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The aim of this paper is to assess the groundwater potentiality using statistical multi-criteria evaluation and AHP (analytic hi-
erarchy process) as an additional method to the hydrogeological research in order to create a map that represents the
groundwater potentiality. The extraction of this map is based on the study of multi-criteria input data, such as lineaments,
land use, lithology, drainage, slope, soil, rainfall and geomorphology. Weights were assigned using the AHP method to all
these multi-influencing factors according to their influence on groundwater potential. Sensitivity analysis was calculated to
validate the AHP weights result. The presented methodology has been applied to the Bouhedma region in southwestern Tu-
nisia, located in an arid climate. This technique revealed that very good, good, moderate and poor groundwater potential
zones are spread over 382 km? (26.9%), 437 km? (30.7%), 552 km? (38.8%) and 51 km? (3.6%), respectively. Furthermore,
the effect of each influencing factor on groundwater capacity was computed. The results provide significant information and

found to be helpful in better planning and management of groundwater resources.
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INTRODUCTION

Groundwater is considered the largest freshwater source in
arid regions. It should be studied more minutely regarding its
potentiality and evaluation. To ensure sustainable manage-
ment of water resources, it is important to identify areas where
groundwater resupplying is performed (Oikonomidis et al.,
2015). Geographic Information Systems (GIS) and Remote
Sensing integrated with multi-criteria evaluation can reveal use-
ful tools in groundwater survey mapping to identify groundwater
potential zones. Many published papers described the uses of
GIS and Remote Sensing to estimate groundwater potentiality
by the interaction with surface parameters (Arnold et al., 1993;
Harbor, 1994; Finch, 1998; Bouwer, 2002; Sophocleous, 2002;
Doell et al., 2012).

In recent years, spread-out use of remotely sensed data
from satellite images has made it easier to establish a large and
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consistent database for groundwater potential zones (Saraf
and Choudhury, 1998; Al-Adamat et al., 2003; Becker, 2006;
Jhaetal., 2007; Machiwal et al., 2011; Selvam et al., 2016). Re-
mote sensing not only provides a specified and clear data of the
spatial distribution of observations, but also saves time and
money (Ozesmi and Bauer, 2002; Blaschke, 2010; Souissi et
al., 2018). In addition, it is widely used to characterize the earth
surface (such as lineaments, land use, drainage patterns, slope
and geomorphology) as well as to examine the groundwater po-
tential zones (Dasho et al., 2017).

Integration with Geographic Information Systems (GIS) en-
ables an advanced processing of multi-source spatial data. Use of
GIS for groundwater potentiality mapping offers the ability to store,
manipulate and analyse data in different formats and at different
scales (Rahman, 2008), and it is then possible to register all data
as data layers with a common coordinate system and manipulate
them to produce thematic maps (Hamza et al., 2017).

Many methods and techniques have been applied by many
researchers around the world, to determine the groundwater
potentiality. Dinesh Kumar et al. (2007) used GIS and Remote
Sensing to identify groundwater potential zones. Mukherjee et
al. (2012) proposed a method to map potential areas for
groundwater storage using GIS and Remote Sensing in arid re-
gions. Magesh et al. (2012) developed a method for groundwa-
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Fig. 1. Location of study area on Landsat-8 OLI/TIRS satellite image

ter potentiality mapping in Theni district, Tamil Nadu (India),
taking into account seven influencing factors: lithology, slope,
land use, lineament, drainage, soil and rainfall. Fenta et al.
(2015) applied a similar method to determine groundwater po-
tentiality of the Raya Valley, northern Ethiopia, using spatial
analysis and multi-criteria evaluation.

Several studies currently exist for the investigation and
mapping of groundwater potentiality in the arid region in Tunisia
(Chenini and Ben Mammou, 2010; Msaddek et al., 2017;
Mokadem et al., 2018; Souissi et al., 2018) and in the world
(Gustafsson et al., 1993; Al-Adamat et al., 2003; Scanlon et al.,
2006; Ghayoumian et al., 2007; Chowdhury et al., 2009;
Mukherjee et al., 2012; Naghibi et al., 2018).

This paper presents the investigation and mapping of
groundwater potentiality of the Bouhedma region located in
southwestern Tunisia by integration of further influencing fac-
tors and multi-criteria evaluation to the previously applied meth-

ods (Oikonomidis et al., 2015) with the contribution of the
weighted linear combination method (WLC) and the analytic hi-
erarchy process (AHP; Saaty, 1980). Therefore, integration of
remote sensing with GIS for preparing various thematic layers,
such as lineaments, land use, lithology, drainage, slope, soil,
rainfall and geomorphology with assigned weightage, rate and
score, will assist the identification of potential groundwater
zones.

