study and its environs may be divided. The Pleis-
tocene limestone stretches about 10 km southward. It is
considered the most important aquifer along the coastline.
The coastal oolitic limestone ridges have fewer cementing
elements than the inland ridges. The ridge sides are covered
with loose shoreline sand accumulations that allow rainfall
to infiltrate and percolate directly. Groundwater exists as a
free water table (phreatic state). It rises to near-mean sea
level, which is caused by local percolation on the coastal
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Fig. 2 [a] Geomorphological and geological units of the study area, [b] Idealized stratigraphic section at El Dabaa area, (after Abu Risha and

Sturchio 2018)
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plain and the intrusion of seawater. The horizontal flow
from the Mediterranean creates a saline water table that is
topped with a thin layer of fresh water. This phenomenon is
a result of the natural equilibrium between both the excess
of recharge from precipitation and the outflow through seep-
age toward sea (Abu Risha and Sturchio 2018).

The Marmarica aquifer, which is made of shale, dolo-
mite, and limestone, is a representation of the aquifer of
the Middle Miocene age. It is mostly fractured and may be
found in a series of horizons with sporadic sandstone bands
in between impermeable clays. The productivity of the
aquifer is impacted by lateral and vertical facies variations,
especially in the coastal region. The Marmarica aquifer’s
groundwater naturally empties into the Mediterranean by
subsurface flow. It comes from local rainfall and takes the
shape of thin sheets that build up when they come into touch
with impermeable clay (semi-confined water). According to
Yousif and Bubenzer (2015), this aquifer is divided into two
distinct waterbearing units: the lower unit is composed of
marly limestone, and the upper one is composed of white
chalky limestone. There are many hydro-geophysical stud-
ies on the study area and its vicinities focus on different
features of the aquifers. (Sayed 1967; Abdel Latif 1973;
Maghraby 1997; Fouad 2001; DRC 2005 and 2008; Housny
2011; Abu Risha and Sturchio 2018; Kotb et al. 2018). Kotb
et al. (2018) applied the DCR method and 1D inversion
of VES data sets. Their layered earth model demonstrated
that the upper part of the oolitic limestone act as the shal-
low aquifer in this region. This aquifer is subdivided into
two zone; the bottom zone is saline as a result of saltwater
intrusion, whereas the upper zone is brackish (Kotb et al.
2018). Our study used the same data set of Kotb et al. (2018)
however, we employed somewhat different approaches and
allowed our interpretation scheme to delineate both hori-
zontal and vertical variations via 2D inversion rather than
retaining imaginary layered units.

DCR method

We used Schlumberger array to collect the vertical electri-
cal sounding (VES) data. The Schlumberger array is fre-
quently employed in electrical resistivity surveys due to

Fig. 3 [a] Distribution of VES [a]
points along a profile, [b] the AB
expansion for each VES

VES1 VES2

its numerous benefits. These include its high sensitivity to
vertical resistivity changes, straightforward data interpreta-
tion, and capacity to achieve deeper ground penetration with
minimal distortion. By adjusting electrode spacing, this
configuration enables a wide range of investigation depths,
making it adaptable to various geological settings. Further-
more, it excels at identifying subsurface features such as
aquifers, mineral deposits, and contamination zones. After
injecting electrical current from two current electrodes (A
and B), the potential difference between the other two poten-
tial electrodes (M and N) is measured. We derived apparent
resistivity (© « ) using current ([ ), potential drop (A V), and
geometric factor (K ) via Ohm’s law. Equation (1):
pa = KAV/I (1
Since each P . data take into account, the effects of both
the array of electrodes and the contribution of geo-electrical
structures around and underneath the electrodes, the appar-
ent resistivities are not appropriate to image the subsurface
directly (e.g., Merrick 1997). As a common practice, the
VES data were gathered individually and inverted with 1D
inversion scheme that produce layered models (e.g. Vedanti
etal. 2005; Ekinci and Demirci 2008). However, a 2D model
is required due to the difficulties of imaging the subsurface.
Thus, a pseudo 2D image was generated using layered earth
models for further examination. Thus, we employed 2D
inversion scheme to obtain 2D resistivity section for further
evaluation.

