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Abstract

Worldwide, groundwater resources have been considered as the main sources of drinking, domestic uses, industrial and
agriculture water demands, especially in arid and semiarid regions. Accordingly, the monitoring of the groundwater quality
based on different tools and methods becomes a necessity. The aim of this study was to apply several approaches to assess
the water quality and to define the main hydrochemical process which affect groundwater of the Maritime Djeffara shal-
low aquifer. In addition to the hydrochemical approach, two multivariate statistical analyses, hierarchical clusters analysis
(HCA) and principal component analysis (PCA), were carried out to identify the natural and the anthropogenic processes
affecting groundwater chemistry. Hydrochemical approach, based on 47 analyzed groundwater samples, shows that most of
samples present a sulfate to mixed chloride, with sodi-potassic tendency facies. According to their chemically composition,
the HCA revealed three different groups (C1, C2 and C3) according to their electrical conductivity (EC) values: C1 (average
EC = 4500 pS/cm), C2 (average EC = 7040 uS/cm) and C3 (average EC = 9767 uS/cm). Furthermore, PCA results show
two principal factors account 84.05% of the total variance: (1) F1 represents the natural component, and (2) F2 symbolizes
the anthropic component. Moreover, the groundwater quality map of the Maritime Djeffara shows three categories: suit-
able, doubtful and unsuitable water for irrigation. These different results should be taken to protect water resources in arid
and semiarid regions, especially at the alluvial coastal regions. Also, they help to make a suitable planning to manage and
protect the groundwater resources.

Keywords Hierarchical cluster analysis - Hydrochemical - Maritime Djeffara - Principal component analysis - Shallow
aquifer - Water quality

Introduction

Around the world, groundwater resources were always
used to satisfy the human’s activities demands (domestic,
industrial and agriculture uses, etc.), particularly in arid and
semiarid regions (Voutsis et al. 2015). These regions are
characterized by a scarce precipitation and almost negligi-
ble surface water supplies with a significant spatiotemporal
variability. Moreover, these regions are categorized by their

< Bachaer Ayed
ayed.bachaer @gmail.com

LR3E, National Engineering School, University of Sfax,
Sfax, Tunisia

ARE, Regional Commissary for Agricultural Development
of Medenine, Medenine, Tunisia

weak fraction of recharge against an intensive exploitation.
The latest causes the reduction of freshwater in shallow aqui-
fers and creates a local depression which leads to groundwa-
ter quality degradation. Therefore, it is essential to product
a robust management plan. For this reason, the groundwa-
ter contamination becomes a very seriously environmental
problem. The groundwater resources management should
be reached by its characterization and determination of its
hydrochemistry evolution.

Generally, the groundwater chemistry is controlled by
some of natural processes such as aquifer lithology, water
and geological formations interactions (dissolution and
precipitation), water velocity and its residence time in the
aquifer (Appelo and Postma 2005). In addition, the intense
anthropogenic activities cause a very important risk to the
groundwater quality. This risk was manifested by overex-
ploitation, industries and agriculture fields that can alter the
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water chemistry through abstraction and irrigation (Huang
et al. 2013). For this reason, the identification of the main
processes controlling the groundwater hydrochemistry
becomes necessary.

Studies in arid and semiarid regions have shown the
importance of groundwater assessment for water manage-
ment and integrated development strategy. Several methods
have been developed to assess the groundwater chemis-
try and to define the main sources of water degradation.
Moreover, several approaches are used to track the threat of
degradation such as statistical analysis (hierarchical clus-
ters analysis (HCA), principal component analysis (PCA),
factorial analysis (FA), etc.) (Kharroubi et al. 2012; Agoubi
et al. 2013; Bencer et al. 2016) and geochemical analysis
(analytical methods, etc.) (Katz et al. 2011; Zabala et al.
2016; Colombani et al. 2017).

This study is the first attempt which serves to determine
the groundwater suitability for irrigation in the Maritime
Djeffara shallow aquifer, using the hydrochemical, statis-
tical approaches and the groundwater quality indexes. To
estimate the main variations in the groundwater chemistry
and to disclose the main hydrochemical process to acquire
water mineralization in the Maritime Djeffara shallow aqui-
fer, some hydrochemical approaches and two multivariate
statistical analyses were carried out. The first one is the
HCA method. It considers an environmental geochemistry
to investigate the environmental phenomena affecting the
groundwater quality. It has been successfully applied in
several hydrogeochemical studies. Principally, it consists of
the samples reclassified into distinct hydrochemical groups
according to their similarity. This model is a very delicate
model because it can lead to an entirely different result if
the linkage rule and the similarity measurement weren’t
well chosen (Reimann et al. 2008). The second one is the
PCA which is a powerful data reduction method. It allows to
transform a huge amount of data and water quality variables
into a manageable set of uncorrelated factors that represents
the most variance observed, allowing to generate hypoth-
esis about the identification of the principal components and
their significance (Bayo and Lopez-Castellanos 2016). This
model makes possible to distinguish the principal factors
(anthropogenic and natural processes) that exert control on
the groundwater chemical composition. Generally, the PCA
and the HCA are complementary. They group and discover
the existing intrinsic structures or underlying behavior of
data.

These models are the most used worldwide and almost
successfully applied in order to better understand the
groundwater evolution and determine the principal pro-
cesses that control its composition, such as: (1) in Euboea
Island (Voutsis et al. 2015), (2) Mzimba aquifer in North-
ern Malawi (Wanda et al. 2011), (3) Galilee and Eromanga
basins, Great Artesian Basin in Australia (Moya et al. 2015),
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(4) Hajeb ELyoun-Jelma in Central Tunisia (Kolsi et al.
2013), (5) Sidi Bouzid shallow aquifer (Ncibi et al. 2016).