STUDY AREA

The study area is located in southwestern Tunisia, in the re-
gion of Bouhedma, occupying an area of 1,422 km? (Fig. 1).
The geomorphology of the region is characterized by weak to
relatively high relief with the elevations from 7 to 903 m. The cli-
mate is arid and characterized by dry and hot summers, and
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Fig. 2A - correlation rainfall-temperature-years; B — monthly
rainfall-temperature-years at the climatological “Belkhir” sta-
tion between 1990 and 2015; C - correlation rain-
fall-piezometric variability in the Zougrata water well and the
South Hajri piezometer

wet and mild winters (Fig. 2A). The average temperature is
20.2°C, with the maximum in August (28.7°C) and the minimum
in January (11.5°C; Fig. 2A). The average annual rainfall in the
district is ~250 mm. The analysis of the results (Fig. 2B) shows
that the monthly rainfall distribution during the period from 1990
to 2015 is seasonal and irregular. The actual evapotran-
spiration (AET) estimated by the Turc method is ~207 mm/year.
The analysis of Figure 2C shows that the piezometric level in
the South Hajri piezometer and the Zograta water well in-
creases progressively according to the rainfall during the rainy
years (1990-1995-1996—-2000—-2005-2009).

At 2015, the annual water resources of the Miocene aquifer
were estimated at 2.5 Mm?®. The annual exploitation is about
0.37 Mm3/year with an exploitation rate equal to 14.8 % in 2015
(Msaddek, 2017). This weak rate is due to the lack of under-
standing the groundwater potential in this region.

Land use is mainly agricultural in lowlands and the use of
groundwater for drinking and irrigation has increased during the
last decades (Mamou, 1990; Bencheikh, 2013; Msaddek, 2017).

The population is low; it does not exceed 10,000 inhabit-
ants. The average density of population is around 7 inhabit-
ants/km?. Due to the arid climate and freshwater scarcity, the

main economic activity is limited to artisanal agriculture, such
as animal husbandry and dryland farming.

The drainage network of the Bouhedma region is relatively
simple because of its morphology. In fact, it is a deep basin, sur-
rounded by high mountains, which means that the rainwater
cannot be obtained easily. The alluvial basin owes its ground-
water to different rivers, which cross the area. They receive ad-
equate supply during winter rainfall, especially in mountain
heights, mainly upstream of the rivers. The central part of the
Bouhedma basin has received the effect drainage network. The
southern part of the basin is occupied by a large salt lake called
Sabkhet Noual. It is considered the downstream of the drainage
network, at the exit from the mountain complex.

Concerning its geology and lithology, the study area be-
longs to the Southern Atlas range. The majority of anticlines in
this region have an E-W to ENE-WSW axial direction (Ahmadi,
2006; Msaddek et al., 2016). Major faults of the study area rep-
resent branches of the South Atlas front that separates the At-
las chain and the Saharan Platform. These faults dominate the
geological structures of the region (Zargouni, 1985; Zouari,
1995; Ahmadi, 2006; Msaddek et al., 2016). In the northern part
of the study area, there is a range of Jebal Orbata and Jebal
Bouhedma stretching along 70 km. El Mech junction relates
these two mountains. In the southwestern part of the study
area, there are two linked structures, Jebal Chamsi and Jebal
Belkhir, 58 km in length. Jurassic to Quaternary rocks are out-
cropped in the study area. They are dominated by Mio-Plio-
Quaternary sandy and detrital deposits and by Lower and Up-
per Cretaceous and Eocene carbonates (Henchiri, 2007;
Zouaghietal., 2011, Kadri et al., 2015). The geological bedrock
consists of clay and marls, which are almost impermeable.
Sands, conglomerates and detrital deposits of the alluvial area
are 400-500 m thick and their permeability factor is high. The
main aquifer systems are developed within Mio-Plio-Quater-
nary formations. These deposits are present in the majority of
the area.

There are not many hydrogeological data reports and stud-
ies except for the works of Mamou (1990), Bencheikh (2013),
Msaddek (2017), and other unpublished local reports. This en-
courage authors to study the groundwater potential in this re-
gion with the contribution of the weighted linear combination
method (WLC) and the analytic hierarchy process (AHP).

DATA SOURCE AND METHODS
DATA COLLECTION AND PROCESSING

This study uses mainly multi-criteria analysis of different pa-
rameters based on Remote Sensing, Geographic Information
System (GIS) and SRTM (Shuttle Radar Topography Mission)
data to evaluate groundwater potentiality. We used geological
maps of the study area from the Tunisian National Office of
Mines (ONM) at 1:100,000 scale. The remotely sensed data
were extracted from a Landsat-8 OLI/TIRS satellite image,
taken on April 12", 2015. The digital elevation model (DEM)
was obtained from images of the American Topographic Mis-
sion (SRTM30-1Arc second) defined with a mesh of 30 x 30 m
(Hegazy and Effat, 2010).

