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Abstract

The integration of the statistical approaches and GIS tools with the hydrogeological and geological contexts allowed the
assessment of the processes that cause groundwater quality deterioration in the great important deltaic aquifer in the north-
eastern Tunisia (Medjerda Lower Valley Aquifer). The spatial variation of the groundwater parameters and the molar ratio
(C17/Br™) were also used to determine the possible impacts from seawater intrusion and from the septic tank leachate. Sixty
shallow groundwater samples were collected in 2014 and analyzed for major and trace ions over an area of about 1090 km?
to determine the suitability for drinking or agricultural purposes. The total dissolved solids (TDS) content ranges from 1005
to 19,254 mgl~! with a mean value of 3477.18 mgl~!. The chemistry is dominated by the sodium—chloride waters (55%).
Mapping of TDS, C1~, Na*, SO,>~ and NO,~ using kriging method shows a clear increase in salinity toward the coastline
accompanied by Na* and Cl~ increase which may be related to seawater intrusion and halite dissolution. Locally, higher
nitrate concentration is related to the agricultural activities inducing contribution of chemical fertilizers and irrigation with
treated wastewater. The saturation indices indicate that all carbonate minerals tend to reach saturation equilibrium confirm-
ing water—rock interactions, while evaporitic minerals are still in sub-saturation state and may increase the salinity of the
groundwater. The principal component analysis proves the occurrence of groundwater contamination principally by seawater
intrusion in the factor I (74.15%) and secondary by an anthropogenic source in the factor II (10.35%).
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Introduction

Groundwater is the most important natural resource which
influences sustainable socioeconomic development of every
community. Water resources are harnessed for different pur-
poses such as agricultural, domestic and industrial activities;
therefore, it is important to protect this resource from con-
tamination (Loucks and Jia 2012). In these recent decades,
the contamination of groundwater is rated as of the most
serious problems worldwide, especially in arid and semiarid
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areas. Salinization processes are very complex and may be
due to many factors such as climate, topographic relief, geol-
ogy, saline water intrusion, recycling of wastewaters, drain-
age system, irrigation return flows and septic tank leachate
(e.g., Holly et al. 2005; De Montety et al. 2008; Samsudin
et al. 2008; Park et al. 2005; Selvam et al. 2014; Kaliraj et al.
2014; Jia et al. 2015; Bodrud-Dozaa et al. 2016; Tringali
et al. 2017). Understanding factors that control the quality
degradation of groundwater, which are more sensitive over
years, due to the intensive use of the natural resources and
increased human activities, is an academic challenge and has
a significant practical implication for water resource man-
agement (Bouchaou et al. 2008).

A great number of papers involve multivariate statistics
to identify the possible factors that influence groundwa-
ter salinization processes and offer a robust tool for water
resources management as well as quick solution to pollu-
tion problems in many parts of the world in both coastal
and non-coastal areas (Fakir et al. 2001; Zghibi et al. 2014,
Chenini et al. 2015; Molla et al. 2015; Bodrud-Dozaa et al.
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2016). In this first multidisciplinary study, two multivariate
statistical analyses of groundwater quality data were applied:
the hierarchical cluster analysis (HCA) and the principal
component analysis (PCA) to deduct the zones of potential
contamination. The data obtained from the laboratory analy-
sis were used as variable inputs for factor analysis which is
an important useful statistical tool for the geochemical data
interpretation to evaluate the factors governing the behav-
ior of the aquifer system (Davis 1986; Papatheodorou et al.
2007; Zghibi et al. 2014).

During the last decades, the north of Tunisia displays
rapid social and economical development making growing
needs for industrial, agricultural and drinking water supply.
In the MLV area, the groundwater appears the main source
of freshwater. However, this vital resource is increasingly
deteriorated and the processes that affect groundwater chem-
istry are not well understood. Face to this critical situation,
the assessment of the groundwater quality needs more atten-
tion and its management becomes a necessity.

Several studies have provided preliminary indications
on the salinization of the groundwater of the shallow MLV
aquifer (Ammar 1989; El Guarouani et al. 1999; Samaali
2011; Ben Ammar et al. 2014, 2016; Andolsi 2016). The
aim of this work is to explore and identify the different pro-
cesses that affect groundwater quality in the MLVA through
a survey sampling made in September 2014. Therefore,
several assessing methods were carried out by the mean of
geographic information systems “GIS” tools and geochemi-
cal and statistical analysis. Moreover, mapping of chemical
parameters using GIS is used to determine the groundwa-
ter contamination extent maps by overlaying the available
data (topography, geology, hydrology, hydrogeology, geo-
chemistry, etc.). Ordinary kriging interpolation method is
used for showing initial decision of spatial distribution of
groundwater parameters. Such understanding will contribute
to upgrade land management and improve water planning
strategies.

Materials and methods

The MLVA covers an area extent of about 1090 km? (Fig. 1).
The hilly landscape of the region is part of the large coastal
plain and slopes to the north and north—northwest with eleva-
tions decreasing from 418 m (Jb. Kechabta) and 325 m (Jb.
Ennadhour) to O m above sea level. It is bordered to the west
by the crest line of several mountains: Jb. Sakkak, Jb. Oued
el Melah and Jb. Lansarine which reach a maximum altitude
of 565 m. To the south, it is bounded by the crest line of Jb.
Naheli (236 m) and Jb. Ammar (323 m). The Mediterranean
Sea forms the eastern limit. Following the topography, two
different climate environments are found: a coastal environ-
ment with marine influence and a semi-continental mountain
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environment. The climate is defined by a Mediterranean bio-
climatic top floor semiarid, with mild and wet winters and
dry and hot summers. The rainfall is characterized by a high
irregularity with an average annual precipitation of about
450 mm per year (INM 2015). The mean annual temperature
is 20 °C, with a minimum of 8 °C and a maximum of 45 °C
(INM 2015). The potential evapotranspiration (ETP) is very
high ~ 1300 mm/year.