Study area

The Maritime Djeffara extending over 3100 Km? has been
selected as the study area for this study. It is situated in the
coastal part of southeastern Tunisia (Fig. 1). It represents
the Djeffara collapsed part localized in the East of Dhaher
Mountain. It is limited by the Mediterranean Sea at the east,
the boundary of Gabes governorate at the north and Ben
Guerdane region at the south. This region is categorized by
Mediterranean climate, which gathers two different types:
on the one hand, the coastal semi-humid climate, and on
the other hand, the sub-Saharan arid climate. This allows
to classify the study area among arid and semiarid regions.
The average temperature is about 30.1 °C in summer and
12.4 °C in winter, and the annual average rainfall is of about
149 mm/year, during the period of 1968-2015 (Ayed et al.
2017). Also, the rainfall may reach a maximum of about
376 mm/year (1968-2015) with an average of 27 rainy days
per year.

Thus, the climate of the study area favors the evapo-
transpiration (ETP); hence, the annual average ETP is
about 1806.27 mm. In addition, the ETP is characterized
by their irregularity (seasonal and monthly). It reaches a
rate of 240.66 mm during the summer period. These val-
ues decrease sharply during the winter to reach 94.66 mm.
Monthly ETP varies between 254 mm in July and 93 mm in
December and January.

Generally, in the South of Tunisia, the groundwater of
shallow aquifers is lodged in the sandy and sandy clay of
the coastal areas. Almost, the aquifer recharge is performed
directly from the rainwater infiltration and the deep aquifer
groundwater seepage through the faults affecting the area.
The wadis underflows have a minor importance which is
located mainly at the Zeus and Oum Zessar Wadis, Om
Ettamer Wadi, El Fje Wadi and Smar Wadi.

The geological map (Fig. 2) shows a Mio—Plio—Qua-
ternary deposits which consist mainly by alluviums, lime-
stones, gypsum, conglomerates, sands, clays and paralic
Sebkhas deposits (Jedoui 2000), while the stratigraphy of
the study area is characterized by a series of deposits with
ages ranging from the Paleozoic to the Quaternary. The
Paleozoic is represented by the Permian deposits (sand-
stone and dolomitic). The Mesozoic is composed by the
Triassic detrital materiel to the Upper Cretaceous carbon-
ate units (Bouaziz 1995). The Jurassic and Cretaceous for-
mations (carbonate facies) are exposed to the eastern part
of the Dhaher Mountain. The Mio—Pliocene deposits are
composed of red gypsum clays and clay sands intercalated
between conglomeratic and sandstone layers (Jedoui 2000;
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Fig. 1 Maritime Djeffara shallow aquifer location

Bouaziz et al. 2003). These layers include the deep and
shallow aquifers waters of the Maritime Djeffara. Two dis-
tinct hydrogeological entities have been identified in this
region: the deep aquifer is characterized by an imperme-
able substratum dated from the Oligocene (Mamou 1990).
This aquifer is overlaid by a semipermeable layer (gypsum
clays of the Mio—Plio—Quaternary). The second one is the
shallow aquifer, subject of this study (Agoubi 2012). The
shallow aquifer is included in the Mio—Plio—Quaternary
deposits which are constitutes by two lithological sections
(Fig. 3). The Maritime Djeffara aquifer shows a dramatic
thickness variation. These deposits are mainly pebbles,
gravels, silts, sands and gravel clay. The hydrogeologi-
cal cross section AA’ with N-S direction correlates eight
drilling wells (Fig. 3a). This correlation shows a high sub-
sidence of Jurassic at Drouj drilling well deposits in NE
of the study area. It proves a thickness variation of the
shallow aquifer from 50 m (at the north) to 90 m (at the
south). Moreover, a second hydrogeological section was
performed to establish the reservoir geometry (Fig. 3b). It

has a NW-SE direction and shows a complex structure of
shallow aquifer which is affected by many faults allowing
communication between the shallow aquifer and the Trias-
sic deep one. This communication leads to geochemical
composition modification in groundwater. At the east of
this section, the Jurassic deposits show uprising at Khaoui
Elghadir drilling well, where two faults affect the area into
the graben and horst structure. Soils in the study area are
composed of materials belonging to the Mio—Plio—Quater-
nary formation. The Maritime Djeffara reservoir geometry
is characterized by a high complexity, from a lithologic
point of view rather than from a structural point of view.
The aquifer is categorized by its significant permeability
which ranges between 10~* and 2.10 x 10~ m/s.

On the other hand, the piezometric map (Fig. 4) shows
head values ranging between —10 m especially located at
the coastal regions (Boughrara Gulf and Djorf) and 130 m
observed at the southwestern part of the study area (Ayed
et al. 2017). A general flow direction was detected in the
orientation of southwest to northeast.
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Fig.2 Geological map of the Maritime Djeffara

Materials and methods
Materials

Groundwater samples were collected from 47 wells in May
2016. A homogeneous distribution was chosen to obtain
a representative data concerning the spatial variability of
the groundwater quality in the Maritime Djeffara shallow
aquifer (Fig. 1). The coordinates of each well sampled were
measured using a Trimble Juno ST handheld GPS. The
physical parameters (temperature, pH, EC) were measured
at the moment of sampling in field using a calibrated pH
meters and conductivity meter. The suspended matter in the
water samples was separated by filtration through a filter of
0.45 um pore size. The samples were stored (after filtering)
in polyethylene containers without any treatment (acidifi-
cation and dilution) and refrigerated until analysis within
1-2 days. Polyethylene sample bottles were washed several
times firstly with distilled water and secondly by the wells
groundwater before taking the samples.

@ Springer
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Most of the chemical determinations were carried out in
chemical laboratory of the Higher Institute of Water Sci-
ences and Technology of Gabes (Tunisia). The cations and
anions of these samples (sodium (Na™), potassium (K*),
Lithium (Li"), calcium (Ca®"), magnesium (Mg?*), chlo-
ride (CI7), sulfate (SO42_), bicarbonate (HCO;™), phos-
phate (PO43_), nitrate (NO;™), bromide (Br™) and fluoride
(F7) were analyzed by ion chromatography (Metrohm 850
Professional IC). Concerning the alkalinity as HCO;~ was
measured using the titration method, in “Water Sciences
laboratory” at the Higher Institute of Water Science and
Technology of Gabes. The analytical accuracy of the ion
measurement is determined by calculating the absolute error
in ionic equilibrium, which does not exceed in all samples
the standard limit (+ 5%). In addition, the TDS contents
were estimated based on the conductivity measurements and
the sum of total analyzed dissolved solutes.