Meteorological, climatological, geological and pedological
data were vectorized by the General Department of Water Re-
sources (DGRE) and used to establish thematic maps.

All pre-treatment and processing of the Landsat-8 OLI/TIRS
image were executed by means of ENV/ 5.1 software (Environ-
ment for visualizing image) and PCI GEOMATICA 2015 soft-
ware (Focus 2015).
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Fig. 3. The interactive influence of factors concerning groundwater potential
(Shaban et al., 2006; Magesh et al., 2012)

ArcGIS 10.2.2 software enabled data vectorization and
SRTM processing. It was used to superimpose data layers and
to compile different maps. It was involved to interpolate different
maps of spatial variation (density maps).

PREPARATION OF THE GIS LAYER

To determine the groundwater potential zone, the weights
of different factors for groundwater potential and the score un-
der various characteristics were assessed based on the char-
acteristics of the Bouhedma basin. The factors influencing
groundwater potential, and their relative importance, are com-
piled from previous papers (Yeh et al., 2009). Duplicate factors
were combined and only representative factors were extracted.
This study uses lineaments, land use, lithology, drainage,
slope, soil, rainfall and geomorphology as the eight-significant
factors influencing groundwater potential.

First of all, a multi-influencing factors method was used con-
sidering the interactive influence and interrelationship between
these factors, and their effect is shown in Figure 3. Each rela-
tionship is weighted according to its potency. The representa-
tive weight of a factor of the potential zone is the sum of all
weights from each factor (Magesh et al., 2012). A factor with a
higher weight value shows a larger impact, and a factor with a
lower weight value shows a smaller impact on groundwater po-
tential zones. Integration of these factors with their potential
weights is computed through weighted overlay analysis.

To establish the lineaments map of the study area, we ap-
plied semi-automatic extraction from the Landsat-8 OLI/TIRS
image using the combination of different spectral bands (includ-
ing panchromatic band) and lineaments enhancement by filter-
ing, and the evaluation and validation of extracted lineaments
from image digital treatment using the digital elevation model of
SRTM and field verification to eliminate non-tectonic linea-
ments. Lineaments density calculation proceeded by consider-
ation of surface unit (km?). The measurement was performed
by an interpolation method of cubic convolution (Masoud and
Koike, 2006; Yao, 2009).

To interpret results of extracted lineaments, we used statis-
tical methods based on coupling of measurements of linea-
ments direction and density, using Equation 1.

StLi [1]

LD =11
Ua

where: ILi — the total length of all lineaments within the study area
(km), and Ua — a unit area (L? = km?).

Land use is an important factor in the study of groundwater
potential. It includes the type of soil, the distribution of residen-
tial areas, and vegetation cover. Leduc et al. (2001) estimated
the difference in the amount of groundwater potential due to
changes in land use and vegetation.

Land use map was established by the same remotely
sensed data from Landsat-8 images using the principal compo-
nent analysis (PCA) based on analysis of image covariance or
correlation matrix of several data series (Davidson and Ben-Da-
vid, 2011) and the supervised classification techniques.

The lithology layer was prepared from the existing maps ob-
tained from the Tunisian National Office of Mines (ONM).

The drainage network was extracted from the digital eleva-
tion model of SRTM of the study area. In order to convert the
drainage network pattern to a measurable quantity, drainage
density was used.

The drainage density is defined as a ratio of the total length
of streams within a basin to the total area of the basin. A high
value of the drainage density would indicate a rapid storm re-
sponse (Rahmati et al., 2016). The drainage density (DD) for
each sub-watershed was calculated by using Equation 2
(Agarwal, 1998; Rahmati et al., 2016):

S'pi [2]

DD ==t _
Ua
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where: £Di — the total length of all streams within the study area
(km), and Ua — a unit area (D* = km?).

When the drainage density value of a sub-watershed is
high, it is indicative of high flood hazard potential.

Slope map was obtained from automatic geospatial pro-
cessing of the SRTM digital elevation model. These data were
spatially interpolated using the Inverse Distance Weighted
(IDW) method. This interpolation method combines the con-
cepts of proximity to follow Thiessen polygons with gradual
change of the trend surface (Magesh et al., 2012).

Soil layer was prepared from the existing maps obtained
from the Tunisian National Office of Mines (ONM) and the Gen-
eral Department of Water Resources (DGRE).

Rainfall layer was prepared from the existing maps obtained
from the General Department of Water Resources (DGRE).

