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Abstract
The present study aims to charcaterize, by geophysical methods (electrical sounding and seismic refraction), the downstream part of the Oued
Nador alluvial layer or deposits (Tipaza, Algeria) and the morphology of its bedrock to better locate the freshwater-saltwater limit. This will allow to
better understand the marine intrusion.

Indeed, the aquifer is de�ned by a clay and marl substratum of middle to lower Pliocene Piacenzian age rich in recent Neogene and Quaternary
�lling (Quaternary alluvium composed of sand, gravel and pebbles).

During Spring of 2015, 2016, and 2017 three electrical surveys were conducted. The results indicate that the origin of the salinity is due to
progressive marine intrusion inside the aquifer (Bechkit et al, 2017; Bechkit et al, 2018a; Bechkit et al, 2018b). However the presence of clay makes
the contrast between the saltwater and the clays less important so that it is di�cult distinguish electrically the two mediums. In May 2018, we
combined both electrical survey and a refraction seismic acquisition on the area of study. This work was carried out in order to separate, through
the ranges of wave propagation velocity, the saltwater formations from the clay ones. The presence at a certain distance from the coast of an
elevation of the clay bedrock has an advantage. Indeed, it acts as a natural barrier against any intrusion on a large scale of saltwater at depth. The
study carried out in this context showed that the combination of two geophysical methods is very useful in environmental study for the evaluation
of the salt water intrusion in an alluvial ground in the presence of clay formations.

Introduction
Groundwater resources have become a national concern due to several factors, particularly intensive exploitation generated by population growth
and agricultural and industrial development. In 2021, about 90% of Algerians live near the Mediterranean coast. As a result, a large part of Algeria's
population is dependent on coastal water resources and for the majority on groundwater resources. In addition, high water demands occur during
the summer season, when groundwater levels are at their lowest (Comte, 2008; Moulla, 2013; Cocheril, 2019; Inim, 2020).

Algeria's annual water needs by 2030 will reach about 13 billion m3. Currently, about 20% of the needs are provided by groundwater. The level of
groundwater renewal is dependent on meteorological conditions, such as rainfall, this later is rare which increase our vulnerability to climate
change (Comte, 2008; Priju, 2018). A simple rise in sea level directly affects the water quality of coastal aquifers and accelerates the process of
marine intrusion. Water quality degradation is generally expressed as contamination due to salinization of freshwater by Salt water (Bouderbala
and Remini, 2014; Senthilkumar, 2019).

The aquifer of Nador (Tipasa, Algeria), located on the Mediterranean coast under a semi-arid climate. The geographical situation of the aquifer and
the excessive water pumping, can create an imbalance between the two liquids and favor the migration of seawater inside the aquifer. This is due
to a decrease in the piezometric level of the fresh water. According to the principle of density, the seawater below the fresh water extends into the
aquifer, forming the salt wedge. The extent of the seawater inside the aquifer causes the salinization of the exploitation wells. This induces their
closure and abandonment, creating a de�cit in fresh water.

Hydrogeological studies, conducted by Taibi and Hamadache in 1992, Bouderbala (2015a) and Bouderbala et al. (2016a), seem to indicate that in
the Oued Nador aquifer the limit of the salt wedge reached a distance of 1700 m far from the coast. The electrical surveys, we carried out during
May of 2015, 2016 and 2017, seems to indicate that the origin of the salinity is due to the marine intrusion far inland inside the aquifer.

To avoid the pollution of the freshwater table by salt water requires: a) a better knowledge of the physics of the recharge of the aquifer by
freshwater, b) an powerful and robust management and c) a protection of the freshwater resource.

In this article, we will focus on the downstream part of the plain located in the Oued Nador area, Tipaza (Algeria). The objective of this work is to
detect the current position of the salt wedge and to estimate its spatio-temporal evolution. To achieve this objective, we have chosen to use jointly
electrical soundings and seismic refraction. These two geophysical methods are complementary: the electrical survey is based on the
measurement of resistivity, and the seismic refraction measures the velocity of propagation of waves in the medium.

