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Abstract
The geophysical study using the VES and the ERT, carried out in the coastal area of Essaouira (Morocco),
for the purpose of mapping the aquifers by combining the two geo-electrical methods, the results allowed
us to determine the lateral and vertical distribution of the geological formations in the study region.
Thereafter the exploitation of these results by the decision makers in the choice of the sites likely to be
hydrogeologically fertile to answer the need for the inhabitants in resource in water. The synthesis on the
evolution of the geological layers, the variations of thickness and to highlight the anomalies which could
affect them, the GIS tool makes it possible to draw up maps (VES) and electrical imagery (ERT ) at a
depth chosen by data interpolated by Kriging. The analysis of the results shows that the Qsob zone is of
paramount hydrogeological interest, it is represented by a very important layer given the great extension
of the resistant formations of Plio-Plioctecene and Cretaceous age with signi�cant thicknesses. The area
is crossed by the Qsob River which is the main source of supply for these two aquifers. With the
communication of the two aquifers by the very abundant and dense electric discontinuities of general
directions E-W, NE-SW and NNE-SSW.

1. Introduction
Morocco is one of the Mediterranean countries currently experiencing intense demographic, social,
cultural, economic and environmental changes. Water resources in the countries around the
Mediterranean are limited and unequal. The Mediterranean bassin regroups 60% of the water-poor world
population with water capital/inhabitants less than 1000 m3/inhabitant/year, in Morocco, it is less than
650 m3/inhab/year (Sinan et al., 2009 ; Ouzerbane et al, 2021a). Resources are already overexploited in
many places and the growth in water needs will remain very strong with population growth in the
southern Mediterranean basin, the development of tourism, industry and irrigated land. The scarcity of
water resources in the Kingdom is not an exceptional concept. It stems from the peculiarities of the
geographical and climatic context of the region. The various processes, cited above, will exacerbate the
problems of availability of this resource in quantity and quality. This will accentuate the tension between
supply and demand (Calow et al., 2010 ; Jamaa et al., 2020). Such situations will recur in the future and
perhaps even more frequently if they are linked to the phenomenon of deserti�cation which affects West
Africa and to the extent of climate change on a planetary scale. This water crisis is aggravated by the
dynamic interaction of several processes that act at the local, national and global level (Bahir et al, 2002,
Ouzerbane et al, 2021b). Globally, the total volume of groundwater resources is di�cult to measure, but
one estimate puts it at around 10.5 million km³ (Shiklomanov and Rodda, 2003), with groundwater
resources remaining the main source of water fresh water on Earth, with more than 90% of fresh water
immediately available (PNUE, 2008; Boswinkel, 2000). Aquifers are increasingly in demand, as modern
capture technologies are becoming widespread, while surface water resources, which are more
accessible, are gradually being overexploited with 50% for domestic use; 40% in industry; and 20% in
irrigation water supply (Zektser and Everett, 2004). Groundwater is essential for securing water supplies
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in arid and semi-arid regions and is a factor of resilience in the face of climate change (Bahir et al., 2001 ;
Karroum et al., 2017 ; Ouhamdouch al., 2019).

Faced with these problems, it’s necessary to put in place mechanisms and actions aimed at recognizing,
preserving and safeguarding water resources. The study area is represented by the coastal part of the
Essaouira basin which is part of the Moroccan Atlantic coast with an arid to semi-arid climate. It’s a
space that is given a heavy responsibility in the socio-economic development of Morocco (Chamchati et
al., 2013 ; Ouzerbane et al., 2014; Ouhamdouch et al., 2016b ; Bahir et al., 2019 ; Jamaa et al., 2020). This
development implies a signi�cant increase in water needs in the years to come, both for drinking water
supply and for irrigation and industry (Ouhamdouch et al., 2018b ; Chafouq et al., 2018 ; Jamaa et al.,
2020). The Essaouira basin has experienced, like other regions of Morocco, a signi�cant decrease in
water in�ows in quantity and quality. This situation has led to a reduction in agricultural productivity and
the degradation of several ecosystems. However, this basin has an aquifer system made up of a set of
aquifers of unequal importance (Ouzerbane et al, 2021c). These aquifers can provide a natural regulating
capacity that makes them valuable for safely ensuring a steady supply. The reserve also makes it
possible to meet seasonal needs thanks to temporary overexploitation insofar as reconstitution is
possible. The overexploitation of aquifers, especially in arid and semi-arid regions, leads to environmental
problems, an increase in pumping costs and above all the depletion of the resource for future generations
(Urish and Frohlich, 1990; Sherif et al., 2006; Attwa and Zamzam, 2020 ; Shah et al, 2007 ; Ouzerbane et
al, 2021c). Water quality is essential for the well-being of the inhabitants of the coastal zone of
Essaouira, the maintenance of healthy aquatic ecosystems and the activities of the primary sector, in
particular agriculture, tourism and aquaculture. Quality problems rendering water unusable only
exacerbate scarcity (e.g., Calow et al., 2010; Ouzerbane et al., 2014 ; Manu et al., 2016 ; Ouhamdouch et
al., 2016a). With an increasing demand for water and an often insu�cient resource, the Tenssift hydraulic
basin agency (ABHT) and the National O�ce for Drinking Water and Electricity (ONEE) still favor the
development of supply. So, the exploitation of groundwater, hydraulic developments and the use of non-
conventional water are the means implemented to meet drinking water needs, particularly for agriculture.
The integrated and participatory management of water resources and demands has been selected as the
�rst area of   action for decision-makers in the province of Essaouira, with water demand management
issues of a different nature, in some places, the qualitative aspects of the resource prevail, as well as the
interest in maintaining, or even restoring, ecosystems, thereby lowering the cost of water supply (Ouarani
et al., 2021 ; Ouzerbane et al., 2021a). The coastal zone of Essaouira is tightening between a limited
water resource and strongly increasing demands, the challenge is still above all quantitative. It is
fundamental not only to consider water as a resource, but also to understand its importance for the
functioning of complex ecological systems (Chamchati et al., 2013 ; Ouzerbane et al., 2019 ; Ouarani et
al., 2020; Ouzerbane et al., 2021a; Ouzerbane et al., 2021b).

