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Abstract. The determination of the origin of salinity in the superficial aquifer of Mornag (NE Tunisia), and
the understanding of its hydrological and geochemical behaviours related to severe natural and anthropogenic
constraints, were approached by the combined study of chemical elements and stable isotopes (2H and 18O).
This study indicates that: (1) the high salinities of the superficial aquifer of Mornag are mainly explained by the
dissolution/precipitation processes of evaporite minerals in the aquifer formation, (2) the present-day recharge
during rainwater infiltration brings downward a high content of nitrates and other dissolved salts, (3) infiltration
of untreated sewage from the main urban areas contaminates the aquifer, (4) two other sources of dissolved
salts in groundwater exist, favoured by the intensive exploitation of the phreatic aquifer. The first one is due
to mineralised water infiltration from Meliane Wadi where activities, mainly a cement factory, discharge their
wastewater. Intrusion of marine saltwater is the second source of salinity caused by aquifer over-exploitation.
This hypothesis is supported by the high chloride concentration (>122 m e.q. L−1), Br/Cl ratios (>1.8 ‰) and
the piezometric level lower than sea level. On the other hand, the artificial recharge with low mineralization
waters by the Mejerda-Cap Bon Canal and the natural recharge in the valley of wadi El Hma, contribute to a
dilution of groundwater. The freshwater/saltwater mixing causes geochemical interactions modifying the water
chemistry: cationic exchange, precipitation phenomena. Isotopic tools (2H and 18O) show that the water of this
aquifer system has been recently recharged by direct infiltration from the boundary and in the valley of wadis.
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1 Introduction

Groundwater resources of the Mediterranean coastal plains
and more particularly the phreatic ones in the southern bank
of the basin (Middle East and North Africa) show a quali-
tative and quantitative deterioration developing in time (Ed-
munds and Droubi, 1987; Custodio and Bruggeman, 1987;
Richter and Kreitler, 1993; Vengosh and Rosenthal, 1994;
Vengosh et al., 1999). This study concerns he Phreatic coastal
Aquifer of Mornag is located in the Northeast of Tunisia
(Fig. 1), where a semiarid Mediterranean climate prevails.
The dry season is pronounced and this exacerbates the situ-
ation, given pumping rates higher usually coincides with the
period of least recharge. Indeed, the coastal plain of Mornag
hosts a large number (more than 1500) of wells with depths
varying from a few meters to nearly 250 m. Some wells are
used for drinking water, and little for industry, and around
97 % of the water is used for irrigation. depletion of the
groundwater resources and degradation of their quality. The
total water extraction in the These exploitation rates, which
are required to meet the increasing demands of the current
agricultural practices, exceed the natural replenishment of
these basins and had led to basin is estimated by the local wa-
ter authorities as 24.44 million cubic meters per year. On av-
erage, groundwater extraction in the basin exceeds recharge
by an estimated 7 million cubic meters annually (DGRE,
2017). This over-pumping of the alluvial aquifer has resulted
in water level declines ranging from 2.59 to 4.75 m yr−1 dur-
ing the past three decades. The water quality is highly vari-
able and in some areas reaches high salinity levels exceed-
ing 5 g L−1. Evaluation of the mechanisms that cause the
degradation of the groundwater quality and water recharge
in costal phreatic aquifer in Mornag basin is the focus of this
work.

2 Study area

This study concerns the coastal phreatic aquifer of Mornag
basin of northeast Tunisia (Fig. 1a). This region has a semi-
arid climate, with extreme temperatures and rainfall vari-
ations with an average annual temperature and rainfall of
20 °C and 454 mm yr−1, respectively. The age of geologi-
cal formations cropping out in Mornag basin extends from
the Triasic to Quaternary. The catchment area is composed
of gypsum, halite, limestone, dolomite, sand, sandstone,
clayey sand and conglomerates. A representative West–East
cross section of the study area is shown in Fig. 1b. The
costal phreatic aquifer is located in the Quaternary layer sys-
tem formed by sand, clayey sand and conglomerates. The
phreatic aquifer is characterized by moderate transmissivity
ranging from 1 to 10−3 m2 s−1.

