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Abstract A hydrogeochemical approach has been carried out
in the Mio-Plio-Quaternary aquifer system of northern Sfax to
investigate the geochemical evolution, the origin of ground-
waters and their circulation patterns. The groundwater
samples collected from different wells seem to be dominated
by sodium chloride type to sulphate chloride type. Detail
analysis of chemical data including the thermodynamic
calculations was used to assess that the chemical evolution
of groundwater is primarily controlled by water–rock inter-
actions. The values of sodium absorption ratio and electrical
conductivity of the groundwater were plotted in the US
Salinity Laboratory diagram for irrigation water. Most of the
water samples in northern Sfax fall in the fields of C4S1,
C4S2 and C4S3 indicating very high salinity and medium to
high sodium alkalinity hazard. Thus, groundwater quality is
ranging between doubtful to unsuitable for irrigation uses
under normal condition, and further action for salinity control
is required in remediating such problem. Principal component
analysis of geochemical data used in conjunction with
bivariate diagrams of major elements indicates that ground-
water mineralization is mainly controlled by (1) water–rock
interaction processes, (2) anthropogenic process in relation
with return flow of NO3-rich irrigation waters and (3)
domestic discharges.
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Introduction

Coastal aquifers are considered as major sources for
freshwater supply worldwide, especially in arid zones
where the demands of the growing populations feed a
continual need to develop new methods and plans to
preserve groundwater resources. The weak rainfall and the
intensive extraction of groundwater from unconfined
aquifers reduce freshwater budget and create local water
aquifer depression. The quality of groundwater is critical in
such regions which are normally characterised by a variety
of anthropogenic activities.

Groundwater quality concept in the northern of Sfax region
has been evaluated in the last years by the natural processes
(lithology, groundwater, quality of recharge waters and
interactions with other types of water (Bouri et al. 2008)), the
anthropogenic activities (agriculture, industry, urban develop-
ment) and the increasing exploitation of water resources
(Trabelsi 2003; Trabelsi et al. 2005; Ben Brahim 2006). In
recent years, the deterioration of groundwater quality became
an increasing serious problem in many parts in northern Sfax
as a result of the expansion of agricultural irrigation return,
the domestic effluents and the intensive pumping.

The original study objective is to evaluate the hydro-
chemical characteristics of the groundwater in the northern
Sfax over a period of 1 year to include both the wet and the dry
seasons. The data obtained over this period will be used to
characterise the groundwater. This paper aims to identify the
main processes controlling the hydrochemistry of the ground-
water and to evaluate the suitability of the groundwater in the
area for irrigation purposes.

This study will help current water resources planning
and will provide a baseline for future monitoring pro-
grammes and studies of water quality.
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Study area

This study concerns three regions (El Hancha, Djebeniana
and El Amra) of the northern Sfax area, located at the
central east of Tunisia (Fig. 1). These regions have an arid
Mediterranean climate, with extreme temperatures and
rainfall variations with an average annual temperature and
rainfall of 19°C and 205 mm, respectively.

The geology of the studied area is investigated by several
authors (Hajjem 1979; Zbidi 1989; Beni Akhy 1994; Maliki
1994, 2000; Trabelsi 2003; Trabelsi et al. 2005). Most of the
studied sites are located in the Mio-Plio-Quaternary layer
system mainly formed by sand and sandy-clayey which
considered by recent alluvial deposits conglomerates, gravels,
silts calcareous etc.

The aquifer is recharged by direct infiltration (the
permeability values are between 4.10−6 and 68.10−4 m/s),
and its higher limit is at Medasse Sidi salah; the discharge
limits coincide with the Mediterranean shore line and the
sebkha of el Jem (Fig. 2). The groundwater flow is
generally toward the southeast and may be locally disturbed
by piezometric depressions due to the intensive exploitation
(Ben Brahim 2006).

The pumping well density is about 100 to 110 wells/km2,
whereas it was of 30 to 45 wells/km2 in the 1970s. The
variations of annual rainfall, annual well withdrawal and
groundwater chloride concentration in the study area indicate
a parallel increase of the last two parameters versus time,
while the first parameter decreases. This fact may be

explained by seawater intrusion related to intensive exploi-
tation (Trabelsi et al. 2005).