To develop the object of this study, several tools were
used. The IBM SPSS Statistics version 21 and XLSTAT
version 2016 softwares were used to apply the statistical
approaches to the groundwater quality data for 47 samples.
Also, the “Diagram” and “Excel 2016 softwares were used
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Fig.4 Piezometric map of the Maritime Djeffara shallow aquifer Reproduced with permission from Ayed et al. (2017)

to the analytical analyses and groundwater hydrochemical
data processing.

Statistical analysis methods

In this study, a multivariate statistical analysis (MSA) was
applied to determine the patterns of hydrochemical dataset of
Maritime Djeffara groundwater. In total, 15 chemical constitu-
ents were analyzed in 47 samples collected in May 2016 from
the agricultural wells with homogenous repartition. These
variables (Na*, K*, Li*, Ca**, Mg>*, CI~, SO,>", HCO;4™,
PO43_, NO;™, Br™, F~, pH and EC) were successfully used in
hierarchical cluster analysis and principal component analysis.

Assessing the statement of normality is essential in most
statistical measures. For this attempt, the parametric statistical
analysis was suggested as the best examples. In this study, the
normality was checked by the Kolmogorov—Smirnov (KS) and
Shapiro—Wilk (SW) tests.

The KS statistic test belongs to the supremum class of
empirical distribution function (EDF). It is based on the larg-
est vertical difference between the empirical distribution and
hypothesized (Conover 1999). It gives an “n”-ordered data
points (x; < x, < x3 < - < x,,). Conover (1999) defined this
test as following:

T = Supy |F*(X) - Fn(x) |

@ Springer

where “sup” stands for supremum which means the greatest;
F"(x) is the hypothesized distribution function; F,, (x) is the
EDF estimated based on the random sample.
In KS test of normality, F*(X) is taken to be a normal
distribution with known mean (u) and standard deviation (o).
The KS statistic test is used for testing:

e HyF(x)= F*(x), for all x from —oo to oo (the data follow
a specified distribution);

o H,: F(x)# F'(x), for at least one value of x (the data do
not follow the specified distribution).

Moreover, the popular Shapiro—Wilk test was applied. It
is based on the statistic test (W). The comparison with other
tests shows that it is the most powerful for small sample size
(n < 50). It was the first test that could detect departures
from normality due to either skewness or kurtosis (Razalil
and Wah1 2011). The statistic test is defined as:

(Z?=1 aiy,-)z
Z?:] (yi - )_)i)2

where y; is the ith order statistic, y; is the sample mean,

—( ) —_mv' d = ( )T
@ = (ag, e ty) = ormym s and ome=(my,.om,

W=

are the expected values of the order statistics of independent
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and identically distributed random variables sampled from
the standard normal distribution, and V is the covariance
matrix of those order statistics.

Generally, the W values vary between 0 and 1. Small val-
ues of W lead to the rejection of normality, whereas a value
equal or close to 1 designates the normality of the data. The
higher the W, the greater the compatibility with the cred-
ibility of normal law.

Hierarchical cluster analysis

The “hierarchical cluster analysis” (HCA) is a statistical
approach. Generally, it is used to classify the groundwa-
ter sources into definite hydrochemical groups according to
their similarity or dissimilarity (Monjerezi et al. 2011). This
statistical analysis was generated using as linkage the Ward’s
method (1963) and as similarity measure the squared Euclid-
ian distances (Baig et al. 2010). It is the most used algorithm
in MSA to hydrochemical analysis. The result of this method
is usually presented as a dendrogram, where the X axis was
considered for representing the samples grouped into clus-
ters and the Y axis represents the dissimilarity between
different clusters. Each cluster resulting from this analysis
group samples is as similar as possible to each other, while
their difference is as large as possible.

Principal component analysis

In order to analyze the groundwater data, the principal
components analysis (PCA) has been used. This statisti-
cal approach is essentially applied to prove the water and
sediment interaction (Bo$njak et al. 2012; Kolsi et al. 2013).
This method is a mathematical technique and is based on
the reduction of a large number to a small number of vari-
ables which represent the principal components. This pro-
cedure consists on the extracting of related variables and
consequently deducing the processes that control the water
chemistry (Huang et al. 2013). In addition, it can be used to
extract the principal factors presenting the different natural
and anthropogenic processes that influence on the ground-
water chemical composition (Helena et al. 2000; Cloutier
et al. 2008; Giiler et al. 2012; Huang et al. 2013).

To apply the PCA, several tests should be used to assess
the suitability of the accused data for factor analysis. These
tests comprise the Kaiser—-Mayer—Olkin (KMO) and Bart-
lett’s sphericity tests. They are the most used tests in aca-
demic and business studies. The KMO test measures the
sampling adequacy that is recommended to check the case
to variable ratio for the analysis being conducted. It deter-
mines if the results given with the sample are adequate or
not. Theoretically, the KMO index ranges from O to 1, and
the world-over accepted index is over 0.5 (Williams et al.
2010).

The Bartlett’s test of sphericity refers to the study sig-
nificance and thus shows the validity and suitability of
the responses collected to the problem being addressed
through the study. It indicates the strength of the relation-
ship between variables. This kind of tests determines the null
hypothesis that the correlation matrix is an identity matrix.
This later is a matrix in which all of the diagonal elements
are equal to 1 and all off diagonal elements are close to O.

For PCA to be recommended suitable, the Bartlett’s test
of sphericity must be less than 0.05 (p < 0.05) (Williams
et al. 2010).

Analytical methods

To understand the hydrochemical process in the Maritime
Djeffara shallow aquifer, the following methods were used:

The groundwater facies were determined based on “Piper
diagram” which use the major elements as cations (Na*t, K*,
Ca’* et Mg**) and as anions (CI~, SO,>~ et HCO; ") meas-
ured in milliequivalents per liter. It represents the hydro-
chemical evolution of groundwater (Piper 1944). Generally,
the groundwater chemistry is modified during this move-
ment through the soil by mineral-water interaction. The
determination of the saturation index (SI) can evaluate this
phenomenon. It describes the precipitation or dissolution of
minerals along flows in the soil-water system (Bhattacharya
et al. 2012).