Climatic and topographic conditions are very favorable
for expanded agriculture near the Medjerda River and Ghar
El Melh Lake. The study area belongs to the Atlas zone of
Tunisia. Six topographic maps and six geological maps of
scale 1:50,000 covering the study area and including the
location of groundwater samples were scanned. Recently,
Boutib (1998), Kacem (2004), Samaali (2011) and Mejri
(2012) described the regional geology of the north of Tuni-
sia. Geophysical investigations (Melki 1997; Ouerghi 2014),
seismic profiles and boreholes allowed more details to
understand the hydrogeology of the MLVA. In outcrop, the
lithostratigraphy ranges from the Triassic evaporitic series,
Jurassic carbonates, Cretaceous series until the sedimentary
Mio-Plio-Quaternary series (Fig. 2a). These stratigraphic
series are the field of cutting blocks with a set of major
faults in many directions; the most frequent are the north-
west—southeast, northeast—southwest and north—south. The
Triassic is always in an abnormal position in tectonic con-
tacts. This can be seen outcropping in Jb. Ammar which cor-
responds to an anticline structure-oriented northeast—south-
west which core is pierced by a large injected Triassic fault
(Fig. 2b) (Pini et al. 1971). The available carbonates and
sulfates in these rocks might have been dissolved and added
to the groundwater system during rainfall infiltration, irriga-
tion and groundwater movement. The Quaternary sediments
occupy almost 60% of the study area. The Medjerda delta is
largely covered with Quaternary sediments with an elevation
ranging from 5 to 8 m above sea level to the west, 0 to 2 m
near the shoreline. These Quaternary outcrops are repre-
sented by two predominant levels: the first silty level is often
encrusted on which muddy silt occupies lake and lagoon; the
second silty level is an interbedded conglomeratic forming
the basis of the series (Pini et al. 1971; Bahri 1993).

The deltaic basin benefits both from the runoff of the
watershed and from the underground flow of the geological
structures surrounded, which have given to the reservoir a
vast synclinal basin (Ammar 1989). The drainage network
consists essentially by the greater perennial river in Tuni-
sia (Medjerda River which collect the surface runoff from
the mountainous areas) and secondary tributaries of which
the outflow is toward the Mediterranean Sea. The shallow
aquifer is lodged in the colluvial series of the mountains and
the alluvial fillings of the plain. It is characterized by a rela-
tively low renewal rate. From lithology and structural con-
figuration, carbonate sediments (Jurassic and Cretaceous)
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Fig. 1 Location map showing topographic and hydrographic framework of the study area (SRTM resolution of 30 m)

and sandstones (Mio-Pliocene) of hills bordering the Utique
Domain and the Mabtouha plain (potential aquifer) may con-
tribute to the supply of the aquifer in the upstream part. In
the southern part, the underground supplies are assured by
the flows from Jb. Ammar and Jb. Naheli.

The sampling of groundwater within the study area was
carried out during September—October 2014 from the MLV
area. In the present study, all the samples were collected in
equilibrium state of the aquifer, which can well represent the
groundwater quality. A total of 60 samples were collected

for private and public wells from the shallow aquifer. Water
samples from freshwater (Medjerda River) and marine water
were also collected. Sampling has not been able along the
coastal zone because the water table rising to the surface
(Static level <5 m) and wells do not exist because the salin-
ity of the groundwater is too high and this coastal area is
dominated by the swamps. On the other hand, toward the
western mountain areas, sampling cannot be able (because it
is inaccessible) and the slope sides display the hydrogeologi-
cal limit of the shallow LVMA. For this, sampling beyond

* @ Springer



2476 International Journal of Environmental Science and Technology (2018) 15:2473-2492

(a) 5701000 5801000 5901000 6001000 610000 620000

4119000
4110000

Galaat el And[ps

4100000
4100000

R
o)

4090000
4090000

4080000
4080000

4070000
4070000

Legend
|:| Quaternary alluvium

Upper Quaternary
Lower Quaternary
Pliocene
Mio-Pliocene
Miocene

Oligocene

\:l Eocene
E Late Cretaceous
Early Cretaceous
- Jurassic
- Triassic

<—> Anticline

— Anticline axis
»>— Syncline
Fault

— Decrochement

Tectonic lineament

Limite watershed

[ —
m——a Cross section
0 25 5 10

a’ - : $ [ P il ometers
570000 580000 590000 600000 61 OIOOO 620000
(b)
A‘ FN25°W N25"W|I S46°E S46°W A' Legend
2 Midael Jurassic (Collavo-Oxfordian)
AH1 S Rorot g ;'L;: a.l:)r:ssic (Kimmeridgian-

Low land
200 sidi Thabet

0 13

Barremian

Triassic

I..OW. land | 5. Early Cretaceous (Neocomian)
Villejacque | 6 : Early Cretaceous (Aptian)

4 : Late Jurassic (Neocomian-
Thitonian)

7 : Early Cretaceous (Albian)

8 : Late Cretaceous ( Cenomanian)
9 : Late Cretaceous ( Turonian)