The synthetic geological cross section along the three
regions presented in Fig. 1 shows the presence of a
horizontal structure composed of a slightly clayey sand
level of Mio-Plio-Quaternary age (Fig. 3). This latter is
limited of the bottom by a clay layer, representing the
aquifer substratum. On the top, heterogeneous clastic
materials presented essentially by sand and gravel are
encountered, implying a generally permeable aquifer.

From the new piezometric maps developed in pre- and
post-rainfall status (Figs. 4 and 5), it can be inferred that the
groundwater flow direction is generally towards the
southeast, implying discharge to the Mediterranean Sea,
the natural outlet. Nevertheless, the coastal zone of
Djebeniana and El Amra regions appears to be highly
influenced by overexploitation because the isopiestic lines
show values lower than 0 m. This can be attributed to the
increase of the exploitation rate.

Materials and methods

Forty monitoring wells ranging in depth from 15 to 45 m
were sampled in 2007; the geographical location of the
sampling site is shown (Fig. 1). The physicochemical
parameters (pH, electrical conductivity (EC) and the total
dissolved solids (TDS)) were measured in situ using a
WTW multi-parameter device (multi-P3PH/LF-SET). Al-

Tunis

Sfax

Tunisia

Gabes

El Hancha

Djebeniana

El Amra

locality
Well

P3
P2

P1
P4 P5 P6

P7
P8

P9
P10

P11

M
EDIT

ERRANEAN
SEA

Study Area

L
ib

ya

A
lg

er
ia

0 80Km

Sebkha el Jem

P12

P13

P14

P15

P16

P17

P18

P19

P20 P21

P22
P23

P24

P25
P26

P27 P28

P29

P30

P31
P32

P33

P34

P35

P36 P37

P38 P39

P40

0 4KmPiezometer

 Geological cross-section

Fig. 1 Location map of the
study area, indicating ground-
water quality monitoring wells

2090 Arab J Geosci (2013) 6:2089–2102



kalinity was determined using colorimetric titration with
sulphuric acid. The major elements have been analysed in
the LARSEN Laboratory at the National School of
Engineers in Sfax. The analytical methods which were
used are reported in Table 1. Only analyses of water whose
charge balance errors are less than 5% are used in this study
(Table 2).

Principal component analysis (PCA) method used to
extract related variables and infer the processes that control
water chemistry (Helena et al. 2000; Hidalgo and Cruz-
Sanjulian 2001; Muller et al. 2008) was performed using
SPSS 10.0 statistical programme.

Saturation indexes of some common minerals were
calculated using the programme PHREEQC (Parkhurst
and Apello 1999) interfaced with Aquachem Version 5.

The rest of analytical data were processed, using the
computer programmes: HydroGEN 32 and ARC GIS 9.2.

The groundwater salinity mapping was obtained by
Surfer programme interpolation using the database of
monitoring wells provided by the district water of resources
of Sfax (2007).

The methods are successfully used to group the data to
evaluate the influence of various environs in the study area.
Various classification methods such as piper, Schoeller,
expanded Durov, correlation method and salinity hazard
measurements are also employed to the critical study of
geochemical characteristics of groundwater to identify the
vulnerable parts of the aquifer.

Results and discussion

Principal component analysis

PCA, as a multivariate data analytic technique, reduces a
large number of variables (measured physical parameters,
major anions and cations in water samples) to a small
number of variables which are the principal components
(PCs). More concisely, PCA combines two or more
correlated variables into one variable. This approach has
been used to extract related variables and infer the
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processes that control water chemistry. Varimax rotation is
applied to the PCs in order to determine the factors that can
be more easily explained in terms of hydrochemical or
anthropogenic processes (Helena et al. 2000). This rotation
is called Varimax because the goal is to maximize the
variance (variability) of the new variable, while minimizing
the variance around the new variable XLSTAT (2008). The
number of PCs extracted (to explain the underlying data
structure) is defined by using the “Kaiser criterion” Kaiser

(1958) where only the PCs with eigenvalues greater than
unity are retained. In other words, unless a PC extracts at
least as much information as the equivalent of one original
variable, it is dropped XLSTAT (2008). The reader is
referred to the work of Davis and Dewiest (1966) for an in-
depth account of the theory.