The large resistivity contrast between saturated saltwater and saturated freshwater- formations has been used by many researchers to study
saltwater intrusion in coastal areas (Choudhury, 2001; Batayneh, 2006; Sathish et al., 2011; Oyeyemi et al., 2015; Kumar et al., 2016; Adeyemo,
2017; Yusuf et al., 2019; ...). Only, the presence of clay formations makes the resistivity contrast, between clays and saltwater saturated
formations, lower. The resistivities of conductive and saltwater saturated aquifer formations are generally between 1 and 10 ohm.meter (Demirci,
2020). It is the same resistivity range, (between 7 and 10 ohm.meter), that characterize the marls and clays of the Nador aquifer (Bouderbala,
2015b; Bechkit et al., 2017, 2018a and 2018b).

The superposition of several effects such as: a) lower contrast in terms of electrical resistivity between salt water and clays, b) presence of barriers
(elevation of the bedrock) of clay and c) up-welling towards the surface of the soil, in the form of a salt dome and d) up-welling in the form of an
uplift of the interface freshwater - saltwater, makes the interpretation more delicate and make di�cult the determination of the interface of
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separation freshwater - saltwater. In addition, the effect of soil moisture can in�uence the determination of the position of the freshwater-saltwater
interface. The electrical resistivity depends on the state of moisture of the soil, for this we have established a water balance (Tab. 1), this is true in
the case of a rainy episode that follows a period of drought, because there is also the effect of dissolution by rainfall, dry salts located near the
surface of the soil in the unsaturated zone. The use of seismic refraction allows to separate, through the velocity ranges, the salt water formations
from the clay formations and to specify the structure of the formations.

Table 1
Hydric balance (September 2017 - August 2018).

Sep 2017 -
Aug 2018

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sum

P (mm) 14.00 33.00 68.00 78.00 39.00 99.00 121.00 160.00 67.00 66.00 2.00 0.00 747.00

T (°C) 26.00 22.00 16.00 12.00 13.00 11.00 14.00 18.00 20.00 26.00 31.00 30.00  

PET (mm) 135.41 100.71 56.94 37.04 42.96 33.54 56.47 86.02 109.81 158.80 206.70 184.65 1209.04

EUR (mm) 0.00 0.00 11.06 52.02 48.06 100.00 100.00 100.00 57.19 0.00 0.00 0.00  

RET (mm) 14.00 33.00 56.94 37.04 42.96 33.54 56.47 86.02 109.81 123.19 2.00 0.00 594.96

Excess
(mm)

0.00 0.00 0.00 0.00 0.00 13.52 64.53 73.98 0.00 0.00 0.00 0.00 152.04

AD (mm) 121.41 67.71 0.00 0.00 0.00 0.00 0.00 0.00 0.00 35.61 204.70 184.65 614.08

In order to delineate the freshwater-saltwater interface, to determine the nature and morphology of the geological formations and to validate the
hypothesis of the local elevation of the bedrock, acting as a natural barrier and preventing any marine intrusion, we have completed, in 2018, the
electrical measurements by a seismic refraction survey. These measurements enabled to distinguish clays from salt water and to determine the
diopter inclination within the prospected depth range.

Indeed, the simultaneous interpretation of the results of the electrical soundings, the seismic pro�les and the hydrostatic approach allow to
signi�cantly reduce the uncertainties related to each of these methods independently used.

Geographical Framework
The city of Tipaza (Algeria) is located on the Mediterranean coast, 75 km west of Algiers (Fig. 1a). Its domestic water supply as well as for
agricultural purposes rely essentially on the exploitation of groundwater from the Oued Nador aquifer. Located west of Tipaza, the Oued Nador
groundwater is integrated in a coastal geological unit, formed by sand-clay soils of the Plio-Quaternary units, which is called the Sahel of Algiers. It
is limited to the north by the Mediterranean Sea, to the south and east by the slopes of the Sahel and to the west by the Chenoua massif (Fig. 1b).