Local solutions, based on �eld knowledge, are necessary for the sustainable integrated management and
protection of ecosystems. In this context, the geophysical study presented here aims to de�ne the
geometric characteristics of the super�cial aquifer (Eluwole et al., 2018), in order to better understand the
geological structure and plan the judicious location of groundwater exploitation boreholes (Souid, 1983;
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Medina, 1994; Piqué, 1994; Broughton and Trépanier, 1993; Piqué and Laville, 1996 ; Piqué et al., 1998 ;
Ha�d, 2000; Mader et al., 2017). The study by electrical soundings (VES) and electrical tomography (ERT),
as well as hydrogeological mapping, and the collection of agricultural and socio-economic data are all
data that must be integrated in digital form to obtain land classi�cation maps that can be easily used by
developers and planners in the Marrakech-Sa� region and to plan the judicious location of groundwater
exploitation boreholes (e.g., Bhattacharya and Patra, 1968 ; Bose and Ramkrishna, 1978; Urish and
Frohlich, 1990; Devi et al., 2001; Sainato et al.,, 2003; Owen et al., 2005; Sharma and Baranwal, 2005;
Singh et al., 2005; Yadav and Singh, 2007; Francese et al. 2009; Kumar et al., 2010, 2014; Chandra et al.,
2012; Ebraheem et al., 2012; Zaidi and Kassem, 2012; Anechana et al., 2015; Manu et al., 2016; Sikah et
al., 2016 ; Himi et al., 2017 ; Essahlaoui et al., 2003 ; Wa�q et al., 2019). In this regard, the use of a
geographic information system (GIS) is necessary. The geological information collected also made it
possible to facilitate the choice of geophysical methods best suited to the context of the study and to
better implement the geophysical measurement grids (Ouzerbane et al., 2018b).

2. Geographical Location Of The Study Area
The Essaouira basin is a coastal area located in the center-west of Morocco. It belongs to the Moroccan
Atlantic margin and covers approximately an area of 20000 km² of the Eastern Mesozoic Passive Margin
of the Central Atlantic Ocean. The basin is bounded to the north by the Tensift river, to the south by the
Western High Atlas, to the east by the plains of Imi-N-Tanoute and Chichaoua and to the west by the
Atlantic Ocean. It is a plateau, slightly raised to the south and north, gently sloping down towards the
Atlantic Ocean then dropping sharply to give rise to the coastal zone with dune relief.

The Essaouira syncline study area is part of the coastal zone of the Essaouira basin with an area of
approximately 1418 km2 (Ouzerbane et al., 2018a). It is bounded to the north by Jbeb Hadid, to the south
by Tidzi river, to the east by the reliefs of Chiadma south and Haha north and by the diapir of Tidzi and to
the west by the Atlantic Ocean. It is not very rugged and is characterized by a relief of low hills with
altitudes between 0 and 800 meters, shaped by a low-density hydrographic network that �ows into the
Atlantic Ocean (Fig. 1).

3. Geological Situation Of The Study Area
The Essaouira basin has two tectono-stratigraphic series (Fig. 2) :

A synrift series of Lower Triassic-Liassic age, emplaced above a Paleozoic bedrock structured by the
Hercynian orogeny ; this Triasico-liasic series is formed mainly by lacustrine, �uvio-deltaic to marine
detrital deposits, evaporitic deposits and basaltic �ows ;

A post-rift series of Upper Liassic-Eocene age, formed by proximal platform deposits in general
(Ouzerbane, 2015 ; Ouzerbane et al., 2019 ; Cohen et al., 2020).
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From the structural point of view, the basin is part of the North Atlas furrow de�ned by Ambroggi (1963)
as being a zone of moderate folding. The structure of the basin is represented by a succession of
anticlines and synclines which resulted from the combination of the effects of Atlas tectonics and
diapirism. The whole of the basin is fragmented by major accidents which extend under the cover and
which are inherited from the Hercynian tectonic phase (Souid, 1983; Medina, 1994).

3.1 Paleozoic (ante-rift deposits)
It is known at the outcrop in the circumference of the basin at the level of the Jebilets and the Western
High Atlas and by drilling in the center of the basin.

The Cambrian : It exists on the eastern edge of the basin resting unconformably on the Precambrian
basement. It is formed by argillaceous quartzitic sandstones surmounted by compact quartzites.

The Ordovician : Represented by epicontinental terrigenous deposits, transgressive on the Cambrian
deposits.

The Silurian : it is formed by gray silty clays with rare intercalations of grey-beige limestone.

The Devonian : Includes argillaceous limestones, grey-brown limestones and silty red clays presenting
past �ne sandstones and marls.

