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Abstract

A geophysical study carried out in the framework of the water resources recognition within
the Essaouira coastal area (Morocco) enabled to outline the spatial distribution of the Plio-
Pleistocene and Cretaceous formations. It helped to determine the thickness and extension of
the main aquifer used for irrigation purpose. The overall aim of this study is to highlight the
hydrogeological structures of Essaouira Basin.

A total of 45 vertical electrical soundings (VES) were measured using linear Schlumberger
array configuration with a maximum half-length (AB/2) of 1000 m along eight sections of
126 km total length. The number of soundings constituting the eight VES profiles depends on
the topography and the obstacles encountered. The VES data were processed and interpreted.
According to the thematic maps of the study area, the results indicate the existence of three
types of VES with apparent resistivity values ranging from 44 to 320 Q.m. In relationship
with wells and mechanical drillings existing in the area, the analysis of the results obtained
made it possible to derive from the quantitative and qualitative maps the different apparent
resistivity variations of the aquifer and aquiclude geological layers.

The careful examination of these maps shows that the region around the Qsob River is of
interest from a hydrogeological point of view. It is represented by a significant thick layer
given the large extension of the resistive Plio-Pleistocene and Cretaceous formations.
Geophysical studies show that this region is partially protected from marine intrusion given
its location between Tidzi Diapir and hidden diapir from Essaouira which little plays the role
of barrier. It is crossed by the Qsob River which lends itself as the main source of both these

layers. The electrical discontinuities emerging from the superposition of the different maps,
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E-W, NE-SW and NNE-SSW oriented, are abundant and dense in the north Haha region
(Qsob River). Generally, the salt water circulates along these discontinuities from West to
North and Northeast which explains the abundance of low apparent resistivity values recorded
northeastwards. This geophysical reconnaissance is the most important for water supply of
this area affected by increasingly long periods of drought.

Keywords: Essaouira Basin; Qsob River; Plio-Pleistocene; Cretaceous; groundwater; vertical

electrical sounding; apparent resistivity.

1. Introduction

The shortage of Morocco's water supplies is not an unusual concept, it stems from the
peculiarities of the region's geographical and climatic context. The availability of this
resource in quantity and quality will be compounded by many processes (e.g., Calow et al.,
2010; Manu et al., 2016). It should be noted that the unconscious rise over the years has had a
negative effect on the appearance and scale of arid and semi-arid areas of marine and waste
water. Furthermore, in essence, the presence/expansion of saline waters has an opposite effect
on groundwater supplies and agricultural areas that have become polluted with water and
waterlogged areas (Urish and Frohlich, 1990; Sherif et al., 2006; Attwa and Zamzam, 2020).
This will accentuate the tension between supply and demand in relation to climate change.
The impact of these changes by 2020, will result in a decrease in renewable water resources of
4,5 billion m*/year and 3 billion m®/year for mobilizable resources divided into 2,4 billion
m?>/year of surface resources and 0.6 billion m*/year of groundwater (Sinan et al., 2009). This
decrease automatically influences the water/inhabitant capital, which will be 682
m?/inhabitant/year by 2020 instead of 775 m®inhabitant/year in the absence of climate
change. By 2050, the decline in the country's water resources will most probably be between
15% and 20% and should bring the water/inhabitant capital probably to modules of about 500
m?*/year/inhabitant (Sinan et al., 2009). Due to its geographical location, Morocco is subject to
various climatic influences varying from north to south under the effect of latitude and from
west to east under the effect of the continentality. Precipitation is characterized by significant
irregularity that is expressed in one year, even more pronounced south of the Atlas range from
one year to another. The countries of the Mediterranean region, including Morocco, have
experienced endured periods of drought over the past two decades. However, the issue of
overexploitation of groundwater resources continues, despite the efforts of governments
(Chafouq et al., 2018). As a consequence, Essaouira Basin is marked by a high density of

wells leading to overexploitation of aquifers.
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The study area is represented by the coastal area of Essaouira Basin, which is part of the
Moroccan Atlantic coastline. It is a space that is given a heavy responsibility in the socio-
economic development of the country. This development implies a significant increase of the
water needs in the upcoming years as well for the drinking water supply as for the irrigation
and industry. The Essaouira Basin has experienced, like the other regions of Morocco, a
significant decline in water intake in both quantity and quality. This situation has led to the
reduction of agricultural productivity and the degradation of several ecosystems. However,
this basin has an aquifer system consisting of a set of uneven aquifers that can offer a natural
regulating capacity making them valuable to ensure a safe and steady supply. The reserve also
enables temporary overexploitation to meet seasonal needs to the degree that replenishment
becomes possible. The diffuse pollution generated by marine waters has been amplified by
point sources of pollution mainly represented by human and agro-industrial activities
(Karroum et al., 2017). As a result, salt levels recorded in some places far exceed the drinking
water or irrigation standard (Bahir et al., 2001). This situation may eventually jeopardize the
sustainability of agricultural activity as a whole, undermine public health and compromise the
self-purification power of groundwater. These waters flow slowly through the subsoil, so that
contamination from human activities will persist for long periods for certain individual
aquifers ranging from a few years to several decades or more. In other words, in coastal areas,
groundwater resources require special attention to minimize saltwater intrusions, either
locally or at a regional scale (Chamchati et al., 2013). The extension of the saltwater intrusion
depends on the geometry, the structure and properties of the aquifer, the stresses applied to
the aquifer (pumping, etc.) and the flow of freshwater and salty exchanging with the
surrounding environment (Ouzerbane et al., 2014; Bahir et al., 2019). This situation is more
important because groundwater is the only accessible water supply for local communities in
this study area.

Geophysical study, hydrogeological mapping and hydrogeochemical analysis, as well as the
compliation of agricultural and socio-economic data are all data that must be integrated in
digital form so as to obtain easily land classification maps used by forest managers, planners
and plan for the proper implementation of groundwater drilling. The use of a geographic
information system (GIS) is of tremendous importance in this regard. Focus has been
provided to the detailed explanation of the area's regional and local geological context. All the
lithological, petrographic, sedimentological and structural details of all current formations
have been obtained by geological reconnaissance (Souid, 1983; Medina, 1994; Piqué, 1994,
Broughton and Trépanier, 1993; Piqué and Laville, 1996 ; Pique et al., 1998 ; Hafid, 2000;
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Mader et al., 2017). These data enable the facies and levels likely to be obtained by
underground water tables to be defined, as well as to favor the selection of the geophysical
methods best suited to the study context and to better enforce the geophysical measurement
grids. The resistivity method has been chosen, since it is suitable for monitoring soil horizons
within basins as well as aquifer reservoirs (Eluwole et al., 2018). It can thus be applied
successfully to Essaouira Basin coastline. This method has also been applied to a wide range
of fields and reported in numerous papers from the literature (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). As a non-destruction method to the environment, it provides useful subsurface
information and also gives a contrast between rock layers having different electrical
properties (Store et al., 2000; Okrah et al., 2012). Aside from groundwater prospecting, the
Vertical Electrical Resistivity (VES) method, among other techniques, is applied in (i)
mineral and petroleum exploration (Fon et al., 2012; Fuh et al., 2019; Mashhad et al., 2020),
(i) agricultural groundwater identification in semi-arid regions (Asfahani, 2016; Bersi and
Saibi, 2020) (iii) landslide modelling (Perrone et al., 2004; Sajinkumar et al., 2015), (iv)
saltwater intrusion investigation (Sherif et al., 2006), (v) environmental pollution (Ogungbe et
al., 2012) and (vi) foundation engineering (Akintorinwa and Abiola, 2011 ; Arisona et al.,
2020), etc. The VES data, which can be interpreted using curve matching technique through
various algorithms (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), is
well useful for estimating the aquifer properties and the subsurface geology (Flathe, 1955;
Ghosh, 1971; Kosinky and Kelly, 1981; Mazac et al., 1985; Yadav and Abolfazli, 1998;
Asfahani, 2016 ; EI Bouhaddioui et al., 2016).

