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Abstract: In the north of Fayoum Governate, Egypt, numerous extrusive flows of basalt

rocks exposed on the surface and affected by weathering and erosion, forming altered

basalt sheets which is the case of the Jebel-Qatrani. The study objective comes in two

main folds: the first, to choose the optimum parameters required for the filed survey by

generating forward models using several arrays with 3% Gaussian random noise, simu-

lating the geology of the study area deploying a finite element modelling approach; the

second, to acquire the real field data and generate the electrical resistivity tomograms

to ascertain the existence, extension, and characteristics of the basaltic sheets in the

subsurface. Hence, four electrical resistivity profiles with a Wenner-alpha array with 48

electrodes, 5 metre electrode spacing, and a total length of 235 metres were acquired in

suitable locations based on previous aeromagnetic results in the vicinity of the study area.

These profiles were inverted to derive the true resistivity distribution of the subsurface.

Another objective is to detect the near-surface, Oligocene normal faulting structures asso-

ciated with rifting of the Red Sea. Results from two inverted resistivity tomograms show

a possible normal fault cutting through the early Oligocene Qatrani Formation at the

same time as red sea rifting, confirming previous geological studies in the Fayoum region

based on satellite imagery, aeromagnetic data, and geological outcrops. It is concluded

that near these faults, a sheet-like body of relatively high resistivity values, representing

basaltic extrusions, was detected, confirming that the basaltic presence is associated with

these structural zones.
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1. Introduction

Several extrusive basalt flow outcrops have been studied, geologically, in
recent decades due to their historical and economic significance. Several
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basalt quarries were established there 4500 years ago during the 4th and
5th dynasties of the old kingdom of Egypt (Harrell and Bown, 1995; Store-
myr el al., 2003) to pave many temples in Giza, Saqqara, Sahura, and
Niuserra pyramids to symbolise Egypt’s fertile and organically rich black
land. The current need to understand the near-surface structural regime of
Jebel-Qatrani and the detection of associated basaltic sheets there is impor-
tant to preserve the historical heritage of this area and to study this new
case of horizontal basaltic sheets.

Direct Current (DC) electrical technique is one of the oldest and well-
known geophysical techniques among the non-invasive geophysical explo-
ration techniques, mainly because it is rapid and cost-effective. The most
important advantage is that it is a non-destructive technique. The early ap-
plication of the electric technique was made almost entirely by the early work
of Conrad Schlumberger (Schlumberger, 1912) and Frank Wenner (Wenner,
1912). Since then, the electrical resistivity method has been widely used for
mining studies (Embeng et al., 2022; Horo et al., 2021; Busato el al., 2019),
hydrogeological studies (Altmeyer et al., 2021; Petit et al., 2021), environ-
mental studies, especially in contaminant monitoring (Trento et al., 2021;
Morita et al., 2020), engineering applications (Guo et al., 2022; Lapenna
and Perrone, 2022; Saha et al., 2022), and archaeological investigations
(Milo et al., 2022; Gaber et al., 2021; Tezel and Alp, 2021).

Many geophysical studies for the objective of fault mapping using ERT
data in different geological settings and lithologies (Ho et al., 2022; Ar-
jwech et al., 2021; Bufford et al., 2012, Gélis et al., 2010) are well devel-
oped. Hyndman and Drury (1977) investigated the physical properties of 87
basalt samples, including electrical resistivity (approx. 220 Ω.m), thermal
conductivity, and shear wave velocity. Generally, this response is dependent
on many factors such as lithology, degree of fracturing, saturation, fluid
salinity, and clay content (Lashkaripour et al., 2005). Mostafa et al. (2003)
studied the temperature dependence of the electrical resistivity of basalt
and granite samples from several localities bearing those sheets in Egypt.
Elhussein and Shokry (2020) studied the occurrence of Oligocene basalt in
the Egyptian western desert using airborne magnetic data and to delineate
basalt edges and extensions in the subsurface.

The current work is aimed at highlighting the efficiency of the 2-D Elec-
trical Resistivity Tomography (ERT) technique to detect the basaltic sheets
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and associated fault structures and also to study the electrical resistivity re-
sponse of sheet-like basaltic bodies using ERT tomograms.