2D nonlinear iterative inversion scheme

To image the lateral discontinuities of the aquifer units a 2D
earth model (Rijo et al. 1977; Uchida 1991) is required. To
conduct a 2D inversion of individual VES data we should
meet two criteria. First, all VES stations must be obtained
along the same profile and, in line with each other (Fig. 3a).
The expansion of current electrodes (A and B) can’t deviate
from the profile by no more than a few degree (Fig. 3b).
Second, the overlapping between the adjacent VES sta-
tions should be less than the maximum AB expansions (e.g.,
Ulugergerli 2017; Ertekin and Ulugergerli 2022).
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2D image of the geoelectrical structures underneath the
profile may then be obtained using a 2D inversion scheme.
The following is an equation for the ill-posed and nonlinear
inversion problem regardless of the dimension of the model
(Menke 1989; Meju 1994):
Ap = (JVJ+ BI)"YJTAD ()
Where: A p is the logarithmic update vector for the initial
model parameters (P) which is the logarithm of conduc-
tivity. The vector A D represents the difference between
logarithm of measured () and computed (p$') apparent
resistivity, respectively. .J is a matrix composed of partial
derivatives and [ is the smoothing coefficient J is the iden-
tity matrix. (for more details, see Ulugergerli 2017). The
measure of misfit, €, is given as:
e = (ADTAD/N)W/? (3)
Where T is transpose while N is number of data. The inver-
sion code iterates until either the misfit reaches an arbitrarily

selected threshold value or the number of iteration reaches
to user defined value.

Survey

Kotb et al. (2018) acquired 27 VES stations along four
profiles (Fig. 4a). The range of AB/2 varies between 1 and
2000 m while MN\2 varies from 0.5 to 250 m. Wherever
MN increases, two successive AB/2 have double reading
for both MN intervals to overcome low potential difference.
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All segments of the apparent resistivity curves were shifted
to match to first (MN\2=0.5) segment (Ertekin and
Ulugergerli 2022). This procedure is equivalent to gather
VES data using only first MN/2 value.

Results and discussion
1D inversion

Kotb et al. (2018) used the commercial program IX1D (ver-
sion 3, Interpex 2023) in order to determine the resistivity
and thickness of the geoelectrical units (Figs. 5, 6, 7 and
8b). The 1D inversion process involves two-stage process;
(a) using a layer for every data point to build smooth mod-
els. Constable et al. (1987) termed this technique Occam’s
inversion as it uses thicknesses created automatically from
the AB spacing data, which remain constant throughout the
inversion, the resistivities of imaginary layers are updated
by the inversion and (b) from the result of the Occam inver-
sion, a small number of layers (i.e., 5 or 6) were chosen,
and their resistivity and thickness were simultaneously
estimated by 1D inversion. The obtained pseudo-sections
(Figs. 5, 6, 7 and 8b) are all stitched and correspond to the
same profiles (Fig. 4a). According to Kotb et al. (2018), the
bottom layers are distributed rather evenly over the entire
area. Low resistivity measurements, which are indicative of
clay content or seawater-saturated soil, are also present in
the majority of the studied area.

It is apparent that the area’s relative resistivity values
are higher on the western side where the dense limestone
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[c] Results of 1D inversion model
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Fig.4 [a] Distribution of VES points over the investigated area and location of electrical resistivity profiles, [b] Example for 1D VES interpretation
(D27) and lithology of Well no.8 and [c] represents the results of 1D inversion of VES27
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Fig.5 [a] Observed VES curves
(green marks), calculated curves
(green line) and inverted 1D

model (red line) [b] inverted1D
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is found (Layers 1,2 and 6) than they are in the other direc-
tions where fractured limestone is expanded. Figures (58
b) depict the primary six geoelectrical layers, which are
the average values of resistivities and thicknesses derived
from the calculation of each individual curve. These aver-
age values of resistivity and thickness from the top to bot-
tom are as follows: 50.5 Q.m and 1.8 m, 76.5 Q.m and
14.7 m, 74.7 Q.m and 20.9 m, 69.1 Q.m and 50.9 m, 1.1
Q.m and 50.6 m, and 35.75 Q.m, respectively. The resis-
tivity values of all layers are generally consistent, except
for the fifth layer, (Figs. 5, 6, 7 and 8b). where variations
occur due to differences in clay and limestone concentration
along geoelectrical cross sections. Recent deposits (loose
sand and rock debris) correlate to the topsoil surface layer;
alluvial deposits are represented as the second layer; and
detrital oolitic limestone underlies all. This assessment was
carried out utilizing the accessible lithological description

0.3

0.4 0.6 0.7 0.8

0.5
Porosity [%]

from the nearest well, such as well no. 8, to the VES no D27
(Fig. 4b).

