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Abstract The rapid depletion of surface water
due to climate change increases the world’s water
demand. As a result, groundwater resources are rap-
idly emerging as the primary source of freshwater
supply for various needs. However, overexploitation
and inadequate management of these resources can
lead to irreversible contamination of freshwater res-
ervoirs. Effective groundwater resource management
depends on a detailed understanding of hydrogeologi-
cal parameters that control the complex functioning
of aquifers. However, these data are often scarce due
to their expensive acquisition process. The present
study assesses the use of geophysical methods for
the estimation of hydrogeological parameters namely
hydraulic conductivity and transmissivity. Moreo-
ver, the study evaluates the marine intrusion in the
coastal aquifer of one of the most important plains of
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Algeria. The approach suggested is based on a combi-
nation of cost-effective geophysical techniques (geo-
electrical surveys) and precise hydrogeological data.
The results identified aquifer parameters relevant to
the location of new water wells and allowed delinea-
tion of the seawater/freshwater interface.

Highlights

e Groundwater resources are rapidly emerging as
the primary source of freshwater supply due to the
rapid depletion of surface water caused by climate
change.

e Effective groundwater resource management
requires a detailed understanding of hydrogeo-
logical parameters that control the complex func-
tioning of aquifers, but acquiring this data can be
expensive and difficult.

e The study assesses the use of cost-effective geo-
physical techniques (geoelectrical surveys) for
estimating hydrogeological parameters, specifi-
cally hydraulic conductivity and transmissivity.

e The study also evaluates marine intrusion in the
coastal aquifer of one of the most important plains
of Algeria, and the results allowed for the identifi-
cation of relevant aquifer parameters for the loca-
tion of new water wells and the delineation of the
seawater/freshwater interface.
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1 Introduction

The demand for water is significantly increasing
worldwide due to rapid population growth, industrial
development, and climate change. Furthermore, by
2050, industrial demand for water is expected to put
tremendous pressure on the accessibility of freshwa-
ter, reducing the amount of clean water for agricul-
ture and domestic uses (Islam and Karim 2019). The
depletion and pollution of surface water (dams, lakes)
prompted many countries to explore groundwater
resources. Currently, groundwater is the world’s most
extracted resource, with withdrawal rates estimated at
982 km®/year (Margat and Gun 2013). Approximately
70% of the extracted volumes are used for agriculture
and supplies half of the world’s demand for drinking
water (Cross et al. 2016).

Aquifers occur in different geological formations
at varying depths. An understanding of these forma-
tions’ hydrodynamics is fundamental to access and
exploit the resource. However, the required parame-
ters are collected using extremely expensive and time
consuming pumping tests that provide only point-
in-time information (Bateni et al. 2015). The major
parameters used to describe groundwater potential
include Transmissivity (T), expressed as the rate at
which groundwater can flow through an aquifer sec-
tion of unit width under a unit hydraulic gradient,
and Hydraulic Conductivity (K), defined as the ease
with which water can move through an aquifer. On
the other hand, geophysical techniques have been
extensively used in hydrogeological studies. Indeed,
geoelectrical methods proved to be highly effective
in groundwater exploration considering the strong
correlation between the resistivity and the formation
properties (water content, fluid composition, perme-
ability) (Park et al. 2016). This relationship provides
interesting insights into aquifer conditions, includ-
ing water table depth, saturated thickness, and water
salinity. These non-destructive geoelectrical methods
have been successfully applied in various applications
including: groundwater exploration (Benabdelouahab
et al. 2019), delineation of landfills and solute trans-
fers (Mepaiyeda et al. 2019), agricultural management
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by identifying areas of excessive compaction or thick-
ness of soil horizons and bedrock depth (Samouélian
et al. 2005), and determination of soil hydrologi-
cal properties (Pozdnyakova et al. 2001). Moreover,
recently, geoelectrical data has emerged as a powerful
tool to estimate the above-mentioned hydrogeologi-
cal parameters (T and K) (Akhter et al. 2022; El Osta
et al. 2021; Hasan et al. 2021; Kenneth and Ebifuro
2012; Tijani et al. 2021).

This method produces geoelectrical columns and
cross sections that describe vertical and lateral vari-
ations in soil properties (Binley 2015). These results
require few pumping tests and lithological logs to
properly correlate resistivity and hydrogeologi-
cal properties (Hasan et al. 2020b). Alternatively, a
combination of the various derived properties (thick-
nesses and resistivity) could be used to produce addi-
tional information to accurately characterize the study
area. These are referred to as Dar Zarrouk parameters
(transverse resistance and longitudinal conductance).
They are widely used in groundwater assessment and
can help overcome the “non-unique solution” of elec-
trical resistivity interpretation (Niwas and Singhal
1981; Utom et al. 2012). Furthermore, these param-
eters are linked to the groundwater salinity, which
helps to assess water quality over large areas (Ebong
et al. 2014).