In this study, the saturation index was calculated using the
“Phreeqc” extension of the “Diagram” software (Parkhurst
and Appelo 2013). It determines the saturation indexes of
anhydrite, calcite, dolomite, gypsum and halite minerals.

The groundwater of the Maritime Djeffara shallow
aquifer was almost used for irrigation. For this reason, the
groundwater suitability to irrigation was determined by
assessing the effects of mineral concentrations in water, soils
and plants. In the study case, the assessment of groundwa-
ter suitability for irrigation was determined through five
indexes: electrical conductivity (EC), permeability index
(PI), sodium adsorption ratio (SAR), sodium percent (%Na)
and magnesium percent (%Mg).

Electrical conductivity assessment

Generally, the determination of salinity content is carried out
by EC calculation, in order to identify these affects to crops
(Thorne and Peterson 1954). The excess of salinity in water
irrigation decreases the osmotic activity of plants in the soil.
Also, it affects soil permeability, aeration and soil structure
(Costa and Aparicio 2015). Four classes of EC were distin-
guished: low, moderate, high and very high (Table 1).

@ Springer
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Table 1 Water suitability for irrigation based on quality indexes clas-
sifications

Quality indexes Categories Ranges
EC (uS/cm) Low 0-250
Moderate 250-750
High 750-2250
Very high > 2250
PI (Doneen 1964) Class I > 75
Class II 75-25
Class I1I <25
SAR (Richards 1954) Suitable 0-3
Moderate 3-9
Unsuitable >9
%Na (Wilcox 1955) Good 2040
Permissible 40-60
Doubtful 60-80
Unsuitable > 80
%Na (Eaton, 1950) Safe < 60
Unsafe > 60
%Mg (Szabolcs and Darab Suitable <50

1964) Harmful and unsuitable > 50

Permeability index (PI)

The soil permeability is influenced by the continuos and
intensive use of groundwater sources for irrigation. The
permeability is affected through the sodium, calcium, mag-
nesium and bicarbonate content in the soil. The permeabil-
ity index (PI) was determined by Eq. 1 created by Doneen
(1964) where all elements are in milliequivalent per liter:

(Na* + /AICO5)

Pl =
(Ca** + Mg** + Na*)

X 100 (1

To assess the groundwater suitability for irrigation,
Doneen (1964) evolved a water classification based on the
PI. Hence, three classes were identified: Class I is charac-
terized by PI < 25% and classifies the water as unsuitable
for irrigation, Class II is categorized as good and suitable
water for irrigation with a 25% < PI > 75%, and Class III
where the PI > 75% is distinguished by an excellent water
for irrigation.

Sodium adsorption ratio (SAR)

The excess of sodium concentration in groundwater affects
the soil properties and reduces the soil permeability. Hence,
the determination of the groundwater suitability for irriga-
tion was performed by calculating the sodium adsorption
ratio (SAR). This ratio measures the risk of alkali—sodium
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for crops. Moreover, it determines the degree from which
water tends to enter into cation exchange reactions in soil.
Generally, the sodium reaches the aquifer through rain and
rocks dissolution. It replaces the absorbed magnesium and
calcium and consequently causes the soil structure damage.
Because of its effect on soils and plants, it has been con-
sidered among the main factors governing irrigation water
(Richards 1954). This ratio was determined using Eq. 2:

Na*
NESETS @
2

According to SAR ratio, waters were grouped into three
classes. Water with SAR ranging from O to 3 is considered
as good, while SAR ranging from 3 to 9 is characterized by
moderate type and greater than 9 is considered unsuitable
for irrigation purpose (Table 1).

SAR =

Sodium percent (%Na)

In addition to the SAR ratio, the sodium percent (%Na)
presents a significant factor to indicate sodium hazard. The
Na™* cation has an important effect to deteriorate the subsoil
structure and consequently reduces his permeability (Nar-
asimha et al. 2006). Usually, Na* concentration is stated
in terms of sodium percent or soluble-sodium percentage
(%Na). A high Na* concentration in water irrigation leads
to its absorption by the clay particles, and it will be substi-
tuted by Mg?* and Ca®* ions. This substitution reduces the
soil permeability. For this aim, the %Na is used for assess-
ing the water quality for agricultural purposes. This param-
eter is calculated according to Eq. 3 which is expressed as
the sodium and potassium percentage against all cationic
concentrations.

(Nat + K%

%Na = > >
(Ca®* + Mg™ + Na® + K*)

x 100 3)

According to Wilcox diagram (1955), four classes have
been distinguished good, permissible, doubtful and unsuit-
able. Only two classes have established by Eaton (1950):
safe and unsafe (Table 1).

Magnesium percent (%Mg)

The magnesium percent or risk of magnesium (%Mg) des-
ignates one of the most important qualitative criteria for
assessing the water quality for irrigation as long as mag-
nesium and calcium keep the equilibrium state in most
waters. The excess of magnesium affects the soil quality
(increases the construction of alkalinity) which can decrease
the productivity (Ramesh and Elango 2011). The % Mg was
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calculated as following where the ions concentrations cited
are indicated in milliequivalents per liter (Ayers and Westcot
1985):

Mg2*

Mg = ———————
olVlg (Ca2++Mg2+)

x 100 4)

According to this parameter, two classes have been dis-
tinguished: suitable and unsuitable where the %Mg < 50%
and %Mg > 50%, respectively (Szabolcs and Darab 1964).