2D inversion

2D resistivity sections were obtained using an inversion
algorithm after Ulugergerli (2017). For improved visibility,
the color scales were constrained between 0.3and 30 Q.m
(Figs. 5¢, 6, 7 and 8c). Figures 5¢ and 8c show the com-
parison of the results of both 2D and 1D inversions. The
Archie’s empirical equation was added to the current exper-
iment (Archie 1942). Archie’s law (Archie 1942) states that
the volume and resistivity of water in a soil pore have an
empirical relationship with the resistivity of the formation
as shown in Eq. (4).
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Fig.6 [a] Observed VES curves
(green marks), calculated curves
(green line) and inverted 1D PP
model (red line) [b] inverted1D
cross-section #2, [¢] 2D inver-
sion models of resistivity and §1ao [
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where S, is the proportion of water-filled pores in the
volume (water saturation), & porosity, £ bulk resistivity,
P w water resistivity, and 7 and m are empirical constants
related to the rock type. It should be noted that Archie’s law
only holds true if the geological unit has no clay and a non-
conducting matrix (Glover et al. 2000). The sandy clay unit
in region may lead to rather unrealistic results due to lacking
of enough resistivity contrast (Glover et al. 2000). Taking
into consideration this assumption a 2D porosity section is
produced, employing a possible scenarios of seawater intru-
sion. In this study we used 2w = 0.3 Q.m, which is sig-
nificantly lower than the resistivity of the nearby clay unit
(Figs. 5, 6, 7 and 8c). The interpretation of porosity in this
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model is influenced by choosing a low resistivity value for
seawater (0.3 Q.m). seawater has a known average electrical
resistivity due to its dissolved salts, primarily sodium chlo-
ride (NaCl). The resistivity of seawater is generally around
0.2 to 0.5 Q.m, with 0.33 Q.m often used as a representa-
tive value. This value accounts for the saline concentration
typical of coastal environments. Areas affected by seawater
intrusion will exhibit reduced resistivity measurements. By
incorporating an appropriate seawater resistivity value, the
model can effectively capture the range and influence of
seawater intrusion on the distribution of porosity (Luz and
Régis 2009; Goto et al. 2008). For the pseudo 2D porosity
section, the resistivity values obtained from 2D inversion
used as bulk resistivity values for each cell (Figs. 5, 6, 7 and
8d) (Fajana 2020). We assume S,, =1 and the constants a, m
and n are 1, 2.5 and 2 respectively. Porosity is derived from
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Fig. 7 [a] Observed VES curves
(green marks), calculated curves
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resistivity data using empirical relationships that involve m
and n. The porosity calculation follows:

()

Where:

R, is apparent resistivity and R, is water resistivity.

Nine VES stations were obtained along the 23-kilome-
ter of profile-1 (P#1) which is shown in Fig. (4a). Table (1)
shows that the model smoothing coefficient was set 0.5,
which is the result of trial and error test. The misfit dropped
from 41 to 3.8 after 65 iterations of the code. A final frac-
tal variation of fit, 0.00073991(dmisfit) is achieved. The
final estimated model’s resistivity value ranged from >30
Q.m to 0.1 Q.m. Figure (5c and d) show the final results,
whereas the layered model shows a reasonably consistent

a(R./ Ry
S n

w

)

¢

subsurface. 2D inversion reveals possible fault zones and
barriers between VES stations D19 and D20 and between
D22 and D23.The resistivity contrast is between D18 and
D19, which is the possible fault zone. 2D apparent poros-
ity-section reveals that SWI at the most of VES stations at
depth from 0 m to 50 m in the NE direction and from 50 m
to 100 m in the SW direction with low resistivity around 1
Q.m, where the possibility of saturated limestone is located.
The results show that the apparent porosities vary between
0.6 and 0.8 for low resistivity zones (Fig. 5d).