3 Sampling and analytical methods

Twenty-five groundwater samples from Mornag coastal
phreatic aquifer were sampled in September–October 2016
from pumping wells (Fig. 1a). Several analyses, water tem-
perature, pH, and electrical conductivity (EC) were carried
out on-site. All samples were filtered directly in the field
through 0.45 µm membrane filters, stored in high-density
polyethylene bottles of 250 mL, and kept at 4 °C. Stable iso-
tope composition of water samples were analysed at the Lab-
oratory LAMA of HydroSciences Montpellier. Major chem-
istry and trace elements were determined by several methods
(Titration, Ion Chromatography and flame photometry induc-
tively at several Laboratorys of National Institute of Research
and Physical-Chemical Analysis (INRAP-Tunisia). All sam-
ples showed an ionic unbalance smaller than ±5 % (Mandel
and Shiftan, 1981).

4 Results and Discussion

4.1 Piezometry

Piezometric surveys of phreatic aquifer performed in
September–October 2016 (Fig. 2a):

– The aquifer is recharged by direct infiltration and
its higher limits is at Jebel Boukarnine in Southeast,
Khlidia region, Jebel Tella and Rades Hill;

– The discharge limits coincide with the Mediterranean
shore line,

– The groundwater flow is mainly toward the south-east
and north-west to the middle of basin and may be locally
disturbed by piezometric depressions (−5 m below sea
level) due to the intensive exploitation,

The piezometric gradient varies from 7 ‰ to 12 ‰ in the up-
stream zone and 3.57 ‰ to 6 ‰ in the downstream zone.

4.2 Chemical Tracing

The measured physical and chemical parameters showed
large spatial variations (Table 1). The electrical conductivity
varied between 1748 and 11 530 µS cm−1 and the salinity be-
tween 1.15 and 8.53 g L−1 (Fig. 2b). The results of chemical
analyses indicated most of the Mornag groundwater samples
show similar water types: SO2−

4 –Cl−–Ca2+ and Cl−–SO2−
4 –

Ca2+ (Fig. 3a).
The expanded Durov diagram was used (Fig. 3b) to iden-

tify processes and reaction paths such as mixing, ion ex-
change and dissolution affecting groundwater composition.
Box 5, where a part of samples is present, is close to conser-
vative mixing waters. However, the samples belong to Boxes
7 and 8, are characterized by mixing and reverse ion ex-
change affecting the composition of water sampled. A maxi-
mum increase in the salinity should produce water in box 9,
where we see a mixture with seawater
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Figure 1. (a) Geological map of the Mornag basin (After Jauzein, 1957 and Bujulka et al., 1971); (b) A geological cross-section in the
studied area.

Figure 2. (a) Piezometric and (b) Salinity maps of coastal phreatic aquifer of Mornag.

Some samples present a depletion in Na+ content with re-
spect to Cl− concentration, probably reflecting the cation ex-
change reactions leading to adsorption of Na+ on clay miner-
als belonging to aquifer formations and simultaneous releas-
ing of Ca2+ ions (Fig. 4a). On the other hand, the remain-
ing part of the samples shows a more obvious loss of Ca2+

with respect to SO2−
4 . This may be the result of calcite pre-

cipitation controlled by gypsum dissolution which must be
to maintain saturation or oversaturation. In fact, bicarbonates
formed by CO2 dissolution is balanced by Na+ and Ca2+ re-
leased from clay minerals (Andrews et al., 1994). The cation
exchange process was confirmed through the relation char-
acterized by a slope of −1 (Fig. 4b) traced by the position
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Table 1. Basic statistics of the various physico-chemical parameters measured.

Min Max Standard deviation

T (°C) 17.40 22.70 3.74
pH 7.65 8.29 0.45
C.E (mS cm−1) 1.56 11.53 7.05
TDS (mg L−1) 1.15 8.53 5.22
Na+ 71.12 2042.40 1393.91
K+ 9.08 109.20 70.79
Ca2+ 128.00 780.00 461.03
Mg2+ 12.00 576.00 398.81
HCO−3 183.85 503.74 226.19
SO2−

4 126.31 1672.30 1093.18
Cl− 114.50 4331.00 2981.52
NO−3 2.16 90.75 62.65
Br− 1.74 12.96 7.93
2H (‰) −34.5 −14.7 14.4
18O (‰) −5.90 −1.96 2.78

Figure 3. (a): Piper and (b): expended Durov diagrams for the groundwater of the studied area.

of the samples (Garcia et al., 2001). Without exchange, all
analytical points should lie close to the origin.