2. Geological framework

Essaouira synclinal study area is generally a low, especially near Essaouira; it is part of the
coastal area of the basin with surface of 1418 km?. It is limited to the north by Jbeb Hadid, to
the south by Tidzi River, to the east by the reliefs of Chiadma and Haha and by the Tidzi slide
and to the west by the Atlantic Ocean. It is not very hilly and is characterized by low hills

with altitudes between 0 and 800 m, modelled by a low-density hydrographic network that
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flows into the Atlantic Ocean (Ouzerbane et al., 2018). From north to south, two units can be
distinguished namely the south Chiadma Unit and the north Haha Unit (Fig. 1).

The geological formations flush in the synclinal zone of Essaouira are generally of
Quaternary and Plio-Pleistocene age (Fig. 2). From the south to the north of the study area,
the stratigraphic series extends from the Triassic to the Quaternary (Ouzerbane, 2015;
Ouzerbane et al., 2019; Cohen et al., 2020). They are outcropping in the southeastern part of
the study area in the Tidzi region in a NE-SW direction forming the Tidzi diapir over a large
area while in the extreme south of the study area, these formations outcrop on a smaller area
along Aghbalou River. Saliferous red clays, dolerites/basalts and reddish sandstone pelites are
mainly known in these formations.

2a. Main geological formations

The Upper Jurassic geological formations age mainly consist of gypsiferous and marly
limestones. They outcrop at the level of Jbel Hadid north of the Essaouira Syncline. Whereas,
the Cretaceous formations outcrop on the entire Essaouira Basin with thicknesses varying
from one place to another. They are exposed to the east by gray marls and lumachellic
limestones of Santonian age, turquoise limestone dolomitic limestones, limestones, marls and
gypsiferous marls, Cenomanian in age, along Oued Tidzi. To the west, the outcrops of Albian
formations correspond to green marls on top of which Maastrichtian dolomitic limestones
outcrop. The Lower Cretaceous formations are also exposed to the northwest of the study
area.

The Plio-Pleistocene and Quaternary formations constitute the main outcrops in the study
area. From the center of the area to the Atlantic coast westwards, the sand dunes and
calcarenites become important in terms of distribution and thickness. The Plio-Pleistocene
formations are outcropping almost over the entire area by sandstones, fine sands, yellow
limestones and conglomerates.

2b. Hydrogeological context

In the study region, for the daily consumption of the inhabitants, groundwater remains the key
water supplies that provide drinking water supply, industrial and domestic needs, and less
essential irrigation downstream of the Qsob River. The combination of the impact of tectonics
and diapirism has contributed to the division of the basin into many aquifer systems that are
poorly understood in their activity and hydraulic relationships. The value of the aquifer
system varies from the north to the south of the region according to the existence of the
geological formations that comprise the reservoir and its extension. The Cretaceous plateau

multi-layer aquifer and the Plio-Pleistocene aquifer formed on the coastal strip are the main
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aquifers in the basin. On the other hand, the Jurassic aquifer, which is located deeper in the
center of the study area, is less important. The different aquifers in the area are hydraulically
interconnected and interdependent and thus constitute a single hydraulic system.
Plio-Pleistocene aquifer

The Plio-Pleistocene formation in the study area is a matrix reservoir consisting of sandstone
dunes and shell limestones. 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 Hydraulic Basin Agency, the reservoir is productive only when it is in perched
position resting on the impervious Cretaceous or Jurassic marls. The Plio-Pleistocene
formations rest directly on the permeable formations. The water infiltrates vertically to feed
the deep aquifer. The aquifer’s saturated thickness ranges between 10 and 60 m and the
extracted flow rate does not exceed 10 I/s (Mennani, 2001).

On the one side, the groundwater feeding is carried out by the infiltration of the rainwater and
on the other side by the infiltration along the rivers, with a general flow of the aquifer to the
ocean due to the Cretaceous formations dipping to the west (Ouhamdouch et al., 2018). The
reservoir has a transmissivity with a large dispersion: it varies from 6x107 to 4.5x10° m?/s,
under the effect of feeding the groundwater by the waters of the Qsob River.

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 stratification plans,
giving rise to sources, by fracturing and also by the creation of karstification phenomenon.

It includes (i) the Santonian yellow dolomitic and dolomitic limestones whose thickness may
reach 100 m, cracked and Karstified Turonian limestones with a thickness of 40 to 80 m, the
Cenomanian lumachellic limestones and gray marly limestones with gypseous traces,
fractured fossiliferous limestones and Barremian-Aptian sandstones. Often, these different
Cretaceous reservoirs contain free aquifers sometimes captive. In the absence of a significant
impervious layer between the different levels gives it the character of a multilayer system,
where the Turonian aquifer is the most essential with a transmissivity varying from 2x10™ to
9x10°° m?/s. The Cretaceous reservoir is fed mainly by rains and along the Igrounzar River to
the south of Meskala and downstream to the south of Essaouira and possibly from the
overlying Plio-Pleistocene aquifer (Mennani, 2001). The aquifer is drained by springs
emerging along the Rivers Igrounzar and Qsob. The general flow of the aquifer is towards the

north and the northwest before reaching the Atlantic Ocean
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3. Geoelectrical prospecting

During this initial process, the geophysical research performed in the Essaouira coastal region
started with the geological identification of the land to be prospected. This recognition was to
obtain all the details relating to the characteristics of the soil and subsoil. Indeed, the
geological study 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 alteration and fracturing. This
collected geological information helped to establish correlations with the hydrological,
lithological and petrographic information (Hodlur et al., 2006). It also facilitates the choice of
the most adapted measurement devices to the study context and to better implement the data
acquisition profiles. In parallel with this study phase, all data relating to the hydrogeology of
this area were collected. In fact, they were collected by means of piezometric surveys and
lithological identification of aquifer levels.

Subsequently, a program of geoelectric data acquisition campaigns during the years 2011,
2012 and 2013, involved the implementation of 45 vertical electrical soundings (Fig. 3), using
a Schlumberger type device, totaling 126 km in length. The acquisition of the data was
followed by the establishment of geoelectric sections on which are indicated the layers with
their resistivities, thicknesses and depths.