Results and discussion
Water quality

Groundwater samples were analyzed and were tested for
charge balance errors (Table 2). The charge balance for all
samples was found less than + 5%. The statistical descrip-
tion summary of the Maritime Djeffara groundwater sam-
ples was presented as a minimum, maximum, average
and standard deviation (Table 3). The results show that
the pH values vary from 6.85 to 7.84 with an average of
7.34, indicating alkaline to neutral conditions. In addi-
tion, the TDS values range from 876.61 to 5222.45 mg/L
with an average value equal to 3055.64 mg/L. According
to Fetter (1990), the TDS values were classified into two
classes: TDS < 1000 mg/L corresponding to freshwater and
1000 mg/L < TDS < 10,000 mg/L indicating brackish water.
Thus, the study area is characterized by an alkaline and
brackish waters type. These waters are located particularly
at the north and to the east of the aquifer; zones of study area
outlet. Furthermore, the standard deviation values are rela-
tively low compared to the averages for most elements. Sul-
fate (SO,*7) shows a very high standard deviation which is
equal to 485.5. This last presents more than 50% of the aver-
age. Chloride (CI7) and sodium (Na%) indicate some varia-
bility in the groundwater type of the study area. Based on the
average values of the chemical parameters, the cations are in
following order of abundance Na*> Ca?"> Mg?*> K> Li*,
while the anions reveal an order of abundance as follows SO
4~ >CI” > HCO;” > PO, > NO;” > Br > F".

Thus, to determine the chemical trends of Maritime Djef-
fara groundwater, the chemical analysis results have been
plotted on Piper diagram using the “Diagram” software
(Simler 2009). Indeed, the diagram analysis (Fig. 5) shows
two different facies:

e Forty-six samples present a SO,—Cl mixed water type
with sodi-potassic tendency;
e One sample presents a Ca—Mg-HCO; water type.

The groundwater of the study area is characterized by
their high concentrations of Na, Cl, Ca and SO, which
may be related to dissolution of calcite (CaCO;), gypsum
(CaSO,) and anhydrite (CaSO,), while the Na and Cl high
concentrations could be related to halite dissolution (NaCl).
These results were also obtained by previous studies which
consider the groundwater lodged at the same aquifer (Agoubi
et al. 2014).

In the present study, the saturation index (SI) values
for the different minerals (anhydrite, calcite, dolomite,
gypsum and halite) and their chemical equilibria were
calculated using the “Phreeqc” function of the “Diagram”
software (Parkhurst and Appelo 2013). The correlation
between SI and minerals compositions (Fig. 6) indicates
that the carbonate minerals (calcite (CaCO;) and dolo-
mite ((Ca, Mg) (CO5;),) saturation have an over-saturated
state. So, they tend to precipitate, indicating that the salt
load is not influenced by the water—carbonate mineral
interaction. Furthermore, the groundwater is under-satu-
rated with sulfated minerals (gypsum (CaSO,, H,0O) and
anhydrite (CaSO,)). Consequently, this dissolution con-
tributes to the solutes acquisition and controls the miner-
alization. According to previous studies (Kharroubi et al.
2012; Agoubi et al. 2013), the halite concentration may
be caused by the seawater intrusion and the influences of
Sebkhas zones.

Statistical analysis results
Samples characteristics

A Shapiro—Wilk’s test (p > 0.05) and a visual inspection
of their normal Q-Q plots showed that the exam scores
were approximately normally distributed for all elements
(Fig. 7). The same results were obtained by the Kolmogo-
rov—Smirnov test which show that the parameters were
approximately normally distributed (Table 4). In the study
case, the normal distribution is favored for optimal results
and reliable interpretations of the results.

Hierarchical cluster analysis (HCA)

The application of the HCA shows three clusters (C1, C2
and C3) represented in dendrogram (Fig. 8, Table 5). These
clusters were regrouped according to their dominant chemi-
cal composition as:

e Cluster 1 includes 24 wells. It is characterized by low

values of EC where the median doesn’t exceed 4.5 ms/cm
and a low concentration of Na*, Ca**, Mg?*, SO,*~ and

@ Springer
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Fig. 6 Saturation indexes for the Maritime Djeffara groundwater

Principal component analysis (PCA)

This statistical analysis was performed using 15 variables
(pH, EC, HCO,™, F~, CI~, Br~, NO,~, SO,*>~, PO,*~, Na™,
K*, Lit, Ca**, Mg?* and TDS) and 47 individuals (wells).
These variables were projected on two factors (F1 and F2),
which represent 84.05% of the total variance. According
to Dagnellie (1992), the significant threshold (Cs) for 47
samples is equal to 0.273. The report between the number
of significant relationships (SR) and the number of total
relations (TN) in the matrix gives an idea about the distri-
bution nature (Table 6):

TN = [(m2 +m)/ 2] with m : number of variables;

@ Springer

30 60

Na+Cl

40 50

TN = 120; SR = 77; then SR/TN = (77/120) = 0.64.

This ratio gives a value greater than the threshold of sta-
tistical significance (0.64 > Cs (0.273)) which indicates a
good statistical distribution for this correlation matrix.

In this study, the Bartlett sphericity test and KMO were
determined for the PCA (Table 7). For the Maritime Djeffara
groundwater, the KMO measure is about of 0.799 (Table 7),
which can be considered acceptable for the present study.
Moreover, the Bartlett’s test of sphericity, close to 0, is sig-
nificant, while the significance level is small enough to reject
the null hypothesis. This means that correlation matrix is not
an identity matrix.

The correlation coefficients between the different vari-
ables are given by the correlation matrix (Table 6) which
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Fig.7 Q-Q plots obtained by the Shapiro—Wilk test
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Table 4 Normality tests for the

Normality tests
groundwater samples before

HCA Kolmogorov—Smirnov* Shapiro-Wilk
Statistic Degree of Signification Statistic Degree of Signification
freedom freedom
pH 0.089 47 0.200 0.976 47 0.430
CE 0.093 47 0.200 0.973 47 0.340
HCO, 0.137 47 0.028 0.956 47 0.072
F 0.154 47 0.007 0.937 47 0.014
Cl 0.120 47 0.085 0.958 47 0.093
Br 0.055 47 0.200 0.992 47 0.989
NO; 0.055 47 0.200 0.992 47 0.989
SO, 0.132 47 0.040 0.955 47 0.067
PO, 0.124 47 0.068 0.952 47 0.053
Na 0.167 47 0.002 0.947 47 0.033
K 0.054 47 0.200 0.992 47 0.989
Li 0.115 47 0.152 0.899 47 0.001
Ca 0.093 47 0.200 0.975 47 0.399
Mg 0.145 47 0.014 0.935 47 0.012
TDS 0.116 47 0.131 0.962 47 0.131

Lilliefors correction of signification

Fig. 8 Dendrogram of ground-

Dendrogramme
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was made two by two. This correlation shows that the
total dissolved salts (TDS) are strongly correlated with the
major elements C1~ (0.973), Br~ (0.974), NO;~ (0.974),
SO, (0.984), Na* (0.981), K* (0.974), Ca** (0.933) and
Mg?* (0.935) and EC (0.975), with the exception of bicarbo-
nate (HCO;™) which is poorly correlated with TDS (0.054).