In this study, PCAwas applied to nine normalized variables
datasets separately, for the period 2007 (EC, Ca2+, Mg2+, Na+,
K+, Cl−, SO42−, HCO3

− and NO3
−). According to the

eigenvalue, one-criterion three principal components were
selected, which explain 58.022% of the total variance in the
water quality datasets (Table 3). The analysis indicates that
the most relevant variables defining water quality are related
to water dissolved salts (Cl−, Na+, Ca2+, K+, NO3

− and EC)
and the less relevant ones are Mg2+, SO4

2− and HCO3
−.

From Table 4, PC1 which explains 26.977% of the total
variance is mainly driven by Cl− Na+, Ca2+, K+, NO3

− and
EC− which are chemical variables; PC2 is strongly and
positively related to Mg2+ and SO4

2−. PC3 which explains
15.383% of the total variance is positively related to
HCO3

− and negatively to Ca2+.
There are evidences that PC1 and PC2 are related to

dissolution of the evaporate minerals and deterioration of
water quality by the transfer of pollution by domestic septic
tanks and probably by the seawater intrusion caused by the
overexploitation.

PC2 is related to common sources of natural processes of
dissolution of geological rocks components. The PC1 is related
to the transfer of pollution by organic fertilizers and manner.

Water type

The physicochemical data of the investigated groundwater
showed large spatial variations. The pH is close to
neutrality (between 6.8 and 7.95), electrical conductivity
ranging from 1.024 to 10.000 μS/cm and salinities (TDS)
between 3 and 12.6 gl−1 (Table 2).

The analyses of cations and anions by Piper trilinear
diagram (Piper 1944) are shown in Fig. 6. Dominant cations
are mainly calcium and sodium, while dominant anions are
sulphate and chloride. The sum of cations and anions shows
two main groundwater types: Na–Cl and Ca–SO4–Cl.

Table 1 Used analytical methods

Element Analytical method

HCO3
− Titration with HCl

SO4
2− Chromatography liquid phase

Cl− Titration with Ag NO3

Ca2+ Titration with EDTA

Mg2+ Na+ K+ Atomic absorption spectrometer
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The Schoeller plots of Fig. 7 indicate that all of the
waters sampled from the El Hancha, Djebeniana and El
Amra regions are generally high concentrations of Na+, K+,
Ca2+, Cl− and SO4

2−. Here, the second is highly concen-

trated in Cl− and Na+ (in Djebeniana region). Therefore, the
increase of chlorinated and sodium concentrations in
Djebeniana region might be explained by the possible
mixing with seawater (Ben Brahim 2006).

Table 2 Physiochemical data of groundwater in the study area (2007)

Dissolved constituents (mg/l) Ionic balance (%)

Well TDS (g/l) pH EC (μS/cm) Ca2+ Mg2+ Na+ K+ SO4
2+ Cl− HCO3

− NO3
−

P1 6.72 7.12 7,400 913 191 933 9.4 2,160 1,660 73 336 2

P2 4.6 7.3 6,180 520 195 650 7.5 2,200 1,400 100.5 40 −2
P3 6.72 7.12 8,370 484 200 700 9.3 2,000 1,500 156 336 −3
P4 5.12 7.2 9,540 596 196 600 14 2,330 1,600 70 39 −5
P5 5.5 7.2 6,030 600 205 650 8.3 2,340 1,500 209.5 38 −4
P6 5.2 7.32 6,940 654 181 382 8.46 1,980 935 145.18 55.37 −5
P7 5.85 7.33 5,120 512 216 1,076 3.94 3,150 935 173.24 33.66 −3
P8 4.6 7.53 3,280 528 65 652 4.04 2,070 720 78 13.29 −4
P9 5.78 7.32 4,500 581 235 965 7.73 2,880 885 154.9 31.89 +1