The Carboniferous : The deposits of this system have never been reported in the Essaouira basin.

The Permian : Made up of conglomeratic deposits to the north of the Doukkala basin (Machraa Ben
Abou) and in the Argana corridor.

3.2 Mesozoic and Cenozoic

3.2.1 Triassic age
In the Essaouira basin, synrift deposits outcrop only at the level of the Tidsi diapir in the form of red
saliferous clays and shreds of basaltic �ows called "ophites" (Suter, 1958) in the north of Jbel Kourati. In
the subsurface the synrift series overlies unconformable Paleozoic deposits. It presents from bottom to
top the lower salt, clay, sandstone and conglomerates, followed by the basalt, then the post-basaltic
Triassic formed by siltstones, clays and salts. The Triasico-liasic formations are surmounted by
epicontinental carbonated marine deposits (Fig. 2).

3.2.2 Jurassic age
Middle-Upper Lias : It is formed by oncholite limestone constituting the Arich Ouzla Formation which
outcrops in the Jbel Amsitten region. The Domerian is formed by a �uvio-deltaic regressive detrital series
corresponding to the Amsitten Formation (Fig. 2).
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Toarcian-Lower Aalenian : The Toarcian-Aalenian is formed by limestone and dolomites, marls and
gypsum.

Upper Aalenian-Bathonian : It is formed by silico-clastic detrital deposits and whose lateral equivalent.

Callovian-Middle Oxfordian : It corresponds to marl-limestone deposits. It constitutes the Sidi Rhalem
formation dated by ammonites (Roch, 1931).

Upper Oxfordian : It is represented by lithographic limestones with �ne bedding emplaced in a con�ned
environment. The deposits correspond to the Hadid Formation (Medina, 1994; Piqué, 1994).

Lower Kimmeridgian : During the Lower Kimmeridgian there is a sudden change in the sedimentation
regime with the establishment of evaporitic and sometimes detrital deposits.

Upper Kimmeridgian - Portlandian / Berriasian : They are represented by carbonates, essentially
dolomites and evaporites (anhydrites and gypsum). The base of this set is dated to the Upper
Kimmeridgian, while at the top the Calpionelles associations do not make it possible to separate the
Portlandian from the Berriasian (Taj-Eddine, 1991).

3.2.3 Lower Cretaceous age
It is characterized by an essentially marine regime with neritic limestones and marls alternating with
episodes with red silico-clastic deposits (Fig. 2).

Upper Berriasian-Basal Valanginian : It includes more or less silty marl limestones and fossiliferous
marls.

Lower Hauterivian : Consisting of marl deposits interspersed with a few limestone and sandstone beds
evolving towards channel deposits or towards madreporary reef limestones.

Upper Hauterivian : Consisting of marls and red sandstone passing eastward to red and green clays with
intercalations of sandstone limestone with oysters, presenting horizontal or intersecting strati�cations
(Duffaud et al, 1966 ; Rey et al, 1950).

The Barremian : Represented by marly grey-green limestones, sometimes lumachelic.

The Aptian and Albian : Comprising conglomeratic sandstones, marls and marly limestones with
ammonites, the Tadhart Formation consisting of limestones with ammonites and marl intercalations ; the
Tidsi river Formation is made up of marly limestone with pyritic ammonites and sandstone limestone
(Rey et al, 1950).

3.2.4 Upper Cretaceous age
The Cenomanian is represented by marls, limestones and dolomites corresponding to the Aït Lamine
Formation and representing a general transgression to the entire basin (Choubert and Faure-Muret, 1962).
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The Turonian corresponds to marl-limestone and dolomitic limestone with anoxic clayey levels
corresponding to the black shales recognized throughout the world.

The Coniacian-Santonian is represented by dolomitic limestones, dolomites and gypsiferous red marls.

The Campanian corresponds to a detrital and evaporitic episode with gypsiferous and sandstone-
dolomitic red marls.

The Maastrichian is represented at the base by a bar of silici�ed limestone followed by a marl-dolomitic
series (Choubert and Faure-Muret, 1956 ; Duffaud, 1970a).

3.2.5 Tertiary age
Represented by Marly deposits of Montien and phosphate sands with Odontaspis macrota and
Myliobatis ; Marl and marl-limestone from the Lower Eocene ; Limestones, marls, and oyster-bearing marl-
limestones and nautiluses dating from the Middle Eocene (Lutetian) ; Sands, sandstones and red marls
dating from the Upper Eocene ; White conglomerates found at Imi n'Tanout and dated to the Oligocene
(Fig. 2).

3.3 Plio-Pleistocene and Quaternary
The lithostratigraphy of Plio-Pleistocene deposits shows the succession of several depositional
environments (marine, littoral, �uvial, and lacustrine), separated by discontinuities (Fig. 2).

The organization of these deposits in sedimentary �lling sequences is related to the geodynamic
evolution of the basin. The situation of the Quaternary marine deposits below the Moghrebian deposits,
and their arrangement in stepped systems, within which are nested continental deposits, evoking
successive withdrawals from the sea.