10 : Late Cretaceous (Upper
Campanian)

11 : Plio-Quaternary (Villafranchian)
12 : Early Quaternary (Sicilian)

13 : Late Quaternary

AH1 : Well

T Fault

1/20 000

Scale T—> 1/50 000

Fig.2 a Simplified geological map of the study area with main tectonic faults and b geological cross section (AA’) from Triassic to Quaternary

in Jebel Ammar modified after Pini et al. (1971)

the study area will distort the results. The location of the  using the groundwater to be sampled after pumping for
groundwater samples is shown in Fig. 4. The selected wells 10 min. This was done to remove groundwater stored in the
are uniformly distributed over the area of concern. The sam-  well. Field measurements including temperature (T), elec-
pling bottles soaked in 1:1 HCI for 24 h and were rinsed with trical conductivity (EC) and pH were taken using a multi-
distilled water followed by deionized water. In the field, the =~ parameter WTW (Thermo Russel Model pH meter) and a
sampling bottles were thoroughly rinsed two or three times, = pH-T-EC meter. Water samples were collected in 1000-ml
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polyethylene bottles with poly-seal caps for major and trace
elements. The groundwater sampled bottles were labeled,
tightly packed, transported immediately to the laboratory.
Samples destined for laboratory analyses were immediately
filtered through 0.45-pm filters on acetate cellulose and col-
lected in acid-rinsed 100-ml polyethylene bottles and stored
at 4 °C for chemical analyses. Chemical analyses of the
water samples were undertaken, using standard methods, at
Isotope Hydrology and Geochemistry Laboratory, National
Center for Nuclear Sciences and Technologies (CNSTN),
Technological pole of Tunisia.

Major and minor elements (such as chloride (C17), sulfate
(SO42_), nitrate (NO;™) and bromide (Br™)) were analyzed
by the means of high-performance ion chromatography
produced by DIONEX Co. Magnesium (Mg>*) and calcium
(Ca**) concentrations were determined in the laboratory by
the titration method using 0.02 N ethylenediaminetetraacetic
(EDTA) acid. The alkalinity (bicarbonate (HCO;™) concen-
tration) was also determined by the titration using 0.1 N HCl
acid. The concentrations of sodium (Na*) and potassium
(K*) were measured by the atomic emission spectrophotom-
etry method.

The charge balance definition and the chemical analyses
for charge balance were defined according to the Freeze and
Cherry (1979) as follows:

% Charge balance error = <Z ZXm, — Z X ma) /

<24Z><mC + Zsza>><100

where z is the absolute value of the ionic valence, mc is the

molality of cationic species and ma is the molality of the
anionic species. The value of the charge balance error for
the chemical analyses may be within the acceptable limit
of +5% of all the hydrochemical dataset. The suitability of
groundwater for domestic or agricultural purposes was esti-
mated by comparing the values of the groundwater quality
constituents with those of the World Health Organization
(WHO 2004).

Hydrochemistry of the MLV shallow aquifer was summa-
rized via the statistical analysis of groundwater properties.
Hierarchical cluster analysis (HCA) and principal compo-
nent analysis (PCA) were applied to evaluate their useful-
ness to classify the groundwater samples and to identify
geochemical processes controlling groundwater geochem-
istry. All the statistical calculations were performed using
Statistica 8 software. PCA has been used frequently in geo-
chemical studies (Ruiz et al. 1990; Morell et al. 1996; Papa-
theodorou et al. 2007; Charfi et al. 2013; Sekiou and Kellil
2014; Zghibi et al. 2014; Masoud 2014; Machiwal and Jha
2015; Molla et al. 2015; Bodrud-Dozaa et al. 2016). Factor
analysis is used to transform the initial data into a new set of
composite variables or principal components which will be

classified according to their variances (BRGM 2001). This
method has been frequently used to grouping the commonly
collected water quality data, where each cluster indicates
the water of a particular quality. The GIS platform (using
ARCGIS 10.1 software) allows the generation of the spa-
tial distribution of several parameters in this study. Spatial
pattern of groundwater quality parameters, over the area,
such as TDS, sodium, chloride, nitrate and sulfate concen-
trations, was carried out using kriging method. Kriging is
the most important geostatistical technique that generates an
estimated surface from scattered points with z-values. Using
kriging tool implies an interactive investigation of the spatial
behavior of the phenomenon represented by the z-values
before selecting the best estimation method for generating
the output surface (ESRI, 2017).

Bromide is considered as a trace element in the
earth’s crust. In seawater, bromide has a concentration of
66-68 mg/l, which is about 300 times lower than the typical
concentration of chloride. Both ions move conservatively in
water, and they have different abundances in natural solids
and fluids (Davis et al. 1998). In this study, C17/Br~ mass
ratio was used for assessing possible origins of shallow
groundwater contamination from wastewater sources (such
as septic tank leachate) or other anthropogenic or natural
(such as seawater intrusion). The adapted methodology in
this study is summarized in the flowchart as follows (Fig. 3).

Results and discussion

The results obtained from the chemical analyses and field
measurements for the ground and surface water samples in
LVM are summarized in Table 1. All chemical parameters
reveal very wide ranges and important standard deviations.
Specially, electrical conductivity (EC) which is ranging from
1.4 to 29.2 mS/cm (EC seawater =66.8 mS/cm) and pH
values ranging from 6.9 to 8.8 (mean 7.3) indicate slightly
acidic to slightly alkaline waters (Table 2). The TDS vari-
ation is within 1005 and 19,254 mg/l with a mean value of
about 3477.18 mg/l. These values are above the maximum
permissible limit (1000 mg/1) of the WHO’s drinking water
guideline (WHO 2004). All of them are classified as brack-
ish (1000 mg/1 < TDS <10,000 mg/1) except the samples 26,
27 and 29 which are saline.