Geological Setting
The plain of Oued Nador belongs to the Western Mitidja basin (Fig. 1b), it is according to (Bouderbala, 2015) a syncline with Plio-quaternary sandy-
clay �lling (Fig. 2). It is a valley that follows a synclinal feature, with sandy-clay �lling of plio-quaternary age, oriented NNE-SSW, whose main axis
is occupied by the Oued Nador, which gave its name to the plain. The Pliocene formations are composed of two layers: a) the Piacenzian : (lower
Pliocene) form a thick and uniform series of grey and blue marls sometimes sandy which are well presented in the East of Oued Nador, b) the
Astien: include the level with glauconite and the molasse astian. The quaternary series: are composed by marine deposits on the sandstone-
limestone astian. They are formed of pebbled sands, conglomerates and micro conglomerates with calcareous cement, topped by alluvial
deposits. Glangeaud (1932), classi�es in the lower Pliocene: the blue marls of the piacenzian, the level with glauconia and the yellow sandstone
marls of the base of the Astien, and in the upper astian or lower Calabrian the red sandstones and the Puddingstone. Ayme et al. (1954) and
Hachemi (2015), classi�ed in the Lower Pliocene (Piacenzian) the blue marls and in the Upper Pliocene (Astian), the glauconite level and the
sandstone-limestone deposits and sandstone marls located above the previous level. For this author, the conglomerate below the lower Pliocene
marks the boundary between the Miocene and the Pliocene, belonging either to the late Miocene or the early Pliocene.

Figure 3a shows the lithological series from borehole F3, 110 m deep (Taibi and Hamadache, 1992), located about 500 m from our study area. The
results obtained from the test hole are shown in Figure 3b (Taibi and Hamadache, 1992). Beyond 48 m, the series is clearly clayey with sandy
passages. It should be noted that the Oued Nador plain has undergone the same tectonic and paleogeographic evolution as that which affected
the Mitidja basin.

Hydrodynamics And Hydrochemistry
The piezometric map and the litho-stratigraphic log (drilling F3) allowed Taibi and Hamadach (1992) to highlight :



Page 4/13

- an aquifer consisting mainly of gravel, sand and a calcareous-sandstone series.

- a penetration of water from North to South along the coast, which causes a probable contamination (piezometric levels below sea level) by
marine waters. In addition, these authors show that the sodium chloride chemical elements are dominant (75%) in the Oued Nador region, hence
the risk of soil alkalinization and high salinity for certain crops. The maps of the concentration of the chemical elements (Cl−, Na+, Mg++ et Ca++),
and the caracteristic ratios reported by (r.Cl/Hco3 et r.Mg/Ca) (Taibi and Hamadach, 1992) and those of Bouderbala et al. (2016b) show the
presence of high concentration zones in the wells close to the coast. These anomalies are probably related to the in�uence of the salt waters (Taibi
and Hamadach, 1992 ; Bouderbala et al. 2016c).

Hydro-climatology
The Nador plain is an important hydrogeological unit. It is entirely included in the watershed noted "Algiers Coastal Basin". The tributaries are in
their majority temporary wadis. To determine the effect of overexploitation of water, the groundwater recharge and the position of the freshwater -
saltwater interface, a water balance is carried out for the period from September 2017 to August 2018. During this period, the recorded annual
precipitation was about 750 mm and the average monthly temperatures range from 11°C to 31°C (Fig. 4).

Figure 4 shows the basic data for determining the water balance according to the Thornthwaite (1948) method. There are several methods to
calculate the water balance, due to lack of data, we have chosen the Thornthwaite (1948) method. This method is based on the average monthly
precipitation and temperature; it allows to estimate the potential evapotranspiration (PET), the real evapotranspiration (RET), the surplus and
agricultural de�cit (AD). The results of the water balance are given in Table 1.We observe that the real evapotranspiration is 594.96 mm or 79.64%
of the precipitation. From November to December and from February to April, the precipitation is higher than the potential evapotranspiration which
is 1209.04 mm. We note that April (the month before our electrical and seismic serverys) is an exceptional month of 2018, with 160 mm of
precipitation.