The equipment used for wvertical electrical soundings (VES) is a Syscal R1 Plus
resistivitymeter specially designed for surface and underground prospecting. It is perfectly
adapted to hydrogeological and structural studies. It also allows to study the resistivity
variations as a function of depth (VES) as well as lateral resistivity variations along a profile
(electrical profiling). 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 (Sharma,
1997).

The profiles of the vertical electrical soundings were oriented in such a way as to: (i) cross
orthogonally the faults and folded structures assumed to play a role in the flows (vector and/or
buffer seat); (ii) capture the maximum of the stratigraphic series in order to test the hydraulic
behavior of the main formations (aquifer, aquitard, impervious, roof, wall, etc.) and to have as
much information as possible on their geometry; (iii) ‘touch’ the anomalous structures,
especially the one due to the rise of diapirs; (iv) crossing the 'frontier' sectors hoping to

intercept the main ‘conduits' of underground water if the hypothesis of dominance of the
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preferential flows is confirmed, otherwise, invalidate or qualify such an assumption if
necessary.

The method of interpretating the results obtained by geoelectric techniques is based on the use
of charts, mainly during data acquisition in the field, but with the development of computer
tools, the geophysicists use efficient computer programs. In this case, IPI2WIN software was
used (Geoscan-M Ltd., 2001). The latter interprets the data starting from a user-proposed
initial model. It makes it possible to elaborate models of the subsoil by bringing the
experimental curves closer to theoretical curves according to an iterative process.

In order to obtain a result consistent with the data gathered in the field, the number of layers,
their thicknesses and their resistivities are modified each time (Table 1). Since several
solutions are possible, based on the geological data of the area, the model is subject to certain
limits and the model that gives the best appearance of these two curves is used for the
Essaouira electrical sounding interpretation (e.g., Redouani et al., 2013). The interpretation of
the data obtained from the acquisition in the coastal zone, correlated and calibrated by the
mechanical drilling carried out by the Tenssift Hydraulic Basin Agency, made it possible to
synthesize the development of each layer, variations in thickness and/or resistivity and
highlight the anomalies that might affect them (Table 2).

4. Results

Geoelectrical prospecting by vertical electrical soundings (VES) is a geophysical method that,
applied in hydrogeology, will provide information on the geometry of potential reservoirs,
their lithological nature and the spatial evolution of these characteristics. The interpretation of
the VES results, carried out in the Essaouira coastal zone, correlated and calibrated by
soundings and mechanical drillings carried out by the Tenssift Hydraulic Basin Agency,
helped to make a synthesis on the development of each layer by computing its thickness
and/or resistivity variations to best fit the registered anomalies.

4a. Description of vertical electrical soundings

The limitation and resolution of VES models decreases with the probleme of equivalence or
ambiguity, depth, thin layers of low resistivity contrasts cannot be detected . This implies that
many models correspond to the same set of VES data (Himi et al., 2017; Essahlaoui et al.,
2003; Wafiq et al., 2019). Depending on the shape of the VES curves realized and the
succession of the conductive and resistant levels, one can distinguish three types:

Type A: For this family, the sounding curve representing the evolution of the apparent

resistivity as a function of the half-length AB/2 of the measuring device has a "bottom-of-
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boat" shape which translates, first of all, into a decrease values of the apparent resistivity
followed by a slight increase thereof. This type of electric sounding pattern is that of a three-
layer basement model corresponding to the superimposition of two strong terrains separated
by a comparatively conductive third, often ending in a conductive layer (Fig. 4a). Indeed, as
the device's size grows, the current pumped into the subsoil enters deeper and deeper
structures.

In the same way, apparent resistivity values increase as current lines reach the deep resistor.
Hence, the observed shape of the sounding curve. This family is represented by the VES
curves at sites 2-4, 10, 25, 27-29, 31, 38-39, 43-45, 47 and 52.

The data collected in these electrical holes led to identical survey curves (Fig. 3). Their
interpretation has practically led to a top-down terrain model by the following entities:

- A relatively resistant ground Ry intrinsic resistivity that can reach 367 Q.m (site 31). This
land probably corresponds to the conglomeratic and alluvial level, and to Plio-Pleistocene
sand.

- A conductive C4/C; level of resistivity lower than 100 Q.m (site 29) corresponding to the
Santonian or Albian marls, which represent, on the one hand, the impervious basement of the
Plio-Pleistocene aquifer and the roof of the Turonian or Barremian-Aptian water table, on the
other hand.

The resistivity of the alluvial complex hardly exceeds 200 ©Q.m and its thickness is variable.
Generally, it has a prismatic shape, thick in the center of the basin and thin away from the
Qsob River. This complex is home to a groundwater that plays an important role in the socio-
economic life of the local population.

- A resistant R1/R, whose resistivity can reach 480 Q.m (site 38). This level, corresponding to
marly limestones and limestones attributed to the Turonian or to massive limestones and
sandstone of the Vraconian, represent the largest underground aquifer of the Essaouira Basin.
Depending on the location of the electrical sounding, a second conductive level C, can be
reached below the resistant level R,, attributed to the Cenomanian marls and marly limestones
or to the Barremian-Aptian marls. It can be seen that this first VES family (Type A) reveals a
typical subsoil structure consisting of an alternation of three, four or sometimes five
electrically differentiated terrains.

Type B: For this family, the sounding curve representing the evolution of the apparent
resistivity as a function of the half-length AB/2 of the measuring device has a "bell" shape
which results, first of all, in an increase in the apparent resistivity values followed by a

decrease (Fig. 4b). The current injected into the basement reaches formations deeper and
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deeper. It circulates at the beginning of the sounding exclusively in the superficial conductor,
which allows low values. Then, when it reaches the resistant intermediate ground, the values
gradually increase as more and more volume of it contributes to the measurement. In the same
way, the apparent resistivity values decrease when the current lines reach the deep conductor.
Hence, the observed shape of the sounding curve. This family is represented by the VES
curves at sites 12, 17-19, 21, 23-24, 22, 30, 33, 35-37, 42, 48-49, 51, 53-55 and 57.

The data collected at the level of these electrical soundings led to survey curves (Fig. 3), the
interpretation of which led practically to a top-down terrain model by the following entities:

- A highly conductive ground C, intrinsic resistivity that can reach 20 Q.m and variable
thickness. This land corresponds to the superficial alluvial cover very abundant in the region,
clay or topsoil of Quaternary and/or Plio-Pleistocene age.

- A resistant level Ry or R; according to the local geology, it corresponds either to a Plio-
Pleistocene sandstone level of small thickness and significant resistivity or to a significant
level of massive Turonian or Barremian-Aptian limestones covered by recent formations. The
apparent (true) resistivity sometimes exceeds 1300 Q.m if the surface layers are dry.

- A C; deep conductor (16 Q.m) responsible for the final decrease of the curve. It is a marly
layer, which constitutes the impermeable substratum of the R, or Ry aquifer.