As many countries of the world, Algeria is expe-
riencing significant population growth, particu-
larly in its northern part, the center of its economic
activities!. This growth, combined with industrial
development and climate variability, exerts significant
stress on water resources. Moreover, groundwater is
the main source of fresh water for drinking, irrigation
and industrial needs in Algeria. As the demand for
water increases, Algerian authorities approve the con-
struction of new water wells. However, an increase in
the number of wells can lead to serious sustainabil-
ity and environmental threats for the resource, such
as depletion and pollution, particularly if the wells
are randomly implanted (Konikow and Kendy 2005).
Indeed, the location and number of wells must be
carefully considered to ensure sustainable groundwa-
ter management. The placement of wells is based on
aquifer parameters and properties, which are usually
non-existent or scarce. To this end, vertical electri-
cal sounding, a geophysical method, is used to assess
groundwater potential, determine aquifer properties,
and assist authorities in identifying appropriate areas
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Fig.1 Study area presentation. a Geological map of the
Mitidja plain. b Location of the study area. ¢ Schematic strati-
graphic log of the Neogene and Quaternary based on the work

for well locations while ensuring the resources sus-
tainability (Kosinski and Kelly 1981).

Furthermore, coastal aquifers are often at risk of
seawater intrusion, a serious threat to the sustain-
ability of this resource worldwide (Moore and Joye
2021). This irreversible phenomenon is described as
the lateral and vertical migration of saltwater due to
intensive groundwater withdrawal, resulting in severe
degradation of groundwater quality’>. Monitoring
saltwater intrusion is crucial when implanting water
wells and setting up their pumping rates. The present
study is conducted in the eastern part of the Mitidja
plain, one of the largest and most fertile coastal plains
in Algeria. This site was chosen because of its agri-
cultural and socio-economic importance. Indeed, the
groundwater resources in this region supply the entire
city of Algiers and its surroundings. Nevertheless,
a number of potential concerns have been reported
in this area, such as seawater intrusion (Belaidi and
Salhi 2010), nitrate pollution (Hadjoud; et al. 2014)
and groundwater depletion (ANRH 2012). The aim of
this case study is, first, to evaluate the applicability of
geoelectrical methods to estimate different hydraulic

of Glangeaud et al. (1952), Aymé (1952), Betrouni (1983),
Djediat (1996, 2013), Yassini (1973)

parameters and, second, to assess marine intrusion in
Algiers Bay and address the potential implementation
of new wells in this area.

2 Study area

The Mitidja plain emerged following the post-Mio-
cene tectonic activity. It is located between two posi-
tive units: the Atlas Range to the south that contin-
ues to elevate until today and the Sahel to the north
that separates the plain from the Mediterranean Sea
(Fig. 1a). The alluvial plain of the Mitidja formed
after a post-Miocene subsidence with a NE-SW main
axis between longitudes 2° 19" E and 3° 33" E, and
latitudes 36° 24’ N and 36° 49" N. The plain extends
over 100 km from east to west and 3 to 18 km from
north to south with an average altitude of 100 m. It
is limited to the north by the Sahel of Algiers (260 m
altitude), to the south by the Blidean Atlas (1630 m
altitude), to the west by Mount Bou Mad (1560 m
altitude), and to the east by the sand dunes of Ain
Taya and the Mediterranean Sea. The basin is covered
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by Pliocene to Quaternary sediments overlying a
resistant bedrock (Fig. 1c).

Two main aquifers were formed as a result of the
geological and geomorphological development of the
Mitidja during the Pliocene and Quaternary:

a. The Astian reservoir: It is delimited between a
Plaisancian clay substratum and a thick marly
cover and mainly composed of sandstone or
calcareous sandstone. However, its distribu-
tion is not well defined and only its outcrops in
the Sahel are known. It is limited to the north by
the southern edge of the Sahel and it disappears
upstream, towards the south, along a SW-NE line
running through Boufarik and El-Affroun. This
reservoir’s depth varies between 200 and 400 m
with an average thickness estimated at 100 m.
It is recharged mainly by rainfall infiltration on
the Sahel and in the Atlas piedmonts. The only
outlets of this aquifer are some privileged verti-
cal percolations towards the quaternary aquifer
through thin layers of yellow marls or gravelly
deposits.

b. The Quaternary aquifer: it is essentially formed
by the superposition of the middle Quaternary
alluvium and the lower part of recent alluvium.
The basement of this reservoir is the top of the
marly cover that presents a shoals morphology
separated by deeply incised pockets and chan-
nels, in which the permeable sediments reach a
thickness of 80-100 m. These alluvial masses are
isolated from each other by the non-eroded yel-
low marls that are sub-cropping and define sterile
zones. This aquifer is recharged by rainfall infil-
tration in the plain (60%), infiltration of rivers in
the Atlas piedmonts (30%), seepage through the
borders of the sahel (7%) and drainage from the
Astian to the alluvial aquifer, through variable
marl thickness (3%). The latter case is not well
studied and established since areas where aqui-
fers are in contact are not clearly identified.

