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Salinization is a common environmental problem of groundwater contamination, particularly in
developed coastal aquifers. The Sfax basin is located on the Mediterranean coast, southeastern Tunisia,
and is dominated by industrial activities. The problem of groundwater mineralization in the south
part of this aquifer has long been attributed to the marine influence. In this study, a combined
hydrogeological and isotopic survey using chemical tracers was conducted in addition to discharge
and groundwater level measurements. The results preclude seawater intrusion as an origin of
groundwater mineralization. It seems that the main source of groundwater mineralization is due to
the mixture with salty water lodged in the C/T (Cenomanian-Turonian) aquifer. This mixture process is
carried out by the simultaneous effect of (1) a lateral flow of saline water coming from C/T aquifer
in the southwest (Menzel Habib) and (2) a local vertical leakage from the same C/T formation which
forms the basement of the studied aquifer. The depleted isotope signature of the majority of
groundwater is characteristic of old recharge occurring during the late Pleistocene-Holocene, with the
exception of some local recent refill areas.

� 2011 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

Recent hydrogeochemical research confirms that salinity
constitutes the most common problem for groundwater in many
coastal aquifers around theworld. In relationwith overexploitation,
it seems that seawater intrusion remains the most widespread
source of contamination of these aquifers (Leboeuf et al., 2003;
Grassi et al., 2007; Jørgensen et al., 2008). Nevertheless, impor-
tant contributions of other contamination phenomena such as
evaporitic dissolution, vertical leakage from deeper aquifers and
paleo-seawater intrusion occur (Krimissa et al., 2004; Akouvi et al.,
2008; Barlow and Reichard, 2009). Threatening the groundwater
resources of many Mediterranean coastal plains, this problem
of seawater intrusion has been carefully studied in Tunisia, at least
in the surficial aquifers (Fedrigoni et al., 2001; Trabelsi et al., 2005;
Kouzana et al., 2009).

The coastal deep aquifer of Skhira (Fig. 1), located in the
extreme south part of the large aquifer system of Sfax (southeast
Tunisia), is characterized by the increases of the total dissolved
salts (TDS) of its groundwater. It is lodged in permeable Miocene
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sand deposits, and is heavily exploited by the chemical industries
of Skhira at the rate of 9.5 Mm3/year (DGRE, 2006). Despite
overpumping, the piezometric level of this aquifer remains above
sea level. However, some studies attributed the problem of
salinity to the marine influence (Maliki et al., 2000). Defined as
the natural discharge zone of the aquifer of Sfax, the Skhira area
constitutes an intermediate zone between three bordering aqui-
fers known as the large aquifer of Sfax in the north, the Northern
Djeffara basin in the south and the Menzel Habib aquifer in the
west. The groundwater of Skhira can be considered as a mixture
of waters coming from several directions. This is why concomitant
sources of mineralization may be considered through a number
of different pathways. Thus, it was necessary to focus on the
bordering aquifers in hydraulic connection with the aquifer of
Skhira so as to estimate their role in the contamination of this
coastal aquifer. The complexity of this study requires the use
of a multidisciplinary approach, combining hydrogeological and
geochemical investigations.
2. Geological and hydrogeological setting

The study area is located in the southeastern part of Tunisia
where a semiarid Mediterranean climate prevails. Its extension
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Fig. 1. Simplified geological map of the study area (Sfax, Northern Djeffara and Menzel Habib basins), showing the location of major faults and thrusts. Line AeA0 indicates the cross
section shown in Fig. 2.
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between Sfax, Northern Djeffara and Menzel Habib basins (Fig. 1)
is marked by an obvious pluviometric regression from east
(170 mm y�1) to west (130 mm y�1). It is bounded to the south by
Sabkha El Hamma (Fig.1), to thewest by Sabkha SidiMansour (Fig.1)
and Ben Kreir Mountain (Fig. 1), to the north by the NortheSouth
Axis (Fig. 1) and reaches eastwards as far as the Mediterranean Sea
(Fig. 1). It occupies a special position in the south of Tunisia at the
boundary between the Saharan platform and the eastern part of the
central Atlas of Tunisia.