@ Springer
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Furthermore, the SO, is strongly correlated with all major
elements except the HCO;™, PO,*~ and Li*. Practically, the
bicarbonate is weakly correlated with all elements. How-
ever, the Ca’*, Mg?* and K* ions show a good to moder-
ate correlation with all elements except HCO;™ and Li*.
Table 5 shows the following associations: TDS-EC (0.975),
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Table 5 Average analytic concentrations of HCA

Cl1 Cc2 C3
Nbr 24 12 11
pH 7.386 7.293 7.296
EC 4.522 7.040 9.767
HCO3 484.851 462.245 487.719
F~ 8.156 8.569 8.901
ClI~ 511.243 786.861 1139.855
Br~ 8.579 9.429 10.158
NO;, 37.840 42.791 47.038
SO, 833.332 1284.368 1878.795
PO, 40.466 41.708 42.704
Na* 336.014 574.462 834.500
K* 21.412 27.521 32.823
Li* 0.822 0.995 0.872
Ca’t 258.700 337.343 424.267
Mg>* 150.943 204.797 280.511
TDS 2294.622 3253.281 4500.427

Nbr number of samples of each cluster

TDS-Na (0.981), TDS-CI (0.973), EC-Na (0.96), EC-C1
(0.97), Na—C1 (0.965). These results reflect the contribu-
tion of Na* and Cl~ ions to groundwater mineralization. The
PCA shows that these variables are extremely interrelated

the value of the ratio between the total cumulative variance
and the number of axes obtained. So, the % variance should
be > 7.14. Consequently, only the two first axes F1 and F2
are considered. They represent 84.04% of the total variance
(Table 8):

e The first main component F1 explains 65.72% of the
total variance; it is positively expressed by EC, Mg**,
SO,>~, Na*, Ca**, K*, CI7, NO,;™ and Br™. This con-
firms that the mineralization is mainly due to the evap-
orates dissolution (NaCl and CaSO,);

e HCO;, PO43‘, F*, Li* and pH are positively carried
out by the F2 axis, which expresses 18.325% of the
total variance, indicating carbonate dissolution and
contamination caused by anthropogenic activities.

The spatial distribution of 47 samples on the factorial
plan (F1 x F2) (Fig. 9) shows three different groups:

e The first group C1 consists of 18 individuals (1, 6, 7,
9,10, 16, 17, 22, 23, 26, 29, 31, 32, 38, 40, 43, 44 and

Table7 The KMO and Bartlett’s tests of the Maritime Djeffara
groundwater

KMO and Bartlett’s test

with a strong correlation especially between EC and CI7,  gyiser Meyer-Olkin measure of sampling 0.799
SO,?7, Na*, Ca®" and Mg*". adequacy
In the present study, overall 14 axes have been obtained.  Bartlett’s test of sphericity Approx.  2536.253
Table 8 presents the variance percentages as well as the chi
cumulative variance for each component (factor) axis square
responsible for this statistical distribution. The adopted axes df o1
must have a variance percentage greater than or equal to Sig. 0-000
Table 6 Correlation matrix of the Maritime Djeffara groundwater
Variables pH EC HCO;, F Cl Br NO; SO, PO, Na K Li Ca Mg TDS
pH 1
EC -0363 1
HCO;, 0.474 —-0.085 1
F 0.454 0.015 0.346 1
Cl —0.360 0.969 —0.069 0.063 1
Br —-0.336  0.989 —-0.063 0.059 0968 1
NO; —-0.336  0.989 —-0.063 0.059 0968 1.000 1
SO, -0.249 0971 —0.034 0.073 0943 0969 0.969 1
PO, 0.341 0.275 0.312 0964 0317 0321 0321 0325 1
Na —-0.318 0.960 —0.008 0.044 0965 0950 0.950 0955 0292 1
K —0.335 0.990 —0.063 0.060 0.968 1.000 1.000 0.970 0.322 0951 1
Li 0.204 0.038 0.420 0.362 0.072 0.077 0.077 0.026 0365 0.096 0.076 1
Ca -0.243 0939 —0.031 0.053 0914 0946 0946 0.948 0301 0.878 0946 0.038 1
Mg —0.306 0.960 —0.097 0.063 0939 0953 0953 0.939 0311 0900 0.953 0.060 0935 1
TDS —-0.256 0.975 0.054 0.101 0973 0974 0974 0984 0354 0981 0974 0.097 0933 0935 1
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Table 8 Total variance of the variables
F1 F2 F3 F4 F5 Fo6 F7 F8 F9 F10 F11 F12 F13 F14

Own value 9.858 2749 0934 0.727 0410 0.141 0.065 0.054 0.041 0.013  0.007 0.000  0.000  0.000
Variability (%) 65.722 18325 6.228 4.849 2.730 0.939 0433 0363 0275 0.086 0.049 0.000 0.000  0.000
% Accumulated 65.722 84.047 90.275 95.124 97.855 98.794 99.227 99.590 99.865 99.951 100.000 100.000 100.000 100.000

Fig.9 Projection of variables Variables (axes F1 et F2: 84,05 %)
and individuals on the factorial 1
plan (F1 x F2) of Maritime
Djeffara samples 0,75 pH HCO3
1
0,5 T+
. 0,25
°\o TOS
P
s 0 i t t
Al
I
L 9,25
0,5
-0,75
-1

