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Abstract The multilayered Djeffara aquifer system,
south-eastern Tunisia, has been intensively used as a pri-
mary source to meet the growing needs of the various
sectors (drinking, agricultural and industrial purposes). The
analysis of groundwater chemical characteristics provides
much important information useful in water resources
management. Detailed knowledge of the geochemical
evolution of groundwater and assessing the water quality
status for special use are the main objective of any water
monitoring study. An attempt has been made for the first
time in this region to characterize aquifer behavior and
appreciate the quality and/or the suitability of groundwater
for drinking and irrigation purposes. In order to attend this
objective, a total of 54 groundwater samples were collected
and analyzed during January 2008 for the major cations
(sodium, calcium, magnesium and potassium), anions
(chloride, sulfate, bicarbonate), trace elements (boron,
strontium and fluoride), and physicochemical parameters
(temperature, pH, total dissolved salts and electrical con-
ductivity). The evolution of chemical composition of
groundwater from recharge areas to discharge areas is
characterized by increasing sodium, chloride and sulfate
contents as a result of leaching of evaporite rock. In this
study, three distinct chemical trends in groundwater were
identified. The major reactions responsible for the chemical
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evolution of groundwater in the investigated area fall into
three categories: (1) calcite precipitation, (2) gypsum and
halite dissolution, and (3) ion exchange. Based on the
physicochemical analyses, irrigation quality parameters
such as sodium absorption ratio (SAR), percentage of
sodium, residual sodium carbonate, residual sodium
bicarbonate, and permeability index (PI) were calculated.
In addition, groundwater quality maps were elabortaed
using the geographic information system to delineate spa-
tial variation in physico-chemical characteristics of the
groundwater samples. The integration of various dataset
indicates that the groundwater of the Djeffara aquifers of
the northern Gabes is generally very hard, brackish and
high to very high saline and alkaline in nature. The water
suitability for drinking and irrigation purposes was evalu-
ated by comparing the values of different water quality
parameters with World Health Organization (WHO)
guideline values for drinking water. Piper trilinear diagram
was constructed to identify groundwater groups where the
relative major anionic and cationic concentrations are
expressed in percentage of the milliequivalent per liter
(meq/l), and it was demonstrated that the majority of the
samples belongs to SO4,—Cl-Ca—Na, Cl-SO4—Na—Ca and
Na—Cl hydrochemical facies. As a whole, all the analyzed
waters from this groundwater have revealed that this water
is unsuitable for drinking purposes when comparing to the
drinking water standards. Salinity, high electric conduc-
tivity, sodium adsorption ratio and sodium percentages
indicate that most of the groundwater samples are inap-
propriate for irrigation. The SAR vary from medium (S2)
to very high (S4) sodicity. Therefore, the water of the
Djeffara aquifers of the northern Gabes is dominantly
of the C4-S2 class representing 61.23 % of the total
wells followed by C4-S3 and C4-S4 classes at 27.27 and
11.5 % of the wells, respectively. Based on the US Salinity
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Classification, most of the groundwater is unsuitable for
irrigation due to its high salt content, unless certain mea-
sures for salinity control are undertaken.

Keywords Physico-chemical analysis -
Hydrogeochemistry - Drinking and irrigation utility -
Djeffara aquifers - Tunisia

Introduction

Nowadays, fresh water resources are becoming more and
more limited with increasing demand in the world. Thus,
understanding the hydrochemical characteristics and water
quality is becoming critical for groundwater planning and
management, to ensure sustainable safe use of the resour-
ces for drinking, agricultural and industrial purposes.
Groundwater resources of the Mediterranean coastal plains
in the southern bank of the basin (Middle East and North
Africa) show a qualitative and quantitative deterioration
through time (Custodio and Bruggeman 1987; Edmunds
et al. 2003) resulting from climatic constraints (semi-arid
climate and low rainfall amount) and anthropological
activities (limited resources, pumping higher rates than the
present recharge, largely increased for urban, domestic
supply and multiplication of the diffuse sources of pollu-
tion). Therefore, it is necessary to subject the water to
routine quality analyses to assess its suitability for human
consumption. The groundwater chemistry could have
important information on the suitability of the groundwater
for domestic, industrial and agricultural purposes, and its
contamination has been recognized as one of the most
serious problems in the world (Adams et al. 2001; Jalali
2007, 2009, Djabri et al. 2007; Wen et al. 2008; Giridharan
et al. 2008; Khazaei et al. 2006; Tayfur et al. 2008; Anku
et al. 2009; Trabelsi et al. 2009, 2011; Rouabhia et al.
2009; Fehdi et al. 2009). Groundwater chemistry depends
on a number of factors such as general geology, degree of
chemical weathering of the various rock types, quality of
recharge water, and inputs from sources other than water—
rock interaction. Such factors and their interactions result
in a complex groundwater quality (Domenico and Sch-
wartz 1990; Edmunds et al. 2003; Risacher et al. 2003;
Guler and Thyne 2004; Vengosh et al. 2005; Boughriba
et al. 2006; Ayenew et al. 2008; Giridharan et al. 2008;
Han et al. 2009; Trabelsi et al. 2009, 2011). In Tunisia and
other similar parts worldwide, common studies have been
carried out to assess the geochemical characteristics of
groundwater (Subba Rao et al. 1998; Graniel et al. 1999;
Umar and Sami Ahmad 2000; Guler et al. 2002; Guler and
Thyne 2004; Elango et al. 2003; Krishnakumar 2004; Je-
evanandam et al. 2006; Ravikumar et al. 2009, 2010;
Aghazadeh and Mogaddam 2011; Hamzaoui-Azaza et al.
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2011, 2012; Ketata et al. 2011). The development of
groundwater resources in these arid and semi-arid regions
is a sensitive issue, and careful management is required to
avoid water-quality degradation (Al-Bassam and Al-Ru-
mikhani 2003; Al-Shaibani 2008; Dassi et al. 2005; Dassi
2010; Trabelsi et al. 2005, 2007).

In Tunisia, the gradient of average annual rainfall
decreases from north to south from approximately 1,300 to
<200 mm. In fact, in the northern Tunisia, freshwater of
dams are used for agricultural and domestic needs, while in
southern Tunisia, surface waters are limited and water
resources are based on groundwater of variable quality. As
part of Southern Tunisia, the Gabes-north region has a
semi-arid climate with very irregular rainfall, which makes
the groundwater resources quite fragile.

The Djeffara aquifers of the northern Gabes are well
known by their groundwater potential and their artesian
conditions. Recently, confining pressure was dramatically
reduced due to overexploitation in agricultural and indus-
trial purposes. This region has major difficulties in man-
aging its water resources, which are in decline, especially
since, for the last decades, the scarcity of groundwater.

This work represents a first attempt for the establishment
of a comprehensive study in the area. It also intends to
characterize the main factors and mechanisms controlling
the chemistry and to assess the quality of groundwater with
references to its suitability to drinking and irrigation.
Further, water quality parameters were compared with the
international standards (WHO 1996a, b, 2004) and to
Wilcox (1955) and US Salinity (Richards 1954) diagrams
were also prepared for the study of irrigation water quality.

Description of the study area

The deep Djeffara aquifers of the northern Gabes are
located in south-eastern Tunisia and have an extension of
1,000 km? comprising 36 km along the coast and are
positioned approximately between the longitudes UTM
X1 = 550,000 and X2 = 610,000 and Ilatitudes UTM
Y1 = 3740,000 and Y2 = 3780,000. The study area is
limited by Zemlet El Beidha Mountain in the north,
Mediterranean Sea coast in the east, El Hamma faults to the
west. The southern limit consists in Jebel Raguba, Jebel
Monncef and Jebel Sidi Saleh (Fig. 1a). As representing a
part of the Djeffara coastal plain of Tunisia, the region has
undergone an arid to semi-arid climate changes marked by
seasonal contrasting climatic variables. Also the area is
influenced by dry/hot and humid air masses coming
respectively from the desert and from the Mediterranean
Sea (Kallel 2003). The rainfall average is approximately
180 mm/year. However, the monthly average temperature
ranges between 12 °C in winter (January) and 28 °C in
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Fig. 1 a Geologic map of the study area (after Abbes et al. 1986 and Ghanmi et al. 1984) and b schematic hydrogeological cross section in the
studied area along the transect AA’ (position marked in geological map)
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summer (August), and the average annual temperature is
20 °C. The precipitation period in a typical year varies
between October and March with the dry period extending
from April to September. The potential evapotranspiration
estimated by Thornthwaite method is very high
(2,800 mm/year) and largely exceeds the rainfall. This
situation makes the groundwater resources quite delicate.
The wadis of Gabes region have an intermittent flow
regime, because the dry season is typically very long
(6—8 months/year). The main wadis in the north Gabes are
the El1 Hamma wadi, El Melah wadi, Gabes wadi and EI
Akarit wadi, which receive many important flow tributar-
ies, in particular from the Dahar, Er Ragouba, Monncef and
Dissa mountains in the south of the study area and the
Koudiat El Hmmeimet and Zemlet Beidha mountains in the
north. Surface water resources are insufficient for current
domestic, industrial and agricultural needs of the region
and therefore the groundwater constitutes the main water
resource in southern Tunisia.

The Djeffara plain hosts a large number of wells with
depths varying from 200 to 550 m. Most of these wells,
which tap the multilayered confined aquifer of Gabes-
north, contain dolomites and limestones of the Turonian
and Lower Senonian, and fine to gravel grained sandstones
of the Miocene. Some of the hydraulic deep wells are used
for drinking purposes (7 %), only few for chemical
industry (9 %), and approximately 84 % of the water is
used for irrigation. Consequently, groundwater constitutes
the main water resource in southern Tunisia. In 2008, the
total water extraction in this aquifer is estimated by the
local water authorities in Hamma—Chennchou and northern
Gabes is 18 and 50 million m*/year (Fig. 2a, b), respec-
tively (DGRE 2008). These exploitation rates, which are
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required to meet the increasing demands of the current
agricultural practices, exceed the natural replenishment
(30.5 Mm3/year, OSS 2003) of these basins and had led to
depletion of the groundwater resources and degradation of
their quality. The conditions in this aquifer system were
originally artesian with numerous springs occurring across
the plain (Fig. 2¢, d). Actually, 96 of deep wells were
drilled to meet the rapid growing demand for water. This
over-pumping of the Djeffara aquifers has resulted in
water-level declines ranging from 0.25 to 1 m/year during
the past three decades (Abidi 2004).

Geological and hydrogeological settings

A representative west—east cross section of the study area is
shown in Fig. 1b. The regional geology has been discussed
by several authors (Busson 1970; Abdeljaouad 1983;
Bouaziz 1995; Abbes et al. 1986). From a geological point
of view (Fig. 3), the investigated area is characterized by
outcrops ranging from the Lower Cretaceous to Quaternary
units and by lateral lithostratigraphic variations, with an
unconformity from Palaeocene to Oligocene. The catch-
ment area consists of limestone, dolomite, gypsum, halite,
clayey sand and conglomerates (Fig. 3).

The relation between stratigraphic and hydrogeologic
units is presented in Fig. 3. As shown in Figs. 1b and 3, the
CI aquifer is situated within the continental formations of
the Lower Cretaceous (Neocomian, Barremian, Aptian and
Albian) which is located to the west of the study region.
The aquifer is formed by a complex succession of clastic
sediments, differentiated into several units of detrital sed-
iments and separated by clay-rich strata, with the
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Fig. 3 Relation between
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maximum aquifer thickness exceeding 1,500 m (Edmunds  hydrodynamic functioning of these aquifers. Moreover, the
et al. 2003). The Djeffara aquifer is hosted in the Upper  northern part of Djeffara basin is strongly affected by a
Cretaceous (Turonian and Lower Senonian) and Tertiary = complex system of NE/SW faults crossed by NW/SE ones
formations (Miocene) which are located in the coastal  detected by geophysical survey. These geophysical faults
plain. Tectonic movements have significantly influenced  provoked a lateral compartmentalization and connections
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between different aquiferous horizons. This is the case in
the El Hamma—Chennchou where a hydraulic continuity
between the Continental Intercalaire and the Djeffara
aquifers has been recognized.