It is located in the crossroads of two major tectonic features: (1)
the NortheSouth Axis (Fig. 1) which crosses thewhole Atlas domain
of central Tunisia extending to the Northern Chotts Range (Fig. 1)
in the south. (2) The Gafsa fault (Fig. 1) represents the most salient
feature of the Southern Atlas (Bouaziz et al., 2003). Geological
formations present in the study area extend from the lower Creta-
ceous which is exposed along the Northern Chotts Range in the
south to the Plio-Quaternary sediments which constitute the filling
of the synclinal structures in the region (Fig. 1).

The Sfax basin is filled with Neogene and Quaternary sediments,
among which, the Miocene deposits constitute an important
hydrogeological sequence made up of sand and sandstone inter-
bedded with clay. The thickness of these sand deposits decreases
gradually from north (350 m in SK1 borehole) to southwest
(25 m in C-T3 borehole) (Fig. 2), indicating the southern limit of the
water-bearing horizons.

The basement of the Miocene deposits, in the Sfax basin, is
constituted by the Upper Cretaceous (Cenomanian/Turonian). This
formation, which consists of dolomites and limestones, preserves
almost the same lithology toward the southwest and constitutes
the principal water bearing formation in the region of Menzel
Habib (Fig. 2).

In 2006, the renewable water resources of the Miocene aquifer
were estimated at 23 Mm3 with annual exploitation of about
24.7 Mm3/year, of which 38.5% are exploited in the Skhira area
(DGRE, 2006). The inter annual piezometric variation reveals
a remarkable piezometric level decline varying between 0.11 m in
the north and 1.48 m to the south in relation with the intensive
overpumping in the Skhira area.

From geophysical explorations, the regional structural
data indicate the existence of two east-west major faults
(F1 and F2) (Figs. 1 and 2), which contributed to the collapse of
the Menzel Habib syncline. It also highlights the existence of
the transversal fault (F3) which extends longitudinally from the
NortheSouth Axis in the north to the Northern Chotts Range in
the south (Fig. 1) (Amri, 2001) and plays a significant role in the
lateral communication between C-T and Miocene sand deposits
(Fig. 2).

The Djeffara basin covers an area of 15000 km2 and extends from
the Skhira region in the north to the Libyan border in the south. It is
characterized by the variability of the water-bearing horizons.
The northern part of the Djeffara basin, included in the present
study, is formed by the Mio-Pliocene continental deposits made up
of sands interbedded with clay. It is strongly affected by tectonic
deformations which induce a distinct lateral compartmentalization
(Fig. 1). The Continental Intercaliare (CI), which forms the basement
of the Mio-Pliocene aquifer, is one of the largest confined aquifer



Fig. 2. Hydrogeological cross section AeA0 (for location, see Fig. 1).

N. Ben Cheikh et al. / Quaternary International 257 (2012) 34e4236
systems in Tunisia. It is hosted in the continental formations of the
lower Cretaceous and represents a non-renewable groundwater
resource recharged during the late Pleistocene and early Holocene
(ERESS, 1972; Edmunds et al., 2003).

3. Material and methods

Groundwater samples were collected from existing boreholes
during a sampling campaign in January 2006 and were analyzed
for 18O, 2H, 14C and chemical analyses. The non-conservative
chemical and physical parameters (temperature, pH, electrical
conductivity) have been measured in the field. Major elements
(Cl�, SO4

2�, Ca2þ, Mg2þ, Naþ, Kþ, and HCO3
�) were analyzed by

ion liquid chromatography at the Laboratory of Radio-Analysis
and Environment of the National School of Engineers of Sfax.
Stable isotope compositions (18O, 2H) of the groundwater
samples were determined by isotope ratio mass spectrometry in
the Isotope Hydrology Laboratory of the International Atomic
Energy Agency in Vienna and are reported in conventional
notation in d per mil with regard to the international standard
V-SMOW. Radiocarbon analyses were also completed at the
Laboratory of Radio-Analysis and Environment of the National
School of Engineers of Sfax by using benzene synthesis and
liquid scintillation spectrometry (Fontes, 1971). The measured
14C concentrations are expressed as percent of modern carbon
(pmc).