The easily usable reserve (EUR) reaches its maximum between February and April, i.e. 100 mm, yielding a reservoir storage surplus on the order of
152 mm. A decrease in the EUR is observed at the beginning of May until it becomes zero in June. The agricultural de�cit is 614.08 mm. This is
explained by the existence of two de�cit periods: the �rst extends from September to October and the second begins in June and continues until
August.

According to the classi�cation of climates of Köppen, the area of Tipaza is located in the CS zone (characterized by a warm temperate climate
with a dry summer (Hufty, 2001)). This zone de�nes the climate as being of the Mediterranean type with hot and arid summer, while the rest of the
year is rainy and less hot (Boukhelifa, 2014).

Data Acquisition And Processing
In this study, we conducted electrical soundings and seismic refraction pro�les. The Schlumberger device, which we used, is sensitive to vertical
variations, therefore it is suitable for the study of marine intrusions (Nowroozi et al. 1999). During May 2018 we performed seven electrical
soundings, using an IRIS-SYSCAL R1 resistivity meter (Fig. 1c). The AB lines are oriented NW-SE with lengths between 280 m and 680 m. During
the same period, we made two seismic refraction pro�les, with a 24 channel STRATAVIEW seismograph. The length of the �rst is 205 m with an
overlap and 133 m for the second. The measurements were made with a regular sampling of (6 meters) between two geophones, a direct shot
(DS), a center shot (CS) and a reverse shot (RS).

Inversion of the electric sounding data with IPI2Win software (Bobachev, 1994), allowed us to approximate the electrical structure of the �eld. For
simultaneous interpretation of the seven electrical soundings, carried out in May 2018, we used the results of the F3 lithostratigraphic log and the
standard electrical sounding (Fig. 1c, Fig. 3b) (Taibi and Hamadache, 1992). Figure 5 shows the pseudosection of the apparent resistivity and the
actual values of the geoelectric section. Figure 6a represents a schematic section realized with the IPIres3 software (Bobachev, 1994). It shows the
geometric distribution of the geo-electric section, the real values of the resistivity on which the freshwater-saltwater separation interface has been
superposed, with resistivity values that can reach 50 ohm.meter for freshwater formations and values lower than 10 ohm.meter for formations
saturated with saltwater (Kumar, 2020).

The seismic refraction is based on the analysis of compression waves (P) refracted at the top of the layers. It allowed us to determine the
velocities and thicknesses of the different layers. Indeed, it allowed us to obtain two hodochrones of the seismic pro�les, the seismic pro�le PS1
which is composed of two overlapping sections of a total length of 205 m and the seismic pro�le PS2 which has a length of 133 m. The data
processing allowed us to obtain a general geoseismic section of the two pro�les (Fig. 7). Figure 7 is a seismic tomography section made with
SeisImager/2D software (OYO Corporation, 2005). It shows the geometric distribution of the geological formations, including the existence of three
layers, with absolute values of propagation velocities ranging from 640 m/s to 2200m/s.

Hydrostatic Approach
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The form and thickness of the freshwater-saltwater interface depend on several factors: the variations of the levels of the freshwater (both
recharge and exploitation) and the sea level, the difference in density between the two liquids which tends to maintain the saltwater at depth, the
molecular diffusion of salt in the freshwater tending to minimize the concentration gradients, the porosity and permeability of the different layers.
In our case, we must add the geometry of the aquifer (the morphology of the impermeable clay bedrock at the freshwater-saltwater interface).

Several approaches provide insight into the positioning of this freshwater saltwater interface, whose hydrostatic and hydrodynamic approaches
(Hubbert, 1940; Cooper, 1959; Glover, 1959). In this study, in the absence of information on groundwater �ow and the freshwater-saltwater mixing
zone, we opted for a comparison between the results of the electrical soundings and the hydrostatic approach of Ghygen-Herzbeg (Badon-Ghijben,
1889 and Herzberg, 1901), which determines the theoretical position of the salt wedge from the following relationship:

  (1)

With :

ds: the density of salt water,

dd : the density of fresh water,

h: the height of fresh water above sea level at a given point,

H: the height of the interface.

The density of seawater varies with salinity; it is equal to 1025 kg/m³; the density of fresh water is equal to 1000 kg/m3.