Geomorphology map was obtained from the output raster
DEM (Digital Elevation Model) generated within the boundary of
the study area and with a specified output cell size. The spatial
resolution is chosen depending on the scale and purpose of the
analysis.

It consists of the dependency of results on the illumination
azimuth when the shaded relief is used for lineaments extrac-
tion (Silhavy et al., 2016). To avoid this azimuth partiality, we
combined illuminated input raster data into one output raster.
The roughness of the shaded reliefs is used as an asset in the
adopted method. The illuminated shaded reliefs are used to pull
out different results that are processed separately.

The cartographic projection applied to the study area is the
World Geodesic System (WGS-84) zone 32 of the Northern
Hemisphere with UTM projection.

WEIGHTING METHOD TO IDENTIFY
GROUNDWATER POTENTIAL MAP

To enhance the delineation of the groundwater potential
zone, a weighted spatial analysis method was applied for identi-
fying groundwater potential zones, according to their relevance
to the existence of groundwater. Eventually, a groundwater po-
tentiality map was created (using layer reclassification and
weighted overlay of spatial analysis by ArcGIS software), con-
sisting of four gradational potentiality classes, ranging from
poor to very good.

The mathematical weighted linear combination method
(WLC; Saaty, 1980) was used to derive the final groundwater
potentiality map and to calculate the groundwater potentiality in-
dex in accordance with the mathematical Equation 3:

Ip =Y Ix, xIx, [3]

x — influencing factors; the subscripts w and r indicate weights and
rates, respectively.

Ip = linylin, +lusylus, + liglli. + Idr,ldr. + Isl,Isl, + Iso,lso, + Irf,Irf, +
Igm,Igm,

where: Ip — groundwater potential index is the value for each pixel of
the final groundwater potentiality map of the study area; /In — linea-
ments index; lus — land use index; /li — lithology index; Idr— drainage
index; Isl — slope index; Iso — soil index; Irf — rainfall index; Igm —
geomorphology index

The influence of weight calculation of factors. The
multi-influencing factors for groundwater potential zones,
namely lineaments, land use, lithology, drainage, slope, soil,
rainfall and geomorphology, were considered and assigned an
appropriate weight and are shown in Table 1. The effect of each
influencing factor may involve delineating of groundwater po-

Table 1

Calculation of effects and rates of factors that affect
groundwater potentiality

Factor Major effect | Minor effect | Rates
Lineaments 2 0 2.0
Land use 1 1 1.5
Lithology 4 0 4.0
Drainage 1 1 1.5
Slope 2 1 2.5
Soil 1 0 1.0
Rainfall 1 1 1.5
Geomorphology 2 0 2.0
TOTAL 14 4 16

tential areas. According to Shaban et al., (2006), each of con-
tributing factors has a degree of influence and effect on others;
there can be a major effect, minor effect, or no effect at all. Fur-
thermore, these factors are interrelated. The effect of each ma-
jor and minor factor is assigned a weightage of 1.0 and 0.5, re-
spectively (Fig. 3).

The cumulative weightage of both major and minor effects
is considered for calculating the relative rates (Table 1). This
rate is further used to calculate the score of each influencing
factor (Magesh et al., 2012). The proposed score for each influ-
encing factor is calculated by using the mathematical Equa-
tion 4:

(Major effect + Minor effect)
>(Major effect + Minor effect)

Score assigned = x 100 [4]

Analytical hierarchy process (AHP). Analytical hierarchy
process is a structured technique used for analysing complex
problems, where a large number of interrelated objectives or
criteria are involved (Saaty, 1980). The weight of each factor is
defined using the AHP. The weights of these criteria are defined
after they are ranked according to their relative importance.

Therefore, when all factors are sorted in a hierarchical man-
ner, a pairwise comparison matrix for each factor is established
to enable an importance comparison. The relative importance
between the criteria is evaluated from 1 to 9, indicating less im-
portant to much more important criteria (Table 2; Saaty, 1990).
However, weighting by AHP is widely used in many applications
and is recommended to be used for regional studies (Kazakis et
al., 2015).