The dominance of anions was classified in the order of
Cl”>S0,?”>HCO,™>NO;~ with the means values, respec-
tively, of 1026.67; 773.196; 446.133 and 73.52 mg/l, while
the dominance of cations was Na™ > Ca** > Mg>* > K* with
the means values, respectively, of 710.31; 267.939; 126.716;
and 42.358 mg/l. The ions Na* and CI~ present high vari-
ations between minimum and maximum values (similar
coefficient of variation, respectively, 94.141 and 94.485).
The Na* concentration increase is accompanied by a parallel
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Fig.3 Flowchart showing the

DEM SRTM Geology

adopted methodology ‘ Field data ‘
Groundwater Groundwater
sampling level

Mapping
chemical
arametres

4

( Piezometric }[ Elevation }[Hydrograpth] {Geologic map]
map map

Hydrochemlcal
evaluation
Statistical

evaluation

PCA
analysis

HCA
analysis

Slope, MNT Drainage density

f

Cross section

Generation of tiwematic layers _J ke ‘

" ~: Climate ‘
Groundwater ! Precipitation data
}— mineralization origins
|

C1™ concentration increase, whence a sodium—chloride
facies dominant. Likewise, SO,?~ and NO;™ are highly vari-
able with standard deviations larger than the mean. Such
wide ranges recommend that the chemistry of the MLVA is
not homogenous.

Fluoride represents one of the main trace elements in
groundwater, which generally occurs as a natural constituent.
The concentration of fluoride in groundwater of the MLVA
varied between 0 and 45 mg/l. The majority of the ground-
water samples have higher fluoride content than the accept-
able limit for drinking water (1.5 mg/l) (WHO 2004). The
elevated fluoride values are mainly attributed to the appli-
cation of chemical fertilizers in the agriculture. Bromide is
a minor natural ion in groundwater and can be used as an
indicator of the mixture with an heterogeneous source of
water. Bromide concentrations in the samples from MLVA
ranged from O to 39 mg/l. The coastal groundwater samples
have slightly higher bromide concentrations mainly due to
the seaborne aerosols and the seawater intrusion.

Groundwater types

The chemical composition of the groundwater samples
was plotted on the Piper trilinear equivalence diagrams
using Diagramme software shown in Fig. 4a. The ground-
water reflects main different hydrochemical facies. The
data plots in the Piper diagram show that Na* and Ca*
of cation and CI~ and SO,*"of anion parameters are pre-
dominant. The plot reveals that the main water type is
Na*—CI~ (55%). According to Pulido-Leboeuf 2004, when

* @ Springer

N —

groundwaters show Na*—Cl~ type dominant, they generally
indicate a strong seawater influence. The other groundwa-
ter types less dominant are: Na* > Ca?*—Cl1~> SO,*~ mixed
(15%), Na*> Ca>*—Cl~ (10%), Na™—CI~> S0,*~ (6.7%),
Na*—CI™>HCO; ™ (5%),Na*>Ca*">Mg**-CI">S0,* mixed(3.3%),
Ca?*-Cl™>S0,* (3.3%) and Na*>Mg**—CI~>HCO, ™ mixed
(1.7%) types. The groundwater types indicate that the
groundwater chemistry is controlled by cations exchange
reactions, as well as simple mixing (Richter and Kreitler
1991; Appelo and Postma 2005; Lee and Song 2007).

Water suitability for irrigation use

As regards groundwater irrigation suitability, water mainly
depends on the concentration of total soluble salts which can
be adequately defined in terms of electrical conductivity.
Sodium adsorption ratio (SAR) is the main criterion to deter-
mine the quality of irrigation water. This parameter denotes
the relationship between sodium concentration in the irri-
gation water, magnesium and calcium. Calcium and mag-
nesium must tend to counter the negative effect of sodium.
SAR has become necessary for the reason that surface water
was not always available and irrigation has wholly relied on
groundwater. The groundwater with high SAR level is not
suitable for agricultural purpose, which can apply a long-
term soil changes and damage as it tends to breakdown of
soil structure (become hard and compact) and water infiltra-
tion problems causing problems with crop production. Sandy
soils are not affected by the sodium (because of the low clay
content), but the plants growing on them may be affected.
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So, the following discussion relates mostly to clays. There-
fore, as regards groundwater irrigation suitability, United
States Salinity Laboratory Staff (USSL 1954) helps to inter-
pret the combined effect of salinity and sodium hazards. The
SAR may be determined by the following formula:

SAR = Na/[Ca + Mg)/2]*.

Sodium, calcium and magnesium are in meq/l.

In this case study, according to the USSL diagram
(Fig. 4b), most of the groundwater samples for agricultural
purposes fall under C4S2 with high salinity and medium
alkalinity hazards; they are classified unsuitable for irriga-
tion. Based on this classification, the rest of the samples tend
from C4S3 to C5S5 classes with high and very high salinity
to very high alkalinity hazards, respectively. Furthermore, a
management plane to control the salinity of the groundwater
becomes necessary.