4. Results and discussion

4.1. Piezometric behavior

The piezometric map, established in January 2006, shows
that the general groundwater flows toward the coast (Fig. 3).
The piezometric levels vary in a remarkable way in relation
with the structural, lithologic and especially topographic
conditions.



Fig. 3. Piezometric contour map (January 2006) in meters above sea level of the Miocene, Mio-Pliocene and the C-T aquifers.
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In the northern part, the main groundwater flow direction is
north-south. In spite of the limited number of existing bore-
holes, the hydraulic head of C-T aquifer reveals a southwest-
northeast flow in the direction of the Skhira plain. The
hydraulic communication between the C-T and Miocene aqui-
fers, suggested by the differences of hydraulic heads, is carried
out through F3 fault in accordance with the planar structure
(Fig. 1). In the Northern Djeffara basin, the groundwater flow
converges from the bordering mountains to the sea in several
directions.

4.2. Physico-chemical data

The physical and chemical parameters indicate large spatial
variation (Table 1). Water samples, collected from the Miocene
aquifer, are characterized by high temperatures varying accord-
ing to the borehole depth between 26 and 32.5 �C. Nevertheless,
in the Northern Djeffara basin, the water temperatures vary
independently from the water-bearing formation depth. They are
influenced by the lateral structural compartmentalization which
affects the region. In the C-T aquifer, the values of temperature
are relatively more homogeneous and vary between 21 and
24.2 �C.

Groundwater samples are neutral. Their pH values are homo-
geneous with an average value of 7.4. The Electrical conductivity
varies between 5010 and 24,200 ms/cm. These high CE measure-
ments are correlative with the high total mineralization which
varies largely between 3.9 and 23 g/l.
The salinity of the Miocene aquifer is very heterogeneous,
varying between 4.4 and 13.6 g/l. It seems communally in the order
of 10 g/l in the south part of the aquifer and increases with water-
bearing formation depth: 13.6 g/l (between 272 and 308 m) in
the S7 borehole. This vertical variation of groundwater salinity is
also identified in the SK1 borehole (Fig. 2): TDS values increase from
9.97 g/l (between 200 and 237 m) to 18 g/l in the last meters of
the Miocene deposits (towards 550 m) and reaches 23 g/l in
the underlying middle Cretaceous limestone (C-T4). Thus, in the
absence of impermeable deposits between the two horizons, this
vertical stratification of groundwater salinity in theMiocene aquifer
could possibly be explained by a vertical leakage from C-T aquifer
considering the effect of overexploitation. The highest TDS values
are measured in the Cenomanian-Turonian aquifer (C-T1, C-T2, C-T3
and C-T4).

The groundwater of Mio-Pliocene in the Northern Djeffara
basin shows the lowest TDS values (average of 5 g/l). However, the
increase of salinity in some points located in El Mida depression is
due to the influence of highly salinewaters originating from Sabkha
El Hamma (Mhamdi et al., 2006).

The major ion composition of water analyses is depicted in
the Piper Trilinear equivalence diagram (Fig. 4). Major elements
reveal similar concentrations in C-T and Miocene aquifers,
intermediate between Naþ and Cl� content. Thus, the C-T and
Miocene groundwater belongs to the same water type: NaeCl.
In the Mio-Pliocene aquifer, the analyzed groundwater samples
gets richer in Ca2þ and SO4

2� revealing NaeCaeCleSO4 water
type (Fig. 4).



Table 1
Physical and chemical parameters of the analysed groundwater samples.

Well Aquifer Z (m) Dep. (m) pH EC T (�C) TDS
(mg/l)

Naþ (mg/l) Cl� (mg/l) SO4
2�

(mg/l)
Kþ

(mg/l)
Ca2þ

(mg/l)
Mg2þ

(mg/l)
HCO3�

(mg/l)
CO3

2�

(mg/l)
IS Gyp IS Hal IS An d2H (&) d18O(&)

V-SMOW

14C (pmc)