In the northern part of the basin (Djeffara of northern
Gabes and El Hamma-Chennchou), Cretaceous and ter-
tiary formations are characterized by lateral variation in
depths and thickness. Moreover, in Zemlet el Beida
Mountain, Cenomanian and Turonian deposits are missing
(Fig. 1a). Stratigraphic gaps in these areas reflect several
factors such as the irregularity of the paleotopography,
eustatic movements and tectonic instabilities (Castany
1954; Bouaziz 1995).

The Djeffara aquifer system is characterized by large
changes in facies both in the vertical and lateral directions,
and thickness of water-bearing horizons. In the north of
Gabes, Djeffara waters are mainly hosted in the Miocene
continental deposits with clays and sandy intercalation

@ Springer

produced after the post-Cretaceous erosion (Bouaziz 1995;
Benton et al. 2000). The thickness of these sand deposits
increases from east (30 m) to west (>80 m). They are
characterized by coarse and fine grain size. Permeability of the
Miocene horizon ranges from 2 x 107 to 3 x 107 m/s,
while transmissivities obtained from pumping tests ranges
from 3 t0 33.8 x 107 m’/s (Mekrazi 1975).

The principal aquifer of Gabes is hosted in the Senonian
horizon represented by two stratigraphic units. The first one
constitutes a fractured limestone horizon with a thickness
of approximately 200 m, and the second is formed by marl and
gypsum characterized by variable thickness up to 500 m.
These water-bearing formations are strongly fissured, with
the transmissivity ranging from 0.9 to 345 x 107> m?%s
(Mamou 1990).

The Turonian carbonates constitute the principal aquifer
formation in Hamma—Chennchou region. The aquifer
consists of dolomites and fissured limestones, whose
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Table 1 Physicochemical parameters of groundwater

Well no. Aquifer Region UTM coordinates pH CE (uS/cm) T (°C) Depth (m) Designation

Latitude Longitude

1 CI Chott El Fejej 375329431 558921.54 7.46 3,680 57.30 744 Drinking
2 CI Chott El Fejej 3750547.02 558439.24 7.70 3,750 64.20 856 Drinking
3 CI Chott El Fejej 3750999.02 557636.00 7.76 4,500 57.70 862 Drinking
4 CI Chott El Fejej 3749981.98 563686.23 7.76 4,450 65 791 Drinking
5 CI Chott El Fejej 3752232.87 564503.26 7.74 4,420 64.50 757 Drinking
6 CI Chott El Fejej 3750365.60 553031.00 8.07 4,090 62.00 1,395 Irrigation
7 CI El Hamma 3751526.87 576907.74 8.40 6,250 62.00 1,306 Irrigation
8 CI North Gabes 3757330.31 590198.00 8.5 10,500 62 1,922 Irrigation
9 T El Hamma 374249483 570400.17 8.30 5,700 62.00 171 Irrigation
10 T El Hamma 3746146.72 572058.74 6.74 5,870 65.20 516.75 Irrigation
11 SL El Hamma 3751210.37 574246.21 7.43 6,770 29.40 44.8 Irrigation
12 SL El Hamma 3747174.46 574888.63 7.21 5,430 62.00 90 Irrigation
13 SL El Hamma 3749806.95 574086.00 7.08 6,940 40.70 135 Drinking
14 SL Chennchou 3751557.22 580569.24 7.14 5,150 56.70 48 Irrigation
15 SL Chennchou 3750565.69 581326.73 7.05 6,660 35.70 40 Irrigation
16 SL Chennchou 3750787.86 582396.00 7.19 5,230 45.00 42 Irrigation
17 SL Chennchou 3749412.25 586331.11 7.27 6,610 30.50 40 Irrigation
18 SL Sabkhet Melah 3759054.41 588710.01 7.29 8,320 24.90 44.4 Irrigation
19 SL Sabkhet Melah 3757451.11 586454.70 7.29 13,648 23.80 88 Irrigation
20 SL Sabkhet Melah 3755712.92 586206.30 7.71 6,620 24.60 45 Irrigation
21 SL Sabkhet Melah 3755692.99 584191.86 7.80 7,290 26.30 77 Irrigation
22 SL North Gabes 3749488.90 590381.77 7.80 7,700 26.30 272 Irrigation
23 SL North Gabes 3746378.00 602068.28 7.18 6,130 35.10 137 Irrigation
24 SL North Gabes 3743905.33 588721.59 7.24 8,060 33.40 168 Irrigation
25 SL North Gabes 3747483.05 596280.31 7.22 7,210 28.10 49 Irrigation
26 SL North Gabes 3744396.27 602974.85 7.20 6,500 25.60 138 Drinking
27 SL North Gabes 3748336.62 599884.46 7.10 6,590 33.50 117 Irrigation
28 SL North Gabes 3749642.03 599723.81 7.23 3,783 25.80 105 Irrigation
29 SL North Gabes 3751014.70 597835.92 7.16 7,240 29.80 88.28 Drinking
30 SL North Gabes 37550789.25 600268.17 7.07 5,830 32.60 120 Irrigation
31 SL North Gabes 3750268.22 596697.71 7.20 4,700 18 71 Irrigation
32 SL North Gabes 3754762.17 596343.34 7.21 5,800 28.70 67.5 Irrigation
33 SL North Gabes 7558154.18 595854.71 7.42 6870 25.60 87 Irrigation
34 SL North Gabes 3757792.95 594204.71 741 6,040 25.10 56 Irrigation
35 MS North Gabes 3758160.74 597328.62 7.38 5,000 24.30 80 Irrigation
36 MS North Gabes 3754967.07 598536.64 7.18 4,750 28.90 76 Irrigation
37 MS North Gabes 3758062.08 591527.87 7.45 5,650 24.30 57.07 Irrigation
38 MS North Gabes 3761018.25 589086.73 7.18 6,270 21.00 65 Irrigation
39 MS North Gabes 3761922.63 589712.00 7.38 5,740 23.30 80 Irrigation
40 MS North Gabes 3764775.09 593482.27 7.21 7,210 23.60 150 Irrigation
41 MS North Gabes 3762655.31 592265.07 7.14 7,610 24.00 81.5 Irrigation
42 MS North Gabes 3762655.31 592265.07 7.43 7,140 24.80 65 Irrigation
43 MS North Gabes 3764165.57 595220.69 7.12 5,600 24.00 65 Irrigation
44 MS North Gabes 3766599.17 595488.41 7.29 5,560 22.90 80 Irrigation
45 MS North Gabes 3761800.90 585356.28 7.10 5,100 23.00 60 Irrigation
46 MS North Gabes 3768185.11 590834.63 7.36 5,900 25.20 522 Irrigation
47 MS North Gabes 3769367.35 586238.15 7.13 9,600 24.40 50 Irrigation
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Table 1 continued

Well no. Aquifer Region UTM coordinates pH CE (uS/cm) T (°C) Depth (m) Designation
Latitude Longitude

48 MS North Gabes 3770282.73 586845.95 7.09 7,440 24.30 60 Irrigation
49 MS North Gabes 3771797.00 590366.73 7.60 4,210 26.00 65 Irrigation
50 MS North Gabes 3773064.88 594019.48 7.70 4,090 26.20 70 Irrigation
51 MS North Gabes 3777325.72 591348.72 7.15 10,300 23.50 50 Irrigation
52 MS North Gabes 3778615.55 591348.72 7.12 9,600 24.80 90 Irrigation
53 MS North Gabes 3782803.01 590530.25 7.19 10,150 25.90 87 Irrigation
54 MS North Gabes 3774549.39 589630.00 7.19 7,090 22.90 - -

CI Continental Intercalaire, T Turonian, SL Senonian limestones, MS Miocene sands

maximum thickness reach exceeds 50 m (Rouatbi 1967).
Although its thickness is limited, the Turonian aquifer is
characterized by high transmissivity, generally around
100 x 107> m?/s (Rouatbi 1967).

The northern part of Djeffara basin is largely affected by
several normal faults in different directions as a result of
tectonic activity (Bouaziz 1995). This extensive tectonic
phase during the Upper Cretaceous caused lateral com-
partmentalization of Djeffara aquifers. All water-bearing
formations of the Djeffara plain are hydraulically con-
nected through the existing faults and semi-permeable
strata.

The hydraulic continuity between the CI and Djeffara
aquifers has been demonstrated through the differences in
hydraulic heads and a set of boreholes showing concordant
hydrogeologic, hydrodynamic and hydrochemistry param-
eters (Rouatbi 1967; ERESS 1972; Mamou 1990; OSS
2003). The CI aquifer of North Africa is one of the largest
confined aquifers in the world (Castany 1982), comparable
in scale to the Great Artesian Basin of Australia and covers
some 600,000 km?>. The hydraulic heads of the CI aquifer
indicate W—E flow, in the direction of Gulf of Gabes, with
an artesian pressure head of about 200 m above ground
surface (OSS 2003). On the other hand, the Djeffara
aquifers show a general W-E flow, from El Hamma region
toward the Mediterranean Sea, in accordance with the plain
structure (Fig. 4). Near El Hamma faults, the artesian
pressure head is in the order of 50 m and is explained by
the ascension of CI groundwater through El Hamma faults
(OSS 2003). The piezometric gradient varies between 1
and 3 %o.

Sampling and analytical methods
A total of 54 samples of groundwater from boreholes
tapping CI aquifer (8) and Djeffara aquifers (46) (Tables 1,

2) have been collected in January 2008 (Fig. 5). For this
study, sampling points were chosen according to their
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geographic and stratigraphic locations in a way that they
represent hydrochemical types and hydrogeological con-
ditions typical for the diverse sectors and different depths
of the aquifer. Water samples were collected from pumping
wells after minimum of several hours of pumping prior to
sampling. This was done to remove groundwater stored in
the well. Water samples were collected in clean polyeth-
ylene bottles. Temperature, pH and electrical conductivity
(EC) were measured using a portable field kit. To prevent
changes in chemical equilibrium and adsorption on the
inner surface of the bottles, the samples were acidified with
1:1 extra pure HNO; to 1 %o without disturbing the sample
volume, and the final acidity of the samples during storage
was around pH < 2.0. Preservation and transportation of
the water samples to the laboratory followed standard
methods. The collected samples were brought to the lab-
oratory and were filtered using 0.45 pm millipore filter
paper and acidified with nitric acid (Ultrapure Merck) for
cation analysis. Prior to laboratory analysis, the samples
were stored below 4 °C. Chemical analyses (Cl, SO427,
HCO;~, F~, Ca*", Mg®", Na™ K", Sr*" and B™) were
carried out in Tunisian Chemical group Laboratory (GCT).