P10 6.8 7.73 3,200 640 89 1,552 24.44 2,970 1,165 90.28 269.34 +2

P11 3 7.68 3,280 368 145 238 7.52 1,530 284 69.3 42 +3

P12 4 7.32 5,500 684 99.56 410 10.34 2,070 725 60.024 58.47 −4
P13 4.8 7.53 5,810 690 205 526 3.8 1,980 652 60.51 66.45 +4

P14 4.5 7.81 4,750 510 245 395 7.3 1,710 689 170 54.04 +1

P15 3.56 9.13 4,400 621 87 210 5.95 1,975 413 130.5 66.89 −4
P16 9 7.34 9,700 668 190 1,028 14.1 3,420 1,630 204.9 378.7 −2
P17 3.8 7.36 4,360 398 129 450 5.64 1,890 340 586.8 30.5 +4

P18 2.5 7.55 4,350 99.3 132 762 17.8 720 1,085 70.4 39 −5
P19 3.2 7.32 5,200 161.8 385 775 13.16 1,170 1,101 158.6 40 +2

P20 4.2 7.12 4,890 522.6 430 421 9.4 1,800 840 69.29 13.7 0

P21 5.6 7.33 5,410 522 432 489 10.34 2,160 1,390 98.3 73 −2
P22 9.4 7.7 7,500 732 235 1,310 14.1 2,340 2,410 132.9 52 +4

P23 12.6 7.46 8,370 1,465 176 1,430 13.06 2,255 4,339 108.5 159 −2
P24 3..34 7.12 7,660 681 121 405 6.9 2,160 689 122 34 −3
P25 5.8 7.95 8,940 630 246 705 8.46 2,070 1,400 64.9 18.16 −5
P26 4.6 7.16 6,660 640 61.9 592 9.4 1,800 1,195 74.6 41.19 −4
P27 7.4 7.15 4,630 326 98 1,542 11.28 3,060 1,695 171.7 8.8 +1

P28 5.8 7.24 8,120 570 188 1,295 17.8 3,240 800 95.9 63 −3
P29 3.27 6.8 8,540 213 188.32 728 17 2,210 1,200 181.5 1.8 −1
P30 3.2 7.07 3,620 558 153 1,725 7.5 756 1,225 114.19 1.3 +5

P31 7.2 7.32 4,110 578 136.06 790 3 3,690 603 158.6 159.49 +2

P32 4.54 7 9,360 580 352 150 4.32 2,430 241 129.32 9.74 +3

P33 2.36 7.02 8,790 624 295.2 530 7.52 1,890 516 140 39.8 −4
P34 3.29 7.56 10,000 700 92.3 1,515 9.4 2,610 2,480 111 26.6 +4

P35 7.04 7.56 8,510 562 256 1,850 10.34 2,610 1,584 183 59.3 +1

P36 6.8 7.32 1,024 658 194 1,283 2.72 3,510 757 105 38.9 −4
P37 7.6 7.4 6,238 3 211 767 6.58 33,150 1,730 123 12.84 −2
P38 3.4 7.35 3,560 1,097 64 1,045 12.22 1,350 1,274 165 48.73 +4

P39 7.2 7.2 3,790 837 80 720 6.58 2,160 618 158 39 −5
P40 7 7.3 3,600 362 87 501 6.5 1,710 365 153 35.44 +2
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Bivariate diagrams of major elements versus chloride are
used in order to separate the different mechanisms that
contribute to groundwater salinization. In particular, sodium
(Fig. 8a), sulphate (Fig. 8b) and calcium (Fig. 8c) are
positively correlated with chloride. This indicates the
possible dissolution of halite, gypsum and/or anhydrite-
bearing rocks relatively abundant especially in the coastal
part of aquifer. The dissolution of these evaporitic rocks is
confirmed by mineral saturation indexes, which show a
saturation of water samples with respect to the mentioned
minerals. The leaching of salts during subsequent rainfall
events in combination with extensive evaporation losses
increases the concentrations of Na and Cl in the soil and in
groundwaters, especially those of the Mio-Plio-Quaternary
aquifer bordering the Mediterranean Sea.