Correlation matrix

The correlation matrix allows the evaluation of the correla-
tion coefficients “r” between groundwater quality param-
eters. These coefficients are used to quantify the intensity of
linear correlation between the variables 2—2. From Table 3,
mineralization is principally related to sodium and chlo-
rides. Strong correlation can be identified between TDS,
Na* and C17: C17/TDS (r=0.98) and Na*/TDS (r=0.99).
It is found that the salinity load in groundwater is controlled
first by Na* and then by CI~. Na™ is the most major cation

which exhibits high positive correlation with CI™ (r=0.94).
According to De Montety et al. (2008), in coastal semiarid
regions, the Na*/Cl™ relationship has frequently been used to
establish the mechanisms for acquiring saline intrusion. The
large contents of Na™ and CI~ observed in almost all samples
may confirm the dissolution of chloride salts because the
dissolution of halite (NaCl) in water releases equal concen-
trations of both sodium and chloride ions into the solution.
This can be used as an indicator of water—rock interaction.

Calcium, magnesium and sulfates participate secondarily
in the mineralization of groundwater Ca”/TDS (r=0.91);
Mg?*/TDS (r=0.96); and SO,*7/TDS (r=0.91). It can be
attributed to geogenic sources from the basement rocks or
anthropogenic origins of salinity. This case of regional con-
tamination from domestic waste, treated wastewater and
agricultural activities (excessive use of fertilizers) explains
the complexity of the processes that control the chemistry
of the groundwater, especially the nitrates increase. Further-
more, the negative correlation related to the nitrates with the
other parameters may be attributed to the excessive use of
the agricultural fertilizers or the septic tank leachate.

Geochemical stability

To examine which minerals can dissolve or precipitate
within the aquifer, the saturation state of groundwater with
respect to selected mineral phases was computed with the
aid of PHREEQC program. The calculation of the saturation
indices (SIs) of different minerals of the MLVA indicates

Table 2 Summary of the

. Variables Valid N Mean Median Minimum Maximum Variance SD Coef. var.

used chemical data of the

groundwater in the 2014 TDS 59 3477.19 2592.00 1005.00  19,254.00 8,583,136.09 2929.70  84.25

;";‘ggtﬁaﬁgi‘i‘;‘fa‘g“ (mg/h), with e 59 267.94 22000 4400 1610.00  55,999.06 236.64 8832
Mg?* 59 12672 9384 2736 825.60 13,554.16 11642  91.88
Na* 59 71031 480.70 142.60 369840  447,150.78  668.69  94.14
K+ 59 4236  12.87 1.95 795.60 11,845.56 108.84 256.95
S0, 59 77320 54148  90.00 5756.88  758,959.49  871.18 112.67
cr 59 1026.67 72328 255.14 5968.00  940,928.31  970.01  94.48
NO;~ 59 7353 60.25 4.83 596.00 8313.27 91.18 124.00
HCO,~ 59 446.13  446.40 1.00 806.00 20,707.52 14390 3226
F~ 59 492 3.84 0.23 52.63 45.83 6.77 137.50
Br- 59 459 3.20 0.23 38.50 27.81 527 115.01
ST anhydrite 59 -1.08 -—104 -2.18 0.14 0.19 044 —4055
si aragonite 59 0.35 034 -0.43 1.62 0.15 039 112.88
SIcalcite 59 0.49 048 —0.29 1.77 0.15 039  80.07
SI dolomite 59 1.02 1.04  —0.40 3.84 0.55 0.74  72.68
SIgypsum 59 -086 —082 —1.96 0.36 019 044 -50.84
ST halite 59 -506 —512 —6.06 —3.47 032 057 -11.26

N number of samples except seawater sample

]
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Fig.4 a Piper diagram for the
groundwater samples labeled
according to their groundwater
clusters and b a plot of SAR
against EC (USSL 1954). Water
samples are according to their
clusters
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Table 3 Correlation matrix Variables EC  TDS Ca®* Mg* Na* K* SO~ CI° NO, HCO, Br
between variables of the LVMA
samples, 2014 CE 1

TDS 0.99 1

Ca’* 089 091 1

Mg>* 098 096 0.85 1

Na* 0.98 0.99 0.84 0.96 1

K* 0.73 0.75 0.82 0.66 0.67 1

SO, 0.87 091 0.96 0.81 0.84 0.88 1

ClI- 0.98 097 0.82 0.98 0.99 0.63 0.79 1

NO;~ -0.08 -0.04 006 -0.09 -0.05 -0.18 -0.03 -0.07 1

HCO;~ 0.51 0.53 048 0.47 0.53 0.37 0.42 05 —-005 1

Br~ 0.78 0.78 0.79 0.78 0.70 0.82 0.78 0.75 0.10 0.25 1

Bold indicates higher values

that all carbonate minerals (calcite, aragonite and dolomite)
tend to reach saturation equilibrium (Table 2) which con-
firms the enrichment in Ca** and Mg*? is mainly due to
the exchange of cations and not to the dissolution of the
carbonates (Montety et al. 2008; Sekiou and Kellil 2014).
Conversely, the evaporitic minerals (halite, anhydrite and
gypsum) are still in sub-saturation state and may increase
the salinity of the groundwater confirming the water—rock
interactions. From the geological map, the extent of the Tri-
assic saliferous rocks in Jb. Ammar may confirm the increase
in salinity particularly in the slopes parts following the flow
direction.

Spatial analysis with GIS

The GIS software (ArcGIS 10.1) allows the generation of the
spatial distribution maps of piezometry, salinity, chlorides,
sodium, nitrates and sulfates. The interpolation of the point
data was established via linear kriging method.