G1 MPL 25.2 60e100 7 8320 23.2 6430 1104 2059 1944 40 624 201 195 0 �0.12 �4.37 �0.34 �59.9 �7.76 25.8 � 1
G2 MPL 26 33e55 7.2 5010 25.1 3930 552 1136 1248 44 480 115 195 0 �0.28 �4.90 �0.50 �58.8 �7.87
G3 MPL 13.6 65e88 7.4 5451 23.3 3960 575 1136 1363 24 384 153 189 0 �0.33 �4.88 �0.56 �53.7 �7.51 10.5 � 2
G4 MPL 19.6 78e134 7.2 5920 21.9 4340 667 1278 1334 31 448 163 170 0 �0.30 �4.77 �0.53 �56.7 �7.69
G5 MPL 28.6 7.2 5310 22.2 4360 519 1065 1560 16 528 163 146 0 �0.18 �4.95 �0.40 �32.3 �5.98
G6 MPL 29.6 7.4 9130 22.5 7010 1127 2059 1800 16 784 153 164 0 �0.05 �4.36 �0.28 �37.5 �5.25 85 � 1.7
G7 MPL 57.6 7.3 15,460 21.6 11,920 2840 3337 3816 90 480 422 213 0 �0.12 �3.79 �0.35 �35.1 �4.74
G8 MPL 39.9 32e84 6.8 11,680 21 8820 1644 2698 2496 50 656 288 170 0 �0.06 �4.09 �0.29 �37.7 �5.41 57 � 1
G9 MPL 11.9 7 5220 22.5 3750 455 994 1344 16 400 172 189 0 �0.32 �5.03 �0.55 �54.5 �7.36
SK1 MS 25 200e237 7.4 29 9970 2006 3611 2826 12 650 340 99 0 �0.07 �3.90 �0.28
S1 MS 16 196e230 7.4 12,000 26 9520 1863 2769 2544 21 384 643 207 0 �0.35 �4.05 �0.57 �39.36 �5.84
S2 MS 20 9790 2240 3399 2527 19 703 290 85 12 �0.07 �3.88 �0.29 �41.9 �6.3
S3 MS 7.5 12,000 9060 1851 2840 2976 35 496 451 189 0 �0.16 �4.04 �0.38 �41.35 �6.13
S4 MS 10,800 2658 4101 2333 20 743 293 109 18 �0.10 �3.73 �0.32 �41.7 �6.3
S5 MS 31.8 216e239 7.3 12,000 8900 1897 2698 3860 25 512 422 189 0 �0.06 �4.06 �0.28
S6 MS 30 215e256 7.3 13,000 27.6 10,340 2012 2840 2976 28 640 432 122 0 �0.07 �4.01 �0.28 �40.81 �6.17
S7 MS 30 272e308 7 17,000 29.3 13,640 2875 6390 1728 27 704 496 353 0 �0.32 �3.53 �0.52 �42.45 �6.16 19.5 � 2.9
S8 MS 10 226e262 7.2 14,000 28.3 10,490 2265 3266 2736 33 480 486 189 0 �0.24 �3.90 �0.44
S9 MS 9230 2167 3338 2225 14 643 255 128 12 �0.14 �3.90 �0.35 �41 �5.9
S10 MS 230e260 7.3 12,000 28.4 8860 1897 2627 2784 16 416 537 237 0 �0.28 �4.07 �0.48 12.7 � 1.7
S11 MS 9670 2194 3395 2706 15 627 291 91 6 �0.09 �3.89 �0.31
S12 MS 48.4 8.3 5900 32.4 4450 1060 1620 927 29 230 115 102 0 �0.70 �4.48 �0.88
S13 MS 124 8 6000 26 4750 1180 1640 845 176 260 55 0 �0.90 �4.42 �1.12
S14 MS 103 8 14,900 32.5 9670 2181 3560 1675 333 218 36 0 �0.49 �3.88 �0.67 �45.4 �6.3
C-T1 C-T 74 150e180 7.4 26,400 20.7 18,600 4853 7881 2760 144 1088 412 48 0 0 �3.21 �0.23 �47.80 �6.68
C-T2 C-T 58.2 365e402 7.5 21,610 24.2 20,910 5175 8662 3000 159 1392 268 164 0 0 �3.15 �0.10 �46.50 �6.86 38 � 1.9
C-T3 C-T 60.3 235e277 7.6 18,500 21 14,370 4088 6684 1067 53 785 130 131 0 �0.42 �3.34 �0.63
C-T4 C-T 25 8 24,200 23,000 5520 9230 4130 150 924 905 78 0 0 �3.11 �0.22