Overall, it can be seen that the palaeographic evolution of the Essaouira region, during the Plio-
Pleistocene, was controlled on the one hand by the combined effects of sea level �uctuations, tectonic
uplift behind country and on the other hand by local climatic modi�cations. The latter played a
determining role in the variation of the nature of the sedimentary contributions and in the installation of
certain deposits (Barkhanes). The diagenetic study of Plio-Pleistocene coastal marine deposits shows
that they have undergone diagenetic processes characterized by early and late cementations which
depend on the hydrodynamic conditions of the deposit environment and the geodynamic evolution of the
entire basin. Some of these Plio-Pleistocene deposits have calcareous crusts at their summits, often
surmounted by zonal crusts with lamellar structures. The study of these calcareous crusts has allowed
the observation of interference and alternation of several important stages in the history of their
formation (sedimentological, biological and diagenetic), in relation to climatic variations (humidity,
drought).

4. Hydrogeological Context Of The Study Area
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4.1 Plio-Pleistocene aquifer
The Plio-Pleistocene in the study area is a matrix reservoir consisting of sandstone dunes and shell
limestone; it extends along the Atlantic coast on a strip of 20 km wide and 30 km long. According to
mechanical soundings and reconnaissance wells carried out in the area by the Tenssift Watershed
Agency, the reservoir is productive only when it is in perched position resting on the impervious marls of
the Cretaceous or Jurassic, where the Plio-Pleistocene rests directly on the permeable formations; the
water in�ltrates vertically to feed the deep aquifer. The saturated thickness of the aquifer varies from 10
to 60 m and extracted �ows do not exceed 10 l/s (Mennani, 2001).

4.2 Cretaceous aquifer
It is the most important aquifer due to its extension and its hydrodynamic characteristics, its properties
are related to the existence of discontinuities represented by strati�cation plans (which give rise to
sources), by fracturing and also by the development of phenomenon of Karsti�cation. It includes the
dolomitic and yellow dolomite limestones of the Santonian whose thickness can reach 100 m, cracked
and karsti�ed limestones of the Turonian with a thickness of 40 to 80 m, the lumachellic limestones of
the Cenomanian and gray marl-limestones with gypseous traces, fractured fossiliferous limestones and
Barremian-Aptian sandstones.

Depending on the geometry and lithology of the subsoil of the study area, the Cretaceous reservoir may
be free or captive, and in the absence of a signi�cant impervious layer between the different levels gives it
the character of a multilayer system where the Turonian aquifer is the most important with a
transmissivity varying between 2.10− 4 and 9.10− 3 m2 / s (Mennani, 2001).

5. Materials And Methods

5.1 Geophysical prospecting
The geophysical study carried out in the coastal area of Essaouira began with a geological
reconnaissance of the area to be prospected. During this initial phase, this reconnaissance consisted of
obtaining all the information relating to the characteristics of the soil and the subsoil. Indeed, the
geological study has made it possible to better identify the type of rock or material, the structure of the
different formations, the sedimentological environment, the mode of formation or genesis of the different
facies and also to identify the state of weathering and fracturing (Fon et al., 2012; Fuh et al., 2019;
Mashhad et al., 2020 ; Asfahani, 2016; Bersi and Saibi, 2020 ; Perrone et al., 2004; Sajinkumar et al., 2015
; Sherif et al., 2006 ; Ogungbe et al., 2012 ; Akintorinwa and Abiola, 2011 ; Arisona et al., 2020). This
collected geological information makes it possible to establish correlations with hydrological, lithological
and petrographic information and also to facilitate the choice of the measurement devices most suited to
the study context and to better implement the data acquisition pro�les (Flathe, 1955; Ghosh, 1971;
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Kosinky and Kelly, 1981; Mazac et al., 1985; Yadav and Abolfazli, 1998; Hodlur et al., 2006 ; Asfahani,
2016 ; El Bouhaddioui et al., 2016).

In parallel with this phase of the study, all the data relating to the hydrogeology of the study area was
collected. These data were collected through a campaign of piezometric surveys and lithologic
identi�cation of aquifer levels.

At the end of this campaign, a work of analysis of all the information was carried out. The data was
accommodated, analyzed and then integrated into a preliminary database which was updated as the
work progressed. The data acquisition was followed by the establishment of geoelectric sections on
which the layers are indicated with their resistivities, thicknesses and depths.

In view of the limitation of vertical electrical soundings (VES) to the determination of lateral variations of
the electrical resistivity of the subsoil (Store et al., 2000 ; Okrah et al., 2012 ; Radouani et al., 2013), the
method of electrical resistivity tomography (ERT) is developed with the aim of obtaining a subsoil model
whose resistivity distribution varies vertically and horizontally along the pro�les, this variation is a
function of many intrinsic properties of the soil such as its mineralization, grain arrangement, porosity,
material density, compaction, temperature and subsoil water content (Russel and Barker, 2010). The
apparent electrical resistivities are then inverted to obtain an interpreted resistivity model (Reynolds,
1997).

The equipment used for the vertical electrical soundings is a Syscal R1 Plus resistivity meter specially
designed for prospecting super�cial and underground terrains, it is perfectly suited to hydrogeological
and structural studies (Sharma, 1997). It can be used to study variations in resistivity as a function of
depth (electrical soundings) as well as lateral variations in resistivity along a pro�le (electrical trails). The
Syscal R1 resistivity meter is designed to work with different types of devices such as Schlumberger,
Wenner, dipole-dipole, pole-dipole, and pole-pole.