Type C: Electrical soundings of this type represent the evolution of the resistivity as a
function of the half-length AB/2 of the measuring device, presented by curves having a
"descending staircase" shape which results in a continuous decrease in resistivity (Fig. 4c).
Indeed, as and when the increase in the size of the device, the current injected into the
basement reaches formations deeper and deeper. It circulates at the beginning of the hole
exclusively in the surface resistant, which allows important values. Then, when it reaches the
intermediate conductive ground, the values gradually decrease as a more and more important
volume of it contributes to the measurement. In the same way, the apparent resistivity values
decrease when the current lines reach the deep conductor. Hence, the observed shape of the
sounding curve. A small number of VES at sites 6, 11, 13, 15, 40-41, 46, 50 and 56 represents
this family.

The data collected at the level of these electrical soundings led to survey curves (Fig. 3), the
interpretation of which led practically to a top-down terrain model by the following entities:

- A very resistant surface ground of intrinsic resistivity Ro, which can exceed 200 Q.m, and of
variable thickness. This terrain corresponds to the very abundant Plio-Pleistocene sandy or

sandstone overburden or to the resistant Cretaceous R;.
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- A moderately resistant level R1/R,, according to the local geology, probably corresponds to
Cretaceous marly limestones.

- A deep conductive layer C, (16 ©.m) responsible for the final decline of the curve. It is a
very important marly layer which constitutes the impervious substratum of aquifers in the
region and may correspond to Santonian, Cenomanian or Albian marls.

4h. Geoelectrical section

From the quantitative interpretation of the VES data correlated with the borehole data, several
geoelectric sections have been drawn. These sections, generally E-W oriented, clearly show
the heterogeneity of the geological facies. The fairly complex geological structure of the
region and the vertical and horizontal relationships between the various hydrogeological
aquifers help to target the resistant formations which can be important aquifers taking into
account their physical and geometric characteristics (Essahlaoui et al., 2001). In this article,
we will only present a single geoelectric section located north of the sector (Fig. 5). This
geoelectric section is carried out from the VES at sites 15, 28 to 31 and 33 (Fig. 5). It shows
the following lithological variations:

Quaternary and Plio-Pleistocene formations

This section shows a conductive layer correlated with clays and topsoil eastwards. Thicker
than previous sections, with a 15 m thickness, it shows a resistivity ranging from 25 to 45
Q.m. westwards, the thickness of the resistant layer Ry becomes important and varies between
12 and 80 m with a resistivity ranging from 132 to 1300 ©.m. The resistant level Ry is
correlated with the very resistant Plio-Pleistocene sandstones (data from Mechanical drilling
1489/43) (Fig. 5).

Cretaceous formation

It is divided into three important levels. One notice that the conductive level C; is only found
in the eastern part, detected by the SEV at site 28. It disappears going westwards from site 29
where the series presents from top to bottom:

- A Resistant layer Ry, characterized by a thickness of 40 to 56 m with a resistivity oscillating
from 63 to 90 Q.m. It is correlated with Cenomanian marly limestones.

- The C, conductive layer is well represented in this section by its thickness of 56 to 60 m
(sites 29 and 31) and with a resistivity varying from 36 to 44 Q.m. It is correlated with the
Cenomanian plastic gray marls.

- A resistant layer R, of high resistivity, varying from 105 to 195 Q.m, whose roof is affected
by soundings 29 and 31 (Fig. 5). The correlation with drilling 1489/43 shows that it
corresponds to the massive Uppermost Albian (Vraconian) limestones.

1"
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One still notice the presence of a subsidence of the electric levels towards the west, the rise of
these levels can be explained by the Hadid-Kourati faulting system (Ouzerbane et al., 2013).
4c. Qualitative Interpretation of the vertical electrical soundings

The results of the geoelectrical analysis carried out in the Essaouira coastal zone resulted in
the production of several maps of apparent resistivity. Ideas and information on the lateral
resistivity variations of a given area for different subsurface layers, corresponding to different
spacings of the electrical current injection electrodes AB, can be obtained from these
qualitative maps.

Apparent resistivity map

The establishment of the apparent resistivity map for the selected line length (AB=160 m)
allows the characterization of the outcrop or subsurface deposits (Fig. 6). The analysis of this
map shows a lateral variation of the resistivity, with conductive zones located in the east
(Ounara-Had Draa Region) and in the center between Qsob River and Tidzi River.

The impacts of the subsurface become insignificant when increasing the current injection line
AB. Analysis of the apparent resistivity map indicates resistivity development in the study
region from the south to the northwest. Similarly, the apparent resistivity values measured,
from northeast to west, range from 46 to 135 Q.m. This resistivity increase is due to the
deepening of the Cretaceous resistive formations, from northwest to south and from west to
northeast. Such deepening becomes essential in the south of Qsob River (Fig. 7).

4d. Quantitative Interpretation of the vertical electrical soundings

A series of quantitative maps was drawn up from the analysis of the mechanical drilling and
the quantitative results of the electrical soundings in order to evaluate the thicknesses of the
various Plio-Pleistocene and Cretaceous electrical levels and their lateral extensions (Fig. 8).
Isopach maps

For the evaluation of the different electrical levels of the Plio-Pleistocene and Cretaceous
formations, three maps have been established. They respectively give: (i) the thickness and
the lateral extension of the superficial Plio-Pleistocene formations; (ii) the spatial distribution
of impervious and semi-impermeable Cretaceous formations; and (iii) the distribution of
permeable aquifer formations attributed to Cretaceous limestones and marly limestones,
which form a multilayer system in the Essaouira Basin.

Isopach map of the Plio-Pleistocene aquifer

A steady rise in thickness from east to west of the study region is revealed by the isopach map

analysis of Plio-Pleistocene surface formations. With maximum values of the order of 100 m
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observed generally in the west, precisely on the coastal road of Essaouira-Safi, the minimum
values are observed in the northeast of the study area at the regional level (Fig. 9).

Isopach map of the Cretaceous resistant layers

The examination of the isopach map of the Cretaceous resistant obtained shows a thickening
of the limestones from north to south (Fig. 10). The maximum is reached in the Qsob River
where the Turonian and Cenomanian resistant layers may exceed 150 m in thickness, forming
hence a captive aquifer in this eastern area, fed by rainwater and runoff from Qsob River
(Fekri, 1993).

Thickness is also crucial in the Tidzi region where Santonian marly limestones and Turonian
karstified limestones are covered directly by the Plio-Pleistocene formations. Towards the
south, in Smimou region, the less thick resistant layer corresponds to Barremian-Aptian
limestones and flint limestones formed beneath the Plio-Pleistocene formations.

Isopach map of the Cretaceous conductive layers

The isopach values shown on this map correspond to the difference between the wall depth of
the Plio-Pleistocene aquifer and that of the Cretaceous aquifer roof. The analysis of the
conductive levels, resulting from the interpretation of the electrical soundings and of the
correlations between the logs of the mechanical drillings, led us to determine in each position
of electric sounding, the thickness of the conductive Cretaceous layers which may correspond
to gray and plastic marls and marly limestone formations (Fig. 11).