Z: Altitude (m), Dep.: depth of the water bearing formation (m), EC: electrical conductivity (mS/cm), TDS: total dissolved salts (mg/l), IS: saturation Indices, Gyp: gypsum, Hal: halite, An: anhydrite, MPL: Mio-Pliocene sands, MS:
Miocene sands, C-T: Cenomanian-Turonian limestone.

N
.Ben

Cheikh
et

al./
Q
uaternary

International
257

(2012)
34

e
42

38



Fig. 4. Piper diagram of the analysed groundwater samples (for location of sampled points, see Fig. 3).
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Bivariate diagrams of some major elements, directly related
to salinity, were used in order to clarify different mechanisms
that contribute to groundwater mineralization. The relationship
between Naþ and Cl� shows that the majority of points cluster
along the halite dissolution line (Fig. 5a). The dissolution of this
mineral is confirmed by the negative saturation indices, indicating
thus an undersaturated state (Table 1). The high values of
Cl� relative to Ca2þ and SO4

2� contents (Fig. 5b, c), noted particularly
in the C-T and Miocene aquifers, indicate the limited contribution
of gypsum dissolution in the groundwater salinization. The Ca
depletion relative to SO4 content (Fig. 5d) is probably due to the
cation exchange reactions which absorb Ca2þ on the clay fraction as
Naþ is released. Nevertheless, the C-T1, C-T2, C-T3 and C-T4 samples
have a relative tendency to enrichment in Ca, which confirms
the possible dissolution of carbonates in relation with their
water bearing formations. On the other hand, calcium and sulphate
show relative correlations with chloride in the Mio-Pliocene
samples (Fig. 5c, d). Thus, it can be suggested that the increase of
SO4

2�, Ca2þ with chloride is probably due to a uniform source of
gypsum/anhydrite.

4.3. Isotopic data

The stable isotope composition of water in the study area
is quite variable: d18O changes from �4.7 to �7.8& V-SMOW
with corresponding d2H values changing from �32.3 to �59.9&
V-SMOW. Taken away from the pole of seawater (0& V-SMOW),
this isotopic signature preclude seawater intrusion as an
origin of groundwater mineralization. The d18O and d2H
values (Table 1), plotted on Fig. 6 in relation with the Global
Meteoric Water Line (GMWL: d2H ¼ 8d18O þ 10) (Craig, 1961)
and the Regional Meteoric Water Line of Sfax (SMWL:
d2H ¼ 8d18O þ 13.5) (Maliki, 2000; Jeanton et al., 2001), show
that almost the totality of groundwater plots slightly near the
GMWL and the SMWL.

The stable isotope signature in the Mio-Pliocene aquifer clas-
sifies the groundwater in two different groups indicating separate
flow paths and recharge areas: (1) the stable isotope composition
of samples located in the downstream part (G1, G2, G3, G4 and
G9) of this aquifer varies from �7.8 to �7.3& for d18O and from
�59.9 to �53.7& for d2H. These depleted isotopic signatures,
consisting of low radiocarbon content (25.8 and 10.5 pmc
respectively in G1 and G3), are typical of old water characteristic
of the CI (Continental Intercalaire) aquifer (average stable isotope
compositions are respectively �8.16& for d18O and �61.2& for
d2H (ERESS, 1972; Abidi, 2001; Edmunds et al., 2003)). (2) In the
upstream part (G5, G6, G7 and G8), the measured stable isotope
composition ranges from �5.9 to �4.7& for d18O and from �37.7
to �32.3& for d2H, suggesting recent recharge water originating
from Zemlet El Beida mountains in agreement with flow direc-
tion. This is also confirmed by the high 14C contents (57 and 85
pmc respectively in G8 and G6 boreholes). The two samples
representing the Cenomanian-Turonian aquifer (C-T1 and C-T2)
are characterized by average values of �47& and �6.7&, for d2H
and d18O, respectively. In the Skhira basin, stable isotope contents
are quite homogenous. The d18O and d2H values range respec-
tively from �6.3 to �5.8& and from �45.4 to �39.6&. The
similarity between the isotopic composition of the Miocene
groundwater and those meeting in the C-T aquifer supports the
hypothesis of the mixing process between the Cenomanian-
Turonian aquifer in the west and the Miocene aquifer of Sfax
(average stable isotope compositions are respectively �6.1& for
d18O and �40.8& for d2H (Maliki, 2000)) in agreement with
piezometric data. This mixing process seems to be controlled by