The majority of these waters sampled, are marked by rel-
atively high chloride concentrations and the Br−/Cl− ra-
tios varied between 0.45 ‰ and 8.97 ‰. Five wells show
a Br−/Cl− ratio similar to that of seawater (1.3 ‰ to
2 ‰). Other waters with a high content (>1000 mg L−1) and
Br−/Cl− ranging from 0.45 ‰ to 1 ‰ could be linked to
leaching of the Triassic salty evaporitic formations, outcrop-
ping in southern boundaries of basin. Waters with a relatively
low chloride content (<1000 mg L−1) and Br−/Cl− ranging
from 2 ‰ and 8.97 ‰, according to the classification pro-

posed by Alcalá and Custodio (2008) or Zabala et al. (2015),
a contribution of atmospheric precipitation and agricultural
activities on groundwater salinity. However, it can be sug-
gested that the values observed in these wells can only be
the consequence of intensive use of fertilizers in this part of
the study area. An additional enrichment in Br−/Cl− is also
found as a result of industrial pollution like this cement fac-
tory, discharge their wastewater in Meliane Wadi.

The excessive use of inorganic fertilizers and other sub-
stances (pesticides, fungicides, etc.) may introduce anthro-
pogenic toxic elements into the groundwater. In Mornag
coastal plain, nitrogen fertilizers are used for the cultiva-
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Figure 4. (a) Relationships between Cl−/Na+ (a) and Relationship between [(Ca2+
+Mg2+)− (HCO−3 +SO2−

4 )] and (Na++K+−Cl−)
reflecting the cation exchange processes.

tion of vegetable crops. Among all sampled water from the
coastal phreatic aquifer of Mornag, 6 showed concentrations
of nitrates ranging from 50.13 to 90.75 mg L−1. Nitrate pol-
lution affects shallow wells in the same way as deeper ones.
This may be explained by a high permeability of the aquifer
infiltration zone.

Stable isotopes composition of water samples from all
wells collected in the phreatic coastal aquifer of Mornag
suggests the presence of recently recharged water (Fig. 5a).
Oxygen-18 and deuterium values in this area range, respec-
tively, from−5.90 ‰ to−1.96 ‰ versus V-SMOW and from
−34.4 ‰ to −14.7 ‰ versus V-SMOW. The mean isotopic
values are, respectively, −5.04 ‰ and −29.3 ‰ versus V-
SMOW for δ18O and δ2H, close to the values found in re-
gional precipitations (δ18O=−4.5 ‰ and δ2H=−25.1 ‰)
(Celle-Jeanton et al., 2001) in the humid season suggesting
the groundwater was linked to current rainfall origin. The
highest values come from the upstream part of the plain, near
Hma dam; in this zone, the variability is high. Elsewhere, the
isotopic composition of the aquifer is more homogeneous.

5 Conclusion

A combination of piezometric data, major elements geo-
chemistry, trace elements and stable isotopes has provided
a preliminary comprehensive understanding of the hydrody-
namic mode of coastal phreatic aquifer Mornag and has al-
lowed to highlight mechanisms linked to observed miner-
alization and reduced water quality. The following conclu-
sions can be drawn: (1) salinization processes of groundwa-
ter are due to washing away of the evaporate levels in aquifer
formation and contamination from the surface by chlorides
and nitrates, and (2) isotopic tracing (18O and 2H) provide a
mean for understanding the specification and location of the
groundwater recharge. The phreatic aquifer is very vulnera-

Figure 5. Stable isotope composition of coastal phreatic aquifer of
Mornag (LMWL: Local Meteoric Water Line and GMWL: Global
Meteoric Water Line).

ble and only the application of protective measures will allow
a better management of this resource for future generations.
This study proposes a conceptual model of flow circulation
allowing in a second close step to present a numerical model
which will take account possible scenarios of groundwater
evolution.
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