5.2 GIS and Choice of spacing and depth of investigation
for ERT
We use the GIS and from the data resulting from the interpolation by kriging of the electrical soundings
carried out in the coastal region of Essaouira at different prospected levels, we have produced pseudo-
sections, which qualitatively re�ect the spatial and vertical variation of the apparent resistivity, so
minimize the error of Schlumberger (VES) and Schlumberger-Wenner (ERT) device investigation depth
ratio by choice of inter-electrode spacing (Loke, 2010). This kriging interpolation method is an
interpolation that estimates the values   at non-sampled points by a combination of data. The weighting of
the points is performed by a structure function derived from the data. It is therefore taken into account
distances, values   and correlations. It is a technique for calculating moving averages using the parameters
of a variogram to obtain a good estimate of the relationship between data points. The latter corresponds
to the evolution of the semi-variance as a function of the lag between the points.
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In practice, the inversion is applied to the VES kriging data with a spacing of 40 m (Table 1). The location
of the tomography pro�les is chosen in a way that more or less coincides with the location of the pro�les
of the VESs already made (Fig. 3, 4). In this case, it is assumed that the resistivity does not change in the
direction perpendicular to the pro�le.

Table 1
Investigation depth of the device used with a = 40 m (Loke, 2010). Zs−w: ERT

Investigation Depth. L: Length of tomographic pro�le. AB: Length of SEV Pro�le. Zs:
SEV Investigation Depth.

Schlumberger – Wenner (ERT) Schlumberger (VES) Error

n L= (2n + 1)a Zs−w/L Zs−w AB Zs/AB Zs (Zs-Zs−w)/Zs

1 120 0.173 20.76 120 0.190 22.8 0.089

2 200 0.186 37.2 200 0.190 38 0.021

3 280 0.189 52.92 240 0.190 45.6 0.138

4 360 0.190 68.4 300 0.190 57 0.167

5 440 0.190 83.6 400 0.190 76 0.091

6 520 0.190 99.32 500 0.190 95 0.043

7 600 0.190 114.6 600 0.190 114 0.005

8 680 0.190 129.88 - 0.190 - -

9 760 0.190 145.16 800 0.190 152 0.045

10 840 0.190 160.44 - - - -

11 920 0.190 175.72 - - - -

12 1000 0.190 191 1000 0.190 190 0.005

5.3 Inversion of electrical sounding data (VES) for
tomography (ERT).
To obtain the real soil resistivity at the level of the pro�les, the apparent resistivity values   must be
inverted. The principle of inversion consists in determining underground models (interpreted resistivity)
whose electrical response reproduces the measured apparent resistivities (pseudo-section).

The objective of the inversion is to determine the resistivity distribution which minimizes the difference
between the pseudo-section calculated for a subsoil model and the measured pseudo-section. This
difference is generally quanti�ed by the least squares criterion (Root Mean Square, RMS). The subsoil
model obtained at the end of the inversion constitutes an approach which is not unique to represent the
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resistivity of the subsoil, but with the knowledge of the local geology makes it possible to retain the most
representative model.

Using the Res2dinv software (Loke and Barker 1996), the data measured on the ground are inverted. It is
the most widely used tool in electrical resistivity tomography (ERT) applications.

By default, the software �rst generates an initial model of the subsoil with a homogeneous resistivity
composed of layers of increasing thickness with depth. This initial homogeneous resistivity is calculated
at each measurement point according to the acquisition parameters used when taking the
measurements. The thickness of the �rst layer is determined by default according to the device used and
the inter-electrode spacing. The thicknesses of the other layers increase with the depth according to the
choice of the user. Each layer is made up of a number of rectangular cells. From the information included
in the measurement �le (in particular the type of measurement device and the inter-electrode spacing), the
program calculates the response of the model in apparent resistivity (ρcal) at the measurement positions.
The Res2dinv software then seeks to reduce the difference between the calculated values   and the
measured values   (ρmes) by modifying the resistivities of the model. The reduction of this difference is
done in the sense of least squares using an iterative process. The resistivity of each cell of the model is
thus updated after each iteration. When the difference between the measured and calculated pseudo-
sections no longer changes signi�cantly, the program stops the inversion process by presenting the RMS
which provides some information on the mathematical reliability of the determined subsoil model (Loke
and Barker 1996).

6 Results And Discussion

6.1 Interpretation of VES results
The results of the geo-electrical study carried out in the coastal zone of Essaouira, led to the
establishment of certain apparent resistivity. From these qualitative maps one can derive ideas and
information on the lateral variations of the resistivity of a given region for different slices of land
corresponding to different spacings of the electrodes AB of injection of electric current (eg, Atzemoglou
and Tsourlos, 2012; Essahlaoui et al., 2001; Geoscan-M Ltd., 2001).

This geo-electrical study (SEV) has led us to relevant results (Ouzerbane et al, 2013 ; Ouzerbane et al,
2014 ; Ouzerbane et al, 2021a), is the subject of certain research work by Ouzerbane et al. and from the
maps of the apparent resistivities of the research work, the data of the Tomography (ERT) have been
resourced.

In connection with these research results we proceeded to the realization of other thematic map namely
the maps of the equivalence resistance (The map of the total longitudinal conductance LC and the map
of the total transverse resistance TR).
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Generally, the application of the equivalence principle in the study area is interesting to characterize the
Cretaceous age terrains, by the total longitudinal conductance (LC = e/(ρ ) ) for a conductive layer and by
the transverse resistance total (TR = e.ρ) for a resistant layer (with e = Thickness of the layer, ρ = Apparent
resistivity of the layer).