The quaternary aquifer is the most promising but
is not homogeneous. Indeed, it is characterized by an
uneven distribution of sandy gravels. On the horizon-
tal, pockets and channels with good transmissivity
alternate with layers of poor transmissivity. On the
vertical, the alluvial deposits are heterogeneous due
to morphoclimatic factors. On the other hand, the
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exploitation of the Astian aquifer is not particularly
interesting since, deprived of an outlet; it restores
its limited resources to the alluvial aquifer. From
a hydrodynamic perspective, the transmissivity is
low on the marl deposits and the Atlas piedmonts: 1
to 5 x 10~ m?/s, but reaches 40 x 10~ m%/s in the
Chiffa, Bas Mazafran, El-Harrach channels and in
the Rouiba alluvial pocket. The high variability of
transmissivity may be due to abrupt changes in lay-
ers thickness. The permeability is relatively constant:
1 to 1.5 x 107> m%/s and the storage coefficient ranges
between 3 and 10% (ANRH 1977).

3 Data and methods
3.1 Data acquisition

Geoelectrical methods are particularly interesting in
hydrogeology as they can help distinguish freshwa-
ter from saltwater (Hasan et al. 2018), soft rock sand
aquifers from clay materials (Mlangi et al. 2018),
porous/fractured hard rock aquifers of low perme-
ability clays and marls (Singhal and Gupta 1999), and
fractured rock aquifers of their solid host rock (Ade-
pelumi et al. 2006).

The principle of surface electrical resistivity
surveys is based on the premise that the electrical
potential distribution in the ground surrounding a
current-carrying electrode depends on the electrical
resistivity and distribution of the underlying soils and
rocks. Typical field design involves applying a direct
electrical current (DC) between two soil-implanted
electrodes and then measuring the potential differ-
ence between two additional electrodes. The potential
electrodes are commonly placed between the current
electrodes, but they can be located anywhere in the
field. The data from resistivity surveys are usually
reported as apparent resistivity values p, (Ginzburg
1974) given as the resistivity of an electrically homo-
geneous and isotropic half-space that would give the
measured relationship between the applied current
(D and the potential difference (U) for a particular
arrangement and spacing of the electrodes as follows:

U
=k=
Pa 7 (1

where p, Is the apparent resistivity in (Q2m), K is the
geometric factor in (m) calculated as follows:
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Fig. 2 Schematic configu-
ration of VES acquisition
array
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Apparent resistivity is measured at a single loca-
tion or around a central point by systematically
varying electrode spacing. This procedure is often
referred to as vertical electrical sounding (VES), or
vertical profiling. A VES survey is ideally designed
to determine the number, thickness, and resistivity of
layers (Kneisel and Hauck 2008). The basic vertical
resistivity profiling approach is to gradually increase
the spacing of AB current injection electrodes, lead-
ing to deeper penetration of the current line and,
therefore, increased influence of deeper layers on

apparent resistivity. These are plotted versus current
electrode spacing on a log/log scale and interpolated
into a continuous curve. This is called the sounding
curve and serves as a prerequisite for any data inver-
sion required to derive the resistivity/depth structure
of the soil. The most common configurations in a
1D resistivity survey are Schlumberger, Wenner, and
Dipole-Dipole. For practical and methodical reasons,
vertical electrical surveys most often use the symmet-
rical Schlumberger configuration, in which the volt-
age electrodes M, N are close and fixed in the center
of the array and the current electrodes A, B move out-
ward (Fig. 2). A detailed discussion of the theoretical
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background can be found in (Mundry and Dennert
1980).

After the data collection, an inversion process is
necessary to determine the number of layers, their
resistivity and their thickness. Unlike the theoretical
approach, this is not a simple matter in the context of
data distribution. The inversion is based on compar-
ing measured sounding curves with calculated sound-
ing curves for a given layer model (Haldar 2013).
Initially, formalized master curves and graphical pro-
cedures were used (Narayan et al. 1994). Today, com-
puter programs are widely available that allow rapid
computation for any number of layers. Some of these
programs are fully automated without any layering
assumptions, while others requires the intervention of
an interpreter (Massoud et al. 2015). In the letter case,
a base model is created by incorporating existing geo-
logical parameters (e.g., thickness of stratigraphic
units, depth to water table), available drilling data, or
additional geophysical data (Mantovani 2016). The
computer program attempts to fit both the theoreti-
cal model and borehole data to the measured curve
through an iterative process. The "best fit" to stop the
iteration can be defined by the computer using a root
mean square (RMS) error or preferably by the inter-
preter (Zohdy et al. 1974).

Subsurface resistivity is mainly controlled by the
pore arrangement, the amount of pore water and its
resistivity. Therefore, in coarse-grained soils, the
groundwater interface is usually marked by an abrupt
change in water saturation and consequently a change
in resistivity. Whereas, in fine-grained soils, such
a change in resistivity may not occur concurrently
with a water table surface. Therefore, a wide range of
resistivity for any particular soil or rock type exists.
In addition, resistivity values cannot be directly inter-
preted in terms of soil type or lithology. However,
distinct resistivity values can be associated with spe-
cific rock units based on local geology or borehole
information.