For Ghygen-Herzbeg, the contact is assumed to be represented by a sharp interface, and freshwater and saltwater are considered as two non-
miscible �uids. This hydrostatic approach gives us the form and theoretical position of the freshwater-saltwater interface. This enabled us to
formulate the scenario illustrated in �gure 6b.

These different treatments give us to jointly interpret the results of the seismic tomography and the results of the electrical surveys. A comparison
with the results of the hydrostatic approach is the equivalent of an external validation.

Results And Interpretations
The presence of low contrast formations (conductive aquifer formations saturated with saltwater and clay formations) complicates the
determination of the freshwater-saltwater separation surface.

Interpretation of the inversion results of the electrical soundings, the standard sounding and the litho-stratigraphic log have enabled us to highlight
the following formations

- a silty surface formation with a resistivity varying between 15 and 33 ohm.meter,

- a marl-clay formation, rather conductive, with resistivity varying between 10 and 23 ohm.meter,

- a clay formation which acts as a natural barrier against any marine intrusion. We note that it is quite di�cult to distinguish electrically this clay
formation from the porous saltwater formations,

- a resistive level saturated with fresh water with a resistivity that reaches 50 ohm.meter,

- a level of low resistivity, less than 10 ohm.meter, corresponding to the interface separating the freshwater - saltwater formation,

- in the proximity of the electrical sounding n°7 (se7) the resistivity values locally exceed 100 ohm.meter; this indicates the presence of the pebble
and conglomerate formations.

The freshwater-saltwater interface is irregular (Fig. 6a). The depth of the interface is 42 m at the level of se2 sounding and 58 m below se3
sounding. It rises quickly to the surface, at a depth of 12 m and 32 m, in se4 and se5 soundings respectively. The maximum depth is 80 m at the
se6 sounding, which is located 460 m from the se2 sounding. It rises back to the surface at the level of sounding se7 at 64 m and at 55 m at the
level of se8 sounding.

We observe a rapid rise of the freshwater - saltwater interface between se3 and se4, we suppose that this is caused by: �rst, the over-exploitation
(between se3 and se5) of the water table for agricultural needs, on the other hand, the presence of a conductive formation of low resistivity,
different from the saltwater, between se3 and se5 or around the se4 sounding. This conductive formation with low resistivity is a clay barrier. It
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acts as a natural barrier against any large-scale intrusion of salt water. It slows down and brakes the extension of the saltwater wedge upstream
and enables us to explain the rapid fall of the freshwater-saltwater interface. The rise of the interface between se6 and se8 is mainly due to the
over-exploitation of the freshwater for agricultural needs. Indeed, despite the high rainfall of the hydrological year (September 2017 - August 2018)
which is 747 mm, this was not enough to reduce the over-exploitation of this groundwater.

The results of the hydrostatic approach (Fig. 6b) show that the freshwater-saltwater interface, obtained by the Ghyben-Herzberg (1901) model,
follows the same behavior as the interface obtained from the schematic section. This gait of the interface is consistent with the one obtained with
the electrical surveys in May 2018. From the water balance analysis, we observe for the month of May (the period concerned by our electrical and
seismic measurements) the following results: precipitation is 67 mm, which is less than the potential evapotranspiration (PET). The latter is equal
to the RET which is 109.81 mm. We also observe a decrease in the EUR to 57 mm. The agricultural surplus and de�cit are null. From the water
balance we were able to point out a possible in�uence of soil humidity on the quality of our electrical measurements and thus on the determination
of the position of the freshwater-saltwater interface. The principal source of di�culty in interpreting the electrical sounding data is the presence of
clay. The latter makes the contrast between the salt water formation and the clays lower, this is why we cannot distinguish electrically the two
mediums. For this reason, we used seismic refraction.