The proposed methodology suggests a pairwise compari-
son, using an 8 x 8 matrix, where diagonal elements are equal
to 1. Consequently, all the groundwater influencing factors are

Table 2

Calculation of effects and rates of factors that affect
groundwater potentiality (Saaty, 1990)

Option Numerical value(s)

Equal 1
Marginally strong 3

Strong 5

Very strong 7
Extremely strong 9
Intermediate values 2,4,6,8
(I:Qgﬂ%(;trlgg ev%wltr%%nﬁgtof second alternative Reciprocals
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Table 3
Pairwise comparison matrix
Factor | LG SL LD GM LU DD RF SO
LG 9/9 97 9/5 9/5 9/3 9/3 9/3 9
SL 719 717 715 715 713 713 713 il
LD 5/9 5/7 5/5 5/5 5/3 5/3 5/3 5/1
GM 5/9 5/7 5/5 5/5 5/3 5/3 5/3 5/1
LU 3/9 37 3/5 3/5 3/3 3/3 3/3 3/1
DD 3/9 317 3/5 3/5 3/3 3/3 3/3 31
RF 3/9 317 3/5 3/5 3/3 3/3 3/3 31
SO 1/9 117 1/5 1/5 1/3 1/3 1/3 11
Table 4

Calculation of normalized weight parameters of groundwater
potentiality index

Factor | LG SL LD GM LU DD RF SO
LG 1 128 | 2 2 3 3 3 9
SL 0.8 1 1.4 14 | 233 | 233 | 2.33 7
LD 0.6 0.71 1 1 1.7 1.7 1.7 5
GM 0.6 0.71 1 1 1.7 1.7 1.7 5
LU 0.33 | 043 | 0.6 0.6 1 1 1 3
DD 0.33 | 043 | 0.6 0.6 1 1 1 3
RF 033 | 043 | 0.6 0.6 1 1 1 3
SO 0.11 | 0.14 | 0.2 0.2 | 0.33 | 0.33 | 0.33 1

compared against each other in a pairwise comparison matrix
(Razandi et al., 2015). The values of each row characterize the
importance between two parameters (Tables 3 and 4). The first
row of the table illustrates the importance of flow accumulation
as regards the other parameters which are placed in the col-
umns (Kazakis et al., 2015).

To evaluate the matrix of the AHP, we computed the consis-
tency ratio (CR) using the following Equation 5:

_a
RI

CR [5]

where: Rl — the random index whose value depend on the order of
the matrix; C/—the consistency index which can be obtained as (6):

A

Cl = tmax =1

max

n-1

[6]

where: A —the largest eigenvalue of the matrix and can be easily de-
termined from the mentioned matrix; n — the number of groundwater
conditioning factors. According to Saaty (1980), the consistency ra-
tio (CR) must be <0.1.

Consequently, all the conditioning factors are compared
against each other in a pairwise comparison matrix.

To determine the assigned rank of different features of influ-
encing factors, we classified them into 10 classes according to
the description of each factor based on literature review
(Shahid et al., 2000; Shaban et al., 2006; Kourgialas and
Karatzas, 2011).

RESULTS AND DISCUSSION

INFLUENCING FACTORS MAPS

Lineaments (LD). Statistical processing of lineaments enu-
merates 1,053 lineaments. The spatial distribution shows high
general density of lineaments in structure centres. At some lo-
calities, it reached 2.5 lineaments per 1 km?. The lineaments
density decreases progressively away from the centres of struc-
tures; even it is folded and structured domain (Fig. 4A).

The rose diagram (Fig. 5) shows clear dominance of a
NE-SW major direction of lineaments. Representation of linea-
ments was made by grouping directional families with 10° class.
This major direction of lineaments have the same axis folds di-
rection of study area folded structures. These structures have a
general direction of ENE-WSW to E-W that characterizes the
Tunisian Southern Atlas (Zargouni, 1985; Zouari, 1995;
Ahmadi, 2006; Msaddek et al., 2016).

The reclassification of the raster lineament-density file fol-
lowed into four classes, from poor to very good, according to the
class boundaries of Table 5. The lineament density was as-
signed a weight of 14% in the calculation of AHP weighting of
factors that affect groundwater potentiality (Table 6). It can be
noticed that in the white area, where no faults and lineaments
exist, the potentiality of groundwater presence is low, in contrast
to the yellow — red area, where the probability reaches the maxi-
mum level.

Land use (LU). Land use is included in this study as an im-
portant factor affecting the groundwater potentiality. The land
use category is established using GIS and Remote Sensing in-
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Fig. 5. Rose diagram of lineaments directions

vestigation results provided by the General Department of Wa-
ter Resources (DGRE) and satellite images. The distribution of
land use potential of the study area is shown in Figure 4B. The
map indicates that the study area is composed mainly of bare
land (no land cover, just small semi-desert steppe; 72%), river
channel and surface water bodies (25%), agricultural land and
vegetation (2%) and buildings (<1%). It can be noticed that in
the blue area that indicates the existence of water surfaces, the
potentiality of groundwater reaches the maximum level. In the
brown area that refers to bare land, the potentiality is good.

The classification of the raster land use file followed into four
classes, from poor to very good, according to the class bound-
aries of Table 5. The land use was assigned a weight of 8% in
the calculation of AHP weighting assigned to factors that affect
groundwater potentiality (Table 6).