Geoelectrical techniques have some inherent limi-
tations that alter its resolution and accuracy. Simi-
lar to any method that involves the measurement of
a potential field, a measurement value obtained at a
given location represents a weighted average of the
effects produced over a large volume of material,
with the nearest parts contributing the most. This
tends to produce smooth curves, not suitable for high
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resolution interpretations. A further characteristic
common to all potential field geophysical methods is
that a particular potential distribution at the ground
surface does not generally have a unique interpreta-
tion. Although these limitations must be recognized,
the non-uniqueness or ambiguity of the resistivity
method is only slightly less than for other geophysical
methods (Abdelrahman et al. 2008).

In this study, 40 VES were conducted throughout
the study area using a schlumberger array with a max-
imum half-current electrode spacing of 350 m (AB/2)
(Fig. 1b). The collected data were processed using
IP2WIN software. The threshold for the RMS error
was set at 5%. Supplementary geological and hydro-
geological data from nine boreholes available in the
study area were used to calibrate the geophysical data
and validate the results.

3.2 Dar-Zarrouk parameters

Dar-Zarrouk parameters were first introduced by
Maillet (1947). For n horizontal, homogeneous and
isotropic layers of resistivity p; and thickness h;
(Fig. 3), the longitudinal unit conductance S and the
transverse unit resistance T, are defined as:

T, = ) h; % p(Qm?) 2
i=1
n h,‘

S = Z p—(mhos) (3)
i=1 Fi

These two parameters and the concept derived
from Dar-Zarrouk curves are essential in the devel-
opment of the interpretation theory for vertical elec-
trical soundings (Singh et al. 2003). For particular
applications in groundwater studies, S and T, emerge
as powerful independent interpretation tools apart
from any comprehensive interpretation scheme. Their
application extend beyond the usual hydrogeological
applications of resistivity soundings usually focused
on defining the aquifer geometry. Indeed, the combi-
nation of thickness and resistivity into a single vari-
able is used to assess many properties including aqui-
fer transmissivity, storage, and protective capacity
(Henriet 1976).
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3.3 Electrical anisotropy

Electrical anisotropy refers to a pattern in which rock
resistivity is generally lower parallel to the bedding
than transversal to the bedding (Bahr 2007). In ver-
tical electrical soundings, the current flow lines are
curved, therefore transverse resistivity p; and longitu-
dinal resistivity p, are encountered along with an ani-
sotropic coefficient A. They are expressed as follows:

2h;

pr= = @Qm) 4)

Tr

" 3h
[P

A=4/—
Pl ©

3.4 Estimation of transmissivity and hydraulic
conductivity

(Qm) 5)

Hydraulic parameters T and K are important for esti-
mating groundwater reserves. However, these are
acquired by expensive and time-consuming pump-
ing tests. Consequently, a simple and easy approach
capable of accurately estimating these parameters is
needed. Lately, the combination of pumping tests and
geoelectrical data has proven to be effective in such
cases (El Osta et al. 2021; Hasan et al. 2017). In this
study, the Kozeny—Carman—Bear formula (Bear and

Braester 1972) was used to estimate the hydraulic
conductivity (K) using the following formula:

6,%8 d? @’
* — % > @)
w180 (1-g)

K=

where K: hydraulic conductivity (m/day); @: porosity;
d: grain size; g: gravity acceleration (9.81 m/s%); u:
dynamic viscosity of water (0.0014 kg/ms); d,,: den-
sity of the fluid (1000 kg/m?).

The porosity is obtained from the Archie equation
as follows:

Pa=ap, o " (8)
From (8):

o = el3)mer ()i ©
with

Po
F;= o (10)
and

10000
M= B (an

p,: The bulk resistivity, p,: aquifer resistivity from
the VES data, @: porosity of aquifer medium, F;:
intrinsic formation factor valid for clay free forma-
tion, ot: coefficient of saturation, m: cementation fac-
tor, p,: groundwater resistivity, EC: electrical con-
ductivity (uS/cm).

The values of m and o required in Eq. (9)
are essential to calculate porosity. They must be
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Fig. 4 Curve of 1/Fa versus water resistivity pw

determined at each study site through laboratory
tests. However, due to the lack of core samples
within the study area, an alternative approach was
used, in which a wide range of a and m values
reported in the literature were taken to derive poros-
ity estimates. Indeed, Worthington (1993) reported
three different expressions for the intrinsic forma-
tion factor in relation to the porosity of samples
from different locations. Moreover, Jackson et al.
(1978) and de Lima and Sharma (1990) suggested
another expression in which the coefficient o is
equal to 1 while m varies from 1.3 to 2.5. For this
study, «=1 and m ranging from 1.49 to 1.97 were
used in Eq. (9) to calculate porosity.

However, Eq. (9) is only valid for clay-free
media. For a clay rich aquifer, an iteration of
Archie’s equation is required. The survey area con-
tains a significant amount of clay. Therefore, we use
the following Waxman-Smits model (Waxman and
Smits 1968) for the clay medium:

F,=F,(1+BQp,)”" (12)

BQ,: depend on surface conduction effects. If
surface conduction is non-existent, then F, becomes
equal to F,.