Chloride analysis was carried out by the standard titra-
tion method, or the Mohr method. Water alkalinity is pri-
marily attributed to the presence of bicarbonates (HCO;™)
since the pH of most water samples ranges between 6.74
and 8.5. Bicarbonate (HCO;7) is estimated by titrating
with HCI. Using BaCl,, the gravimetric method was used
to estimate sulfate concentrations (SO,>7). Calcium (Ca*™)
was analyzed titrimetrically, using standard EDTA. Mag-
nesium (Mg2+) was computed, taking the difference
between TH (Ca®" plus Mg®") and Ca®>" values. Sodium
(Na*) and potassium (K") were measured by flame pho-
tometer. Fluoride (F~) is analyzed using a spectropho-
tometer. Strontium (Sr2+) and boron (B1) concentrations
were measured by inductively coupled plasma—optical
emission spectrometry (ICP-OES). All the water quality
parameters are expressed in mg/l, except EC, T and pH.
The analytical error as inferred from the balance between
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cations (Ca*", Mg?*, Na™, KT, Sr*" and B™) and anions
(HCO57, Cl7, SOy 2 and F7) is observed to be within the
stipulated limit of £5 % (Mandel and Shiftan 1981).
Table 1 presents the groundwater characteristics data for
sampling campaign during January 2008. Each parameter
was compared to the standard desirable limit of that
parameter stipulated for drinking water as prescribed by the
WHO (1996a, b, 2004) for drinking and public health
purposes.

The total hardness (TH) in ppm (Todd 1980; Hem 1985;
Ragunath 1987) was determined by the following Eq. 1:

TH = 2.497 Ca’" +4.115 Mg*" (1)

where the concentrations of Ca”" and Mg>" are repre-
sented in mg/l.

The development and maintenance of successful irri-
gation projects not only supply irrigation water to the land
but also control salt and alkali in the soil (Haritash et al.
2008). Salinity and indexes such as sodium absorption ratio
(SAR), sodium percentage (%Na), residual sodium

carbonate (RSC), residual sodium bicarbonate (RSBC) and
permeability index (PI) are important parameters for
determining the suitability of groundwater for agricultural
uses (Srinivasa Gowd 2005; Raju 2007). The sodium
adsorption ratio (SAR) values were calculated for each
well by the following equation given by Richards (1954):

SAR = Na/[(Ca + Mg)/2]"/? (2)

where the concentrations are expressed in meq/l.
The sodium percentage (%Na) was calculated using the
formula given below (Todd and Mays 2005):

%Na = (Na* + K") x 100/(Ca*" +Mg*" +Na* +K")
(3)

where all ionic concentrations are expressed in meq/l.
The RSC index is calculated by the following equation
(Ragunath 1987):

RSC = (CO3™ + HCO;3) — (Ca*™ + Mg*") (4)

where concentrations are reported in meq/l.

@ Springer
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The RSBC, as defined by Gupta and Gupta (1987), is

calculated by the following equation.

RSBC = (HCO; — Ca*")

@ Springer

(5)

where concentrations are expressed in meq/l.

The permeability index (PI), as defined by Doneen
(1964) and Ragunath (1987), is calculated by the following
equation:
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PI = [([Na*]+ [HCO;]"%)] x 100/(Na* + Ca>*
+Mg*" + KT) (6)

where all the ions are expressed in meq/l.

Results and discussion
In situ measurements interpretation

The groundwater samples belonging to the CI system are
characterized by elevated temperatures that range between
57.3 and 65 °C (Table 1) indicating that the water in these
wells is derived from the main horizons of the CI forma-
tions, as indicated in the cross section shown in Fig. 1b,
without any significant leakage from the overlaying strata.
The temperature of the Djeffara groundwater is widely
varying, from 18 to 65.20 °C, independently of the bore-
hole depth. The water temperature is higher (between 35
and 65 °C) in the tectonic zones of El Hamma and Chen-
nchou regions, which points to some inflow of groundwater
from the CI aquifer through the existing normal faults
(Fig. 6a). The lowest values of temperature (lower than
35 °C), probably due to the influence of the atmosphere,
characterize the shallowest wells (Table 1).

The values of pH of the CI groundwater samples range
from 7.46 to 8.5 with an average of 7.92. However, in the
Djeffara aquifers, pH values range from 6.74 to 8.3
(Fig. 6b; Table 1) with an average of 7.29. This shows that
the groundwater of the study area is generally neutral.
According to the WHO (2004), the range of desirable pH
values of water prescribed for drinking purposes is 6.5-9.2.
There are no water samples with pH values outside of the
desirable ranges.

The measured conductivity of CI groundwater samples
ranges from 3,680 to 10,500 puS/cm (Table 1), while the
corresponding values for the Djeffara aquifers vary
between 3,783 and 13,648 uS/cm (Fig. 6¢). The large
variation in EC is mainly attributed to geochemical pro-
cesses prevailing in this region. The spatial distributions of
the EC, the TDS and major ions over the study area are
somewhat similar. They show an increase from the
mountainous regions (recharge areas) toward Sabkhas area.
The highest values were measured in the Miocene sands in
the northern part of Gabes region and in the Senonian
limestone of the El Hamma region and Ouedref-El Metouia
Graben. These high conductivity measurements are corre-
lated with the high total mineralization which varies largely
between 2,800 and 10,100 mg/l1.

The total dissolved solid (TDS) of the Continental In-
tercalaire groundwater ranges from 2,760 to 7,750 and
2,736 to 10,100 mg/l in Djeffara aquifers (Fig. 6d;
Table 1). In Djeffara aquifers, this variation conforms

partially with the main groundwater flow directions, indi-
cating that the groundwater salinity is someway controlled
by the residence time in the aquifer. Indeed, in the El
Hamma region, high salinities (TDS higher than 4,000 mg/
1) appear near El Hamma sebkha which relatively disturbs
the evolution of the mineralization in the direction of the
groundwater flow. This sudden increase of groundwater
salinity suggests an influence of the high saline waters
originating from El Hamma sabkhas. The increase of
salinity (TDS exceeds 5,000 mg/l) in some points located
in Ouedref-El Metouia and the El Meida grabens is due to
the influence of highly saline waters originating from El
Hamma and Melah-M’Khcherma sebkhas and interaction
with evaporitic formations outcrops in Koudiat El
Hmmeimet and Zemlet El Beidha mountain.

The high salinity of Miocene sand aquifer in the north of
Gabes increases through time (Mamou 1990). This can be
explained by the high groundwater extraction rates leading
to the formation of depression cone, which facilitates the
leakage of saline water from local shallow saline drainage
aquifer formed by return flow irrigation. The lowest values
of salinity are measured in the Djeffara aquifers of the
south part of the study area. This low salinity value (lower
than 3,500 mg/l) reveals the dilution of the groundwater by
the recharge coming from the fissured carbonate formation
outcrops between El Hamma and Gabes.

The TDS in water is represented by the weight of resi-
due left when a water sample has evaporated to dryness
(Bahar and Reza 2009). The analytical results have been
evaluated to ascertain the suitability of groundwater of the
study area for drinking, by comparing with the specifica-
tions of TDS set to the standard guideline values as rec-
ommended by the WHO (1993). According to WHO
specification, water containing <500 mg/l of dissolved
solids is suitable for domestic use. Water containing more
than 1,500 mg/l is maximum permissible (Table 3). Water
containing more than 1,500 mg/l of dissolved solids is
likely to contain enough of certain constituents to cause
noticeable taste or make the water undesirable or unsuit-
able for drinking. Based on this classification, all ground
water samples exceed the maximum allowable limits and
thus indicate the unsuitability of water for drinking pur-
poses (Table 3).

To ascertain the suitability of groundwater for any
purposes, it is essential to classify the groundwater
depending on their hydrochemical properties based on their
TDS values (Davis and DeWiest 1966; Freeze and Cherry
1979), which are presented in Table 4. According to Freeze
and Cherry (1979), the groundwater of the area is of
brackish water type for all samples of CI groundwater and
for 97.83 % of Djeffara aquifers, except for one sample
from Djeffara aquifers that represents saline water type.
Davis and DeWiest (1966) have also classified
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groundwater on the basis of TDS such as values up to
500 mg/l render the water desirable for drinking, whereas
values ranging from 500 to 1,000 mg/l render the water
permissible for drinking. Hence, classification of the
groundwater of the study area based on TDS (Davis and
DeWiest 1966) has been presented in Table 4. Based on
this classification, all groundwater samples exceed the
permissible limit for drinking.

The hardness values range from 1,187 to 1,603.59 mg/l
with an average of 1,427.29 mg/l in the CI groundwater
and from 1,233 to 3,173 mg/l with an average of 1,600 mg/
1 in the Djeffara aquifers (Fig. 6e; Table 5). Cation con-
centrations and ratios can trace water—rock interaction
processes, such as mineral weathering and cation exchange
(Han et al. 2009). In determining the suitability of
groundwater for domestic and industrial purposes, some
chemical analyses are made. The presence of carbonates
and bicarbonates indicates temporary hardness; sulfates
and chlorides of calcium and magnesium indicate perma-
nent hardness. Temporary hardness is due to the presence
of bicarbonates of calcium and magnesium and can be
removed by boiling, whereas permanent hardness is
attributed to other salts such as sulfate and chloride salts,
which cannot be removed by boiling. Despite all these
problems, hard water is not considered to be a health
hazard. However, water hardness of more than 200 mg/l
causes noticeable taste or makes the water undesirable or
unsuitable for drinking and scale formation (ACF 1996).
Water hardness has no known adverse effects; however, it
causes more consumption of detergents at the time of
cleaning, and some evidences indicate its role in heart
disease (Schroeder 1960).

The classification of groundwater based on total hard-
ness (Sawyer and McMcartly 1967) shows that all of the
groundwater samples fall in the very hard water category
(Table 6). The maximum allowable limit of TH for
drinking is 500 mg/l and the most desirable limit is
100 mg/l as per the WHO international standard. In CI
groundwater and Djeffara aquifers, 100 % of samples
exceed permissible limit (Table 6). Groundwater exceed-
ing the limit of 300 mg/l is considered to be very hard
(Sawyer and McMcartly 1967). In our study, the classifi-
cation of groundwater based on TH shows that all of the
groundwater samples fall in the very hard water category
(Table 6). Indeed, hardness values of all samples derived
from the CI groundwater and Djeffara aquifers were found
to be above the specified safe limit and cannot be used for
domestic proposes because it coagulates soap lather. Also,
waters are characterized by high concentrations of calcium,
magnesium, sulfate and chloride. Hydrogenocarbonate
anions are at a limited concentration which is, however,
sufficient for the formation of large quantifies of scale:
40-50 tons per year for each well (Rosset et al. 1999).

@ Springer

Major elements geochemistry

In Djeffara aquifers, concentration of sodium and chloride
varies, respectively, between 432 and 2,530, and 539 and
3,647 mg/l, during the considered period (Table 5). The
concentration of sodium and chloride varies, respectively,
between 410 and 2,074, and 646 and 2,414 mg/l in the CI
groundwater. Na* has different roles in the human body. It
plays an important role in the function of the nervous system,
membrane system, and excretory system (Ketata et al. 2011).
According to the WHO guidelines, the maximum admissible
limit for drinking water is 200 mg/l. In the study area, all
groundwater samples exceed the maximum permissible limit
for drinking water (Table 3). The chloride ion concentration
in groundwater of the study area exceeds the maximum per-
missible limit for drinking water of 600 mg/l (Table 3) in
almost all samples collected from CI groundwater and
Dijeffara aquifers. For both Na* and Cl~, the highest con-
centration levels characterize the wells situated to the north
part (11, 18, 19, 20, 21, 47, 48, 49, 51, 52 and 53) of the
Djeffara aquifers, whereas the lowest ones characterize the
wells situated to the south part (23, 26, 27, 28,30 and 31). The
spatial distribution of chloride and sodium concentrations
illustrates a similar evolution as the salinity; they both
decrease in the direction of the groundwater flow (Fig. 7a, b).
Chloride and sodium are influenced by the contributions of
water of the CI groundwater in El Hamma—Chennchou region
(NajL and CI™ concentrations can reach, respectively, 680 and
1,099) and intrusion of salt water from sabkhas.