Lithology (LG). In the study area, eight geological units are
outcropped. These are Triassic salt materials (T), Jurassic solid
limestone (J), Early Cretaceous dolomites and marls (EC), Late
Cretaceous marls and fractured limestones (LC). The
Paleogene deposits are characterized by abundance of
Palaeocene clays (P) and alternations of limestone and phos-
phate clays of Eocene age (E). The Miocene is represented by
sands and silts (M). The Quaternary (Q) is composed of recent
sands and conglomerates (Fig. 4C).

The Mio-Plio-Quaternary silts, sands and conglomerates are
considered to be water bearing and are an important source of
groundwater in the area. Consequently, they are the most pro-
ductive and widely available aquifer in the region. The Creta-
ceous fractured limestones are considered a strategic aquifer.

The classification of the raster lithology file followed into four
classes, from poor to very good, according to the class bound-
aries of Table 5. Sands and conglomerates are widely present
in the study area, and are considered very good for groundwa-
ter potential. Sands and silts are characterized by good ground-
water potential. Alternations of carbonates, clays and marls are
characterized by moderate infiltration from rainfall. Clays and
salts are found in the extreme eastern portion and in the west-
ern part of the area, and are generally considered a poor zone
for groundwater potential.

The lithology factor was assigned a weight of 25% in the cal-
culation of AHP weighting assigned to factors that affect
groundwater potentiality (Table 6).

Drainage density (DD). The drainage network pattern of
the study area is shown in Figure 4D. The classification of the
raster drainage density file followed into four classes, from poor
to very good, according to the class boundaries of Table 5. The
drainage density was assigned a weight of 8% in the calculation
of AHP weighting assigned to factors that affect groundwater
potentiality (Table 6). It can be noticed that in the blue area,
where no rivers and wadis exist, the potentiality of groundwater
presence is low, in contrast to the yellow — red area, where the
probability reaches the maximum level.

Slope (SL). A slope map prepared from the digital elevation
model of SRTM of the study area is shown in Figure 4E. The
slope percentage in the area varies from 0 to 25%, but it can
reach 68% at some localities especially in the mountainous
zone. According to these results, as shown in Table 5, the study
area can be divided into four slope classes. The areas having
0 to 5% slope fall into the “very good” category because of the
nearly flat terrain and a relatively high infiltration rate. Most of
the study area (75%) falls under this category. The areas with 5
to 15% slope are considered “good” for groundwater storage
due to slightly undulating topography with some runoff. The ar-
eas having 15 to 25% of slope cause relatively high runoff and
low infiltration, and hence are categorized as “moderate”. The
fourth (>25%) category is considered “poor” due to higher slope
and runoff.

The slope factor was assigned a weight of 19% in the calcu-
lation of AHP weighting assigned to factors that affect ground-
water potentiality (Table 6). It can be noticed that in the orange —
red area, where the slope percentage is important, the potenti-
ality groundwater presence is low, in contrast to the green area,
where the probability reaches the maximum level.

Soil (SO). The analysis of the soil type reveals that the
study area is covered predominantly by silts and fine sands in
its northern part (54.6%), sands and conglomerates in its south-
ern part (42.4%) and clays (3%) in its western part (Fig. 4F).

The classification of the soil type followed into three classes;
poor, moderate and very good, according to the class bound-
aries of Table 5. The soil factor was assigned weight of 3% in
the calculation of AHP weighting assigned to factors that affect
groundwater potentiality (Table 6).

Rainfall (RF). For the present study, monthly rainfall data
were collected from three stations in the study area during 25
years from 1990 to 2015. The mean annual rainfall ranges from
150 to 300 mm. The resulting map shows five classes with two
major groundwater potential “good” and “moderate” (Table 5
and Fig. 4G): 270-300 mm/y (good), 240-270 mm/y (good),
210-240 mm/y (moderate), 180—210 mm/y (moderate), and
150—-180 mm/y (moderate).

The rainfall factor was assigned a weight of 8% in the calcu-
lation of AHP weighting assigned to factors that affect ground-
water potentiality (Table 6). It can be noticed that in the brown
area, the potentiality of groundwater presence is low, in contrast
to the green area, where the probability reaches the maximum
level.