Second profile (P#2) is 22 km long and consists of 6 VES
stations (Fig. 4a). The model smoothing coefficient and
analysis parameters are listed in Table (1). Figure (6¢) dis-
play the resulting model, the resistivity values were found
to be 0.9 and more than 30 Q.m. 1D model does not reveal
any lineament structure while 2D inversion point out that
water bearing limestone is highly fractured. The evidence
for SWI is also appeared along (P#2) below VES stations

@ Springer
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Fig. 8 [a] Observed VES curves
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Table 1 Variation of misfit values in 2D inversion

Profile No. Length (km) No. of VES stations Smoothing coefficient ~ No. of iteration Initial and last Misfit Final
values fractal
variation of
fit (dmisfit)
Pl 23 9 0.5 65 40.6-3.8 0.0007399
P2 22 6 0.5 87 16.5-0.7 0.000978
P3 15 5 0.5 80 33.72.7 0.0006445
P4 22 6 0.5 87 16.5-0.7 0.00097795

D9 and D10 from depth 0 to 50 m with low resistivity less
than 1Q.m in the direction of NE where Mediterranean Sea.
Two faults are detected between VES stations D10 and D11
and between D12 and D13. What is interesting in this results
that 2D apparent porosity section is around 0.6-0.7 under
the same location of low resistivity zone which confirm and
support the possibility of SWI.

Profile (P#3) is given in Fig. (7) and shows a 15-kilome-
ter-long profile with five VES stations (Table 1). The pre-
dicted resistivity values along (P#3) were found to range

@ Springer

between 0.8 and > 30 Q.m in the last model. Once more, the
1D model displays rather homogenous layered earth; how-
ever, between VES stations D4 and D5, a significant fault/
fracture zone was discovered by the 2D inversion. This zone
is also visible in 2D apparent porosity section. At depths
of 100—150 m, apparent porosity is around 0.6—0.7 beneath
VES stations D3 and D4 in the NE direction, as well as
under VES stations D5 and D6 in the SW direction. These
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areas could exhibit clay or saline water-saturated fractured
limestone (Fig. 7d).

Forth Profile (P#4) is the final one, measuring 22 km in
length (Table 1). Together, the DCR data from six stations
were inverted (Fig. 8a-d). The misfit reduced from 16.5 to
0.7 after 87 iterations of the algorithm. Between consecu-
tive iterations, the ultimate fractal variation of misfits was
0.00097795. According to the structural geology (Fig. 2¢),
a normal fault is inferred between VES D28 and DI in
Fig. (8). From surface to bottom, the geological succes-
sion (well 8) that has been documented is as follows: oolitic
limestone and alluvial deposits can’t be distinguished from
one another because of their comparable resistivity range
(>20 Q.m). The layer’s bottom ranges in depth from 77 m
below VES D1 to 200 m at VES D25. This layer locates on
top of a sandy clay layer with low resistivity (<7 Q.m). At
a depth of 50 m, there is an intriguing feature (SWI) that
extends from VES D1 to VES D8. Due to previous stud-
ies, certain aquifers are dominated by brackish water (Eissa
et al. 2018; Yousif and Bubenzer 2015). The outcomes of
the 2D apparent porosity assessment reveal that high val-
ues (0.6-0.7) correspond to fractured limestone containing
brackish water, which is consistent with the 2D resistivity
data. The most significant result from the data is that the
2D inversion findings indicate that local faults disrupt and
seal the aquifers. As a result, certain aquifers are shielded,
and the threat of SWI is averted. Both safe and potentially
polluted sections can be identified in the water-bearing
parts of the oolitic limestone. Consequently, the predicted
structural lineaments align with the results of Yousif and
Bubenzer (2015), indicating that sets of faults striking in the

Fig. 10 Digital elevation map
with structural lineaments
inferred from 2D electrical
resistivity analysis beside the
geological structural lineaments
after (Abu Risha and Sturchio
2018)

30.9

Northing [°]

TN T T N T T B

w

S

0
|

11

30.7

NE-SW direction had an impact on the area (Fig. 10). These
lineaments are represented by joints and cracks that allow
groundwater to flow and be recharged.