6.1.1 Map of the total longitudinal conductance (LC) of the
Cretaceous conductor
Analysis of the map of the total longitudinal conductance obtained from the conductor data of each
electrical sounding shows values vary from 0 to 7 Ohm− 1, zero or low values may correspond to marl
and/or marl-limestone low or zero thickness and the maximum values probably correspond to marls
and/or marl-limestones that are both thick and conductive. The spatial distribution of the longitudinal
conductance values subdivides the study area into two well-de�ned zones separated by the Qsob river
(Fig. 5).

An area in the North where the longitudinal conductance values increase from West to North-East of the
study area, with higher values observed in the North-East of the Ounara – Had Draa area where the �lling
marly is important. South of Qsob river, the longitudinal conductance values increase from South-East to
West where the maximum values are observed in the Sidi Kawki region and along Qsob river.

The superposition of this map (Fig. 5) with that of the apparent resistivity of the length AB = 500 m,
shows a certain similarity. Certainly, the zones having low longitudinal conductance are characterized by
the strongest apparent resistivities, and contrary, the zones with high values of longitudinal conductance
coincide with the zones with low values of the apparent resistivities.

The longitudinal conductance map and that of the apparent resistivities AB = 500 m are very important,
they can more reliably give the appearance of the roof of the resistant Cretaceous age (limestone,
sandstone and marly limestone).

6.1.2 Map of the total transverse resistance (TR) of the
Cretaceous resistant
The map of the total transverse resistance (Fig. 6) is obtained by the geometric and physical data at the
right of each electrical sounding, this map shows the values of the transverse resistances ranging from
5116 to 21964 Ohm.m2, with the largest values observed to the east of the study area, especially around
electrical boreholes SE39, SE45 and SE54.

The high values of the transverse resistance indicate that either the thickness of the formation is large or
the resistivities which are very high or both at the same time, which is observed around borehole SE45.
One notices around the zones where the values of TR are very high, the transverse isoresistant curves are
very tight and materialize a strong gradient shows the rise of the resistant of Cretaceous age (upper and
lower) which plunges towards the Atlantic Ocean where it gets deeper and deeper.
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The superposition of both the map of the total transverse resistance (Fig. 6) with that of the total
longitudinal conductance (Fig. 5), shows the different zones of contact and probable direct
communication between the two aquifers (Plio-Pleistocene and Cretaceous) from the hydrogeological
point of view.

6.2 Interpretation of ERT results
The �rst step in the interpretation of electrical tomography (ERT) data was performed using the inversion
method of Loke and Barker (1996). The effectiveness of this modeling method has been widely proven in
multiple cases of geophysical prospecting study applied to geological reconnaissance and structural
mapping of deep and super�cial underground aquifers. This method was systematically applied to all the
tomography pro�les implanted at the level of the study area (Fig. 4) in an East-West direction. This
allowed us to obtain models of the subsoil in the form of a section of the real resistivity of the
investigated terrains.

The �ne analysis of the pseudo-sections makes it possible to realize the signi�cant variations of the
intrinsic resistivity thus testifying to the fragmented character of the geological structures and the
remarkable in�uence of the paleogeography (environments of different deposits, transgression,
regression, etc.).

The results of the geophysical survey (Fig. 3) show measured data in the form of real resistivity models
of the basement obtained by inversion of these data. A �rst examination of all the results obtained
reveals the existence of signi�cant variations in the electrical resistivity of the subsoil, testifying to its
heterogeneity. Schematically, the area covered by the geophysical survey is formed by 4 geoelectrical
levels corresponding to 4 major lithological units:

- A resistant level (R1) of resistivity greater than 100 Ω.m corresponding to the karstic limestone level of
the Turonian, dolomitic limestone of the Cenomanian and massive limestone of the Vraconian. This
observation is justi�ed by the �rst calibration surveys carried out on the surface of the Cretaceous
outcrops present in the east of the coastal zone of the Essaouira basin.

- A less conductive level (C1) of resistivity lower than 100 Ω.m corresponding to the alternation of marl
and marl-limestone from the Santonian and Cenomanian;

- A resistant sandstone bench (R2) well represented on the pro�les, its resistivity is located beyond 250
Ω.m. This resistance has been attributed to the consolidated sandstones of the Plio-Pleistocene.

- A very conductive level (C2) of resistivity lower than 50 Ω.m corresponding to the quaternary alluvia
located in the center of the basin and may also correspond to gray plastic marls of Cretaceous age (lower
and/or upper).

6.2.1 Line 1 (South Hadid)



Page 14/39

The subsoil resistivity model obtained along line 1 shows an important resistant zone at the extreme east
of the section separated from another more conductive zone located towards the west (Fig. 7).

Given the location of this pro�le, it is clear that the resistant R1 observed on the surface at the western
end of the pro�le corresponds to the sandstone level of the Plio-Pleistocene with a low thickness.
Towards a depth of about 80 m, a resistant R2 corresponding to the Vraconian is separated from a more
conductive block located to the south and shows two well-de�ned levels:

- The super�cial conductor C1 located in the middle and to the east of the pro�le would represent the
marly and marl-limestone formations of the Cenomanian age.

- The C2 conductor corresponding to the Barremo-Albian marl formation.