-1 -0,75 -0,5 -0,25 0 0,25 0,5 0,75 1
F1 (65,72 %)

Observations (axes Fl et F2: 84,05 %)

F2 (18,32 %)

F1 (65,72 %)
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45) reflecting the chloride sulfated, sodic and magnesium
character. Therefore, F1 carries the samples which have
undergone natural effects on mineralization. These sam-
ples were located at the downstream part of the aquifer
and at the Sebkhas zones where the highest concentra-
tions were observed: TDS, K™ and SO42‘ (with values
of 5222.45, 39.4 and 2499.6 mg/L, respectively, for
sample 16), C1~ (1292.55 mg/L for sample 7) and Na™*
(1050.48 mg/L for sample 1). This result shows the phe-
nomenon related to salts trapped in sediments dissolution
processes;

e The second group C2, formed by 16 wells (3, 4, 11, 13,
14, 18, 19, 20, 21, 24, 28, 34, 36, 37, 39, 41), corre-
sponds to the least mineralized group. The samples cor-
responding to this group are characterized by the low-
est element contents such as TDS, K* and SO42_ (with
values equal to 876.61, 12.31 and 123.17 mg/L, respec-
tively, for sample 37,), C1~ (303.1 mg/L for sample 36)
and Na* (200.73 mg/L for sample 41);

e The third group C3 is positioned on the positive part
of the factorial axis F2. This axis mainly refers to the
effect of anthropogenic activities. This pollution mainly
occurs at the wells: 25, 27, 30, 33, 35, 42, 46,47. C3. It
is characterized by high content of PO,*>~ and F~ (46.8
and 13.78 mg/L, respectively, for sample 25), HCO;~
(726.8 mg/L for well 33) and Li* (3.25 mg/L for well
42);

The main component analysis (PCA) corroborated the
results obtained using the hierarchical cluster analysis
(HCA). Indeed, the samples grouped in the same cluster
by the HCA are the same grouped by the PCA (Figs. 8, 9).

These two statistical models which are considered the
most popular in academic researchers give an approval
results for the present study. Generally, they were success-
fully applied in several studies and were associated with
other models such as the factor analysis. Moya et al. (2015)
have used the multivariate statistical approaches in order to
recognize the hydrochemical patterns and to determine the
processes that control the hydrochemical evolution in the
Great Artesian Basin of Australia. The authors are satisfied
by the obtained results which are significant. Also, Wanda
et al. (2011) have chosen the PCA and HCA models to assess

Table 9 Total variance of the variables

Classification EC (uS/cm) Number of wells
Low 0-250 -
Moderate 250-750 -
High 750-2250 -
Very high > 2250 All samples (47)

the groundwater hydrochemistry patterns in Mzimba aquifer
(northern of Malawi).

Groundwater suitability for irrigation
The salt content in irrigation water (EC)

In order to identify the risk on soils, groundwater contamina-
tions and crops, the EC is a good tool to measure salinity. In
addition of the waste water uses, the excess salt content is
one of the main concerns which affect the water quality. Fur-
thermore, a high salt concentration in water or soil will nega-
tively affect crop yield (decreases osmotic activity of plants)
and cause soil degradation (interferes with water absorption
and soil nutrients). Table 9 shows that all water samples
belong to the very high salinity class. So, it is unsuitable for
irrigation in normal conditions (Fig. 10a).

Permeability Index (PI)

In our study, the permeability index (PI) values range from
39.71 to 54.31% with an average of 45.74% (Table 10,
Fig. 10b). According to Raghunath (1987), the PI values are
included between 25 and 75, showing that the water belongs
to the good class and has suitable quality for irrigation;

Sodium adsorption ratio (SAR)

This ratio shows a high value (SAR values > 23) at clusters 2
and 3 which make the soil exposed to an alkalinity phenome-
non. Based on the diagram SAR/EC at 25 °C, the groundwa-
ter of the Maritime Djeffara is classified as (Figs. 10c, 11):

e (C3-S1 group: characterized by admissible water qual-
ity, which can be useful for the tolerant crops to salt.
This type of crops should be periodically controlled to
assess the salinity evolution. These waters are localized
especially at the downstream of the study area (Djorf,
Sebkhas el Maidher, Gulf of Bou Ghrara, Zarzis) (some
samples of cluster 1);

e (C4-S2 group: these samples are classified among the
poor groundwater quality, characterized by a high min-
eralization. They are suitable for irrigation and catego-
rized by a very good salinity tolerance species and on
well-drained and leached soils (some samples of clusters
1 and 2);

e (C5-S3: very poor water quality, highly mineralized and
is not suitable for irrigation. That is near the outlets of
the shallow aquifer (cluster 3 samples).

According to the SAR ratio, the Maritime Djeffara

groundwater is classified between the high alkalization
power class (clusters 2 and 3) and the middle class (clusters

@ Springer
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Fig. 10 Spatial distribution of water quality indexes for Maritime Djeffara shallow aquifer

Table 10 Groundwater quality of Maritime Djeffara based on the per-
meability index

Permeability index ~ Water classes Wells of the study area

(P

<25 Unsuitable -

25-75 Suitable All water samples (47)
> 175 Excellent -

@ Springer

1 and 2) where the soil alkalinity risk is appreciable in soils
with fine texture and high exchange capacity. The exchange-
able Na™ ions can substitute with Ca** and Mg?*, which
may cause reduce soil permeability (Narasimha et al. 2006).