Isobath map of Cretaceous resistant roof

The isobath map corresponds to the depth of the resistant roof attributed to the Cretaceous.
This map gives the spatial distribution of the depth of the resistant, which forms the deepest
and most important aquifer in the area, varying from 0 to more than 1500 m. The analysis of
this map shows that the area around Qsob River presents the location where the resistant
aquifer is very deep, with an increase from east to west, compared to the whole studied area
(Fig. 12).

4e. Interaction of marine water and groundwater in the coastal area

Geophysical studies show that the synclinal of Essaouira, which is crossed by Qsob River, is
located between two diapirs. The hidden diapir of Essaouira contains, by its position along the
coastal zone, a natural barrier which can play the role of protecting groundwater against
marine water intrusion.

Generally, electrical conductivity gives an idea of the mineralization of groundwater,
therefore provides information on its salinity and allows its quality to be assessed. The first

interpretations of the map established by measurements of electrical conductivity (Fig. 14),
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carried out during surveys of water points (wells and sources, Table 3), show a spatial variety
of values along a single direction NE-SW. The minimum values of the order of 1334 uS/cm
(wells W25 and W56) are recorded in the center of the area and towards the southeast at the
level of the axis of wells W25 and W65 (Fig. 14). Going to the S-W and N-E of the study
area, the values increase to reach maximum values around 6524 uS/cm (e.g., well W34).

The waters of the Plio-Pleistocene reservoir have a varied electrical conductivity going from
the center of the study area where the values are minimum (1334 uS/cm) and maximum (6524
uS/cm) eastward and northwestward, respectively. The very high values of electrical
conductivity are recorded in the N-W far from the Atlantic coast, which explains why the
salinity of the water is very likely in direct relation with the marly and gypsum formations.
On the other hand, the Cretaceous aquifer system is formed by an assembly of raised and
sagging blocks separated by faults. These are organized according to three major directions
(NNE-SSW, NNW-SSE and E-W), which are found on a regional scale. They can play the
role of partial communication and/or barrier between marine water and groundwater. The
impact of marine intrusion is localized in the region of Essaouira and has no influence at the
regional scale according to several studies which have been developed for the private
investment sector (Ouzerbane, 2015; Ouzerbane et al., 2018; Ouhamdouch et al., 2018, 2021;
Bahir et al., 2019).

Recent studies on the origin of the salinization of the Plio-Pleistocene and Turonian aquifers
have been addressed, namely by Ouhamdouch et al. (2021) who used hydrogeochemical and
isotopic approaches: the couples (Na, Cl), (Ca, Mg), (Br, Cl), (82H, 5'%0), (80, CI). The
intersection of all these results approaches is consistent with a weak marine intrusion
influence located at Cap Sim. The calculated maximum mixing rate at the borehole 11/51
(seawater/freshwater) is of the order of 16%. The remaining boreholes analyzed by
Ouhamdouch et al. (2021) display molar ratios different from that of sea water, indicating that
the salinization of the study area is outside the phenomenon of marine intrusion and therefore
the existence of another source of salinization (dissolution of salts).

5. Discussion

Geoelectrical prospecting by vertical electrical soundings (VES) is a geophysical method that,
applied in hydrogeology, will provide information on the geometry of possible reservoirs,
their lithological nature and the spatial evolution of their characteristics (e.g., Atzemoglou and
Tsourlos, 2012). The interpretation of the VES results, carried out in the coastal zone of the

Essaouira Basin, correlated and calibrated by the soundings and mechanical drillings carried
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out by the Tensift Hydraulic Basin Agency, made it possible to get a synthesis on the
behavior of each layer, its thickness and/or resistivity variations and the corresponding
anomaly detected. The interpretation of a vertical electrical survey consists in determining the
real resistivities and the thicknesses of the different terrains. It is visible from a diagram in bi-
logarithmic coordinates representing the apparent resistivities as a function of the half-length
(AB/2) values of the measuring device. This interpretation is based on the hypothesis of the
horizontality of the formations surveyed, but in nature this case is not always valid, one
therefore admits values of dip of the order of 15° to 20° (Essahlaoui, 2000; Essahlaoui et al.,
2001, Essahlaoui and El Ouali, 2003).

In the analysis of the results obtained by geoelectric methods, the graphical approach has
always been useful. In the present study, the IPI2WIN software was used for modelling
(Geoscan-M Ltd., 2001) through least-squares approximation using an iterative processing to
fit both the experimental and theoretical curves and get the best model. To better change the
shape of both curves, the user has the possibility to modify the model.

The results of the geoelectrical study carried out in the Essaouira coastal zone, led to the
establishment of some maps of apparent resistivity. A set of six maps were computed: (i) two
apparent resistivity maps with a device measurement for AB=160 (Fig. 6) and AB=500 (Fig.
7), (i) three isopach maps for the Plio-Pleistocene aquifer (Fig. 9), the Cretaceous resistant
(Fig. 10) and conductive (Fig. 11) formations, and (iii) an isobath map for the Cretaceous
resistant roof (Fig. 12). One notice that the apparent resistivity maps for AB=160 m (500 m)
may characterize shallow (deep) deposits. These qualitative maps have been established to
evaluate the lateral resistivity variations which could be related to lithology variations,
moisture content, clay content and salinity (Alfaifi et al., 2019).

Analysis of the apparent resistivity map for AB=160 m (Fig. 6) shows a lateral variation in
resistivity, with conductive zones located east of the study area (Ounara-Souk Had Draa
region) and in the center between Qsob River and Tidzi River. These conductive zones may
correspond to Cretaceous marls and marly limestones with a resistivity ranging between 44
and 77 Q.m. Whereas, the Plio-Pleistocene outcrops are very small, resistant zones with
resistivities larger than 77 Q.m, covering the majority of the area with maximum values
around 320 Q.m in the northwest, especially in the north of Qsob River. In correlation with
mechanical drilling and geological maps, these zones can be correlated with sandstones,
Quaternary and Plio-Pleistocene sand and alluvium, except south of Tidzi River. In fact, the
distribution of the apparent resistivity values (using AB=160 m), south of Tidzi River, may

correspond to Barremian-Aptian flint limestones and marly limestones (98-120 Q.m).
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When increasing the current injection line AB, the effects of the subsurface become
negligible. Examination of the apparent resistivity map obtained for AB=500 m shows a
resistivity growth from south to northwest. Similarly, from northeast to west, the apparent
resistivity values measured vary from 46 to 135 Q.m. Such an increase is due to the
deepening of the Cretaceous resistant formations, from northwest to southwest towards the
northeast. It becomes important south of Qsob River (Figs. 7, 10). According to the analysis
of the apparent resistivity map (using AB=500 m), a resistant zone stands out to the northwest
and corresponds to the Cretaceous marly limestones and limestones. With apparent resistivity
values varying from 81 to 135 Q.m, the maximum resistivity is recorded in the northwest at
sites 15-21 and 33, but also in the east at site 45. This resistant zone separates two conductive
zones located northeast and south (south of Qsob River), with resistivities ranging from 46 to
67 Q.m, corresponding to the Cretaceous marls and marly limestones .