Fig. 5. Relationships between major elements in the analysed groundwater samples: Na/Cl (a), Ca/Cl (b) SO4/Cl (c) and Ca/SO4 (d) (for location of sampled points, see
Fig. 3).
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tectonic features. Accordingly, the isotopic composition of
samples collected from the Mio-Pliocene aquifer (Northern Djef-
fara basin) shows the autonomy of this aquifer in absence of any
significant hydrodynamic continuation with bordering aquifers
(C-T and Miocene aquifers).

More information is obtained by plotting chloride content
versus d18O (Fig. 7). The water samples collected from the
Mio-Pliocene aquifer are divided into two poles with the same
distribution observed in Fig. 7: (1) the pole corresponding to
the old water, resulting from mixture with Continental Inter-
calaire groundwater, has average values of 37.2 meq/l and
7.63& versus V-SMOW, respectively in chloride and d18O.
(2) The second pole, characteristic of a recent recharge, shows
that the increase of Cl contents is accompanied with the d18O
enrichment. This is due to the effect of rainwater infiltration
materialized through Zemlet El Beida Mountain and to the
contribution of saline water originating from Sabkha El Hamma.
On the other hand, the increase of Cl contents in the Miocene
groundwater is further evidence that supports their mixture
with C-T groundwater.

The depleted isotope signature of the majority of samples in the
study area shows that the groundwater was recharged under



Fig. 6. The d2Hed18O relationship of Cenomanian-Turonian, Miocene and Miopliocene
groundwaters (for location of sampled points, see Fig. 3).

Fig. 7. d18O/Cl relationship of C-T, Miocene andMio-Pliocene groundwaters (for location
of sampled points, see Fig. 3).

Fig. 8. d18O/14C relationship of C-T, Miocene and Mio-Pliocene groundwaters.
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distinctly different climatic conditions, during late Pleistocene and
early Holocene (Fig. 8). This is consistent with negligible radio-
carbon content. However, the upstream part of the Mio-Pliocene
aquifer seems to be characterized by a local recent recharge
(G6 and G8) from the bordering mountains.
5. Conclusion

The coastal deep aquifer of Skhira belongs to the large
aquifer system of Sfax, and is lodged in the Miocene sand
deposits. In spite of the high salinity of its groundwater, this
coastal aquifer represents an important socio-economic interest
in the region.

This study presents the results of several isotopic and chemical
tools in an attempt to reveal the origin of groundwater mineral-
ization in the coastal deep aquifer of Skhira. The results allow the
exclusion of the hypothesis of seawater intrusion as an origin of
groundwater mineralization. Piezometric data combined with
the geochemical analyses of groundwaters confirm the hydraulic
connection between the Cenomanian-Turonian aquifer and
Miocene aquifer. It seems that the high groundwater salinity of
the coastal aquifer of Skhira can be attributed to the simultaneous
effect of: (1) a lateral contamination from saline water of the
Cenomanian-Turonian aquifer in the southwest (Menzel Habib)
and (2) local vertical leakage from the same aquifer (C-T)
which forms the basement of the Miocene deposits. Nevertheless,
the Miocene aquifer in the south, threatened locally by the
contribution of saline waters from Sabkha El Hamma, appears
to be hydrodynamically isolated from the bordering aquifers
(Menzel Habib and Sfax). On the other hand, isotopic data clearly
reveal the depleted signature of the majority of the groundwater,
in the exception of samples collected in the upstream part of
the Northern Djeffara basin which reflect recent infiltrated water.
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