A piezometric campaign was carried out during the
months of September and October 2014 which led to the
realization of a piezometric map (Fig. 5). The flow direction
is essentially controlled by the topographic changes. The
global flow is converging toward the sea which forms the
downstream hydraulic level. Isopieze curves which height
exceeds 40 m are located at Kechabta hills in the north, Jb.
Ammar and Jb. Naheli in the south and >25 m in Koudiat
Touba. They do not reach 5 m locally in the Mabtouha plain
in the upstream part of the watershed and toward the sea in
the eastern part. In this area, the water table lies close to
the surface and flush in several zones as a swamp or Garaa.
The drainage, the irrigation and the sanitation are the most
techniques used to compensate the excess, the deficit or the
poor quality of water. The zero isopieze line is located along
the shoreline and down to -3 m toward the depression of
Ghar El Melh.

The piezometric depressions are usually associated with
the most saline waters (TDS > 2 g/l). The salinity map
(Fig. 6a) shows a clear increase according to the ground-
water flow direction. Therefore, the groundwater samples
were classified in three groups based mainly on the TDS
contents.

o The first one, with the lowest TDS values (brackish)
(<2 gfl), occurs at the western part of the region. They
are observed from the topographic highs (recharge area),
suggesting the dilution effect of the groundwater;

e The second one with medium enrichment of salts (salty)
(2<TDS <4 g/1). The groundwater samples are detected
from the region situated between the above topography
due to disparity in the enrichments of salts from the ori-
gins, following the water flow-path circumstances.

e The third one with high TDS >4 g/l (saline) occurs in the
eastern part of the catchment area from the topographic
lows, close to the sea.

The TDS values are dramatically increased toward the
coastline (exceeding 4000 mg/1) related to the groundwater
mixing with seawater and/or to the solute diffusion from the
marine clay aquitard, the marine aerosols, the excessive use
of salts in agriculture and the paleosalinity near the shore-
line. These processes are aggravated by the phenomenon
of evaporation where the water table from the MLVA runs
at low depths (within 1 m) below sea level. According to
Samaali (2011), the spatial distribution map of the evapo-
transpiration (ETR) shows a progressive gradient in rela-
tion to the importance of soil humidity. Toward the plains,
along the coastal areas (in the endorheic depressions), ETR
increases strongly. The influence of the piezometric level
can be felt by a high rate of ETR (1300 mm/year) in non-
irrigated areas in the dry period (El Guarouani et al. 1999;
Samaali 2011).
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Fig.5 Piezometric map of the 570000
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Maps of chlorides and sodium show strong similarities
with TDS (Fig. 6b, c), with the same sectors of high salt load
and the same gradual eastward toward the sea. It is always
the coastal areas that show the high levels of chlorides and
sodium. As with EC, the potential origin of these two ions
in water may be related to the phenomenon of marine intru-
sion. According to Appelo and Postma (2005) and Ben Ham-
ouda et al. (2015), the dominant ions in sea water are Na*t
and CI7, and when intrusion occurs, the dominant ions in
groundwater will be the Na* and Cl~ ions. These data argue
for the role of halite (NaCl) dissolution as a major process
contributing to groundwater mineralization in semiarid areas
(Appelo and Postma 2005).

Nitrate contamination of groundwater has become of
growing concern for people especially in rural areas. The
study of this parameter has been widely applied in hydro-
geological studies (e.g., Grava 2005; Zouhri et al. 2008;
Kouzana et al. 2009; Farhat et al. 2010; Zghibi et al. 2012,

* @ Springer

2013). The EU Directive 91/676/EEC, which protects waters
against pollution caused by increase in nitrates from agri-
cultural origins, fixes the acceptable threshold of nitrate
concentration in groundwater at 50 mg/l (EU 1991; WHO
2004). In this study area, the concentrations of nitrates are
widespread with greatly localized concentrations, frequently
beyond the allowed threshold value of permissible limit for
drinking water. About 67% of the samples have nitrate con-
centration above the threshold value of anthropogenic source
(20 mg/1), and more than 50% of the samples have nitrate
concentration exceeding the recommendations for drinking
water.

According to the nitrate map (Fig. 6d), toward the hydro-
logic discharge zones, the increase in nitrates content is
directly related to the intense agricultural practices typi-
cally found at the plain of Aousja, Kalaat Landalous and
Mabtouha inducing excessive contributions of chemical fer-
tilizers especially the nitrogen, an easily washable element.
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Considering that these areas are dominated by the irrigated
perimeters and an artificial drainage system, a stagnation of
water in the river and a small thickness of the unsaturated
zone, the water containing nitrates contaminates the ground-
water. The source of nitrate pollution in this area may be
caused by the drainage systems which lead to the drainage
of the nitrogen fertilizers. High loading of nitrate concen-
tration in Borj Touil and Sidi Thabet rural areas may be
correlated with wastewater leakage from urbanization and
high density of septic tanks. In these regions, water table is
shallow and porous sandy soils allow rapid transport of N
and other contaminants to groundwater. Therefore, septic
systems become as one important source of Azote pollution.
On the other hand, in the coastal zone (Raoued and Borj
Touil areas) dominated by irrigation with treated wastewa-
ter, the nitrate concentrations are significantly higher. The
wastewater treatment discharge, the animal operations and
the crop fertilization may be the causes of high nitrate con-
centration. It is worth noting that the use of these waters
for irrigation by submersion generated a large infiltration of
these highly charged waters by the Nitrates.