The results of the two geoseismic sections obtained show three layers:

1- the velocity of the �rst layer varies between 640 m/s and 840 m/s with a thickness ranging between of 1 m to 3 m. We attribute these velocity to
a limonous formation,

2- a second layer with a thickness varying between 6 m and 26 m with a velocity between 1720 m/s and 1820 m/s. These are assigned to humid
alluvial formations,

3- the last layer corresponds to a clay formation characterized by high velocities between 2100 m/s and 2200 m/s. The analysis of the two seismic
refraction pro�les, allowed us to draw up a general geoseismic section of 338 m thickness. This last one highlights : a) the velocities and depths of
the different layers, b) the morphology of the layers (inclination of the diopters) and c) the presence of a rising clay substratum, which has the role
of a natural barrier.

The joint interpretation of the two techniques (electrical sounding and seismic refraction) allowed us to propose a characteristic model in
agreement with the lithology of the study region.

The electrical method enable us to position in space and time the freshwater-saltwater separation surface, based on the contrast between the
resistivity values of the two media. Seismic has completed these results where the contrast is less important. It allowed to remove the ambiguity
and to differentiate two media close in terms of resistivity values, namely clays and salt water. This is especially true in the proximity of surveys
se3 and se5 (Fig. 6a). Furthermore, we were able to con�rm the presence of a rise in the clay substratum (Fig. 7).

Conclusion
This study was carried out for a better understanding of the marine intrusion in a context of clay substratum uplift. The results of the electrical and
seismic refraction surveys are in good agreement. Indeed, the electrical soundings allowed us to highlight the two zones of interest to us; the
freshwater saturated zone, characterized by a high resistivity and the salt-water saturated zone of low resistivity compared to the freshwater
saturated zone. Although there is an ambiguity between the interpretation of low resistivity due to the presence of a rise of the clay substratum and
that due to the presence of salt water or a salt dome called cone of rise of the surface separation freshwater - salt water which is due to the over-
exploitation of the water table locally. However, this ambiguity has been resolved by the use of seismic refraction. This technique has allowed us to
highlight three layers with velocities of about 800 m/s, 1800 m/s and 2200 m/s representing respectively the silts, the wet alluvium and the clays.
The morphology of the clay layer con�rms the rise of the clay substratum in the area surrounding the se3 and se5 surveys.

Although the depth of the seismic investigation does not exceed 42 m in our case, these two methods were complementary. The seismic survey
gave us an idea of the dip of the dioptres and the presence and position of the clay layer. A seismic acquisition with a large device is more than
necessary to cover the down-stream part of Oued el Naodr plain, a part already prospected by the 7 electric surveys with a length AB between 280
m and 680 m. The objective is to attain the most profound layers, in seismic, to know better the geometry of the substratum clayey. This will permit
us to understand the natural barrier role of this clay formation (substratum) that slows down the advancement of the marine intrusion. From the
hydric balance analysis, we obtained insight into the soil humidity and its limited in�uence on the quality of our electrical measurements. The
results obtained by the Ghyben-Herzberg (1901) model, follow the same trend as the interface obtained from the schematic section.

Finally, a more and more rational management is most necessary in order to increase and improve the thickness of the freshwater aquifer.
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Figure 1

a) Altimetry of the study area. b) Positioning of the electrical soundings and the F3 borehole. c) Geological map of the study area (extracted from
the map of the geological service of Algeria (1962)), the frame in red color is the study area and the line A-A' schematic geological section (see Fig.
2). 
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Figure 2

Schematic geological section A-A' (Fig2.) perpendicular to the axis of the syncline (Boderbala, 2015).
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Figure 3

Litho-stratigraphic log of borehole F3 (a) and standard sondage (b) after Taibi and Hamadache (1992).

Figure 4

Rainfall- temperature variations between September 2017 and August 2018.
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Figure 5

Pseudo-section of the apparent resistivity (a) and the actual values of the geoelectric section (May 2018).
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Figure 6

a) Schematic section representing the freshwater-saltwater interface for May 2018 and b) Comparison between the position of the freshwater-
saltwater interface obtained from the Ghyben-Herzberg Hydrostatic Approach Scenario and that obtained from the schematic section released
from the results of the May 2018 electrical survey measurement campaign (exaggeration factor vertical scale x 15).

Figure 7

General geoseismic model of velocity and depth variations.