Normally, gypsum or anhydrite dissolution produces Ca
and SO4 in 1:1 equivalent ratio. However, for all the
groundwater samples, the plot of SO4 versus Ca (Fig. 9)
shows a relative SO4 enrichment, which is probably derived
from typical water–soil–rock interaction.

On the other hand, cation exchange probably generates a
Ca deficiency with respect to SO4 concentration. The
phenomenological evidence for this exchange is given by
the bivariate plot of (Ca2++Mg2+)−(HCO3

−+SO4
2−) in

function of (Na++K+−Cl−) (Garcia et al. 2001) as shown
in Fig. 10. In the absence of these reactions, all data should
plot close to the origin (Mc Lean et al. 2000). However,
Fig. 10 indicates an increase of Na++K+ related to the
decrease in Ca2++Mg2+.

In this case, the expanded Durov diagram was used to
identify the hydrochemical processes and reaction paths
such as mixing, ion exchange and dissolution affecting
groundwater composition. Indeed, Durov (1948) and Lloyd
and Heathcotte (1985) demonstrated that the position of the
samples in the sub-square of expanded Durov diagram was
used to identify processes and chemical reactions of the
corresponding aquifer. The significance of each of the nine
fields on the expanded Durov diagram is as follows: field 1
indicates recharging waters, fields 2 and 3 indicate ion
exchange, fields 4 and 5 indicate waters exhibiting simple
dissolution or mixing, field 6 indicates probable mixing
influences, fields 7 and 8 indicate that groundwaters may be
related to reverse ion exchange and field 9 indicates the
mixing by seawater.

Plotted in the expanded Durov diagram (Fig. 11), the
groundwater types of the Mio-Plio-Quaternary aquifer
belong to two hydrochemical characteristics, according to
their order of importance. Most of the samples are
concentrated in sub-square 5 which indicate that ground-
water chemistry is related to the mixing of different origins.
Water type plotted in sub-square 5 is mainly mixed-SO4

type, and this composition probably evolved from the
interaction of mixing waters with direct cation exchange
and/or conservative reactions.

The water type is the mixed water. In this water type,
neither a particular cation nor anion is dominant. This water
type plots in the middle of the diagram.

Table 3 Total variance explained

Component Initial eigenvalues Extraction sums of squared loadings

Total Variance explained (%) Cumulative variance (%) Total Variance explained (%) Cumulative variance (%)

PC1 2.428 26.977 26.977 2.428 26.977 26.977

PC2 1.410 15.663 42.640 1.410 15.663 42.640

PC3 1.384 15.383 58.022 1.384 15.383 58.022

PC4 1.134 12.602 70.625

PC5 0.820 9.111 79.736

PC6 0.697 7.740 87.476

PC7 0.594 6.602 94.078

PC8 0.341 3.788 97.866

PC9 0.192 2.134 100.000

Table 4 Loadings of principal component analysis

Variables Components

PC1 PC2 PC3

Cl− 0.851 0.174 8.615E−02
Na+ 0.636 6.886E−03 0.489

Ca2+ 0.594 −0.538 −0.427
K+ 0.564 0.125 0.398

NO3
− 0.547 −0.161 −4.397E−02

EC 0.508 0.475 −0.362
Mg2+ −4.994E−02 0.648 −0.462
SO4

2− −5.409E−02 0.634 0.297

HCO3
− −0.256 −3.709E−02 0.602
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However, four samples are in field 8 because mixing
reverse ion exchange affects their composition. Indeed,
samples taken from Djebeniana and El Amra which are
localised in field 9 proving the water of high salinity have

the typical Na–Cl–SO4 composition, commonly character-
ising the dissolution of evaporate sediments.

Figure 12 shows that the salinity tends to increase
downstream. The TDS values range from 3 to 12 gl−1, with

Fig. 6 Piper diagram of water
chemistry

Shoeller of El Hencha groundwater Shoeller of  Djebeniana 
groundwater

Shoeller of El Amra groundwater

Fig. 7 Schoeller diagrams of groundwater samples obtained from monitoring wells in the three regions of the study area
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an average value of 4.66 gl−1. Salinity is relatively high along
the coastal zone, where TDS generally exceeds 12 gl−1. This
might be explained by the overexploitation process, which
tends to be quite important zones of low groundwater depths.
A salinity rate of less than 3 gl−1 is observed in the upstream
of Djebeniana and El Amra zones. This is probably the result
of infiltration of rainwater. The composition of the aquifer
material and the intensive pumping led to various processes
of salinization by geochemical interaction of the sediment
with water and by seawater intrusion observed near the
coastal zone.