Ca”" concentration ranged between 300 and 702 mg/l in
Djeffara aquifers (Table 5). It varied from 352 to 702 mg/1
in CI groundwater. Such concentrations of calcium have no
hazardous effect on human health. Knowing that the
maximum permissible limit of calcium concentration set by
the WHO for drinking water was specified as 200 mg/l
(Table 3), it is observed that all of CI groundwater and
Dijeffara aquifer samples showed higher Ca®" concentra-
tion than the permissible limit. The most elevated values
were measured in wells 15, 18, 20, 21, 47, 48 and 49, F8,
while the lowest levels were recorded in the well 26. The
spatial distribution of calcium concentrations (Fig. 7c)
decreased in the direction of groundwater flow, confirming
the dominant influence of the infiltration waters charged in
calcium (by change of the chalky and gypseous formations
of Cretaceous). Calcium concentration is also influenced by
the contribution of water of the CI groundwater in Ham-
ma-Chennchou region (Ca>" concentration vary between
352 and 480 m) and intrusion of salt water from sabkhas.

Magnesium concentration was found to be in the range
of 65-345 and 69-96 mg/l for the studied samples col-
lected from the Djeffara aquifers and CI groundwater,
respectively (Table 5). In the Djeffara aquifers, 20 % of
the samples exceeded the permissible limit of 150 mg/l,
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Table 3 Groundwater samples of the study area exceeding the permissible limits prescribed by WHO (1996a, b, 2004) for drinking purposes

Water quality WHO (2004) Number of samples Samples exceeding Undesirable
parameter exceeding PL PL (%) effects
Desirable Maximum CI Djeffara CI Djeffara
limit (DL) permissible groundwater aquifer groundwater aquifer
limit (PL)
pH 7-8.5 9 - - - - Taste
CE (uS/cm) 500 1,500 5 5 100 100 Gastrointestinal irritation
TDS (mg/l) 500 1,500 5 5 100 100 Gastrointestinal irritation
TH (mg/l) 100 500 5 5 100 100 Scale formation
Cl™ (mg/l) 200 600 5 5 100 100 Salty taste
S04~ (mg/l) 200 400 5 5 100 100 Laxative effects
HCO;™ (mg/l) 240 - - - - -
Ca** (mg/l) 75 200 5 5 100 100 Encrustations in water
structure
Mg>" (mg/l) 50 150 - 1 - 20 Scale formation
Na* (mg/l) - 200 5 5 100 100 Scale formation
K* (mg/l) - 12 5 5 100 100 Bitter taste
F~ (mg/) - 1.5 - 1 - 20 Dental fluorosis
B* (mg/l) - 0.5 1 5 20 100 -
Sr** (mg/l) - 0.5 5 5 100 100 -

Table 4 Groundwater classification based on TDS (Davis and DeWiest 1966 and Freeze and Cherry 1979)

TDS (mg/l) Classification

Number of samples

Percentage of samples

CI groundwater

Djeffara aquifers CI groundwater Djeffara aquifers

Davis and DeWiest (1966)

500 Desirable for drinking -
500-1,000 Permissible for drinking -
1,000-3,000 Useful for irrigation

<3,000 Unfit for drinking and irrigation 5

Freeze and Cherry (1979)

<1,000 Fresh water type -
1,000-10,000 Brackish water type 8
10,000-100,000 Saline water type -
>100,000 Brine water type

4 37.5 8.7
42 62.5 91.3
45 100 97.83

1 - 2.17

while all the CI groundwater samples showed a magnesium
concentration within the permissible limit for drinking
water (Table 3). The higher values were recorded for wells
18, 19, 20, 21, 46, 47, 48, 49, 50, 51, 52, 53 and 45,
whereas the lower ones were recorded for wells 9, 10, 12,
13 and 16. The spatial distribution of Mg”" correlates with
the distribution of Ca2+, decreasing in the direction of the
groundwater’s flow (Fig. 7d). Calcium and magnesium
ions present in groundwater are particularly derived from
leaching of limestone, dolomites, gypsum and anhydrites,
whereas the calcium ions are also derived from cation
exchange process (Garrels 1976; Haritash et al. 2008).

The carbonate and bicarbonate concentrations in
groundwater are derived from carbonate weathering as well
as dissolution of carbonic acid in the aquifers (Jeevanan-
dam et al. 2006; Kumar et al. 2009). The contents in
HCOj;™ of the Djeffara aquifers of the northern Gabes vary
from 79 to 183 mg/l (Table 5), with a maximum recorded
for wells 18 and 45. It varied from 92 to 189 mg/l in the CI
groundwater. As per the WHO guidelines, all samples
show a bicarbonate concentration within the permissible
limit of 240 mg/1 for drinking water (Table 3, WHO 2004).
Maps representing spatial distribution for bicarbonates
concentrations (Fig. 7e) show a significant similar
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Table 5 Statistical summary of drinking water quality parameters determined in 10 groundwater samples of CI and Djeffara aquifers

Aquifer Minimum Mean Maximum Standard deviation
Parameters Units CI Djeffara CI Djeffara CI Djeffara CI Djeffara
(a) Drinking water
pH 7.46 7.06 7.68 7.18 7.76 7.36 0.12 0.11
CE pS/cm 3,680 5,900 4,160 6,776 4,500 7,240 407.98 555.09
TDS mg/l 2,760 2,840 3,036.2 3,409 3,300 4,120 210.38 482.73
T °C 57.30 23.60 61.72 30.56 64.90 40.70 3.86 6.87
cl- mg/l 646 539 789.2 814.6 981 1,136 137.72 243.28
S04~ mg/l 925 1,100 1,093.2 1,263.4 1,296 1,400 134.3 125.70
HCO;~ mg/l 92 146 1124 152.6 122 158 12.44 427
Ca*t mg/l 360 300 384.8 373.6 428 500 29.17 85.11
Mg>+ mg/l 70 84 72 128.8 74 167 2 30.60
Na*t mg/l 410 432 496.4 537 540 750 55.72 133.33
K+ mg/l 34 28 412 442 45 76 4.26 19.98
F mg/l 0.56 0.61 0.7 1.26 0.96 2.10 0.18 0.53
B mg/l 0.3 0.57 0.41 0.78 0.52 1.6 0.09 0.45
Sr mg/l 4 457 42 5.8 5 7 0.44 0.83
Sr**/Ca? %o 457 5.49 4.99 6.98 5.34 8.07 0.28 1.15
TH mg/l 1,187 1,233 1,245.43 1,455.3 1,373.2 1,641.3 79.05 166.32
(b) Irrigation water
pH 8.07 6.74 8.32 7.41 8.5 8.5 0.22 0,267
CE pS/cm 4,090 3,783 4,946.67 6,771.54 10,500 13,648 3,261. 3 1,909.45
TDS mg/l 2,736 2,736 4,695.33 4,097.79 7,750 10,100 2,680.46 1,296.58
T °C 62 18 62 33.63 62 65.2 - 11,47
cr- mg/l 720 525 1,411 1,151.56 2,414 3,647 889 615,78
SO~ mg/l 1,026 1,026 1,417.33 1,438.37 1,992 2,350 508.42 276,69
HCO;~ mg/l 98 79 142.33 151.30 189 189 14.03 16,99
Ca>t mg/l 352 308 438.66 434.44 484 702 45.54 98,27
Mg>* mg/l 69 65 80.66 128.18 96 345 13.86 51,56
Na® mg/l 680 400 1,065 7112 2,047 2,530 857 361,79
K" mg/l 42 12 60 43.86 70 215 15.62 32,59
F mg/l 0.55 0.34 0.57 1.45 0.59 2.84 - 0,6
B mg/l 0.34 0.42 0.495 0.94 0.65 23 - 0,56
Sr** mg/l 4 4.97 5 7.35 6 23 - 3,35
Sr**/Ca** %o 5.20 4.99 5.46 7.89 572 9.92 - 1,34
TH mg/l 1,195.8 1,233 1,427.29 1,600 1,603.59 3,173 209.42 400,53
SAR - 5.89 4.68 11.93 7.60 22.23 23.58 8.96 3,112
%Na % 47.24 38.73 57.50 47.23 73.89 73.89 14.32 6,22
RSBC meq/l —21.66 —32.03 —19.56 —19.23 —15.96 —12.78 3.13 4,93
RSC meq/l —28.95 —60.42 —26.19 —29.78 —22.29 —22.29 3.47 7,99
PI % 47.72 38.57 57.55 48.20 73.94 73.94 14. 28 5,59

evolution as Ca®" with a reduction of the contents in the
direction of the groundwater’s flow.

Concentrations of K are relatively low compared to the
concentrations of other cations, with values varying
between 12 and 215 mg/l (Table 5). It varied from 34 to
70 mg/l in the CI groundwater. As per the WHO guide-
lines, all the CI groundwater and Djeffara aquifer samples
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exceed this permissible limit of 12 mg/l (Table 3). The
highest concentrations have been recorded for boreholes 18
and 19. The maps elaborated here (Fig. 7) show that the
concentration of potassuim are simular to those of salinity,
chloride, sodium and calcium. Low concentrations of
potassium in these waters would originate from alteration
of the silicates which have low solubility rates. Potassium
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Table 6 Groundwater

classification based on TH Total hardness (TH)

as CaCOj3 (mg/l)

Type of water

Number of samples Percentage of samples

(Sawyer and McMcartly 1967) CI Djeffara CI Djeffara
groundwater aquifers groundwater aquifers

75 Soft - - - -

75-150 Moderately high - - - -

150-300 Hard - - - -

300 Very hard 8 46 100 100

distribution is influenced by the chemical composition of
the waters of infiltration and the waters from the CI
groundwater, and intrusion of salt water from sabkhas.

The sulfate concentration of the waters in the Djeffara
aquifers of the northern Gabes varied between 1,043 and
2,350 mg/l (Table 5). It varied from 925 to 1,992 mg/l in
CI groundwater. Sulfate is unstable if it exceeds the max-
imum permissible limit of 400 mg/l (Table 3) and causes a
laxative effect on humans, together with excess of mag-
nesium in groundwater (Kumar et al. 2007; Arumugam and
Elangovan 2009). This may result in gastrointestinal irri-
tation in the human system. In the study area, all ground-
water samples exceed the maximum permissible limit for
drinking water (Table 3). The highest concentrations were
measured for wells 18, 19, 21, 47, 48, 51, 52 and 53, while
the lowest values are characteristic of wells 10, 14, 45 and
46. Spatial distribution maps show the same evolution with
salinity (Fig. 7g). Since sulfates are the dominant anions,
they control, along with Na™, Ca?>* and Cl~, the saline load
of the waters of the Djeffara aquifers.

Water types

The method of geochemical graphic represented by Piper
diagram (Piper 1944) has been widely used in groundwater
studies to characterize a large number of water chemical
data. Piper trilinear diagram was constructed using scien-
tific software to display the relative concentrations of the
different ions from individual water samples from the study
area. This diagram reveals similarities and differences
among groundwater samples because those with similar
qualities will tend to plot together as groups (Todd and
Mays 2005).

The Piper diagram (Fig. 8) shows similarity in major
cation proportions in the Djeffara aquifers, intermediate
between Na' and Ca’" content. Results of chemical
analyses indicate enrichment in SO427 relative to Cl,
except of groundwater samples from Senonian limestones
and Miocene sands in Ouedref-El Metouia and El Meida
grabens, respectively, which are depleted in SO,>~ with
respect to CI™ ions. Consequently, a Piper diagram shows
that the water facies, in Djeffara aquifers, gradually chan-
ges from the Na—Ca—-SO4—Cl type to the Na—Cl-SO, type

along the flow lines, i.e., from west to east of the study
area.