Concerning the quantitative interpretation of the results, the analysis of the isopach map, the
Plio-Pleistocene surface formations (Fig. 9) shows a gradual increase in thickness going from
east to west. Maximum values of the order of 100 m are observed generally westwards,
mainly on the coastal road of Essaouira-Safi, whereas minimum values are observed in the
northeast at the regional scale. In fact, within the area of Ounara and Souk Had Draa a
thickness of 8 to 30 m is recorded, and south of the Qsob River where the thickness of the
Plio-Pleistocene formations varies from 30 to 40 m with sometimes values higher than 40 m
along the river. Comparison of this isopach map (Fig. 9) with that of the apparent resistivity
(using AB=160 m) (Fig. 6), shows that the thick zones correspond to electric horizons of high
resistivity values with good spatial continuity. These are areas attributed lithologically to
sandstones and sands which form the important aquifer of the region. The superposition of
this map with the map of the piezometric level of the region also allows to determine the
thickness of the wet aquifers.

The values shown on the isopach map of the resistant and permeable Cretaceous level (Fig.
10) correspond to the difference between the wall of the Plio-Pleistocene aquifer formations
(C1) in areas where both resistants Ry and R; are in contact. The second wall of the
Cretaceous conductive roof (C,) in the areas where the thickness of the resistant layer is low
corresponds to the difference between the side of the conductive wall C; and the conductive
roof of the Cretaceous C,. The interpretation of the various electrical soundings and the
correlations with the drillings and the mechanical soundings existing in the region make it
possible to determine at each position of VES the thickness of the Cretaceous resistant layer.

This layer is also important in the Tidzi region (mechanical sounding 365/51 and VES at site
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54). Southwards, within the Smimou region, the less thick resistant layer corresponds to
Barremian-Aptian limestones and flint limestones developed beneath the Plio-Pleistocene
formations. In the north, the isopach map shows a thickness between 85 to 110 m of the
Cenomanian resistant layer corresponding to limestones and marly limestones. It developed
between two conductive Cenomanian and Barremian-Albian layers, namely C; and C,
respectively. Towards the extreme north of the area, the resistant to a thickness of 32 to 84 m
and corresponds very likely to massive Vraconian limestones.

Examination of the isopach map of the conductive formations (Fig. 11) shows a gradual
thickening of Santonian gray marl from southeast to northwest in the region delimited by
Qsob and Tidzi Rivers. Their maximum thicknesses can be observed south of Qsob River,
where the marly layer may exceed 150 m thick (VES at sites 41-42). It is corroborated by the
lithology within the drilling well 362/51. This marly layer forms a good impermeable layer
for both the important Quaternary and Turonian reservoirs of the region. At the northeast, in
the Ounara-Souk Had Draa region, there is a gradual thickening of the Cenomanian marls and
marly limestones that are outcropping in the eastern part of the area, where it becomes very
thick. In its northern part the thickness of the conductive layer becomes low to zero,
especially east of Essaouira-Safi road and south of Ounara village. The comparison of the
isopach map (Fig. 11) obtained with that of the apparent resistivity with a length of AB=500
m (Fig. 7), indicates a similarity between the distribution of the apparent resistivity of the
electrical levels prospected and the variation of their thickness. It is noted that the marls and
marly limestones conducting levels having resistivities lower than 70 Q.m in the map of the
apparent resistivity with AB=500 m, coincide with the zones where the thickness of the
conducting levels is very important. The resistant zones with values greater than 70 Q.m
coincide with zones where the thickness is small or zero.

From a hydrogeological point of view, the conductive layers represent the wall of the Plio-
Pleistocene aquifer and the roof of the Cretaceous aquifer. The decrease or the absence of
their thickness in the study area lead to a draining phenomenon where the Plio-Pleistocene
resistant rests directly on the Cretaceous resistant, corroborating hence the presence of sterile
hydrogeological boreholes. The significant thickness of the marly layer in the northeast zone
(Ounara-Souk Had Draa) and between Qsob River and Tidzi River represents an important
wall for the Plio-Pleistocene aquifer. This explains the abundance and overexploitation of this
groundwater by the inhabitants for drinking water and irrigation needs.

The analysis of the isobath map, corresponding to the depth of the Cretaceous resistant roof,

demonstrates that the area around Qsob River represents the location where the resistant
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aquifer is very deep, increasing westwards (Fig. 12). It is noted that in the north the low
values observed indicate that the resistant is shallower or superficial. north of Tidzi River, the
resistant layer has not detected using a device length of AB=1000 m. where gray marls and
marly limestones, have very large thicknesses, are outcropping all along the Tidzi River. One
may also note a set of discontinuities that can be the result of normal faulting affecting these
formations and accommodating grabens. These are generally due to the rise of Tidzi diapir in
the east and the Essaouira hidden diapir in the west (Taj-Eddin, 1991), where the Upper
Cretaceous (Cenomanian-Turonian) formations are into abnormal contact with the Lower
Cretaceous (Barremian-Albian) formations.

In practice, the isobath map obtained constitutes a document of primordial interest and with
the maps of the hydrodynamic parameters of the groundwater (permeability K, transmissivity
T and degree of storage S) they are necessary for the implantation of exploitation boreholes.
The different maps computed, whether qualitative or quantitative, are complementary to the
geoelectric sections. The assembly of these resistivity models provides an overview of the
resistivity variation in the E-W and N-S directions across the geophysical measurement area.
Remember that the electrical sounding profiles were positioned above the drilling and
mechanical soundings and hydrogeological wells to help explain the structure of the deep
subsoil in these locations. Given the strong resistivity contrast between sandstones, sands,
limestones, marls and clays, the demonstration of such structures would have been obvious.
Compared to the western portion, the structure of the region is thus broken into fragments of
anticlines and synclines of reduced scale. The positioning of diapirs of unequal size favored
this discontinuous and wrinkled structure (Fig. 13).

6. Conclusions

The geoelectrical study carried out in the framework of the reconnaissance of the water
resources in the Essaouira coastal zone enabled us to (i) determine the spatial distribution of
the Plio-Pleistocene and Cretaceous formations and (ii) emerge from the quantitative and
qualitative maps, the different variations of apparent resistivity of the geological layers
constituting the aquifers and aquicludes.

The comparison of all the acquired data made it possible to have an overall view of the
variation of the resistivity in the E-W and N-S directions across the area covered by the
measurements. The profiles were placed in relation to the hydrogeological wells in order to
better clarify the subsurface structures at these locations. Given the strong contrast of

resistivity between sandstones, limestones, marls and clays, the nature of these structures has
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been highlighted. The sandstone masses appear clearly on the maps and are materialized on
the ground by dominant reliefs, separated from the overlying terrain by NE-SW regional
faults. Compared to the western portion, the structure of the region is thus broken into
fragments of anticlines and synclines of reduced scale. This discontinuous and wrinkled
structure favored the emplacement of diapirs of unequal importance. Towards the north, it is
noted that the fragmented structures gave way to more monotonous stratigraphic forms. It
thus appears that the Essaouira Basin suggets itself as a vast synclinal zone open on the ocean.
This area is affected by several folds and accidents that allow the individualization of many
synclines. The combination of the impact of the Atlasic tectonics and diapirism has resulted in
a sequence of anticlines and synclines. The entire basin is fractured from the Hercynian
tectonics process by large events that stretch under the cover and are inherited.