L1, B0 .
SFE T F v (13)

1 L

In the above equation, 1/Fa=p,/p,. A linear
relationship between 1/F, and pw is depicted in
Eq. 13. In this case, BQ,/F; represents the slope,
and 1/F; indicates the intercept for the straight
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line. Consequently, the intrinsic formation fac-
tor was obtained from the curve relating 1/F, and
p,, (Fig. 4) to calculate the porosity using Eq. (9).
Subsequently, K values were determined for all nine
VES points conducted near boreholes.

Consequently, transmissivity (T) was determined
for the same selected nine VES locations. T is given
as:

T=Kx*h (14)

K: hydraulic conductivity (m?%d), h: aquifer
thickness (m).
From Eq. (5):

Tr=px*h (15)
Thus, from Eqs. (14) and (15)

Tr + K
T= 16
. (16)
p*xT
K=——
T 17
From Egs. (16) and (17)
Te T,
Ko p,

The above Egs. (16) and (17) show a direct rela-
tion between T and T,, and K and respectively. In
order to estimate transmissivity (T) and hydraulic
conductivity (K) for all sounding stations, the fol-
lowing relations were obtained from the plots of T
versus T, and K versus p, for the selected sounding
stations near 9 wells as shown in Fig. 5:

T =0.125(7,) + 108 (18)

K =0.0901(p,) +3.28 (19)

All calculated parameters for the nine VES loca-
tions are listed in Table 1. These were compared to
values obtained from the pumping tests for valida-
tion. Then, values of K and T at locations where
pumping tests were not available were estimated
using Egs. 18 and 19.
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Fig. 5 Relation between transverse resistance, hydraulic conductivity and transmissivity

4 Results

4.1 Geoelectrical interpretation and lithological
calibration

First, all 40 apparent resistivity curves were quali-
tatively interpreted through visual examination to
determine the geological model within the surveyed
area. Subsequently, a quantitative analysis was per-
formed using IP2WIN software to determine the
number of layers and their true resistivity. However,
resistivity is sensitive to variations in soil composi-
tion and condition. Indeed, different lithologies can
produce the same geoelectrical response due to their
permeability, pore water content and quality, and
clay fraction content. This renders electrical data
interpretation quite ambiguous and complex. To
overcome this limitation, a detailed understanding
of the area’s geology is required. In fact, prior in-
depth knowledge of the different existing lithology
in the area can constrain the inversion model and
provide more accurate interpretation.

The interpretation of the various soundings car-
ried out during this work was based on lithological
data from eight boreholes distributed throughout
the study area. Geoelectrical soundings performed
near these boreholes were compared and calibrated
against the lithological logs (Fig. 6). This allowed
the interpretation of soundings where lithologi-
cal data was not available and resulted in a local
resistivity scale for the region presented in Table 2.
However, this resistivity scale is only valid and rel-
evant for the study area since each lithology has

different resistivity values depending on its compo-
sition and subsurface conditions.

Based on the results, a NNW-SSE geoelectrical
section was constructed to illustrate the lateral and
vertical variation of resistivity in the prospected
area over a 130 m depth (Fig. 7). This profile reveals
a high resistivity interface corresponding to sands
and gravels overlying a conductive layer that prob-
ably corresponds to the Astian sandstone. At the
NNW end, a decrease in resistivity could be caused
by seawater infiltration, while the low resistivity at
the SSE end may be due to upwelling of salt-rich
Astian water through the permeable gravel layer.

4.2 Hydraulic conductivity and transmissivity

The hydraulic parameters were calculated to assess
groundwater storage in the study area. First, trans-
missivity (T) and hydraulic conductivity (K) were
measured for the selected VES locations adjacent
to the well sites listed in Table 1. Then, a relation-
ship between calculated hydraulic conductivity (K)
and aquifer resistivity (p,), and another empirical
relationship between measured transmissivity (T)
and transverse resistance (T,) were used to calculate
hydraulic conductivity (K,) and transmissivity (T,g)
for all VES locations. Aquifer parameters obtained
by pumping test (K, and T,,) and calculated aquifer
parameters (K, and T,y) indicate a good correla-
tion for all selected stations (Table 3). The maps of
estimated parameters (Fig. 8a, b) clearly delineates 3
aquifer potential zones. The first zone is marked by
K> 10.5 m/day and T,,> 1750 m?/day, the second
zone by K, <7.5 m/day and T, < 1500 m?/day, and
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Table 1 Estimated values of aquifer resisitivity, water resistivity, aquifer thickness, longitudinal conductance, transverse resistance, electrical Conductivity, formation factor,

porosity, transmissivity and hydraulic conductivity at the selected 9 VES near the boreholes with available pumping tests

@ Springer

T (m*/day)

K (m/

day)

Porosity

O]

o

1/Fa

Fa=po/

H (m) po (Qm) Tr (Qm?) S EC (uS/  pw (Qm)
cm)

VES no.