Geomorphology (GM). Based on the physiographic char-
acteristics, the landforms of the study area (Fig. 4H) can be
classigied into three different units (Table 5) namely: (1)
waterbodies, rivers and wadis are considered very good for
groundwater potential; (2) plains and lowlands where the eleva-
tion is between 7 (m) and 200 (m) above mean sea level are
characterized by very good groundwater potential; (3) moun-
tains and high landforms where the elevation is between 200
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Table 5
Classification of various factors for groundwater potential zones
Factor Domain of effect Groundwater potential | Assigned rank
clays and salts poor 2
Lithology (LG) alternation carbonates./clays/marls moderate 5
sands and silts good 8
sands and conglomerates very good 10
>25° poor 2
15-25° moderate 5
Slope (SL) 515° good 8
0-5° very good 10
7-200 very good 10
Ge°m°rph°['r$1?y (GM) 200-903 moderate 5
Wadis very good 10
0-1 poor 2
Lineaments density (LD) 1-1.5 moderate 5
[per 1km?] 1.5-2 good 8
2-2.5 very good 10
150-180 (mm/an) moderate 5
180-210 moderate 5
Rainfall (RF) 210-240 moderate 5
240-270 good 8
270-300 good 8
0-1 poor 2
Drainage density (DD) 1-2 moderate 5
[km?] 2-3 good 8
3-3.5 very good 10
building poor 2
Land use (LU) vegetation moderate 5
bare land good 8
water surface very good 10
argillaceous poor 2
Soil (SO) silty and fine sandy moderate 5
sandy and conglomeratic very good 10

Table 6
Weighting calculation of influencing factors
AHP weight Effective weighting [%]

Factors | theoretical theoretical ; standard deviation

weighting | weighting [%] | MaX- | min. mean [y] (SD)
LG 0.25 25 25 5 23.56 8.75
SL 0.19 19 19 3.8 18 6.65
GM 0.14 14 14 7 17.67 4
LD 0.14 14 14 2.8 15 5
RF 0.08 8 6.4 4 7.55 1.3
DD 0.08 8 8 1.6 7.55 1.3
LU 0.08 8 8 1.6 7.55 1.3
SO 0.03 3 3 0.6 3 1.2
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and 903 m in the study area are generally considered a moder-
ate zone for groundwater potential.

The geomorphology was assigned a weight of 14% in the
calculation of AHP weighting assigned to factors that affect
groundwater potentiality (Table 6).

WEIGHTS DETERMINATION USING AHP

To determine the relative importance values, the authors
used Saaty’s analytical hierarchy process (AHP) with a scale
from 1 to 9, where a score of 1 represents equal importance be-
tween the two factors, and a score of 9 indicates the extreme
importance of one factor compared to the other. Table 3 shows
a matrix for comparing the classes in order to achieve the prior-
ity. The weights assigned to different thematic layers are sum-
marized in Table 4.

The AHP captures the idea of uncertainty in judgements
through the principal eigenvalue and the consistency index
(Saaty 1990).

To calculate the consistency of the pairwise comparison
matrix, we used Equation 5 for the measurement of consistency
ratio (CR). Two parameters must be calculated, which are C/
and RI.

For the values of Table 4, RI = 1.41 and Cl was calculated
according to Equation 6, for: Amax = 8.32, n =8

Eventually, C/ = 0.06 and the consistency ratio CR = 0.04.
Since the CR value is lower than the threshold (0.1), the
weights’ consistency is affirmed.

To proceed the classification of various factors for ground-
water potential zones shown in Table 5, each factor was divided
within their domain of effect and the weighted rating was as-
signed for each domain based on weightage calculation of fac-
tors shown in Tables 3 and 4. All factors have groundwater po-
tential classification from poor to very good within their domain
of effect (Shahid et al., 2000; Shaban et al., 2006; Kourgialas
and Karatzas, 2011).

The authors have coupled the AHP with a sensitivity analy-
sis process that evaluates the impact of each criterion on the
method to determine the sensitivity of factors to the weights
changing. In the sensitivity analysis, the initial arbitrary values of
the indexes that AHP uses are replaced with some derivative
indexes, the “effective weights” calculated from the following
Equation 7:

W:@xmo [7]

where: W — effective weight of each parameter; P,— parameter’s rat-
ing; P, — parameter’s weight; V —aggregated value of the applied in-
dex.

The “effective” weights are the functions of the eight param-
eters as well as the weight assigned to it by the theoretical AHP.
The effective weights (Table 6) are used to calculate the re-
vised theoretical AHP weights. However, the sensitivity analy-
sis shows that there is a slight variation in the values of the
weights, and the intensity of importance of each parameter
does not change. It reveals that the lithology, slope and geo-
morphology have a greater influence on the groundwater po-
tential in the studied region.

MAP OF GROUNDWATER POTENTIAL ZONES

The groundwater potential zones for the study area were
generated through the integration of various thematic maps of
lineaments, land use, lithology, drainage, slope, soil, rainfall

and geomorphology using remote sensing and GIS techniques.
The demarcation of groundwater potential zones for the study
area was made by grouping the interpreted layers through the
weighted multi-influencing factor and finally assigned different
potential zones.