The present paper is divided into four main sections. The geological
context of the Jebel-Qatrani study area is discussed in Sect. 2. In this sec-
tion, we also present the available geophysical datasets that are relevant for
this site and the processing of this geophysical data. Section 3 examines
the effectiveness of forward modelling to choose appropriate acquisition pa-
rameters for detecting basaltic flow in the shape of a horizontal sheet and
faulted sheet. Three arrays were tested: Wenner-alpha, Schlumberger, and
Dipole-Dipole arrays. Then these models were inverted to get the true elec-
trical resistivity tomography (ERT) sections. In the next step we worked
with real data from the site and inverted it to interpret the results in Sect. 4.
From this data, we delineated the position of two faults. The presence of
these faults is discussed in light of all the available data.

2. Geologic setting of the area

The study area is located at the north of the Fayoum depression in Fig. 1a, in
the northern Western Desert of Egypt, and lies between latitudes 29.749089◦

and 29.735839◦ and between 30.702895◦ and 30.728082◦ longitudes, with
four electrical resistivity profiles as shown in Fig. 1b and a surface topogra-
phy generally dipping southward.

Several basalt sheets are exposed near the study area as in Fig. 1c due to
the presence of extrusive basalt cover on top of Jebel-Qatrani (Jebel-Qatrani
can be translated from Arabic as Tar Hills). This basalt occurs in several
localities all over Egypt, mainly at Gabal Qtrani, Cairo-Suez District, south
Quseir, Abu Zaabal, Baharyia Oasis, East Samalut, and south Wadi Hodein
and is considered the youngest unit in the basement rocks in Egypt (Shahin
and Masoud, 2013).

The most important study of Oligocene basalts was done by (Abdel Meguid
et al., 1992), who classified the Tertiary basalts found in the Jebel Qatrani,
South Quseir, and East Samart regions into two main types: high TiO2

basalt and low TiO2 basalt. He also concluded that the intraplate continen-
tal basaltic volcanism that produced the Tertiary basalts common in Egypt
was contemporaneous with the opening of the Red Sea and the uplift of the
African-Arabian dome.

45



El Hameedy M. A. et al.: Detection of subsurface basaltic sheets and . . . (43–63)

Fig. 1. (a) Relief map of Egypt displaying the study area (marked as a red star) and
intraplate basalt intrusions (as black circles); (b) areal imagery (Google Earth, 2021a)
displaying the locations of the profiles conducted in the area; and (c) areal imagery (Google
Earth, 2021b) illustrating exposed basaltic sheets a few kilometres to the south-west of
the surveyed area (Widan el-Faras area).

2.1. Stratigraphy

The study area is covered by a variety of sedimentary rocks ranging in age
from the Oligocene to the Miocene. The Qatrani Formation (Oligocene)
was deposited over the Qasr El Sagha Formation (Eocene). These two for-
mations are exposed as large scarps on the northern and eastern sides of
the Fayoum depression (Fig. 2), dominated by a relatively thick siliclastic
sedimentary sucession (Said, 1962).

Two members of the Qatrani Formation (Fm) can be recognised and were
first described by Beadnell (1905). To the southwest of the study area, the
lower member can be recognised, while the upper member is recognised at
our study area at Jebel-Qatrani as sandstone with clay interbeds. The de-
positional environment of Qatrani Fm is a complex alluvial unit which facies
changes laterally and vertically at both small and large scales and extends
to a maximum thickness of 250 m.

Beadnell (1905) described Tertiary (Oligo-Miocene) basalts in the Fay-
oum depression as sheets and flows subdivided into three units from top to
bottom as follows: altered basalt layer rich in cavities filled with halite and
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Fig. 2. (a)Geological map of northern Fayoum province modified after (El Baz et al., 2022);
(b) lithostratigraphic description of the outcrop in the study area.

secondary calcite pockets; basalt rich in vesicles which are filled with calcite
and sulfur; olivine basalt ranging from very hard to fractured basalt filled
with sulfur. These basalt lavas cover the upper Qatrani cliffs with varying
thicknesses from 2 to 25 m. (The latter thickness is recorded at Widan
El Faras, Fig. 1) (El-Hinnawi et al., 2021), at the outcrops where basalt is
thinnest, there appears to be a single flow; however, some authors believe
that there are two or more flows (Bown et al., 1988; Fleagle et al., 1986).