pw

1520.965

10.511
11.060
10.244
9.469

0.25813

1.95
1.97
1.94
1.91
1.96
1.93
1.9

1.49
1.92

1
1
1
1
1
1
1
1
1

0.123
0.059

8.13

14
4.13
4.08

8.
4.26

1228

2420

17.76916
28.798
29.89

9579.14

66.2

144.7
119
122

S12

1316.149

0.26170

16.89
19.60
15.28

20.70

8306.2
9760
4823
7810

69.8
80
65

S14
S17
S21
S22
528
S30
S27
S37

1249.727
702.573

0.25634

0.051

2450

0.25091

0.065

2350
2070

17.437

74.2

842.174

10.783
9.981

0.25992
0.25453

0.048

4.83
5.56
2.40
9.45
3.75

16.1667
19.2493
39.9486
12.696
29.904

100

78.1

1067.943
883.212

0.072

13.89
15.36
3.17

1799
4170
1058
2670

8260.4

77.2

107

9.219

0.24909

0.065

3528.314
3600

36.83
30

95.8

2.395 287.419

9.722

0.16993
0.25273

0.315

120

1088.914

0.051

19.44

8153.6

72.8

112

the third between these two zones was revealed with
K, varying from 7.5 to 10.5 m/day and T, from
1500 to 1750 m?/day.

To validate the estimated parameters, a compari-
son with the calculated parameters is performed.
These parameters are depth of water table, saturated
thickness, and transmissivity. The results indicate a
good correlation that can be improved with additional
well measurements to better interpret the geoelectri-
cal data.

4.3 Transverse resistance and longitudinal
conductance

Dar-Zarrouk parameters known as longitudinal con-
ductance (S) and transverse resistance (T,) were
estimated using various combinations of resistivity
and layer thickness obtained from the inverted VES
data. The estimated values of T, and S for the nine
VESs are given in Table 1. Tr values increase with
grain size and fresh water, while S values decrease
with grain size and fresh water (Hasan et al. 2020a;
Iduma et al. 2016). The freshwater aquifer zone
was delineated by T, >8000 (Qm?) and S<2 (mho)
with sand and gravely sand. The brackish aqui-
fer with clayey sand formation was highlighted by
5000 Qm? < T, <8000 Qm? and 2 mho < S <2.4 mho.
The saline water with clay was evaluated by T, < 5000
(Qm?) and S> 2.4 mho. The T, and S maps illustrate
the distribution of saline, brackish, and fresh aquifer
zones throughout the region (Fig. 9a, b). The saline,
brackish, and fresh aquifer zones differentiated by T,
and S show a strong correlation with each other.

4.4 Longitudinal and transverse resistivity

For anisotropic aquifers, the prevailing current flow is
vertical if the aquifer is clayey and overlying a con-
ductive layer (Niwas and Singhal 1981). This may
occur because, if the aquifer resistivity is significantly
higher than the underneath conductive layer, the elec-
tric current flow will tend to bypass the resistant layer
and follow the shortest path to the undermost con-
ductive layer (Akhter and Hasan 2016; Kenneth and
Ebifuro 2012). Therefore, the flow lines of the current
will be primarily perpendicular to the layer. How-
ever, if the aquifer is anisotropic with clay dispersed
in sand, the horizontal component of the current may
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Table 2 .Local resistivity Formation resistivity (Qm) Lithology
scale derived from VES
Interpretation <15 (above water table) Clay

> 15 (above water table)
< 15 (below water table)
15 <p <30 (below water table)
30< p<50 (below water table)
> 50 (below water table)

Dray strata

Clay with saline water

Mixture of sand and clay with brackish water
Sand with fresh water

Mixture of sand and gravel with fresh water

be significant due to the conductive clay (Sinha et al.
2009).

The p, was also used to distinguish between
saline, brackish, and fresh water zones. The 10 m
contour interval map is plotted for all values, as
shown in Fig. 10. These represent very simple,

visible, and very different intervals in three different
regions for the saline, brackish, and freshwater aqui-
fers based on the widths obtained. For the saline
water aquifer, the p, is <30 Qm; from 30 to 60 Q m
for the brackish water aquifer; and p,>60 Qm for
the freshwater aquifer. The values of p, were also
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Fig. 7 Geoelectrical cross section oriented NNW-SSE with a schematic proposition of salinity causes in the study area

plotted as shown in Fig. 10b. The value less than
90 Qm indicates the presence of salt water, values
between 90 and 110 indicate the presence of brack-
ish water while values greater than 110 indicate the
presence of fresh water. On the other hand, Keller
and Frischknecht (1966) report that the anisotropic

coefficient (A) increases with compaction and rock
hardness. Unlike the other parameters, including S,
T, p), and p,, saline, brackish, and freshwater prop-
erties could not be distinguished from the aniso-
tropic coefficient contour map (Fig. 10c). The rea-
son for the unclear properties could be the irregular

Table 3 Comparison between estimated and pumping test parameters for the selected nine VES and boreholes location

VES no. CV water depth (m) CV aquifer thickness (m) CV transmissivity (m*/day)
Measured Predicted Error Measured Predicted Error Measured Predicted Error