The Upper Cretaceous reservoir is by far the most important aquifer due to its extension and
hydrodynamic characteristics. It is a multilayer system that includes the Santonian dolomitic
and dolomite limestones, the cracked and karstified limestones of the Turonian, and the
Cenomanian limestones and marly limestones. Its aquifer properties are related to the
existence of discontinuities within these formations. Such discontinuities are represented by
the Sy stratification planes (which sometimes give rise to sources), by fracturing (parallel to
the Sy planes) and also by the development of karstification phenomena. An assembly of
raised and collapsed blocks separated by faults constitutes the Cretaceous aquifer system.
They are organized according to three major directions (NNE-SSW, NNW-SSE and E-W),
which are found at the regional scale and which correspond to the reactivation of the deep
faults of the Hercynian basement. These faults can play a role of drain or main axis of water
flow of the aquifer within this aquifer system, since they may constitute impermeable barriers
and thus prevent any flow occurrence. Following this configuration in blocks of the aquifer,
the hydrodynamic flow of the layer is discontinuous. There may be hydrodynamic
interconnections between adjacent blocks, particularly with regard to these conducting faults.
Systematic monitoring of the quality and quantity of groundwater (water resources and
reserves) is necessary to avoid deterioration and scarcity of water to ensure water supply.
Finally, the study of different maps obtained shows that the area around Qsob River is of
great interest from a hydrogeological point of view. It is represented by a very important layer
given the wide extension of the Plio-Pleistocene and Cretaceous resistant formations with
very large thicknesses. It is crossed by the Qsob River which presents these two layers as the

main source of recharge.
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Table captions

Table 1. Vertical electrical sounding at site 28 and its interpretation model (type A) computed
using IPI2WIN software (Geoscan-M Ltd., 2001). VES: Vertical Electrical Sounding; X, Y,
Z: UMT coordinates and elevation (m); p : resistivity, H : height, D : depth; black and red
curves relate to experimental and theoretical models, respectively; blue line: approximattion
of both models.

Table 2. Interpretation of electrical soundings with the range of resistivity, the number of
layers and their thickness.

Table 3. Data of measurements of the electrical conductivity of well waters of the Plio-
Pleistocene aquifer. WH: Well height, T: temperature, PL: Piezometric level, EC: Electrical

conductivity at 25°C.

Figure captions

Fig. 1. Geographic location and Digital Elevation Model (DEM) of the study area (Projected
on the WGS84 system).

Fig. 2. Geological map showing the main formations of the Essaouira coastal zone
(Ouzerbane, 2015; Ouzerbane et al., 2019).

Fig. 3. Location of vertical electrical soundings (VES) and the mechanical drillings (MD) in
the study area. Dashed line: VES cross-section, square: VES, triangle: MD.

Fig. 4. Vertical electrical sounding showing three possible layers: (a) type A, a conductive
layer between two resistive layers, (b) type B, a resistive layer between two conductive
ones, (c) type C, two resistive layers upon a conductive one, respectively. p,: apparent
resistivity (Q2.m), Ro, R1, Ry: resistant layers; Cq, C,: conductive layers. AB/2 (m): half-
length profile.

Fig. 5. Geoelectrical section located at the north of the study area (see Fig. 3) in correlation
with mechanical drilling 1489/43.
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Fig. 6. Apparent resistivity map for AB=160 m.

Fig. 7. Apparent resistivity map for AB=500 m.

Fig. 8. Example of correlation and wedging between VES at site 53 and mechanical drilling
363/51 (final depth at 152 m), in agreement with two conductive layers (sandy marls and
marly limestones) on top of a resistant one (limestone) (Ouzerbane, 2015).

Fig. 9. Isopach map of the Plio-Pleistocene aquifer.

Fig. 10. Isopach map of Cretaceous resistant formations.

Fig. 11. Isopach map of Cretaceous conductive formations.

Fig. 12. Isobath map of the Cretaceous resistant roof.

Fig. 13. Jurassic roof isobath map and diapir intrusions of the Essaouira coastal zone
(modified, from Duffaud, 1963).

Fig. 14. Map of electrical conductivity of the Plio-Pleistocene reservoir (Ouzerbane, 2015).
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Family ~ Roof  Wall . Thickness
VES ¢ depth depth Lithology Age p (Q.m)
e m  (m m
0. 1.7 Sand Plio-Pleistocene 1.7 257
1.7 4.7 Sandy marl Plio-Pleistocene 3 57
VES2 A 4.7 457 Marl Cenomanian 41 19
457 1472  Marly limestone Cenomanian 101.5 50
0 8 Sandy marl Plio-Pleistocene 8 69
VES4 A 8 46 Marl Cenomanian 38 15
46 134 Marly limestone Cenomanian 88 60
2 Sand Plio-Pleistocene 2 206
VES17 B 2 29 Wet sand Plio-Pleistocene 27 68
29 88 Wet sandstone Plio-Pleistocene 59 182
6 Marl Cenomanian 6 32
VES21 B 6 63 Marl Cenomanian 57 47
63 143 Marly limestone Cenomanian 80 88
4 Sand Plio-Pleistocene 4 224
VES40 C 4 52 Wet sand Plio-Pleistocene 48 89
52 158 Marl and marly limestone Santonian 106 57
8 Silt Plio-Pleistocene 8 24
SE57 C 52 Flint limestone Barremian-Albian 44 98
52 115 Marl Barremian-Albian 63 15