Khashab Formation of Miocene age overlaying Widan el Faras basalt
consists mainly of coarse sandstone, cobble conglomerate, and chert-bebble
with petrified wood fragments disseminated on the surface. Many out-
crops around the study area of Jebel-Qatrani were studied and concluded
in Fig. 2.

2.2. Structural setting

At the end of the Oligocene, a tensional tectonic episode occurred and was
accompanied by northwest-trending normal faults throughout the northern
parts of the Eastern and Western Deserts of Egypt. Basaltic lava has ex-
truded from these cracks in different places (Rittmann, 1954). Many authors
investigated the Fayoum fault system in order to learn more about the ori-
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gins of the Fayoum depression (Kusky et al., 2011; Said, 1979; Bayoumi
and Gamili, 1970; Blankenhorn, 1901). The Jebel-Qatrani volcanic rocks
were assumed to be related to the extensional phase of Red Sea opening (El-
Shazly et al., 1974). A main goal of this study is to delineate these normal
faults.

The major fault trends in the area (Fig. 2) are NW–SE (Clysmic trend)
and E–W (Tethyan trend). Near the northern part of the study area, an
E–W strike-slip fault offsets the basaltic sheets there by about 2 km. In
the eastern part of the Jebel-Qatrani area (Alrefaee and Abd el-aal., 2017),
they detected some active faults, and this supports that the neo-tectonic
activity in the Fayoum area is one of the most important factors to put into
consideration before any development plans in the area.

2.3. Data sources and processing

In this paper, we used the Res2dmod software to generate synthetic data,
which was then exported as model files, inverted with Res2dinv, and dis-
played as 2D electrical resistivity tomographs.

The field dataset in Fig. 3 was gathered using an IRIS Syscal Pro résis-
tivimètre based on aeromagnetic data results collected over the Fayoum

Fig. 3. Field data acquisition along (a) profile L-2, and (b) profile L-3.
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province. Two electric cable reels were used to extend the length of the pro-
file to 235 m. The Wenner array was selected based on results of numerical
models in Sect. 3 with a maximum depth of approximately 38 m using 48
electrodes and a 5 m electrode spacing.

The field topography data were imported, and the measured data points
were examined to look for errors (bad data points). Profile L-3 and L-4
indicate some bad data points, so they were removed. Then the field data
was exported as Res2dinv data files with topography embedded within the
data files.

Aeromagnetic data acquired over Fayoum province was utilised to de-
termine the location of ERT profiles. Fig. 4 represents the Tilt Derivative
(TDR) filter map of the Reduced to North Pole (RTP) after (Abdel Kader
et al., 2013) for the same dataset overlaid by the study area locations.

Fig. 4. Tilt Derivative Map (TDR) of the Reduced to the Pole (RTP) for Fayoum province
showing several anomalies representing basaltic sheets. The black lines represent the zero-
contour lines of (TDR), which is at or near the position of contact. Modified after Abdel
Kader et al. (2013).

The Tilt Derivative filter (TDR) has been applied to magnetic data,
where contact locations can be easily tracked on a map (Salem et al., 2008).
Figure 4 highlights relatively small anomalies present within the study area
representing near basaltic sheets. The nearby exposed sheet in Fig. 1 is also
detected in the (TDR) aeromagnetic map.
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3. Methodology

3.1. Numerical modelling

Three theoretical apparent resistivity psedusections were produced for a
model with three arrays. Based on studying outcrops in the area of study
and the predicted subsurface structures Wenner-alpha, Schlumberger, and
Dipole-Dipole presented in Fig. 5 were tested. The generated synthetic mod-
el is a faulted basaltic sheet-like body of 800 Ω.m with a surface topography
simulating field topography embedded within alluvial sediments of 30 Ω.m
of host rock overlain by 200 Ω.m of sandstone with petrified wood fragments.

Fig. 5. Most common arrays for 1D, 2D, 3D electric profiling and sounding.

In this paper, the authors utilised (Res2dmod) software to generate sev-
eral numerical models (Fig. 6), to choose the optimum survey parameters.
The constructed model of resistivity distribution in Fig. 6 was constructed
based on geological outcrop studies conducted at several locations where
the basalt is exposed on the surface, and the depth to the basalt in the
study area was chosen based on drilling data from modern basalt quarry
activities, before declaring the area a historical heritage area.