Water–rock interaction processes

Most transformations on the earth’s surface are con-
trolled by interactions between water and rocks. The
minerals that make up the rocks react with aqueous
solutions; primary minerals are dissolved, thus freeing
ionic species in solution and secondary minerals
precipitate at thermodynamic equilibrium or in over-
saturated domain. The alteration processes are usually
very complex which is the reason why geochemical
models have been developed, to understand and simu-

  Na/Cl relationship  SO4/Cl relationship 

 Ca/Cl relationship

a b

c

Fig. 8 a Na/Cl relationship. b SO4/Cl relationship. c Ca/Cl relationship
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late the reaction occurring between a set of minerals,
constituting a rock and an aqueous solution at thermo-
dynamic disequilibrium (Clement et al. 1994).

In the present study, saturation indexes (SI) with
respect to carbonate (dolomite, calcite and aragonite)
and evaporate (gypsum and anhydrite) minerals, as well
as activities of soluble species, were calculated by using
the chemical programme PHREEQC (Parkhurst and
Apello 1999); the expression of Debye and Huckel is
used for computation of coefficient activities because all
investigated groundwaters have generally higher total
dissolved solids.

Figures 13 and 14 show the plots of SI against total
dissolved solids, for all the investigated groundwater in the
following discussion. We may assume that SI values falling
with range ±0.5 U from 0 indicate the equilibrium state
(Plummer et al. 1976). Most of the considered ground-
waters are undersaturated with respect to dolomite, arago-
nite and calcite indicating that these carbonate mineral
phases could not have influenced the composition of
groundwater of this study area (Fig. 13). On the other
hand, groundwater samples are found to be saturated with
respect to evaporate minerals (Fig. 14) indicating phases
going dissolution for anhydrite and gypsum, which explains
the high concentration of evaporate elements in groundwa-
ter investigated.

Groundwater assessment for irrigation use

The water quality evaluation in the area of study is
carried out to determine their suitability for agricultural
purposes. Nitrate is a major contaminant of water; the
agricultural irrigation effluent, industrial wastewater
discharge and domestic effluents have largely contrib-
uted to contamination of groundwater. In addition, the
high nitrate in humans or animal drinking water is
associated with a number of health problems like
methemoglobinemia. High nitrate and phosphorus levels
present in groundwater that discharges into surface
waters (McCobb et al. 2003) can contribute to long-
term eutrophication of water bodies.

Nitrate concentrations of waters (Table 2) were found
above the World Health Organization (WHO 1998)
recommended limit (45 mg l−1), especially for those
samples accruing in rural areas. Almost 40% of samples
for the period 2007 showed concentrations greater than
45 mg l−1. The massive usage of artificial fertilizers is
not only the direct consequences of high nitrate concen-
tration in groundwater of study area but also domestic
septic tanks are a source of contamination. The absence
of sanitation network in the whole region contributes to
the nitrification of ground waters according to the
process. Nitrate concentrations vary greatly from
1.3 mg l−1 (P30) to 378 mg l−1 (P16) for the period
2007 (Fig. 15).

Levels of nitrates in groundwater in some wells are
higher than the safe levels proposed by the WHO and
thus pose a threat to human health. Due to the
detrimental biological effects, treatment and prevention
methods must be considered to protect groundwater
aquifers from nitrate leaching and high concentrations.
While prevention, such as reduced dependence on
nitrogen-rich fertilizers, imposed a protection, perimeter
particularly around rural private wells can lower the risk
of nitrates in the study area.
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The suitability of groundwater for irrigation is dependent
on the mineral constituents of water on both the plant and
the soil. The sodium adsorption ratio (SAR) of the water is
defined by the following equation (Richards 1954):

SAR ¼ Naþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ca2þþMg2þ
2

q

Ions in the equation are expressed in milliequivalents per litre.
The SAR is used to classify the risks associated with

sodium in irrigation water sources. Water with a SAR over

10 will accumulate sodium in the soil. High SAR can act to
disperse soil aggregates, which in turn reduces the number
of large pores in soil (Grattan 2002). Sodium affects the
deflocculation of a clay soil, thus decreasing its capillary
porosity (air porosity) and its water infiltration rate. Such
effects on the soil structure are particularly harmful on
plants.