The Na—Ca—-SO,4—Cl type (corresponding to wells 9, 10,
14, 16, 22, 23, 24, 25, 26, 27, 28, 29, 30 and 31) occurs
mainly in El Hamma—Chennchou and in the South-eastern
part of the study area. The composition of this type is due
to the mixtures of the two end members: CI water (average
TDS = 3,500 mg/l) and recent recharge water (corre-
sponding to wells 23, 26 and 27; TDS < 3,000 mg/l) from
the recharge area toward El Hamma and Gabes (Mamou
1990; Trabelsi et al. 2009, 2011).

The Na—-Ca-Cl-SO4; and Na-Cl type (which corre-
sponds to wells 11, 18, 19, 20, 21, 47, 48, 49, 51, 52 and
53) waters are highly mineralized and are more influenced
by the chemistry of the rocks with which the waters is
contact. This high salinity level is explained by salt water
intrusion from sabkhas and leakage with underlying aquifer
with evaporite dissolution during fluxes ascent for high
salinity.

Groundwater mineralization processes

In order to highlight different mechanisms that contribute
to groundwater mineralization, principal components
analysis (PCA) has been applied to physicochemical
parameters corresponding to sampling made in January
2008. The chemical composition of the groundwater is
characterized by major cations and anions such as Ca, Mg,
Na, K, Cl, SO,4, HCO3;, Sr, B and F. The correlation matrix
of physicochemical parameters is reported in Table 7.
Cation concentrations and ratios can trace water—rock
interaction processes, such as mineral weathering, cation
exchange and anthropogenic input in the groundwater
system (Han et al. 2009; Chan 2001).

A correlation analysis is a bivariate method, which
simply exhibits how well one variable predicts the other. In
this study, the relationship between various elements has
been studied using the Spearman rank coefficient, which is
based on the ranking of the data and not on their absolute
values (Kurumbein and Graybill 1965; Kumar et al. 2006,
2007, 2009). The numerical level of the relationships rep-
resented by the coefficient of correlation varies between —
1 and +1 according to the statistical significance of the
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<« Fig. 7 Iso-concentration maps showing spatial variation in a chloride,

b sodium, ¢ sulfate, d calcium, e magnesium and f potassium in the
deep Djeffara aquifers of Gabes

estimated correlation. In general, the results show high
correlations (>0.7) between some pairs of geochemical
parameters, whereas a value between 0.5 and 0.7 shows
moderate correlation (Giridharan et al. 2008). A negative
coefficient indicates that the considered variables are
evolving in opposite directions. The correlation matrices
for 13 variables were prepared for CI groundwater and
Djeffara aquifers (Table 7) using the computer program
STATISTICA 7.1 (StatSoft) software.

The correlation matrix of the 13 variables analyzed (pH,
temperature (T), TDS, Cl, SO427, HCO;™, Na‘t, KV,
Ca’™, Mg”, Sr>* F~ and B given in Table 7 allows us
to distinguish high correlation coefficients, which indicate
several relevant hydrochemical relationships. Sulfate,
chloride, sodium, magnesium and calcium are the main
ions responsible for the increase of the salinity of the
waters of Djeffara groundwater. A close correlation noted
between the sulfate and calcium (r = 0.63 and 0.60), sul-
fate and magnesium (r = 0.73 and 0.78), chloride and
sodium (r=0.94 and 0.91), strontium and sulfate
(r = 0.76 and 0.85), strontium and chloride (r = 0.72 and
0.88), and between boron and chloride (r = 0.76 and 0.75)
indicates a dissolution of the sulfate and chloride evaporite
rocks surrounding the aquifer and its substratum. The

Fig. 8 Piper diagram for the
groundwater of the studied area

dissolution of sodium chloride salts induces an increase in
the ionic strength of the water, which favors a greater
dissolution of the sulfate salts and the enrichment of the
waters by magnesium and calcium.

The relationship between Ca®" and SO4>~ concentra-
tions is characterized by a relatively low correlation coef-
ficient (» = 0.6 and 0.63) and a SO42_ ratio, in moles per
liter, superior to 1. This indicates that calcium and sulfate
are not involved in the same geochemical processes
(Hounslow 1995). Actually, sulfates are mostly found in a
dissolved form, whereas calcium can undergo a precipita-
tion of calcite and/or a Ca/Na base exchange between clay
minerals and water (Desbarats 2009).

The good correlation between SO,>~ and Mg** (r = 0.73
and 0.78) suggests that a part of the SO, and Mg>" may also
be derived by the weathering of magnesium sulfate mineral
(MgSQy,). There is no relation between Ca’* and HCO; ™, and
correlation coefficient (r = —0.11 and —0.02) is not signifi-
cant. This indicates that calcite may not be the source of Ca>*.
Indeed, the bicarbonate concentration in groundwater is
derived from carbonate weathering as well as dissolution of
carbonic acid in the aquifers.

Finally, the high correlation values between concentra-
tions of Ca®>" and Cl1~ (0.70) can hardly be related to any of
the salinization processes recognized, and only possibly
with secondary processes such as ionic exchange, which
become more evident in the more salinized water as the Cl
concentration increases.

100 O Miocene aquifer
@ Senonian aquifer
[J Turonian aquifer

Djeffara aquifers

A Cl| groundwater

4]
O
&
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Table 7 Correlation matrix of chemical constituents of groundwater in CI groundwater and Djeffara aquifers

pH CE TDS T Cl SOy HCO; Ca Mg Na K F B Sr
(a) CI groundwater
pH 1.00
CE 0.40 1.00
TDS —-0.23 0.71 1.00
T —0.14 0.50 0.73 1.00
Cl 0.84 0.46 0.01 0.30 1.00
SO, 043 —-046 —-0.69 —-0.74 0.25 1.00
HCO; 045 —-034 —-046 0.05 0.66 0.56 1.00
Ca 0.77 -020 —-0.60 —0.41 0.67 0.86 —0.11 1.00
Mg —-0.39 0.16 0.04 -025 -049 -025 -071 —0.53 1.00
Na 0.96 032 —-0.20 0.03 0.94 0.43 0.66 0.82 —-0.57 1.00
K 0.94 0.17 —-040 —0.09 0.86 0.47 0.68 0.84 —-0.53 0.97 1.00
F -0.06 —-0.58 —-055 —-0.89 —0.35 0.80 0.04 0.38 0.11  -0.14 —-0.10 1.00
B 0.86 0.13  —-0.32 —0.21 0.84 0.72 0.71 094 —048 0.91 0.86 0.21 1.00
Sr 0.73 -034 —-0.77 —-0.53 0.52 0.80 0.72 094 —-0.49 0.74 0.84 039 080 1.00
(b) Djeffara aquifers
pH 1.00
CE —0.12 1.00
TDS —0.10 0.83 1.00
T -0.03 -022 -0.27 1.00
Cl —0.02 0.77 090 —0.23 1.00
SO, 0.10 0.76 0.77 —-0.34 0.80 1.00
HCO; —0.34 0.00 0.10 —0.31 0.02 0.09 1.00
Ca 0.06 0.42 047 —-0.09 0.70 0.60 —0.02 1.00
Mg —0.03 0.61 0.63 —0.45 0.72 0.78 0.21 0.47 1.00
Na —0.03 0.84 094 —-0.19 091 0.78 0.01 0.42 0.61 1.00
K 0.06 0.55 0.68 0.22 0.65 048 —0.16 0.19 0.31 0.75 1.00
F 0.00 0.36 0.54  —0.60 0.62 0.50 0.15 0.50 0.63 0.45 0.02  1.00
B 0.15 0.42 0.62 —0.38 0.75 0.48 0.08 0.61 0.62 0.53 0.27 0.77 1.00
Sr 0.00 0.82 091 —-0.29 0.88 0.85 —0.07 0.53 0.62 0.90 0.67 045 057 1.00

R-mode factor analysis for extraction was carried out
using program STATISTICA 7.1 (StatSoft) software and
all the factors were plotted (Table 8; Fig. 9). Table 8
shows that the variables TDS, Cl~, SO,2~, Ca*", Na*,
Sr** B and F~ have high factor loadings in factor 1
(55.33 % (marked in bold)), whereas (HCO; ™, T, K*) have
moderate and high factor loadings in factor 2 (16.80 %),
respectively. Therefore, factor 1 describes the salinization
factor. It represents the weathering of halite and evaporates
minerals from the underlying geology. A high similarity is
observed when comparing the Turonian factor to Tunisian
chott one region and Turonian groundwater salinization
factor’ in the western part of the study area (Kamel et al.
2008; Abid et al. 2010, 2011) and to processes of the
evaporate dissolution rocks’ in Alto Guadalentin, SE Spain
(Ceron et al. 2000) and in Bou-Areg, NE Morocco (Yaouti
et al. 2009). The potential sources of the F~ and B* in the
study area could be linked to natural origin. However, part
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of the F~ and BT is from natural F and B in the soil,
released to the unsaturated zone due to intense irrigation
and intrusion of salt water from sabkhas.

Factor 2 (16.80 %) opposes Mg®", HCO;~, B* and F~
concentrations with temperature, pH, Ca?*, Na™ and K™
contents. This axis, basically representing the calco-car-
bonic parameters, describes factor dilution of groundwater
by water recharge and/or mineralization by water—soil/rock
interaction. The opposite evolution of Ca®>™ and HCO;™ in
factor 2 indicates that the increase of Ca®' content in
groundwater is essentially related to gypsum dissolution
and cation exchange processes, and not to carbonate
weathering. The positive loadings of pH values suggested
that the major ion concentration is controlled by pH vari-
ations in the study area, whereas pH as a controlling factor
rather than Mg”, HCO;™, F, B™ has low factor loadings
in factor 2, which indicates that they may be derived from
rock—water interaction processes.
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Table 8 Loading for varimax rotated factor matrix of two factors
explaining 72.13 % of the total variance for groundwater system
aquifer

Variable Varifactors
Factor 1 Factor 2

T 0.52 0.72
pH 0.24 0.58
Ca —0.64 0.09
Mg —0.83 —-0.25
Na —0.87 0.36
K —0.53 0.67
Cl -0.93 0.26
SO, —0.89 0.04
HCO;, —0.34 —0.69
Sr —0.92 0.19
F —0.73 —0.45
B —0.78 —0.15
TDS —-0.93 0.19
Eigenvalues 7.75 2.35
% Total variance 55.33 16.80
% Cumulative variance 55.33 72.13
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Fig. 9 Representation of the principal components of the variables
measured in field samples

Several bivariate diagrams of major elements are used to
precisely determine the origins of the referred ions and the
processes that control their concentrations in groundwaters.
The plots of Na™ versus Cl~ and Ca®*" versus SO4*~
content (Fig. 10a—c) are shown. The Na*—Cl~ relationship
has often been used to identify mechanisms responsible for
the origin of water salinity in arid and semi-arid regions
(Magaritz et al. 1981; Dixon and Chiswell 1992; Sami
1992; Guendouz et al. 2002; Jalali 2009). The relationship
between these two ions shows that the majority of points
cluster along the halite dissolution line (line of slope 1,
Fig. 10a, b). Observed depletion in Cl™ content relative to

Na*t concentration in some samples probably reflects the
cation exchange reactions leading to adsorption of Ca’" on
clay minerals and simultaneous releasing of Na' ions.
Those samples in which Na™/Cl~ molar ratios are higher
than 1 (Fig. 10d) also show a deficit in Ca** with respect to
SO,*~ ions (samples located above the line of slope 1,
Fig. 10c). This remains in good agreement with a Ca®'—
Na™ cation exchange theory leading to a softening of water
(Hidalgo et al. 1995).