The structures depicted in Figs. 5c, 6, 7 and 8c align
with the geological characteristics of the region, as shown
in Fig. 2c. The sequence, arranged from surface to bottom,
consists of alluvial deposits and oolitic limestone that have
similar resistivity ranges (> 20 Q.m), making them indistin-
guishable. Along the profile, the layers’ depths vary between
40 and 50 m (P1) and are located on a low-resistivity (<7
Q.m) saturated layer of limestone or clay. As illustrated in
Fig. 6, these features form a barrier and extend to a depth
of 200 m. In limestone, conductive zones (< 10 ©Q.m) may
arise from secondary porosity, which are fractures filled
with seawater or clay, as shown in Figs. 5d, 6, 7 and 8d. The
distribution of subsurface resistivity and apparent porosity
across the study area is shown in Fig. 9 at various depths
from the surface to 100 m (Fig. 9a, b, ¢, d, e, and f). Fence
diagrams (Fig. 9g) represent the potential three-dimensional
distribution of resistivity throughout the study area at a
depth of 150 m, where Fig. (9 h and 1) show the pseudo-
3D fence diagrams of apparent porosity and highlight the
locations of secondary porosity that impact the connection
between aquifers as a channel-like structure between VES
D24 and D23, as well as between VES D22 and D2. This
results, given the explanation provided, it is evident that
the presence of fractured zones within the oolitic limestone
and fossiliferous limestone layers influences the occurrence
of groundwater. It is somewhat surprising that the porosity
calculation was ambiguous in this condition. The resistivity
of the layers varies from one location to another, according
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Fig. 9 The distribution of subsurface resistivity and apparent poros-
ity [a] porosity section from the surface, [b] porosity section at depth
50 m, and [c] porosity section from at depth 100 m. [d], [e] and [f]
the distribution of resistivity at depths 0, 50 and 100 m.[g] 3D fence
diagram for 4 2Dprofiles at depth 150 m, [h] 3D fence diagram for

to the interpretation of the VES data across the entire stud-
ied area (Kotb et al. 2018). The medium resistivity readings
of the third geoelectrical layer, which range from 10 to 25
Q.m, suggest the presence of groundwater at all VES sound-
ings. The low resistivity measurements may be attributed to
an increase in water salinity or clay content.

Based on the hydrogeological data currently available for
the region under investigation, both surface runoff and local
precipitation penetrate the ground to replenish the water-
bearing layer. The central portion of the region was deemed
the optimal location for drilling production wells as the
resistivity values and aquifer thickness increased towards
the southwest. This is due to the increased potential for
water quality and better well production in that direction. In
the northern region of the study area, a low resistivity zone
identified by the 2D inversion scheme indicated the pres-
ence of saltwater intrusion (SWI). These results align with
those of Embaby et al. (2023). The waterbearing layer was
discovered at varying depths, with the greatest depth found
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apparent porosity at depth 50 m. and [i] 3D fence diagram for apparent
porosity at resistivity 10 Q.m, red arrows pointed out to the location
of the predicted channel-like structure at the northwestern part of the
study area

in the south and decreasing towards the north. This find-
ing is consistent with the research of Adams et al. (2023).
The freshwater-bearing layer ranged in thickness from 15 to
25 m, and SWI appeared at a depth of approximately 10 m
in the northeast, as reported by Eissa et al. (2018). At a depth
of around 120 m, every layer was inundated with saltwater,
according to Sampson et al. (2018). This survey provides
valuable insights into the extent and effects of SWI in the
coastal area, particularly in the vicinity of the El Dabaa area.
Additionally, the study found that the lineaments inferred
from the 2D resistivity sections (Fig. 10) correspond with
the geological map of the study area (Abu Risha and Stur-
chio 2018).
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Conclusion

2D resistivity models have provided a highly detailed,
comprehensive, and informative depiction of subsurface
resistivity. Notably, they closely matched the geological
structure and lithology, thereby demonstrating their accu-
racy. These models have been successful in highlighting a
number of contrasts and discontinuities in the subsurface.
These include the identification of subsurface structural
features, an abrupt lateral change in facies, and the spatial
distribution of conductive zones. The most obvious finding
to emerge from this study is that the fence diagrams of both
2D resistivity and apparent porosity sections show possible
connections between the aquifers of oolitic limestone of the
Pleistocene age and fractured limestone of the Middle Mio-
cene age. In addition, there is a channel-like structure near
VES stations D23, D13, and D25 (~150 m deep from the
surface). The second major finding was the identification of
a low resistivity zone in the northern region of the research
area. This was discovered through the use of a 2D inversion
scheme, which indicates the presence of saline water (SW)
in the area. There is evidence to support this conclusion.

In conclusion, 2D resistivity inversion is a powerful
technique for determining subsurface resistivity distribu-
tions using electrical sounding. Prior information and other
constraints can enhance the accuracy and reliability of the
inversion, resulting in improved geologic interpretations.
This development is particularly significant because it
can help developing countries that may not have access to
expensive multielectrode equipment and reprocess the large
volume of legacy 1D resistivity data. It is highly recom-
mended that more studies be conducted on this subject in
the future where this research has thrown up many questions
in need of further investigation.
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