S12 32.00 65.70 3370  150.00 111.00 —39.00 1100.00 1006.44 —93.56
S14 33.00 14.60 —18.40 41.82 55.40 13.58  1300.00 502.31 —797.69
S17 48.00 36.10 —11.90 154.00 122.00 —32.00 1000.00 1106.17 106.17
S21 17.00 11.00 —-6.00 104.54 74.20 —30.34  1050.00 672.77 —377.23
S22 31.00 10.00 —21.00 96.68 78.10 —18.58 980.00 708.13 —271.87
S28 12.00 9.06 —-2.94 80.19 107.00 26.81 750.00 970.17 220.17
S30 15.00 4.98 -10.02 99.10 95.80 -3.30 930.00 868.62 - 61.38
S27 12.00 19.90 7.90 86.23 120.00 33.77 750.00 1088.04 338.04
S37 44.00 28.30 - 1570 142.24 112.00 —30.24  1350.00 1015.50 —334.50
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Fig. 8 Hydraulic parameters distribution over the study area: a transmissivity map and b hydraulic conductivity map

distribution of clay and sand. However, according to
Flathe (1955a, b), anisotropy results from alternat-
ing layers of clay and fine sand, and Frohlich (1974)
indicates that anisotropy is the impact of interca-
lation of different grains in equivalent layers. This
is consistent with the geology of the study area,
marked by heterogeneous formations.

4.5 Physico-chemical analysis

Based on the results of this study, groundwater sam-
ples were collected from the study area for physico-
chemical analysis to enhance the results obtained by
the geophysical method. The analytical results of
physicochemical parameters were obtained in the
form of statistical parameters such as minimum,

maximum, mean, median and standard deviation as
shown in Table 4. The results of the physicochemi-
cal analysis suggest that the groundwater samples
that do not exceed the WHO suggested limits for
drinking water have good water quality (freshwater).
Groundwater samples that exceed the suggested lim-
its for most physicochemical parameters such as EC,
Na, Mg, Cl, SO, and HCO; indicate poor water qual-
ity (saline water). Groundwater samples that exceed
the suggested limit for some of the physicochemical
parameters such as EC or Na+show average water
quality (brackish water). The results of the physico-
chemical analyses for drinking water quality show a
good correlation with the saline, brackish and fresh
aquifers revealed by the geo-electric method.

4068000
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517000 521000 523000 525000

TrQm?)

S Q"
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Fig. 9 a Transverse resistance map and b longitudinal conductance map
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5 Discussion

Access to groundwater has become a major concern
in many countries. Understanding the different fac-
tors and characteristics of these aquifers is crucial
for their sustainable development to ensure a regu-
lar access to fresh water. The focus of this study is
to address the estimation of hydraulic parameters
(K and T) necessary for the implementation of new
water wells. The second is the evaluation of water
quality in the study area.

The hydraulic parameters estimated from the
geoelectrical data showed a good correlation with
the values measured by pumping tests. The esti-
mated values range from 1000 to 2000 (mZ/day)
and from 3.5 to 14.5 (m/day) for T and K respec-
tively. These values are close to those determined
by an expensive and slow pumping test. This indi-
cates that the technique used could be extended to
other regions to minimize the cost and duration of

hydrogeological investigations (Benabdelouahab
et al. 2019; Hermans 2014). Indeed, geoelectrical
techniques are widely applied to characterize the
geometry, structure, quality and hydraulic proper-
ties of aquifers. A major drawback of vertical elec-
trical soundings, however, is their ability to meas-
ure resistivity in only one dimension and not detect
horizontal (or lateral) changes in subsurface resis-
tivity. These changes influence the apparent resis-
tivity and can be misinterpreted as resistivity vari-
ations at depth. Electrical Resistivity Imaging can
provide a supplementary alternative to overcome
these limitations. In fact, this technique can map the
vertical and horizontal variation of resistivity along
a profile, thereby significantly reducing interpreta-
tion errors. Aside from this, a proper interpretation
of any geoelectrical result is necessary based on the
problem at hand and the data available. Further-
more, a reliability test is essential, particularly when
these approaches are used to estimate the hydraulic
properties of an aquifer.
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Fig. 10 Dar-Zarrouk parameters: a transverse resistivity map, b longitudinal resistivity map, ¢ anisotropic coefficient map
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Theoretically, when the subsurface presents uni-
form formations, changes in resistivity within the
aquifer layer are often explained by a variation of
electrolyte concentration (Cl7). Therefore, assess-
ment of groundwater quality using geoelectrical data
is relatively simple if conductivity measurements of
the groundwater samples are concurrently conducted.
Ideally, geoelectrical techniques are most appropri-
ate to such investigations when combined with sev-
eral carefully located wells to correlate true resistivity
and CI content (Flathe 1955b). However, challenges
appear when conducting resistivity measurements
over heterogeneous subsurface. This is the case of
our study area where clay layers of varying thick-
nesses are deposited in channels and pockets due to
morphoclimatic conditions. In addition, these clays
present frequent facies change as they occur as rich
clay layers, more or less sandy clay layer and some-
times as series of alternating layers of fine sand and
clay. These clay occurrences present a wide range of
resistivity that increases with depth. For any hydroge-
ological studies, it is important to distinguish between
clay layers and saltwater-bearing reservoirs. In this
matter, Dar-Zarrouk parameters as a combination of
thickness and resistivity have emerged as a useful
tool to estimate aquifers parameters and its protective
capacity (Henriet 1976).