On the other hand, the SO42_ versus Ca’* plot
(Fig. 10c) shows a more pronounced loss of Ca®" with
respect to SO,%~. This may be the result of calcite pre-
cipitation controlled by gypsum dissolution which tends to
maintain saturation or oversaturation with respect to cal-
cium bearing minerals.

In some samples, a relative depletion of Nat with
respect to Cl™ is noted (Fig. 10a, b). This probably reflects
the cation exchange process where Ca®" is removed from
the aquifer exchangers and replaced by Na*t. The referred
cation exchange is confirmed through the relation charac-
terized by a slope of —1 traced by the position of the
samples (Garcia et al. 2001). In the absence of this
exchange, all analytical points should lie close to the origin
(McLean et al. 2000). Figure 10e shows the scatter plot for
the relationship, which is characterized by a negative slope
(—0.78), suggesting that cation exchange is probably a
factor in the Djeffara aquifers. Likewise, 31 % of the
samples plot within the negative ordinate and positive
abscissa zone. This implies that Na™ and K™ are enriched
relative to Ca®" and Mg>" in most of the aquifers. Thus,
the cation exchange sites preferentially adsorb Ca** and
Mg®" and discharge Na' and KT (direct cationic
exchange). However, 43 % of samples plot within the
positive ordinate and negative abscissa zone. Thus, the
cation exchange sites preferentially adsorb Na' and K*
and discharge Ca** and Mg”" (reverse cationic exchange).
The rest of the samples (26 %) lie close to the origin
(absence of cationic exchange).

Figure 11 shows the saturation indices of halite, gypsum,
calcite and dolomite, calculated using WATEQ-F computer
code (Plummer et al. 1976), as a function of (Na* + C17),
(Ca®™ 4 SO4*7), (Ca®™ 4+ Mg?" + HCO;™) and (Ca**
+ HCO;7), respectively. Results of these calculations
indicate that the water evolves from a state close to under-
saturated with respect to gypsum and halite (Fig. 11a, b) and
saturation with respect to calcite and dolomite toward an
oversaturation (Fig. 11c, d). Once the system is saturated in
calcite, the hydrochemical evolution is affected by the dis-
solution of gypsum. Interaction between groundwater and
the gypsum layer would lead to the dissolution of gypsum
(Qiyan and Baoping 2002). Common-ion effects tend to
increase calcite deposition to keep the balance of calcite
dissolution.
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Trace elements geochemistry and fluoride
Strontium and strontium/calcium rate

The dosage of strontium is important because it indicates
the influence of evaporite formations. In this study, the
strontium concentration ranges between 4 and 6, and 4.97
and 23 mg/1 for the studied samples collected from the CI
groundwater and Djeffara aquifers, respectively (Table 5).
In the study area, all groundwaters exceed the maximum
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permissible limit of 0.5 mg/l (WHO 2004) for drinking
water (Table 3).

The groundwater acquires Sr during recharge and along
its flow path as it interacts with Sr-bearing minerals such as
celestite (SrSO,) associated with gypsum and strontianite
(SrCO3), carbonate and clay minerals through adsorption
and ion exchange reactions, accompanying calcium ion
(Morgan-Jones and Eggboro 1981). In some waters,
enrichment in Sr could be related to the time of residence
of water in the aquifer, so that the ion is a good
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Fig. 11 Relationships between
saturation indices and major
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environmental tracer (Brondi et al. 1983). Molar concen-
tration ratio Sr**/Ca®" is characteristic of evaporitic water
if it is higher than 1 %0 (Meybeck 1984). Besides, as each
evaporitic set has its own Sr>"/Ca" ratio value, Sr*™ and
Ca®" contents of water that dissolve an evaporitic forma-
tion would enable an identification of underground flow
and a determination of their origin (Hsissou et al. 1996).
Strontium concentrations are relatively high in Djeffara
aquifers, with values varying between 4.97 and 23 mg/l
(Fig. 12a). Thanks to the ratio, different evaporitic origins
can be distinguished (Fig. 13):

In the zone of hydraulic sill in Hamma and Chennchou,
the Sr**/Ca®" ratio (GRI) varies from 4.97 to 6.5 %o,
strontium varies from 4 to 6.5 mg/l, and SO42_ contents
range between 1,043 and 1,476 mg/l. In this area, the
mixing process is mainly through the vertical leakage of
the deep Lower Cretaceous groundwater (Sr*t/
Ca>" = 5 %o) replenishing the shallow Djeffara aquifers.
In this area, there are some evaporitic layers in Jebel Aziza
and Jebel Ragouba outcropping Cretaceous (Lower Creta-
ceous, Cenomanian and Lower Senonian).

In the eastern part of Chennchou and in coastal plain, the
well waters (GRII) are characterized by a Sr*T/Ca*" ratio
which varies between 6.5 and 8.75 %o, strontium varies
between 6 and 8.32 mg/l and sulfates range between 1,050
and 1,400 mg/l. The high concentration of sulfates and
strontium and Sr**/Ca®" ratio indicate that it is due to the
leaching of Lower Cretaceous evaporites levels and marly
gypsum of Lower Senonian which act as substratum of
sandy Miocene aquifer and limestone of Lower Senonian
aquifer, respectively.

In the northern part of study area, waters (GRIII) show
the highest Sr*™/Ca*" ratios (8.5-9.90), Sr*" contents
varying between 7 and 23 mg/l and SO,>~ contents ranging
from 1,452 to 2,350 mg/l, are mainly located close to El
Hamma and Melah-M’Khacherma sabkhas. These waters
are distinct from the previous ones. In this zone, the salinity
may have several origins: intrusion of saline water from El
Hamma and Melah-M’khacherma sabkhas and dissolution
of the evaporite formations of Lower Cretaceous and
Lower Senonian which act as substratums of sandy Mio-
cene aquifer and limestone of Lower Senonian aquifer,
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respectively in El Meida and in Ouedref-El Metouia
grabens.

Boron

Boron provides additional information on the groundwater
evolution (Edmunds et al. 2003). High concentrations of

@ Springer

boron sometimes occur in groundwater by anthropogenic
activities (Giménez and Morell 1992) and interaction with
evaporate levels (Rose et al. 2000; Sanchez-Martos et al.
2002; Hébrard et al. 2006).

The boron concentrations of the waters in the Djeffara
aquifers vary between 0.42 and 2.3 mg/l (Table 5). In the
study area, almost all CI groundwater samples show a
boron concentration within the permissible limit for
drinking, whereas all groundwater from Djeffara aquifers
exceeds this limit (Table 3). The spatial distribution maps
of the boron concentration are similar to those of salinity
and chloride (Fig. 12b).

The boron values are higher near El Hamma and Melah-
M’Khacherma Sabkhas (wells 11, 18, 19, 20, 21, 45, 46,
47, 48, 49, 50, 51, 52 and 53). An increase in Bt and CI™,
simultaneously, in waters in the Ouedref Metouia and
Meida grabens provides a good indicator for different ori-
gins of dissolved elements and water contributions as the
area of the El Hamma and Melah-M’khacherma Sabkhas.
The increase of boron concentration observed near Koudiat
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El Hmmeimet in some wells (wells 45, 46, 47, 48, 49, 50,
51, 52 and 53) may be related to the thickness of the
aquifer, or the lithological character of the formations in
the recharge area. The B* is probably from the evaporitic
rocks leaching of the Mio-Pliocene and Quaternary for-
mations outcropping in Koudiat El Hmmeimet. In fact, this
part of Bt is from natural B in the soil, released to the
unsaturated zone due to intense cultivation in recharge area
of sandy aquifer. The other samples reflecting boron
released from evaporites or syn-depositional clay minerals
are characterized by low TDS values (2,736-3,581 mg/l),
relatively low concentrations of boron (0.42-0.9 mg/1) and
Cl (525-860 mg/l), and high concentrations of SO,
(1,125-1,527 mg/1) and Na™ (400-668 mg/1).

Fluoride

Fluoride is one of the main trace elements in groundwater,
which generally occurs as a natural constituent. In fact,
fluoride related to groundwater has been studied inten-
sively during the past decades (Roberston 1986, Zhaoli
et al. 1989; Travi and Faye 1992; Hitchon 1995; Subba
Rao 2003; Coetsiers et al. 2008). These studies show that
fluoride is the result of water-rock interaction and
leaching from minerals in various aquifers with different
lithologies. Bedrocks containing fluoride minerals are
generally responsible for high concentration of fluoride in
groundwater (Handa 1975; Wenzel and Blum 1992;
Bardsen et al. 1996). Subba Rao (2003) found that high
fluoride concentrations in India are related to the evapo-
transpiration, long-term contact of waters in the weath-
ered zone by virtue of its low hydraulic conductivity and
stagnation of water in the aquifer zone caused by intrusive
bodies, intensive and long-term irrigation, and heavy use
of fertilizers.

During January 2008, the concentration of fluoride in the
Djeffara groundwater varies between 0.57 and 2.84 mg/l
(Table 5). The presence of low concentration of fluoride in
majority of wells for drinking water in the study area is of
minor concern, as all the samples are found to have a
fluoride concentration within the permissible limit of
1.5 mg/1 for drinking water (Table 3, WHO 2004), except
one sample (sample No. 46).

The spatial distribution of fluorine (Fig. 12c¢) shows that
the highest concentration levels characterize the wells
located in the northern part of the study area (wells 18, 19,
21, 45, 46, 47, 48, 49, 50, 51, 52, 53), where intense cul-
tivation is applied in the recharge area of sandy aquifer.
These contents decrease in the direction of groundwater
flow. Fluorine may essentially be from a natural origin.
Limestone (chalky) and marly gypsum formations can
contain significant quantities of fluorine which can be lib-
erated by the water—rock interaction. However, a part of the

F~ is from natural F in the soil, released to the unsaturated
zone due to intense cultivation.

Irrigation purpose

Quality of groundwater is of paramount importance for
irrigation in arid and semi-arid regions. Crop cultivation
mainly depends on groundwater supply for irrigation in
several arid and semi-arid areas in the world, e.g. in
Tunisia. In fact, the suitability of groundwater for irrigation
depends on the effects of constituent minerals of water on
both the plant and soil. Excessive amounts of dissolved
ions in irrigation water affect plants and agricultural soil,
thus reducing the productivity (Ravikumar et al. 2010). The
high salt content in irrigation water causes an increase in
soil solution osmotic pressure. The chemical composition
is directly affecting either the growth of plants and disrupts
their metabolism. Also, it affects soil structure, perme-
ability and aeration which indirectly affect plant growth.
The important chemical constituents that affect the suit-
ability of water for irrigation are the total concentration of
dissolved salts, concentration of other elements that may be
toxic to plants, relative proportion of bicarbonate to cal-
cium, magnesium and relative proportion of sodium to
calcium (Haritash et al. 2008). Water quality problems in
irrigation include salinity and alkalinity. The important
chemical constituents that affect the suitability of water for
irrigation (Table 9) can be utilized to verify the suitability
as follows:

e Salinity and indexes such as SAR (Eq. 1).

e Sodium hazard expressed as percent sodium of total
cations (%Na, Eq. 2).

e Bicarbonate hazard or (HCO3) concentration as related
to the concentration of calcium and magnesium such as
RSC (Eq. 3) and RSBC (Eq. 4).

e Boron hazard (concentration of boron or other ele-
ments) that may be toxic.

e Permeability index (PI, Eq. 5).