From the sulfate map (Fig. 6e), the increase in salt con-
tent is accompanied by the increase in sulfate concentrations
locally at the slopes sides of Jb. Ammar toward the shore-
line. The highest SO42_ content in the groundwater samples
in the areas where the piezometry is very low (less than 1 m)
with a significant evaporation causes the dissolution of evap-
orites like the gypsum (CaSO,-H,0) following the leaching
of the evaporitic Triassic series from Jb. Ammar. Moreover,
the highly positive loadings in Mg>* and SO,>~ (*=0.81)
and the excessive use of the MgSO, fertilizers justify the
significant role of the return flow from irrigation water.

Inter-elemental plots

In order to highlight the different mechanisms contributing
to groundwater mineralization, a series of ionic and ratio
plots are presented (Fig. 7).

The plot of (Ca®* +Mg**)/(HCO;3 +SO,*") versus (Na*/
C17) (Fig. 7c) shows that the samples which have Na*/
Cl™ ratios higher than 1 indicate an enrichment of Na™.
This enrichment of the sodium relative to the halite disso-
lution is accompanied by a deficit in (Ca®* +Mg*?) com-
pared to HCO;™ and SO,>~. The samples that have the ratios
of Na*/Cl~ lower than 1 are accompanied by an excess of
(Ca** +Mg*?) relative to HCO;™ and SO42_. These results
are due to the basic exchange phenomena related to the
groundwater interactions with clay and silt in the alluvium
or weathered materials (Fidelibus and Tulipano 1996, Stigter
et al. 1998; Capaccioni et al. 2005).

* @ Springer

The high positive correlation between Ca’* and
SO42_ (0.96) (Fig. 7a) is related to the dissolution of gypsum
and/or anhydrite (CaSO,—2H,0) dispersed in the aquifer.
The relative excess of SO,>~ suggests that there are other
sources of sulfates, in relation to both magnesium—sulfate
salt dissolutions. This is shown by the high positive cor-
relation between Mg2+ and SO42_ (0.81) (Fig. 7b) and the
contribution of MgSO, fertilizers (Adams et al. 2001; Gi-
Tak et al. 2004). The existence of these fertilizers highlights
the significant role of the return flow from irrigation water
in the agricultural regions (EU 1991; Kouzana et al. 2009;
Farhat et al. 2010; Abonoje Oyebog et al. 2012; Zghibi et al.
2014) especially in Borj Touil and Raoued where treated
waste water irrigation is particularly used.

Bromide and chloride are usually used to distinguish
between sources of natural and anthropogenic occurring
contaminants in groundwater. Both are conservative ele-
ments in water and have different abundances in natural
fluids and solids. Several studies (Davis et al. 1998; Alcala
and Custodio 2008; Katz et al. 2011) have described C1/Br
ratios for different processes that control salinity in ground-
water. Alcala and Custodio (2008) found that Cl/Br ratio,
which is an important useful screening tool, and salinity
in groundwater were affected by salt water intrusion, the
proximity to urban and industrial areas (such as wastewa-
ter from septic tanks effluents), the dissolution of evapo-
ritic rock outcroppings (Triassic saliferous), farm animal
wastes, pesticides (fumigants), etc. The study of Alcala
and Custodio (2008) realized in Spain and Portugal on
six salinity acquisition processes described in 24 selected
aquifers can used as a reference for the Mediterranean
countries with average altitudes (such as Southern Europe
and North Africa). In the MLVA, from the molar ratio
Br7/Cl1™ (Fig. 7d), the distribution of the samples shows
different possible origins of water salinity. In this case
study, the contamination from the seawater is detected in
the coastal samples. The waters having high concentrations
of chlorides and high TDS values (TDS > 4000 mg/1 “G1”")
are originated from the seawater intrusion and swamps.
Following the distribution of the samples, the geographic
distribution of all these samples is in the coastal zone con-
firming the first hypotheses. The second group “G2” forms
a minority of samples with 2000 < TDS <4000 mg/1 having
an origin of salinity corresponding to “urban wastewater”
or “leaching of garbage and solid waste.” Theses samples
are located in rural areas near the agglomerations. The last
cluster is formed by the majority of the water samples,
showing that the waters of the MLVA are mainly subject
to the widespread agricultural pollution throughout the
studied area.
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Table 4 Eigenvalues of factors extracted through PCA, difference
between factors, and proportion of variance explained by the factors

Factor Eigen value % total variance Cumulative
1 7.414 74.146 74.14
2 1.034 10.346 84.49
3 0.747 7.47 91.96
4 0.609 6.091 98.05
5 0.11 1.102 99.15
6 0.062 0.623 99.78
7 0.014 0.142 99.92
8 0.006 0.065 99.98
9 0.0009 0.009 99.99
10 0.0001 0.001 100
Bold indicates higher values
(a)
CE
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e
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Fig.8 a Hierarchical clustering dendrogram of the major chemi-
cal components of the LVMA and b behavior of the variables with
respect to the first two factors (F1 and F2)

Multivariate analysis

The variables (TDS, calcium, magnesium, sodium, potas-
sium, sulfate, chloride, nitrate and bicarbonate) from 60

@ Springer

well sampling were analyzed adopting multivariate statisti-
cal techniques.