6.2.2 Line 2 (Agadir Chicht – Matrazza)
The resistivity pseudo-section obtained along this line shows two resistant masses of unequal size
separated by a conductive zone C1 which would correspond to the lower marl-limestone layer (Fig. 8). As
for line 1, the resistant mass will represent the sandstone beds with a very important thickness. However,
at this line, this bar appears more extensive towards the East and plunges towards the West according to
the tectonic effect and the altitude of the reliefs of the natural terrain. It continues to the western end of
line 2, where it stops abruptly. This suggests a northern extension of the fault also noted at line 3.

6.2.3 Line 3 (El Araich – Had Draa)
On this line, we �nd the rise of resistant R2 (Vraconian) predicted by the local geology (Fig. 2) with the
effect of tectonics. Thus, in addition to the super�cial conductor (C1) which should correspond to a marly
and marl-limestone layer of the Cenomanian towards the east of the pro�le. We �nd the three lithological
units schematized on line 2, namely the sandstone bed (resistant R1) with a very signi�cant thickness
towards the West, the marl-limestone layer (conductor C1) and the massive limestone (resistant R2).

In accordance with the surface geology, the series presents a disturbance towards the East due to the
presence of a series of faults and �exures already detected in the �rst section. The sandstone bar is
continuous to the east on line 3 with a decrease in thickness. A relative drop in resistivity at this location
could correspond to the southern extension of the fault mentioned above but which does not show a
vertical rejection at this location (Fig. 9).

With the effect of tectonics, disturbances were detected along the pro�le and having the same continuity
as that detected in all the pro�les.

It is at the level of this region where there are reliefs and the geometry of the geological formations
(super�cial and deep) of higher altitudes compared to the whole of the zone studied, it shows the
existence can be of an anticline which separates the South Hadid syncline and the Qsob river syncline.



Page 15/39

6.2.4 Line 4 (El Aarabate – Ounara)
It mainly highlights the 3 aforementioned geological entities (Fig. 2). Indeed, the resistivity model
obtained shows a deep resistant (R2) which would materialize the continuity of the Turonian age layer.
The latter is surmounted by a C1 conductor which would represent the upper marl layer of the Santonian.
The sudden decrease in resistivity west of line 4 and the decrease in the thickness of the resistant layer
R1 could be explained by diapiritic upwellings (Fig. 10). This observation has already been mentioned in
several studies and technical reports carried out in the Essaouira basin, this diapirism is manifested by
intrusions of saliferous clays (Bahir et al, 2001).

6.2.5 Line 5 (Qsob river)
The pseudo-section of line 5 (Fig. 11) presents an important resistant level, represented by the dolomitic
and karstic limestones of the Turonian, which appears at a depth of 50m compared to the natural ground
under a wave shape.

To the east, the conductor C1 corresponds to marl and marl-limestone from the Santonian overcomes the
resistant R2. On the other hand towards the west the resistant R2 is directly overcome by the alternation of
resistant conductor attributed to sandy clays and alluvium Qsob river of Quaternary and Plio-Pleistocene
age with a thickness becomes more and more important going from the East to the West and also from
the North of Qsob river to the South.

The resistant R2 rests on the conductor C2 corresponds to marl and marl-limestone of the Cenomanian
age, which behaves like a stack of synclines and anticlines fragmented by faults of different discharges.

6.2.6 Line 6 (Cap Sim – Ait El Aouni)
It highlights the resistant R1 of Quaternary and Plio-Pleistocene age with a signi�cant increase in their
thickness compared to line 5 (Fig. 12), it overcomes a conductive formation C1 which can correspond to
very plastic gray marls of Senonian age. It presents a very important impermeable layer at the base of the
resistant R1 which presents an underground water aquifer and the only water resource in this place given
their thickness and their extension. with a dip from west to east.

6.2.7 Line 7 (Sidi Kawki - Tidzi)
On this line, we �nd the stratigraphic succession provided by the local geology. It made it possible to have
a model which highlights a thin layer of resistant R1 of Plio-Pleistocene age (Fig. 13), based on a less
conductive formation attributed to marl-limestone of Santonian age. This model shows a deeper resistant
R2, which may correspond to the Turonian age limestones outcropping north of the Tidzi river, it rests on
Cenomanian age conductive marls.

The increase in thickness of the resistant layer R1 of Plio-Pleistocene age, going from line 5 towards line 6
and their decrease going from the latter towards line 7 along a NS direction, shows that the region
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between Qsob river and Tidzi river presents a syncline at the heart of Santonian age surmounted by
recent formations of Quaternary and/or Plio-Pleistocene ages.

6.2.8 North-South line (Agadir Chicht - Tidzi)
This section is made in such a way as to cross as many tomographic lines as possible. The model
highlighted by this line of tomography shows the succession predicted by the local geology. It shows the
geometry and the same types of formation encountered in the previous lines (Fig. 4).

From the topographical point of view, the region of Qsob river presents the subsided zone of this pro�le
going to the South and to the North the altitude of the land becomes important. This line highlights
sandstone formations with signi�cant thickness in the North of pro�le with a resistivity exceeding 250
Ohm.m. They plunge towards the region of Agadir Chicht becomes very reduced in thickness and less
resistivity at the level of the region of Qsob river due to the rise of formations of Upper Cretaceous age by
the effect of a set of faults of diapiritic origin (Fig. 14).

Going south, the altitude increases and the thickness of resistant R1 becomes important, it rests directly
on a conductive layer C2 can correspond to plastic marls of Cenomanian age.