Generally, these apparent resistivity models are divided into small ele-
ments of (structured and unstructured), (quadrilateral and triangular), and
(homogenous and isotropic) cells, which produce a numerical model to be
solved either with the finite difference method (Dey and Morrison, 1979;
Loke and Barker, 1996) or the finite element method (Smith and Vozzof,
1984). The latter is our case with a quadrilateral structured mesh contam-
inated with 3% Gaussian random noise. The modelled apparent resistivity
data in Fig. 6 are inverted using the least square inversion algorithm in
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Fig. 6. Forward Modelling results for (a) faulted basaltic sheet with surface topography
simulating a study area show the apparent resistivity distribution of the subsurface for
(b) Wenner-alpha array, (c) Schlumberger array, and (d) Dipole-Dipole array.

(Res2dinv) tomographic inversion. The results of these scenarios are syn-
thetic datasets, which are simplified representations of the subsurface resis-
tivity structure of the geologic setting within the studied area.

It is worth noting that sensitivity analysis of the used arrays and more
is well-studied and there are good examples (Qiang et al., 2022; Wilkinson
et al., 2012; Dahlin and Zhou, 2004; Furman et al., 2003) of optimization
algorithms for obtaining an optimised measurement configuration based on
the model resolution matrix. Singh and Sharma (2022) performed to study
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the sensitivity and geometric factors of the same three arrays used here.
However, the topic of sensitivity analysis is out of scope for the current case
study, and the numerical simulations were to coarsely define the parameters
to just initiate the first phase of the site studies, and future studies in this
area will be initiated based on the results from the current research.

3.2. Inversion

From apparent resistivity psedusection acquired in the field or computed
theoretically, the inversion is employed to obtain the true resistivity struc-
ture of the subsurface. Each iteration of the inversion scheme can be broken
down into three steps (Loke and Barker, 1995):

– The first step is calculating the apparent resistivity for a model we
have been building using finite-element or finite difference methods in
which we divide the subsurface into small cells, and those cells normally
increase in size with depth (Dahlin, 2001). In this paper, we used the
forward model subroutine with the finite element method because it is
more flexible, especially when there is topography present in the model.
The difference between calculated and measured apparent resistivity is
used to determine the (RMS) error between them.

– Secondly, the Jacobian matrix of partial derivatives is calculated. Using
Gauss-Newton or quasi-Newton methods (Loke and Dahlin, 2002), the
Gauss-Newton method requires more time to calculate the Jacobian ma-
trix but gives better results than the quasi-Newton method, especially
if high contrast in resistivity is present, and the Gauss-Newton method
has been used for numerical simulations.

– Finally, the least-square equation has to be solved where Gauss-Newton
or Quasi-Newton methods are used in this equation to be solved. Gen-
erally, the inversion of 2D and 3D resistivity data is carried out using
the regularised least-square optimization method mentioned previously.
To constrain this optimization, two methods are used:

1. Least-squares method with smoothness constraints (L2 norm)
(deGroot-Hedlin and Constable, 1990).

2. Blocky constrained least-square method (L1 norm) (Claerbout and
Muir, 1973).
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The choice of one over the expanse of the other depends on the nature of
the subsurface resistivity changes. If the change is gradual and there are no
sharp boundaries, it is preferred to use smooth inversion. But the blocky
inversion method gives significant results when there are sharp boundaries
(Loke et al., 2003) – there are relatively high abrupt changes in resistivity
at boundaries.

Overestimation of the thickness of the basaltic sheet in the solution of the
tested arrays is most likely related to the smoothing constraint employed as
part of the regularisation process in the inversion scheme (Marescot et al.,
2004; Carey et al., 2017). The generated numerical simulations used in this
paper were inverted using the smoothness constrained least-square method
(L2 norm).

The Wenner-alpha array is sensitive to vertical variations in resistivity,
so it can identify horizontal structures better than the Dipole-Dipole array,
which has greater sensitivity to lateral variations in resistivity, so it can
identify horizontal structures. In the Dipole-Dipole array, the average value
of artifacts is greater than expected by the synthetic model, and because
of the nature of the D-D array in which the potential dipoles are located
outside of the in-line current dipole (Fig. 5), it creates minor potential field
gradients, which are hard to solve during the inversion, resulting in these
significant artifacts.