For a simpler and easier interpretation, the rotated factor
pattern after factor extraction using varimax rotation is given
in Table 4 and the % of the total variance vs eigenvalues
from selected factor plots scores are plotted in Fig. 8. From
the eigenvalues (> 1), it reveals that the first two factors
account for approximately 84.5% of the total data variance.
Clearly, the first factor represents a highly positive loadings
with the variables (TDS, C1~, Na*, Ca’*, Mg?*) than the
second factor because these two factors are extracted succes-
sively, each one representing for as much of the remaining
variance.

The projection of the variables on the factorial plane
F1-F2 (Fig. 8) shows:

e Axis 1 accounts for 74.15% of the total variance in the
dataset. It is determined by the C1-, Na*, SO,>~, Mg?",
Ca’* related to evaporates (NaCl and CaSO,) and moder-
ate charge on K* and HCO;™. The association of these
parameters is related to the seawater intrusion and can
be termed, “the seawater salinization factor.” The bicar-
bonate (HCO;™) concentrations in the groundwater are
probably associated with the infiltrating water that has
incorporated the dissolved CO, from root respiration and
the decay of soil organic matter. This is a constituent
resulting from the dissolution of CO, in the water and
posterior dissociation of the formed H,CO; (Ruiz et al.
1990; Zghibi et al. 2014).

H,CO; + H,0 < HCOj + H;0™"

e Axis 2 accounts for 10.35% of the total variance in the
dataset. It is determined by high loadings of NO;™ sug-
gesting a mixed groundwater with an anthropogenic
source (such as chemical fertilizers). Under oxic condi-
tions, the main component of fertilizers, NH4+, is easily
oxidized to NO;™ by the nitrification process according
to (Kim et al. 2003; Zghibi et al. 2014).

NH;20, < NOj +H,0 + 2H*

This classification is confirmed by the HCA (Hierarchi-
cal cluster analysis) which is the mostly data classification
technique applied in Earth sciences. The main result of the
HCA performed on the 60 groundwater samples is the den-
drogram (Fig. 8). Dendrogram of cluster analysis between
variables with correlation matrix (Table 4) highlights that
variables gather into the same three clusters confirming the
last classification.

From PCA and HCA, it is interesting to investigate the
relationship between nitrate concentration and seawater
intrusion, the main two factors increasing the salinity of
groundwater in the MLVA. On the first hand, samples dis-
tribution reveals that groundwater near the coast is mixed
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with seawater and less concentrated with regard to nitrate.
On the other hand, it clearly indicates that groundwater in
Mabtouha plain and in the slopes sides with fast-growing
agriculture with excessive use of chemical fertilizers was
severely polluted in terms of NO;™. Thence, assessing the
quality of the groundwater becomes important to ensure the
safe use of this vital resource.

Conclusion

This study is an integrate investigation of the MLVA adopt-
ing several methods such as satellite data (SRTM data, 30-m
resolution), conventional maps, hydrogeochemical data, GIS
tools and multivariate statistical techniques, to determine the
anthropogenic inputs and the natural sources causing the
groundwater contamination.

In the MLVA, the groundwater shows significant varia-
tions in the mineralization mainly attributed to the complex-
ity of the hydrogeologic system where we enregistrate very
wide ranges of most hydrochemical parameters. The total
dissolved solids (TDS) are mainly controlled by chlorides
and sodium which are increased toward the sea confirm-
ing the seawater intrusion. The inter-elemental approach of
major and minor elements and the calculation of the satura-
tion indices allow to better comprehend the chemistry of
these waters and to present the first hypotheses that can then
be enhanced, particularly across the statistical approach.

The integration of two multivariate statistical methods
(HCA and PCA) with the geochemical, hydrogeological and
geological data allows the division of the region into three
main geochemical areas, providing an improved regional
image of the hydrogeochemical evolution of groundwater.
The mineralization increases from the mountainous area to
the coast following the global flow direction. Near the coast,
high salinity levels (TDS >4 g/1) are mainly related to sea-
water intrusion and swamps. In the plain, with moderate val-
ues of salinity (2<TDS <4 g/1), groundwater is controlled
by the nature of the geological formations of the region such
as gypsum (Triassic saliferous in J. Ammar) confirming
water—rock interactions. Hydrolysis of such rocks explains
the dominance of Na™ as cation and CI~ and SO,*" as anions
in groundwater. These ions are derived from the weathering
of rocks and hydrolysis of evaporite minerals primarily in
the continental part of the aquifer. High positive correlation
between Mg>" and SO,*~ (0.81) proves the contribution of
MgSO, fertilizers. The returns of irrigation water, treated
wastewater and wastewater leakage from urbanization are
also causing a damage of the groundwater. In rural areas,
the elevated nitrate concentration increasing groundwater
salinity may be confirmed by the discharge of domestic

wastewater from septic tank effluents and the excessive use
of chemical fertilizers.

These sources are aggravated by the phenomenon of
evaporation mainly in sectors close to the sea where the
water table runs at low depths (within 1 m) close to the land
surface.

The lowest values of salinity (TDS <2 g/1) occur at the
west of the region in the hills of the upstream part of the
watershed (recharge area) suggesting the dilution effect of
the groundwater. All these findings make coastal areas vul-
nerable to intrusion which is accentuated by the droughts in
the MLV region.

Investigation based on isotopic data (6 '*C, 6 D, & 180,
etc.) are needed to confirm the extent of seawater intrusion
along the coastal area.

Finally, it is highly recommended to control the anthro-
pogenic activities frequently in order to minimize the pollu-
tion problems. Otherwise, this research work can provide an
important information to improve water management strate-
gies, to ensure sustainable water management and safe use.
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