Electrical conductivity

Electrical conductivity is a good measure of salinity hazard
to crops as it reflects the TDS in groundwater. The primary
effect of high EC water on crop productivity is the inca-
pability of the plant to compete with ions in the soil
solution for water. The higher EC, the less water is avail-
able to plants (Tank and Chandel 2009). The US Salinity
Laboratory (1954) classified ground waters on the basis of
electrical conductivity (Table 9). The EC classification
indicates that 33.3 % of CI groundwater and 14.64 % of
Djeffara aquifers are doubtful for irrigation; and for CI
groundwater and Djeffara aquifers, respectively, 66.7 and
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Table 9 Suitability of groundwater for irrigation based on several classifications

Quality of parameters Range Classification Number of samples Percentage of samples
CI Djeffara CI Djeffara
groundwater aquifers  groundwater aquifers

Based on EC (uS/cm) after Wilcox (1955) <250 Excellent - - - -

250-750 Good - - - -
750-2,250 Permissible - - - -
2,250-5,000 Doubtful 1 6 333 14.64
>5,000 Unsuitable 2 35 66.7 85.36
Based on C1™ (meq/l) after <0.14 Extremely fresh - - - -
Stuyfzand (1989) 0.14-0.85 Very fresh - - - -
0.85-4.23 Fresh - - - -
4.23-8.46 Fresh brackish - - - -
8.46-28.21 Brackish 1 24 333 58.53
28.21-282.06 Brackish—salt 2 17 66.7 41.47
282.06-564.13  Salt - - - -
>564.13 Hypersaline - - - -
Based on RSC after Richards (1954) <1.25 Good 3 41 100 100
1.25-2.5 Doubtful - - - -
>2.5 Unsuitable - - - -

Based on percent sodium (%Na) 0-20 Excellent - - - -

after Wilcox (1955) 20-40 Good _ 4 _ 9.75
40-60 Permissible 2 36 66.7 87.8
60-80 Doubtful 1 1 333 2.45
Based on alkalinity hazard (SAR) <10 Low (excellent) 2 39 66.7 95.12
after Richards (1954) 10-18 Medium (good) . 1 . 2.44
18-26 High (doubtful/fair poor) 1 1 333 2.44
>26 Very high - - - -
Based on boron (mg/l) after McCarthy and Ellery (1994)
Semi-sensitive crops <0.33 Excellent - - - -
0.33-0.67 Good 3 14 100 34.15
0.67-1 Permissible - 15 - 36.6
1-1.25 Doubtful - - - -
>1.25 Unsuitable - 12 - 29.25
Semi-tolerant and tolerant crops <0.67 Excellent 3 14 100 34.1
0.67-1.33 Good - 17 - 41.5
1.33-2.0 Permissible - 6 - 14.7
2.0-2.5 Doubtful - 4 9.70
Based on permeability index <75 Safe - - - -
Ragunath (1987) 25-75 Moderate 2 41 100 100
>25 Unsafe - - - -

85.36 % of collected samples are unsuitable for irrigation.
This indicates leaching and dissolution of salts in deep
Djeffara aquifer of Gabes.

Total dissolved solids (TDS)

To ascertain the suitability of groundwater for any pur-

poses, the TDS should be below 500 mg/l (Catroll 1962;
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Freeze and Cherry 1979). Based on Freeze and Cherry
(1979), all groundwater samples collected from the CI
groundwater and 97.83 % of those collected from the
Djeffara aquifers are brackish in nature, except one sample
from the Djeffara aquifers showing saline water type
indicating high dissolved load in water (Table 4). Based on
Davis and DeWiest (1966) classification (Table 4), 37.5 %
of groundwater samples collected from the CI groundwater



Environ Earth Sci (2014) 71:3387-3421

3413

and 8.7 % of those collected from the Djeffara aquifers one
can be used for irrigation purpose. High TDS in most of the
groundwater clearly indicate the unsuitability of ground-
water for irrigation purposes.

Total hardness (TH)

Hard water is a potential problem since the calcium and
magnesium can combine with bicarbonate to form insolu-
ble calcium and magnesium carbonate salts. These salts
can affect media pH and reduce the amount of sodium
available to a plant (Robbins 2010). According to United
States Department of Agriculture method (USDA) speci-
fication of TH, up to 200 mg/1 is the upper limit for water
irrigation. The high TH values (Table 4) reveal that all the
sampling sites are unsuitable for irrigation.

Chloride classification

Stuyfzand (1989) classified water on the basis of C1™ ion
concentration into eight divisions as shown in Table 9.
Based on this classification, the groundwater of the area is
of brackish water type for 33.3 % of the CI groundwater
and for 58.53 % of the Djeffara aquifers. The rest of the
samples represent brackish—salt water type.

Sodium adsorption ratio (SAR)

High concentration of sodium in water produces harmful
effects changing soil properties and reducing soil perme-
ability (Kelley 1951; Domenico and Schwartz 1990; Todd
and Mays 2005). Thus, sodium concentration is essential to
classify the water for irrigation purposes. SAR is an
important parameter for determining the suitability of
groundwater for irrigation because it is a measure of alkali/
sodium hazard to crops (Subramani et al. 2005). Indeed, it
indicates the degree of which irrigation water tends to enter
cation exchange reactions in soil. Sodium replacing adsorbed
calcium and magnesium is a hazard causing damage to the soil
structure, making it compact and impervious (Raju 2007).

Based on SAR classification (Richards 1954), it is
observed that 66.7 % of groundwater samples collected
from CI groundwater and 95.12 % of those collected from
the Djeffara aquifers fall into the category of waters
excellent for irrigation purposes in almost all soils
(Table 9, Eq. 2). Therefore, the SAR value implies that
most of the groundwater is suitable for irrigation. The
spatial distribution maps of SAR values in groundwater is
presented in Fig. 14a for the Djeffara aquifers. A more
detailed analysis for the suitability of water for irrigation
can be made by plotting the SAR and electrical conduc-
tivity (Fig. 15) data on the US Salinity Laboratory (USSL)
diagram (Richards 1954).

Based on salinity hazard, the types of water can be
classified as C1, C2, C3, C4 and as S1, S2, S3, or S4 based
on sodium hazard. The significance and interpretation of
quality ratings on the USSL diagram is summarized as: (1)
Low salinity hazard class (C1) can be used for irrigation of
most crops and the majority of soils. However, some
leaching is required, but this occurs under normal irrigation
practices except in soils of extremely low permeability. (2)
Medium salinity hazard class (C2) can be used if a mod-
erate amount of leaching occurs. (3) High salinity hazard
class (C3) is satisfactory for plants having moderate salt
tolerance, on soils of moderate permeability with leaching.
(4) High salinity hazard class (C4), (5) extremely high
salinity water (CS5) and (6) water where the salinity hazard
is in excess (C6) cannot be used in soils with restricted
drainage. Even with adequate drainage, special management
for salinity control is required, and crops with good salt tol-
erance should be selected. Such areas need special attention as
far as irrigation is concerned (Ravikumar et al. 2010).

Low sodium water (S1) can be used for irrigation on
almost all soils with little danger of developing harmful
levels of exchangeable Na™ (Ketata et al. 2011). Medium
sodium water (S2) presents an appreciable sodium hazard
in certain fine-textured soils, especially poorly leached
soils (Subba Rao 2006). Waters belonging to this class are
classified as excellent for irrigation and can be used safely
on coarse-textured or organic soils having good perme-
ability and may be used to irrigate salt-tolerant and semi-
tolerant crops under favorable drainage conditions. High
sodium waters (S3) are usually doubtful/fair poor for irri-
gation and cannot be used on clayey soils of low perme-
ability. Waters belonging to this class may produce harmful
levels of exchange sodium in most soils and will require
special soils management such as good drainage and
leaching and addition of organic matter. Very high sodium
water (S4) is usually unsuitable for irrigation, except at low
and perhaps medium salinity (Haritash et al. 2008).

USSL diagram

The USDA classification for salinity (C) and sodicity
hazards (S) in the Djeffara aquifers is shown in Table 10
and Fig. 15. All of the wells fall within the very high
salinity hazard zone, which shows a substantial amount of
the total dissolved salts in the water. Following the USDA
classification system, the water from all groundwater
samples fall in the salinity class C4, including all three
sodicity classes. On the other hand, nearly 95 % of the
wells have SAR values below 15, which is of a medium
quality for irrigation waters. The percentage of sodium is
not very high in the groundwater throughout the CI
groundwater and Djeffara aquifers, but the overall salt
contents are very high. The combined EC/SAR
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classification locates the Gabes water in the C4S2, C4S3
and C4S4 classes with 61.13, 27.27 and 11.5 % of the

wells, respectively. Such water is rated as highly and very
highly saline for irrigation, i.e., not suitable for irrigating
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most crops except the tolerant ones. Special measures to
control the salinity hazard are needed, including leaching
and adequate drainage. The sodicity hazard is of less
magnitude, with water from 61.23 % of the wells in the S2
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class, 27.27 % in the S3 class and 11.5 % in the S4 class.
All water from wells may cause infiltration problems,
especially with heavy textured and poorly drained salts.

Water from about 61.23 % of the wells corresponds to
medium sodium water (S2) that may be of an appreciable
sodium hazard in finely textured soils with a high cation
exchange capacity. This water could be used for coarsely
textured soils with good permeability. Water from 38.77 %
of the wells corresponds to water with a high sodium
content that produces harmful levels of exchangeable
sodium in most soils and requires special soil amendments.
From this classification, it is clear that the groundwater in
the Djeffara aquifers is unfit for irrigation.

Percent sodium (%Na)

Sodium content is usually expressed in terms of percentage
of sodium or soluble-sodium percentage (%Na). The per-
cent sodium is calculated by methods of Wilcox (1948) by
Eq. (3). This method has been used to classify and
understand the basic character of the chemical composition
of groundwater. Indeed, the suitability of groundwater for
irrigation depends on the mineralization of water and its
effect on plants and soil.

Based on the percentage of Na as per Wilcox
(Table 11), 66.7 % of CI groundwater is within the per-
missible, whereas 33.3 % is doubtful for irrigation. In the
Djeffara aquifers, 9.75 % of samples are good for irriga-
tion, 87.8 % is within permissible limit, whereas 2.45 % is
doubtful for irrigation. Spatial variation of percentage of
sodium is shown in Fig. 14b for the Djeffara aquifers. The
high percentage of Na in most of the groundwater indicates
its unsuitability for irrigation.

Wilcox (1948) proposed a method for rating irrigation
waters, based on percentage of sodium and electrical
conductivity. The significance and interpretation of quality
ratings based on Wilcox (1948) diagram can be summa-
rized as follows: (1) excellent to good, (2) good to per-
missible, (3) permissible to doubtful, (4) doubtful to
unsuitable and unsuitable. Data of the groundwater samples
of the studied area are summarized in Table 9 and show
that all samples of the Djeffara aquifers fall above the
unsuitable categories indicating their unsuitability for irri-
gation. Indeed, this method is not applicable for the water
of Djeffara aquifers. The norms proposed by Wilcox
(1948) appear very severe for the Djeffara groundwater of
the northern Gabes. When the concentration of Na™ is high
in irrigation water, sodium tends to be absorbed by clay
particles, displacing Mg>™ and Ca®" ions. This exchange
process of Na™ in water for Ca** and Mg " in soil reduces
the permeability and eventually results in soil with poor
internal drainage (Subramani et al. 2005; Kumar et al.
2007, Ravikumar et al. 2009). Hence, air and water cir-
culation are restricted during wet conditions and such soil

Table 10 Salinity and alkalinity hazard of irrigation water in US salinity diagram

Classification Type of water Number of samples

Percentage of samples Percentage of samples

CI Djeffara CI Djeffara CI groundwater &
groundwater aquifers groundwater aquifers Djeffara aquifers
C4S4 SAR very high 1 4 33.33 9.75 5(11.5 %)
EC very high
C483 SAR very high 1 11 33.33 26.83 12 (27.27 %)
EC very high
C452 SAR medium 1 26 33.33 63.42 27 (61.23 %)

EC very high
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Table 11 Classification of

groundwater (Wilcox) Classification

Number of samples

Percentage of samples

CI groundwater

Djeffara aquifers ~ CI groundwater  Djeffara aquifers

Excellent to good -
Good to permissible -
Permissible to doubtful -
Doubtful to unsuitable -
Unsuitable 3

is usually hard when dry (Collins and Jenkins 1996; Salesh
et al. 1999).