7 Conclusion
The geophysical study by vertical electric soundings (VES) and by electric imaging (ERT) carried out
within the framework of the recognition of different aquifers in the coastal zone of Essaouira, guided us
to very important information on the distribution spatial apparent resistivities and their variations (lateral
and vertical). The analysis of the various quantitative and qualitative maps made it possible to follow the
roof and the wall of the various aquifers (Plio-Pleistocene and Cretaceous) and aquicludes of the study
area (Dey and Morrison, 1979; Zhody, 1989; Gupta et al., 1997; Yadav et al., 1997; Basokur, 1999; Singh et
al., 2005, 2013; Piatti et al., 2010; Srinivas et al., 2012; Essahlaoui, 2000; Essahlaoui et al., 2001,
Essahlaoui and El Ouali, 2003 ; Alfai� et al., 2019).

The results mentioned in the results and discussion section show that the Upper Cretaceous reservoir is
by far the most important aquifer in terms of its extension and its hydrodynamic characteristics. It
constitutes a multi-layered system and brings together the geological formations, namely the dolomitic
limestones and dolomites of the Santonian, the �ssured and karsti�ed limestones of the Turonian and
the lumachellic limestones and marls of the Cenomanian. The base of this system is formed by the
massive dolomitic limestones of the Vraconian. These aquifer properties are linked to the existence of
discontinuities within these formations, represented by the strati�cation planes, sometimes giving rise to
water sources, by fracturing and also by the development of karsti�cation phenomena. The Cretaceous
aquifer system, is formed by an assemblage of uplifted and subsided blocks separated by faults (Fekri,
1993). These are organized according to three major directions (NNE-SSW, NNW-SSE and EW), which are
at the regional scale and correspond to the reactivation of deep faults in the Hercynian basement.
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The analysis of the results obtained shows that the area around the Qsob river, is of signi�cant interest
from a hydrogeological point of view. It is represented by a very important layer given the wide extension
of the resistant formations of Plio-Pleistocene and Cretaceous age with very large thicknesses, it is
crossed by the Qsob river which presents as the main source of supply for these two aquifers. The
electrical discontinuities emerging from the superposition of the different maps (qualitative and
quantitative) and from the tomographic sections are very abundant and dense in the Haha Nord region
(Qsob river) with general directions EW, NE-SW and NNE- SW (Piqué and Laville, 1996 ; Piqué et al., 1998 ;
Ha�d, 2000; Mader et al., 2017 ; Ouzerbane et al., 2021a). They can play a role of drain or main axis of
groundwater �ow within this aquifer system, as they can constitute impermeable barriers and therefore
prevent any �ow. Due to this block con�guration of the aquifer, the hydrodynamic �ow of the aquifer is
discontinuous. There may be hydrodynamic interconnections between neighboring blocks thanks in
particular to these conductive faults (Ouzerbane et al., 2021a). They also give rise to springs in areas
where groundwater drains surface water.

On the other hand, the realization of the tomographic sections from the data of the interpolation by
Kriging of the inverted and interpreted vertical electric soundings gave very important information on the
structure and the geometry of underground, thereafter they con�rm the location of various electrical
discontinuities, which may be faults of regional direction already mentioned in the preceding paragraphs.
The lines studied in this study are complementary. An assembly of the eight-resistivity models of these
lines provides an overview of the variation in resistivity in the EW and NS direction through the prospected
area. It should be remembered that the location of these lines was guided by existing hydrogeological
wells in order to better clarify the structure of the deep basement of the study area. Given the strong
resistivity contrast between the sandstones, limestones, marls and clays, the highlighting of such
structures would have been very obvious. The sandstone masses appear clearly on the pseudo-sections
and are materialized on the ground by the dominant reliefs, separated from the overlying terrains by
regional faults trending NE-SW. The structure of the region is thus fragmented and fragmented into
shreds of anticlines and synclines of reduced dimensions compared to the western part. This
discontinuous and folded structure favored the establishment of diapirs of unequal importance. To the
north of the lines studied, the fragmented structures gave way to more monotonous stratigraphic forms.
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Figures

Figure 1

Legend not included with this version.
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Figure 2

Geological map of the Essaouira coastal zone (Ouzerbane, 2015; Ouzerbane et al., 2019).
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Figure 3

Location of vertical electrical soundings (VES) and the mechanical drillings (MD) in the study area
(Ouzerbane et al., 2021a).
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Figure 4

Location of selected lines of electrical resistivity tomography (ERT).
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Figure 5

Map of the longitudinal conductance (LC) of the Cretaceous age conductor.
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Figure 6

Map of the transverse resistance of the Cretaceous age resistant.
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Figure 7

2D electrical imaging section of tomographic line 1 (South Hadid region).
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Figure 8

2D electrical imaging section of tomographic line 2 (Agadir Chicht - Matrazza).
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Figure 9

2D electrical imaging section of tomographic line 3 (Agadir Chicht - Matrazza region).
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Figure 10

2D electrical imaging section of tomographic line 4 (El Aarabat-Ounara region).
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Figure 11

2D electrical imaging section of tomographic line 5 (Qsob river region).
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Figure 12

2D electrical imaging section of tomographic line 6 (Cap Sim – Ait El Aouni region).
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Figure 13

2D electrical imaging section of tomographic line 7 (Sidi Kawki – Tidzi region).
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Figure 14

2D electrical imaging section of the North-South tomographic line NS (Agadir Chicht – Tidzi region).