Well (W)/Source (S) Site location X Y zZ WH(m) | PL(m) | T(°C) | pH | EC (4S/cm)
W1 Lgoutra 113301 111587 273 17.5 255.5 226 | 4.18 3982
W2 Ait Abdessalam 114002 111622 269 12.0 257.0 22.2 | 8.60 3604
W3 Ait Louafi 114256 111258 273 33.4 239.6 23.2 | 643 3772
W4 Ait Hida 113358 112545 265 36.0 229.0 225 | 6.61 4000
W5 Boujlakh 108482 113349 242 37.5 204.5 225 | 7.23 3333
W6 Boujlakh 108291 113042 244 37.0 207.0 23.8 | 6.37 3361
W7 Ait Hmad 106416 112420 223 30.6 192.4 235 | 7.00 3298
W8 Ait Hmad 106785 112222 225 28.0 197.0 229 | 8.23 2838
W9 Lahrarta 99631 110099 210 53.3 156.7 23.7 | 6.45 3376
W10 Lahrarta 99488 110225 217 65.5 151.5 259 | 7.80 2703
W11 Lahrarta 98840 110264 213 80.0 133.0 2541 7.60 1969
W12 Lahrarta 98474 110964 203 63.5 139.5 261 | 8.72 2586
W13 Laarab 91904 108273 109 57.4 51.6 23.0 | 813 1522
W14 Laarab 91464 108577 108 51.0 57.0 223 | 7.08 3027
W15 Loubane 91720 111175 121 74.3 46.7 239 | 6.40 2510
W16 Laarab 91559 109501 108 87.0 21.0 228 | 6.70 2083
W17 Laaraych 92800 114626 129 87.0 42.0 272 | 7.90 4320
W18 Laaraych 93035 114559 123 61.0 62.0 23.0 | 7.93 2391
W19 Laaraych 92724 112184 125 72.0 53.0 243 | 8.50 1955
W20 Laaraych 92024 112283 106 60.0 46.0 234 | 8.39 2885
W21 El Kouach 98761 114362 156 39.3 116.7 26.0 | 8.20 1346
W22 El Kouach 98856 114421 152 33.0 119.0 239 | 7.23 2510
W23 Ougdila 100092 114900 168 47.0 121.0 23.8 | 7.90 1261
W24 Tiglat 100292 114523 183 53.2 129.8 240 | 7.80 1875
W25 Tiglat 100598 113599 197 49.0 148.0 23.6 | 7.08 1483
W26 Tabya 108415 116287 216 15.3 200.7 22.8 | 7.56 2961
W27 Tabya 108463 116160 221 174 203.6 22.7 | 7.02 2974




W28 Tabya 108602 115959 218 18.5 199.5 228 | 6.74 2632
W29 Chebabta 109245 115676 219 20.0 199.0 22.7 | 8.80 3304
W30 Matrazza 109254 121141 216 15.5 200.5 22.7 | 830 6278
W31 Matrazza 110259 120150 214 20.5 193.5 226 | 7.70 5310
W32 Nguiaa 107559 121921 211 27.0 184.0 21.8 | 840 3555
W33 Nguiaa 107548 122023 217 31.0 186.0 2211 7.80 5656
W34 Nguiaa 107636 121905 203 25.0 178.0 22.0 | 6.90 6818
W35 Amarat 106947 119576 203 16.0 187.0 225 | 8.30 7111
W36 Imzoughar 101538 119052 187 68.0 119.0 242 | 760 3202
W37 Imzoughar 101139 118552 178 54.8 123.2 23.5 | 6.80 3830
W38 Imzoughar 100975 118189 176 52.5 123.5 23.6 | 8.60 1695
W39 Bouchaaib 99897 116598 163 49.0 114.0 234 | 640 2030
W40 Wilage Sidi Bouzakri 94546 124969 19 10.0 9.0 215 | 8.07 4395
W41 Ait Tahriya 98704 125749 43 11.5 31.5 218 | 8.18 3589
W42 Ait Tahriya 99113 125844 48 14.0 34.0 239 | 8.13 4916
W43 Agadir 102135 125566 115 100.0 15.0 25.0 | 8.30 2220
S1 Ain Lahjar 103132 124571 100 0.0 100.0 22.3 | 840 4641
W44 Sidi Yahia 105544 126217 145 4.3 140.7 23.3 | 8.30 3938
S2 Ain Lkhatarat 105167 126407 127 0.0 127.0 244 | 830 4232
W45 Ait Himouch 113980 126990 284 120.0 164.0 262 | 8.34 3015
W46 Ait Laarbi 114081 126486 279 70.0 209.0 26.2 | 8.31 4103
W47 Takkat 114415 124547 282 5.6 276.4 215 | 822 3186
W48 Imi Ntagant 86914 101829 80 20.0 60.0 22.2 | 830 3536
W49 Imi Ntagant 86911 101696 72 20.0 52.0 225 | 8.30 3478
W50 Ait Achouayakh 90738 101920 107 36.0 71.0 223 | 8.30 2859
W51 Ait Achouayakh 90440 101980 107 46.0 61.0 22.8 | 8.30 2950
W52 Zaouit Sidi Brahim 93633 103430 90 18.0 72.0 216 | 840 2326
W53 Tazitounte 86047 97636 66 7.0 59.0 21.0 | 840 6536
W54 ld Zaouit 95472 88396 263 46.0 217.0 23.0 | 840 1924




W55 lkaabar 95527 90821 200 29.0 171.0 22.3 | 8.08 1009
S3 Ain Tassakra 83872 80561 175 0.0 175.0 231 ] 812 2413
S4 Ain Aghbalou 83380 80749 89 0.0 89.0 234 | 835 3376
W56 Id Amar 99626 109044 188 173 170.7 234 | 8.21 611
W57 Hrarta 99027 107695 162 8.0 154.0 23.7 | 8.07 1973
W58 Ichbak 1 98547 106176 144 5.5 138.5 211 | 8.34 3957
W59 Ichbak 2 97048 104906 135 34.3 100.7 22.7 | 8.62 2985
W60 Sahli 95736 104124 113 30.5 82.5 23.0 | 8.04 6293
W61 90185 100586 104 40.0 64.0 225 | 8.30 1883
W62 Tidzi 89380 88397 132 24.0 108.0 231 | 847 3333
W63 Smimou 89655 77479 259 5.0 254.0 22.2 | 8.63 1417
W64 Diabat 85109 105776 43 37.2 5.8 234 | 6.36 3160
W65 Ait Moumen 89298 98612 94 38.0 56.0 22.7 | 6.51 2510
W66 Zaouit Sidi Brahim 93416 102734 103 47.0 56.0 20.8 | 6.60 1680
We67 Sidi Ali Bazour 93656 100268 100 34.0 66.0 23.6 | 6.58 1680
W68 Zaouit Sidi Brahim 94534 102323 98 22.5 75.5 214 | 6.56 1610
W69 Sidi Kawki 82006 93200 14 4.0 10.0 23.3 | 6.52 2120
W70 Echaabat 90156 95296 119 61.0 58.0 21.3 | 6.60 1920
W71 Sidi Hmad Ou Hmad 89402 91160 130 28.0 102.0 234 | 6.27 5780
W72 ld Kaddour 87980 79808 240 39.0 201.0 22.7 | 6.33 3350
W73 Smimou 89678 76643 257 6.0 251.0 224 1 6.30 1610
W74 Bou Tazert 87745 95875 90 5.0 85.0 23.2 | 6.50 3530
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Highlights

Vertical Electrical Soundings carried out on 45 sites in the Essaouira coastal area, enabled to outline the
spatial subsurface distribution of Plio-Pleistocene and Cretaceous aquifers.

Aquifers exhibit apparent resistivity and thickness values from 44 to 320 Q.m and from 15 to 56 m,
respectively

Qsob River area shows a thick layer of resistive Plio-Pleistocene and Cretaceous formations

Isopach and isobath maps of the aquifers confirm their spatial distribution regarding saltwater intrusions
Major faulting system, NNE-SSW, NNW-SSE and E-W oriented, accommodating small grabens, controls

the aquifers
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