Sodium percentage (%Na)
The sodium percentage (%Na) was calculated for 47 ground-

water samples. %Na values range from 35.2 to 51.07%,
with an average equal to 40.54%. According to the Wilcox
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Fig. 12 Sodium percentage of Maritime Djeffara groundwater

Table 11 Groundwater quality of Maritime Djeffara based on the
magnesium percent

%Mg Water classes Samples

<50 Suitable 34,8,9,11,12,13,14,15,17,18,19,20,21,22,23,2
4,26,27,28,29,30,31,33,34,35,36,37,39,40,4
2,43,44,45 46,47

> 50 Unsuitable 1,2,5,6,7,10,16,25,32,38,41

classification (1955), two classes are represented (Figs. 10d,
12):

e medium quality: it concerns medium mineralized waters,
with an average and low risk of salinization and alkaliza-
tion, respectively. It characterizes the central groundwa-
ter of Maritime Djeffara (sample 37);

e poor quality: this class characterizes the groundwater
localized at the downstream part of the shallow aquifer
as well as the Sebkhas zones. These waters have a strong
mineralization, presenting an important risk of saliniza-
tion of the soils, but with medium to strong alkalization.

Magnesium percentage (%Mg)

In Maritime Djeffara groundwater, the magnesium percent-
age (%Mg) values range from 42.38 to 57.28% (Table 11).
According to %Mg, two water classes can be distinguished:

¢ Suitable water for irrigation: when the %Mg is less than
50%;

e Inappropriate and unsuitable water to irrigation: when
the %Mg is greater than 50%. These waters adversely
affect crop growth.

In the study area, approximately 76.9% of the water
samples show %Mg values less than 50%. So, these waters
are suitable for irrigation. The remain of the samples
(23.4%) have a % Mg > 50%. Therefore, they are unsuit-
able for irrigation. These wells are located at the north
and east parts of the Maritime Djeffara shallow aquifer
(Fig. 10e).

Water quality map

The choice of weights to each parameter is based on the
statistical analysis of these five parameters. The results
are presented as a minimum, maximum, average, stand-
ard deviation, skewness and variation coefficient. Table 12
shows that the highest parameter is the %Mg (aver-
age = 50.15%). According to the average values, these
parameters are classified in abundance order as following:

Table 12 Statistical presentation

P Variables EC PI SAR %Na %Mg

of groundwater quality in study

area Min 1.26 39.71614 1.746311 30.20528 42.38179
Max 13.66 54.31796 9.674415 51.07574 57.283
Average 6.39 45.74827 5.42262 40.54263 50.15475
Standard deviation 2.47 3.957626 1.724828 4.90515 3.086794
Skewness 0.55 0.531901 0.372319 0.262477 —0.11637
Variation coefficient (%) 38.73 8.65 31.80 12.09 6.15
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Table 13 Weights of quality parameters

Quality index parameters Weights
EC: electrical conductivity 2
PI: permeability index 1
SAR: sodium absorption ratio 2
%Na: sodium percent 1
%Mg: magnesium percent 1

% Mg > PI > % Na > EC > SAR. This indicates that the
%Mg parameter represents the great risk to water quality.

On the other hand, the use of the variation coefficient
(which allows comparisons when units of measurement are
different), calculated for the five parameters (Table 12),
shows that the EC parameter contributes immensely to the
variability of water quality (38.73%), followed by sodium
adsorption ratio (SAR) (31.08%). The most important
static parameters which do not significantly contribute to
water quality are the %Na (12.09%), the PI (8.65%) and
the %Mg (6.15%). By assigning the appropriate weight
to each parameter (Table 13), three classes were distin-
guished (Fig. 13). The intersection of the spatial distribu-
tion maps of these parameters gives a final map where
water quality varies from the suitable to unsuitable for

630l000 660000
1

irrigation successively from the Southwest (recharge zone)
toward the Northeast (saline depressions area).

Usually, the use of quality indexes was manifested at
numerous studies which are intended to determine the
groundwater suitability for irrigation purposes. Ncibi et al.
(2016) have used the SAR, %Na, RSC, PI and %Mg to
determine the groundwater quality in Sidi Bouzid shallow
aquifer (Central Tunisia) showing powerful results that
can help in water resources management. These indexes
were also used by Aghazadeh and Mogaddam (2010) for
assessing the groundwater either for drinking or for irri-
gation purposes in Oshnavieh Area, Northwest of Iran.
Associated with other indexes, Delgado et al. (2010) have
determined the groundwater of Yucatan (Mexico) aptitude
for irrigation.

Conclusion

The comprehension how groundwater hydrochemistry
evolves becomes a necessity to manage the groundwater
resources in sedimentary basins. Particularly, in coastal
aquifers the groundwater chemistry is influenced by
both natural and anthropogenic processes. In this study,
results obtained by using five quality indexes show that
generally the Maritime Djeffara groundwater is doubtful
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to suitable for irrigation (localized at the recharge and
centrals areas), while the unsuitable waters character-
ize the Sebkhas zones and the coastal areas. Moreover,
we have proved that the use of multivariate statistical
methods (PCA and HCA) can be an effective tool for the
identification of the different water quality, types and
groups. Based on HCA, groundwater was categorized as a
50,—-Cl-HCO; and SO,~CIl-Na-HCO; water types. Also,
the 47 samples were grouped into three clusters accord-
ing to their chemical similarity. These clusters were cat-
egorized by their electrical conductivity (EC): C1 (aver-
age = 4450 puS/cm), C2 (average EC = 7040 puS/cm) and
C3 (average EC = 9767 uS/cm). Furthermore, according
to PCA results, two factors have been defined (F1 et F2)
presenting 84.04% of the total variance. F1 was associ-
ated with natural processes (rock—water interaction, lithol-
ogy) and expressed with EC, Mg**, SO,2~, Na*, Ca’*,
K*, CI-, NO;™ and Br™. F2 was illustrated by anthropo-
genic activities (industries, agriculture) and associated
with HCO;™, PO,>~, F', Li* and pH. The factorial plans
(F1 x F2) showed three classes. The first category includes
water samples with the highest TDS whose ionic acquisi-
tion is controlled by the residence time and mineralization
of chloride sulfated, sodic and magnesium minerals. The
second class contains least mineralized samples. It is most
often characterized by the lowest TDS values. The third
group categorizes the samples affected by the anthropo-
genic processes and bicarbonate dissolutions.

The obtained water quality model can determine the
groundwater aptitude for irrigation uses in each region. This
model can serve as a planning document allowing to take
preventive and corrective measures. These methods can be
applied in other regions with similar characteristics.
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