Using the SAR, irrigation waters can be divided into
four classes. Such classification is primarily based upon
the sodium effects on the soil physical conditions (Ayers
and Westcot 1988). The sodium adsorption ratio was

(1) (2) (3)

(4) (5) (6)

(7) (8) (9)

Direct exchange reaction
Conservative mixing line

Reverse cation exchange reaction

Fig. 11 Expanded Durov
diagram
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Fig. 12 Spatial distribution of
TDS in the aquifer system of
northern Sfax in 2007
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plotted on the Wilcox diagram (USA Salinity Laboratory)
(Fig. 16). The waters were found mostly confined in five
classes of water type: C4S1 which has low sodium
alkalinity hazards and C3S2, C4S2 and C4S3 which have
medium to high sodium alkalinity hazards and very high
salinity. Therefore, the water quality in the study area is
ranging between doubtful to unsuitable for irrigation uses
Table 5.

Conclusions

The hydrochemical features of the Mio-Plio-Quaternary
aquifer system of the northern Sfax have been investi-

gated based on multivariate statistical analysis and
bivariate conventional diagrams to determine the main
hydrochemical processes of the salinization and to
identify the origin of groundwaters. It was possible to
demonstrate that groundwater mineralization is mainly
controlled by water–rock interaction and anthropogenic
process. Indeed, waters are generally of calcium sul-
phate and sodium-chlorinated types. The quality of
groundwater, mainly saturated with gypsum and anhy-
drite minerals, is controlled by the dissolution of
evaporates minerals. The study revealed that many
private wells suffer from nitrate contamination. The
anthropogenic sources are really the ones that most
often cause the amount of nitrate to rise to a dangerous

Fig. 13 a Plot of saturation indexes with respect to dolomite mineral. b Plot of saturation indexes with respect to calcite mineral. c Plot of
saturation indexes with respect to aragonite mineral
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level. Many local sources of potential nitrate contami-
nation of groundwater exist, such as sites used for
disposal of human and animal sewage and septic tanks.

PCA were used to differentiate the water samples on the
basis of their chemical compositions. It rendered consider-
able variable reduction and clearly distinguish between
variables group.

These components revealed that the hydrochemical
process was the major factor responsible for shallow
groundwater quality; the second factor identified is attrib-
uted to salinization, due to the overexploitation process
which induced the deterioration of groundwater quality and
nitrate pollution, due to fertilization and absence of
sanitation network.

Fig. 14 a Plot of saturation indexes with respect to anhydrite mineral. b Plot of saturation indexes with respect to gypsum mineral
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Fig. 15 Spatial distribution of
nitrate concentrations in the
aquifer system in the study area
in 2007
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US Salinity Laboratory Staff diagram reveals that most
of the groundwater samples are not suitable for irrigation
purposes under normal condition. Also, the salinity hazard
for the most water wells is classified as medium and high
salinity.

Therefore, salinity is the principal concern in irrigated
agriculture in northern Sfax area. High salinity may be
related to precipitation and dissolution processes within
Mio-Plio-Quaternary formations, evaporate deposits and
overexploitation in the study area.

Since the water is used in variable human activities
in the northern Sfax, the groundwater quality is thus
threatened; the cartography of water characteristics
should help to control the quality and guide modes of
water utilization.