Five major parameters were calculated and mapped
in this study including: Transverse resistance, longi-
tudinal conductance, transverse resistivity, longitudi-
nal resistivity and anisotropic coefficient. All these
parameters were initially used to assess the ground-
water quality within the study area and revealed three

zones. The first zone is towards the north and is iden-
tified as an area contaminated by seawater probably
caused by excessive groundwater intake combined
with insufficient rainfall to replenish the aquifer. The
second area is defined as a freshwater zone and cov-
ers the central part of the survey area. This area is
also characterized by high transmissivity and hydrau-
lic conductivity which accounts for the number of
wells located in this area. Based on the maps, a privi-
leged corridor of saline water infiltration is notice-
able. This path follows El Hamiz Wadi and it may
be due to the presence of permeable formations of
increased transmissivity that favor the rapid advance
of the salt water/fresh water interface. This has been
evidenced by electrical conductivity measurements
as shown in Fig. 11. However, the southern part also
presents features of degraded groundwater that cannot
be explained by a marine intrusion. As mentioned in
the presentation of the study area, two aquifers exist
in the area that are in direct contact or separated by
permeable gravel deposits. This development pro-
vides an outflow from the deep aquifer characterized
by a high salt content. Moreover, this interaction is
accelerated due to the overexploitation of the quater-
nary aquifer. Indeed, due to the significant decline in
the piezometric level, farmers increase the well depth
and lower their pumps, which promotes the upwelling
of Astian water. Nevertheless, this interaction remains
theoretical and more in-depth studies should be con-
ducted to determine the origin of the groundwater
degradation in this area.

Groundwater quality is usually determined by
hydrochemical analysis of water samples collected

Table 4 Statistical analysis

A : Variables Observations Min Max Mean Standard deviation Permis-
of hydro-chemical analysis sible range
results (WHO)

Ca®* (mg/l) 14 30 304 129 80.44 100
Mg>* 14 17 240 66 56.75 50

Na* 14 32 320 141 77.72 200
K* 14 0 20 5 6.1 55

CI™ 14 77 1600 307 269.77 250
SO,* 14 30 319 198 89.35 200
NO;~ 14 107 641 42 37.27 45
HCO;~ 14 0 120 274 131.63 600

pH 22 7.1 8.3 7.8 0.45 6.5-8.5
EC (uS/cm) 22 502 6000 2199 1192.59 1500
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Fig. 11 Overlay of transverse resistivity map with EC and Cl content measurements with a proposed delimitation of various zones

identified

from wells. This technique provides accurate results
but is slow and time consuming. For this study, water
samples were collected from available wells in the
study area to assess the water quality and compare
the results with geophysical data. As shown in the
Fig. 11, the results are consistent with those obtained
by geoelectrical methods.

6 Conclusion

Given the rapid increase in water demand, under-
standing and assessment of groundwater aquifers is
essential for their sustainable management. In the pre-
sent study, a multidisciplinary approach was adopted
to determine the aquifer parameters and assess its
groundwater quality. The results indicate that geo-
electrical studies can accurately identify the lithology
of a given area and estimate the hydraulic parameters
usually determined using expensive and time-con-
suming techniques. These results will help to iden-
tify the most appropriate areas for the implantation
of new water wells or the extension of existing well
fields. Furthermore, the spatial distribution of the

@ Springer

Dar-Zarrouk parameters revealed significant seawa-
ter contamination towards the north of the study area
and a degradation of groundwater quality towards
the south possibly related to an interaction between
the deep Astian and the shallow Quaternary aquifer.
Based on the geophysical results and hydrochemical
analysis, two main issues require further investiga-
tion, if possible through a combination of geophysi-
cal and hydrogeological methods. First, the marine
intrusion phenomenon must be carefully assessed
over the entire study area, especially toward the west
where geophysical data are lacking but hydrochemi-
cal analyses indicate high electrical conductivity
and CI content. The infiltration pathway needs to be
accurately mapped to restrict pumping rates in this
area. Second, the water quality degradation towards
the south requires thorough investigation and evalu-
ation. Indeed, many authors and reports refer to a
possible interaction between the two aquifers but this
phenomenon has not been quantitatively evaluated.
In addition, with the rapid population growth and
the increase in periods of drought, the groundwater
resource of this area is undoubtedly facing a serious
risk, increased by its proximity to the coastline. It is
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therefore essential that the authorities develop appro-
priate management strategies to protect this resource
and ensure its sustainability. Geophysical methods
have proven to be reliable in supporting the above
process and the results of this and future studies may
contribute to reducing the data gap between the avail-
able data and the information required for groundwa-
ter monitoring.
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