Schlumberger array represents a middle ground between Wenner and
Dipole-Dipole arrays with high sensitivity to define horizontal and vertical
structures. The inversion results of the numerical simulations presented in
Fig. 7 demonstrate a significant decrease in inversion artifacts in Wenner
and Schlumberger than in the Dipole-Dipole array. Parameters and inver-
sion results of numerical simulations are represented in Table 1.

Table 1. Synthetic model characteristics and inversion results of faulted sheet model.

Array No. No. Electrodes RMS No. Dipole length Separation
data elec- spacing error itera- in meters (a) factor (n)
points trodes (m) (%) tions

Wenner-alpha 357 48 5 4.2 6 5,10,15,...,70 –

Schlumberger 465 48 5 3.9 5 5 1–15

Dipole-Dipole 570 48 5 3.1 5 5 1–15
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In general, while deciding between electrical resistivity arrays, the ac-
quisition time factor is a significant aspect to take into consideration, along
with its ability to define the boundaries of the basaltic sheet, as well as the
ability of the array chosen to give the lowest inversion artifacts.

Fig. 7. Inversion results of theoretical data generated in Fig. 6. (a) Inverted Resistivity
tomogram for Wenner-alpha array; (b) Schlumberger array, and (c) Dipole-Dipole array.

3.3. Application to field data

Application to real data aims to assess the lithology of the subsurface and
calculate the thickness of the basalt sheet for various purposes, as well as
outline the extent of this sheet, by integrating forward modelling and field
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investigation results. 2D ERT field dataset were inverted using Res2dinv in-
version algorithm. The algorithm of Res2dinv is a non-linear optimization
technique used to determine the subsurface resistivity distribution using
two inversion schemes. The first one named a normal scheme (L2 norm,
smoothed least square constraint) and the second one named robust scheme
or blocky inversion (L1 norm smoothed constrains).

In this paper we used the standard least square inversion (L2 norm),
which results in a small RMS error, which is the minimization of the square
of the difference between the measured and the calculated apparent resistiv-
ity. The inversion process stopped when the improvement in the RMS error
was not significantly large. The field data exhibits an RMS error range of
1.3 % to 7.7 % after 6 to 7 iterations as shown in Table 2.

Table 2. Field data parameters and inversion results.

Profile Inversion No. Dipole length No. Electrodes RMS No.
No. data in meters (a) elec- spacing error itera-

points trodes (m) (%) tions

L-1 Least square 359 5,10,15,...,75 48 5 5.7 6

L-2 Robust* 360 5,10,15,...,75 48 5 1.3 7

L-3 Least square 330 5,10,15,...,75 48 5 7.7 7

L-4 Least square 357 5,10,15,...,75 48 5 3.8 6

*Note: The robust inversion scheme was used in the inversion of profile-2 because it gave
lower error than the least square inversion scheme.

4. Results and discussion

The uppermost layer, consisting of dry sandstone from offset 0 to 100 metres
and reaching a depth of 5 metres, and alluvium with relatively low resistiv-
ity ranging from 100–235 m and exposed at surface, was recognised across
the profile, according to the inversion results of the geoelectric section of
profile L-1 calculated by the Wenner-alpha array (Fig. 8a).

At 3–6 metres depth, a noticeable, resistive zone of more than 120 Ω.m
is discernible. This feature indicates a fractured and weathered basaltic
sheet with low resistivity values (130 Ω.m) affected by the E–W Oligocene-
Quaternary faulting system and filled with auxiliary halite based on the sig-
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nificant resistivity differences and aeromagnetic anomalies from data gath-
ered across this area. Several drainage patterns cut through surface sed-
iments (small channels visible in Fig. 1) which transport water and clay
during rainy days through the Miocene Khashab sandstone formation and
Oligocene Qatrani alluvial sediments, infiltrating the fractured basalt and
lowering its resistivity values.

The sharp interface between the basalt boundary, with an average thick-
ness of 15 m, and the host Qatrani formation can be identified, and this is
due to the selection of the Wenner-alpha array, which proves its capability
to delineate the basalt sheet effectively as proposed in Sect. 3.1.