References

Ayers RS, Westcot DW (1988) Water quality for agriculture. FAO
Irrigation and Drainage Paper No, 29 (Rev 1), Food and
Agriculture Organization of the United Nations

Ben Brahim F (2006) Actualisation de l’étude hydrogéologique des
nappes phréatiques de Sfax-Nord. Mémoire de Mastère, faculté
des Sciences de Sfax

Beni Akhy R (1994) Etude de l'évolution et modélisation mathéma-
tique de la nappe phréatique urbaine de Sfax. Mémoire DEA,
faculté des Sciences de Tunis, Université de Tunis II, Tunisie, pp
117

Bouri S, Abida H, Khanfir H (2008) Impacts of wastewater irrigation
in arid and semi arid regions, Tunisia. J Environ Geol 53:1421–
1432

Clement A, Fritz B, Made B (1994) Thermodynamic and kinetic
modelling of digenetic reactions in sedimentary basins. Descrip-
tion of the geochemical Code KINDISP. French Institute of
Petroleum 49:569–602

Davis SN, Dewiest RJM (1966) Hydrogeology. Wiley, New York,
p 463

Durov SA (1948) Natural waters and graphic representation of their
compositions. Dokl Akad Nauk SSSR 59:87–90

Garcia MG, Del Hidalgo M, Blesa MA (2001) Geochemistry of
groundwater in the alluvial plain of Tucuman province,
Argentina. J Hydrol 9:597–610

Grattan SR (2002) Irrigation water salinity and crop production.
Publication 8066, FWQP references sheet 9.10. Division of
Agriculture and Natural Resources, University of California
(USA)

Hajjem A (1979) Etude hydrogéologique de la plaine de Djebeniana.
Rapport interne du Commissariat régional de développement
agricole, Sfax, Tunisie

Helena B, Pardo R, Vega M, Barrado E, Fernandez JM, Fernandez L
(2000) Temporal evolution of groundwater composition in an
alluvial aquifer (Pisuerga river, Spain) by principal component
analysis. Water Res 34:807–816

Hidalgo MC, Cruz-Sanjulian J (2001) Ground water composition,
hydrochemical evolution and mass transfer in a regional detrital
aquifer (Baza Basin, southern Spain). Appl Geochem 16(7–
8):745–758

Kaiser HF (1958) The Varimax criteria for analytical rotation in factor
analysis. Psychometrika 23:187–200

Lloyd WJ, Heathcotte JA (1985) Natural inorganic hydrochemistry in
relation to groundwater. Clarendon, Oxford

Maliki A (1994) Etude hydrochimique et isotopique des nappes
phréatiques de Skhira et de Djebeniana et de la nappe profonde
de Sfax. Mémoire de DEA, Faculté des Sciences de Tunis,
Université de Tunis II, Tunisie, pp 127

Maliki A (2000) Etude hydrogéologique, hydrochimique et isotopique
de la nappe profonde de Sfax (Tunisie). Thèse de Doctorat,
Faculté des Sciences de Tunis, Université de Tunis II,
Tunisie, pp 300

Mc Lean W, Jankowski J, Lavitt N (2000) Groundwater quality and
sustainability in an alluvial aquifer, Australia. In: Sielilo et al
(eds) Groundwater, past achievement and future challenges.
Balkema, Rotterdam, pp 567–573

McCobb TD, LeBlanc DR, Walter DA, Hess KM, Kent DB, Smith R
(2003) Phosphorus in a groundwater contaminant plume dis-
charging to Ashumet Pond, Cape Cod, Massachusetts, 1999.
Water Resources Investigations Report 02-4306, US Geological
Survey

C0 (Very Low) C1(Low) C2(Medium) C3(High) C4(Very High)

L
ow

 S
1

M
ed

iu
m

 S
2

H
ig

h 
S3

S
od

iu
m

 a
ds

 o
rp

tio
n 

ra
tio

 (
S

A
R

)
S

o
d

iu
m

 (
A

lk
al

i)
 H

az
ar

d
USA Salinity laboratry diagram

Samples

Fig. 16 Salinity hazard of the groundwaters of the area: samples of
period 2007

Table 5 Salinity and alkali hazard classes after (Richards 1954)

Quality of
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Electrical conductivity
(μmhos cm−1)

Sodium adsorption
ratio (eq/mol)
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Unsuitable >2250 >26
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