The groundwater potential zone of the study area can be di-
vided into four grades, namely very good, good, moderate and
poor. The groundwater potential map (Fig. 6) demonstrates that
the excellent groundwater potential zone is concentrated mainly
in the eastern region of the study area due to the distribution of
alluvial plains and agricultural land with high infiltration ability.
Figure 7 shows the surface in (km?) and (%) for each groundwa-
ter potential zone. It shows that >50% have a good to very good
potential.

The total of weighted rating of each factor was used in the
mathematical Equation 1 of the weighted linear combination
method (WLC) to calculate groundwater potentiality index:

IP=025%x9+019x7+0.14x5+0.14 x5+0.08 x 3 +
0.08x3+0.08x3+0.03x1=225+1.33+0.7+0.7+0.24 +
0.24 +0.24 +0.03=5.73

This index permitted to calculate the effect of the factors on
groundwater capacity (Fig. 8). It indicates that lithology and
slope play a vital role in groundwater potential with 39.27% and
23.21% in the groundwater capacity, respectively. Moreover,
geomorphology and lineament density also help the infiltration
ability of the groundwater system with 12.22% for each one.
Rainfall, drainage density and land use have 4.19% in ground-
water potential for each one. Finally, the soil factor has a small
effect on groundwater potential with 0.52%.

It is encouraging to compare this figure with that found by
Mokadem et al. (2018) who demonstrate mapping and evalua-
tion of groundwater recharge potential in arid environments in
Tunisia using a similar method. Authors confirm that the use of
a smaller number of influencing parameters decrease the accu-
racy of results. Chenini and Ben Mammou (2010) applied nu-
merical modelling to validate groundwater recharge potential
accuracy in the Meknassy basin, an arid region located in
southern Tunisia. They found a broad link between earth sur-
face parameters and groundwater potential zones.

Magesh et al. (2012) applied a similar method in Theni dis-
trict, Tamil Nadu, India. They reported different results on the
weighted rating of the influencing factors. They show that the
soil has a vital role in groundwater augmentation. In the current
study, the soil has a minor effect on groundwater potential.
Kumar et al. (2014) found a different weighted rating for the in-
fluencing factors in the Durg district, India. The same conclu-
sion was reported by Machiwal et al. (2011) in a semi-arid re-
gion in India. The comparison with those works shows that the
impact of factors on groundwater potential may depend on
site-specific features and user’s definitions of weights and
rates.

The proposed methods for the estimation of groundwater
potential zones are a powerful tool that helps on decision-mak-
ing. It respect closely the characteristic and the different criteria
of any study area. It can be a useful tool for the planning against
overexploitation, and for the water resources management,
supply and optimization.

Although widely accepted, this method suffers from some
limitations due to the uses of an extensive database and large
statistical information. Thus, the results can vary according to
the quantity of data used. However, this method does involve a
potential measurement error.

The proposed approach is useful in other case studies in dif-
ferent climates, such as humid regions. Result depends on
site-specific features and user’s definitions of weights and
rates. The influencing factors and their weights and rates vary
from one region to another.
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Fig. 6. Groundwater potential zone map of the Bouhedma region
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CONCLUSION

This study adopts Saaty’s method based on multi-criteria
evaluation, analytic hierarchy process (AHP), Remote Sensing
and GIS, and was applied to assess the groundwater potential-
ity in the Bouhedma region, southwestern Tunisia. Eight pa-
rameters with different weights (lineaments, land use, lithology,
drainage, slope, soil, rainfall and geomorphology) were used,
resulting in a final map based on weighted linear combination.
Statistical sensitivity analysis on the values assigned to the dif-
ferent criteria validates the efficiency of the developed method-
ology. The Bouhedma area is divided into four different zones,
namely; very good, good, moderate, and poor. The results of
the study reveal a high groundwater potential (good to very
good) in >50% of the study area. The effect of each influencing
factor on groundwater capacity was computed. The results of
the present study can serve as guidelines for planning future
artificial recharge projects in the study area. The proposed
method can be applied in managing groundwater use, such as
in regional groundwater development planning, determination

of promising groundwater development areas, and controlling
the water-supply system based on a systematic, objective and
scientific decision model. In addition, the groundwater potential
zone map can greatly help planners seeking suitable locations
at which to implement exploration. The method used in this
study is also valid for generalized planning and assessment
purposes in order to ensure sustainable groundwater utilization.
However, this method might be more useful if it is combined
with a complementary hydrogeological study, such as aquifer
geometry, piezometry and groundwater geochemistry. The ver-
satility of the method can integrate different parameters and
factors and redefine easily their weights, so the method could
be applied in a wider variety of regions. It respect closely the
characteristic and the different criteria of any study area.
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