Profile L-2 (Fig. 8b) oriented NW–SE shows the presence and extension
of a basaltic body (resistive anomaly) overlaying Oligocene Qatrani Fm
with a resistivity value of approx. 3200 Ω.m, which implies that this body is
relatively intact and not heavily weathered or fractured. A nearly vertical
heterogeneity feature is interpreted as a fracture zone located at x = 185 m
related to the extrusion and occurrence of this Oligocene basalt. A blocky
constrained least-square inversion routine (L1) was applied for profile L-2
inversion because it gave minimum RMS error and worked very well in the
case of sharp boundaries of intact resistive basalt (3200 Ω.m) and less resis-
tive (30 Ω.m) alluvium sediments.

Inversion results of profile L-3 oriented almost N–S, which is an illustra-
tion of a major fault structure within the study area that is interpreted as
a fault related to the E–W fault system, which displaced nearby exposed
basaltic bodies 2 km away from each other.

Finally, Profile L-4 (Fig. 8d) shows an extreme case in which the basalt
was exposed to the surface and exploited within ancient Egypt. Beneath
the basalt, the Qatrani formation is present with a thickness of 10–25 m
and is affected by a possible fault.

Based on both synthetic and field data from profiles L-1 to L-4, the re-
sults support that the horizontal structures are delineated quite well in 2D
geoelectric sections measured by the Wenner-alpha array agreeing (Dahlin
and Zhou, 2006) work of sensitivity analysis. The selection of this array was
made due to its effectiveness in investigating regions with vertical resistivity
variations.

Academically, each type of array has advantages and drawbacks because
investigating subsurface geological characteristics with more than one ar-
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Fig. 8. Inversion results of field data (Fig. 1b) using Res2dinv: (a) Profile L-1 shows
relatively low resistivity Fractured basaltic layer; (b) Interpreted fracture zone and high
resistivity intact basaltic sheet in profile L-2; (c) Profile L-3 with a major fault associated
with basalt intrusion during the Oligocene; (d) Profile L-4 at the top of Jebel Qatrani
along ancient basalt quarry with very low resistivity response due to water infiltration
and fracturing in the extrusive sheet at the top of Mountain Qatrani.

ray at the same location may result in different geoelectrical inverse models
due to inconsistent conceptual and inherited applied benefits and drawbacks
(Athanasiou et al., 2007). However, in our situation and based on the nu-
merical simulations, the Wenner array worked well. The current work was
done on an exploratory basis, and this suggests that the resistivity imaging
approach may identify the basaltic sheet from the surrounding rocks in such
ancient mining locations.
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5. Conclusion

The results of this research demonstrate how ERT may be utilised to ex-
amine subsurface extrusive basalt sheets within a sedimentary alluvial envi-
ronment and associated faults, taking into account the surface geology and
regional structural setting.

Numerical models used in this paper were utilised to confirm the applica-
bility of the Wenner-alpha array in detecting and delineating—effectively—
the basaltic sheet boundaries mounted in less resistive alluvial sediments
host rock and to choose the optimum survey parameters. The Wenner
array proved that it is the most suitable array for the problem at hand,
with the ability to delineate horizontal structures (basaltic-sheet) with min-
imum inversion artifacts relative to Dipole-dipole and Schlumberger arrays,
and the apparent resistivity anomaly is closely matched to the location of
the subsurface sheet with its location, extent, and size since the Wenner-
alpha array has better vertical resolution. Furthermore, the number of data
points relative to the other arrays is generally lower and leads to minimis-
ing acquisition time, which is a very important factor in any geophysical
survey.

Furthermore, the Wenner-alpha array was used to conduct the field in-
vestigation along four lines. The geoelectrical resistivity tomographs that
have been inverted reveal that the basaltic flow is forming a layer that caps
the Oligocene Qatrani formation, which is associated with normal faults in
the study area and shown as resistivity contrasts mounted within a complex
alluvial depositional environment. Such sheet-like basaltic bodies were at a
depth of 0.5–6 metres ranging in resistivity from 130–3000 Ω.m depending
on the degree of weathering, fracturing, alteration, and rainwater infiltra-
tion through these fractures with the presence of auxiliary halite in this
vesicular basalt. In future studies in the same area, this technique proposed
here may help us obtain more accurate quantitative information from other
geophysical methods to conceptualize the geological setting of this historical
site.
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