The morphological study of soils by Hatira et al. (2007)
showed the predominance of fine sand and silt conferring
very important filtering capacity. In this study, all studied
profiles are filled by gypsum. Indeed, concentrations of
gypsum ranged between 2 and 61 %. Also, carbonate of
calcium is present in all studied soils with an average value
of 5.5 %, and more than 10 %. In fact, the soil features are
presently dominated by the evolution of salinization and
water-saturation processes either partially or totally
affecting the soil profile. The visible salt deposits and soil
salinization processes are generated by the salinity of water
irrigation. These processes are strongly influenced by the
weak soil leaching mechanisms, on the one hand, and the
poor drainage schemes, on the other hand.

Residual sodium carbonate

In addition to the SAR and %Na, the excess sum of car-
bonate and bicarbonate in groundwater over the sum of
calcium and magnesium also influences the suitability of
groundwater for irrigation. The RSC was calculated to
determine the hazard effects of carbonate and bicarbonate
on the quality of groundwater for agricultural and irrigation
purposes (Eaton 1950). The excess sum of carbonate
(CO32_) and bicarbonate (HCO3 ™) in groundwater over the
sum of calcium (Ca?’") and magnesium (Mg”>") also
influences the suitability of groundwater for irrigation
because in waters having high concentration of bicarbonate
(HCOj;"), there is a tendency for calcium and magnesium
to precipitate as the water in the soil becomes more con-
centrated. An excess quantity of sodium bicarbonate and
carbonate is considered to be detrimental to the physical
properties of soils, as it causes dissolution of organic matter
in the soil, which in turn leaves a black stain on the soil
surface on drying (Ravikumar et al. 2010). Therefore, land
irrigated with such water becomes infertile owing to
deposition of sodium carbonate (Eaton 1950).

According to the US Department of Agriculture, waters
having >2.5 (meq/l) RSC are unsuitable for irrigation,
1.25-2.5 are marginal and <1.25 are safe waters. The
increase of RSC in groundwater is significantly harmful for
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plant growth (Krishna Kumar et al. 2009). The ground-
water in the study area is classified on the basis of RSC,
and the results are presented in Table 9 for the CI
groundwater and Djeffara aquifers (Fig. 14c). The calcu-
lated values (Ragunath 1987, Eq. 4) reveal that all the
sampling sites are good for irrigation purpose.

Residual sodium bicarbonate

Gupta and Gupta (1987) classified water on the basis of
“RSBC”. RSBC was calculated for each well by Eq. (5)
given by Gupta and Gupta (1987) and classified as satisfactory
(<5 meq/l), marginal (5-10 meqg/l) and unsatisfactory
(>10 meqg/1). The calculated values (Ragunath 1987; Gupta
and Gupta 1987, Eq. 5) of “RSBC” are presented in Table 5b
for the CI groundwater and Djeffara aquifers.

The RSBC of CI groundwater ranged from —21.66 to
—15.96 meq/l with an average value of —19.56 meq/l and
the corresponding values in Djeffara aquifers (Fig. 14d)
ranged from —32.03 to —12.78 meg/l with an average
—19.23 meq/l (Table 5b). According to the RSBC values,
all groundwater samples collected were found to be satis-
factory (<5 meq/l) according to the criteria set by Gupta
and Gupta (1987). The RSBC values are <5 meq/l and are
therefore considered safe for irrigation purposes.

Boron

Scofield (1936) and McCarthy and Ellery (1994) proposed
a table of permissible boron limits to assess water quality
using five class (1-5) and three levels of crop tolerance
(sensitive, semi-tolerant and tolerant). The proposed limits
of boron concentration in irrigation water and the total
number of groundwater samples of the study area repre-
senting the boron classes are presented in Table 9. Based
on this classification, it is observed that all of groundwater
samples collected from the CI groundwater and 14 samples
(34.15 %) of those collected from the Djeffara aquifers are
found to be excellent for tolerant and semi-tolerant crops
based on boron concentration. However, 15 samples
(36.6 %) and 12 samples (29.25 %) were found to be
permissible and unsuitable for semi-sensitive crops. Three
samples from CI groundwater and 14 samples (34.41 %)
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from Djeffara aquifers were found to be excellent for semi-
sensitive and tolerant crops. The remaining samples reveal
that 17 samples (41.5 %) were found to be good, and 6
samples (14.7 %) belongs to the permissible category, and
4 samples (9.70 %) fall in the doubtful category for semi-
sensitive and tolerant crops.

Permeability index (PI)

The permeability index also indicates whether groundwater
is suitable for irrigation. The soil permeability is affected
by the long-term use of irrigation water as influenced by
Na™, Ca’", Mg2+ and HCO;™ contents of the soil. Doneen
(1964) and Ragunath (1987) used a criterion for assessing
the suitability of water for irrigation based on permeability
index and accordingly, water can be classified as class I, II
and III. Class I and II water are categorized as good for
irrigation with 75 % or more of maximum permeability.
Class III water is unsuitable with 25 % of maximum
permeability.

The PI of CI groundwater ranges from 47.72 to 73.94 %
with an average value of 57.55 % and the corresponding
values (Table 5b) in Djeffara aquifers ranged from 38.57 to
73.94 % with an average of 48.20 % (Table 5b; Fig. 14e).
According to the permeability index values, all of
groundwater samples comes under class II (Table 9), sug-
gesting the suitability of groundwater for irrigation. The
calculated values reveal that all the sampling sites are good
for irrigation purpose.

Conclusion

The Djeffara aquifer system is one of the most important
groundwater resources in Tunisia. It is the main water
source for the local population and agriculture needs.
Therefore, deciphering the mechanisms responsible for
observed chemistry and assessing the water quality in this
system, pursued in the framework of this study, are of great
practical importance. Simultaneous analysis of both major
and trace elements allowed better understanding of the
hydrodynamic functioning and assessing the water quality
in the Djeffara aquifer system. The Piezometric map
(Fig. 4) and the geochemical data (Tables 1, 2) point to the
significant role of carbonate and sandy outcrops of the
Cretaceous and Miocene, respectively, located in the
southern and northern parts of study area in local recharge
of this aquifer system. Stratigraphic, tectonic and hydraulic
conditions seem to be important factors controlling the
geochemical evolution of groundwater in the study area.
The principal changes in chemical composition of Djeffara
aquifer system result from mixing with CI water of deeper
circulation. Closer analysis of available chemical data

reveals the importance of dissolution/precipitation pro-
cesses as well as cation exchange reactions in evolution of
groundwater chemistry. In general, mineralization of
groundwater increases along the flow path from El Hamma
region toward the sabkhas and Mediterranean Sea. The
Na™/Cl~ molar ratio suggests that the dissolution of halite
in evaporites within the Miocene and Cretaceous sequences
is the main source of these ions in groundwater. The values
of this ratio, >1, observed in some of the wells may indi-
cate the occurrence of cation exchange reaction releasing
Na' into the water with simultaneous removal of Ca®™.
The existence of such exchange is confirmed by the bal-
ance between the excess of (Na™ 4+ K™) over the C1~ ions
and excess of (Ca*™ + Mg?™") over the (HCO;~ + SO4*")
anions (Fig. 10e). Chemical data indicate also the impor-
tance of gypsum dissolution as a factor controlling
groundwater chemistry. The source of the salinity as shown
from the Sr*™/Ca®" ratios is mainly derived from evapo-
ritic formations of Cretaceous, except in the Ouedref
Metouia/El Meida graben where the influence of both the
salt water from sabkhas and water leaching evaporitic
formations of Cretaceous is evident. What is more, the
molar ratio Sr**/Ca®" allows the distinguishing of the
different evaporitic influences in this region.

The spatial distribution of fluoride and boron shows that
highest concentration of these elements characterizes the
waters of the northern part of study area, with a reduction
in the flow direction. Fluorine and boron may essentially
come from a natural origin. Limestone, marly formations
and gypsum can contain significant quantities of fluorine
and boron which can be released by water—rock interaction.

With limited supply by the recent infiltration waters, the
increased exploitation of wells can lead to further deteri-
oration of the quality of groundwater resources available
for the population in this area.

Assessment of water samples according to exceeding the
permissible limits prescribed by WHO for drinking pur-
poses indicated that groundwater in study area is chemi-
cally unsuitable for drinking uses. High TH and TDS at a
number of subareas clearly indicate the unsuitability of
groundwater for drinking and irrigation purposes. There-
fore, the water of these wells must be desalinised before
use for drinking.

The suitability of groundwater for irrigation was eval-
uated based on the irrigation quality parameters like boron,
SAR, %Na, RSC, RSBC, and permeability index. Among
these parameters, boron and SAR imply that the water
samples fall in excellent to permissible, excellent to
doubtful, excellent to good for irrigation purpose. RSC and
RSBC values specify that water samples belong to good
classes. The high EC value and percentage of Na in most of
the groundwater indicate its unsuitability for irrigation.
However, permeability index recommends that the water

@ Springer
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samples from the Djeffara aquifers, belonging to class 2,
are suitable for irrigation. According to the US Salinity
Classification, in deep Djeffara aquifers of the northern
Gabes, 56.52 % fall in the C4-S2 category, 32.61 % fall in
the C4-S3 category and 10.87 % fall in the C4-S4 cate-
gory, indicating high salinity/high sodium and medium
salinity/high sodium type and there is a need for better
drainage to overcome salinity problems. From this classi-
fication, it is clear that the groundwater in the Djeffara
aquifers is unfit for irrigation. Water that is not suitable
based on the above classification may be suitable in well-
drained soils.

The following remedial measures can be helpful (Subba
Rao 2003) in the Gabes-north region: (1) drip irrigation
should be preferred over traditional irrigation practices,
such as flooding to prevent weathering and leaching and
also to reduce water consumption and evaporation; (2)
application of calcium chlorite, gypsum and organic man-
ures to cause de-alkalization and deflocculation, and to
produce more permeable soil supporting plant expansion;
(3) cultivation of sodium salt-tolerant crops and (4) using
judicious fertilizers to obtain higher crop yields should be
based on crop requirements and soil characteristics.

Groundwater quality in the study area reaches alarming
situation so that stringent monitoring and control measures
are necessary to ensure sustainable safe use for the
resource. In this strategy, Tunisia is involved in a series of
geological, hydrogeological and hydrochemical investiga-
tions that will provide technical support for developing
policies to help preserve groundwater availability and
protect water quality, also, assess the origins and the evo-
lution of salinity in the water.

Finally, based on this studies, recommendations have
been made to the local authorities to adopt conjunctive use
of surface water with groundwater to stringently monitor
and control low groundwater quality regions to ensure
sustainable safe use of the resource.
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