Environ Earth Sci (2011) 64:85-95
DOI 10.1007/s12665-010-0820-z

ORIGINAL ARTICLE

Geochemical and isotopic composition of groundwater
in the Complex Terminal aquifer in southwestern Tunisia,
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Abstract The Complex Terminal (CT) confined aquifer
of the Djerid basin, southwestern Tunisia, was studied
using major ion concentrations and stable isotope contents
in order to (1) investigate the changes on its hydrodynamic
functioning due to the long-term over-pumping and the
large-scale flood irrigation practices, (2) determine the
principal mineralization processes of its fossil groundwa-
ter, and (3) examine the mode of recharge of this aquifer
and whether it contains part of modern hydrological
regime. The observed geochemical patterns indicated that
the main mineralization processes affecting the CT
groundwater water/rock interactions and mixing. The
native Na > Cl and Cl > SO, > Ca > Na waters, resulting
from the dissolution of halite and gypsum and from pyrite
oxidation, interacted with those of the underlying and the
overlying aquifers without changing their chemical facies.
Stable isotope data provided evidences about upward and
downward leakage into the CT aquifer and their relation-
ships with anthropogenic activities. They demonstrated that
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the long-term over-pumping of the CT aquifer, which
contributed to the loss of its potentiometric pressure,
favored the upward leakage of the artesian deep ground-
water along parts of the major faults. Moreover, the large-
scale flood irrigation practices in the oases domain, which
ensured the recharge of the shallow water table by return
flow, enhanced the downward leakage toward the CT
aquifer.

Keywords Complex Terminal aquifer - Hydrochemistry -
Stable isotopes - Water/rock interaction - Mixing - Upward
and downward leakage

Introduction

Over the past few years, there has been an increased
awareness among water managers in Tunisia of the
necessity to manage internationally shared groundwater
resources in a concerted manner. These resources are often
described as “fossil” aquifers, which comprise non-
renewable groundwaters characterized by no appreciable
modern recharge and very low natural flow and discharge
rates. Such groundwaters are generally trapped in deep
geologic formations, either because of physical isolation of
the aquifer from sources of recharge, impermeability of
overlying strata or paucity of recharge in an arid region.
The CT aquifer is an immense non-renewable ground-
water reservoir shared between Algeria, Tunisia, and Libya
with total surface area of about 350,000 km? (Belloumi and
Matoussi 2006). Its groundwater, which constitutes an
important and vital resource for more than 4 million people
living in the Northwestern African neighboring nations
(Wallin et al. 2005), is used essentially for agricultural
practices and occasionally for domestic water supplies.

@ Springer



86

Environ Earth Sci (2011) 64:85-95

However, this resource is subject to increased exploitation
and may be severely stressed if not managed properly as
witnessed already by declining water level. In 2000, the CT
aquifer in Northwestern Sahara provided an estimated vol-
ume of about 1.4 billion m® (Horriche 2004) for fresh-water
supply, agriculture, and other purposes including tourism.

In the Djerid basin, southwestern Tunisia, the increasing
groundwater withdrawal in the CT aquifer during the past
three decades has contributed to widespread changes in its
piezometric head, i.e., lost of the original artesian condi-
tion. In order to make appropriate decisions for the sus-
tainable management of this water resource, the needs
increase for more precise hydrogeological data to help
refine management decisions on water use. Several studies
have been carried out to provide a basis for the charac-
terization of the geology and the hydrogeology of the basin
(e.g. Cornet 1964; Bel and Demargne 1966; ERESS 1972;
Pallas 1980; BGS 1997; SASS 2002). Over the past two
decades, numerous isotope investigations have been carried
out with the assistance of the IAEA to assess the ground-
water resource potential in the Djerid Basin. These studies
indicated that for most of the groundwater from CT the
oxygen-18 and deuterium isotope contents are depleted
compared to those of the modern rainfall. This would
suggest that the modern rainfall is not affecting this
groundwater, although some sources for active recharge
have been identified particularly during years of excep-
tional rainfall.

Although the available isotopic data have already pro-
vided useful information for the understanding of the
general functioning and hydrodynamic of the CT main
aquifer in the Djerid basin, there still remain important
ambiguities such as the possibility of its modern recharge,

the influence of the over-pumping and increasing irrigation
practices on its flow patterns and on its interrelations with
the underlying and the overlying aquifers.

Geological and hydrogeological background
Location and physical characteristics

The Djerid basin, which covers about 5,000 km? area of
southwestern Tunisia, is bordered by the latitudes 33°-34°
north and the longitudes 7°30'-8°30’ east (Fig. 1). It is lim-
ited in the west by the Algerian frontier, in the east by the
mountains of the Northern Chotts Range, in the north and in
the south by the continental depressions of Chott el Gharsa
and Chott Djerid, respectively. This basin is characterized by
an arid climate with a mean annual precipitation and
potential evapotranspiration of 100 and 1,700 mm, respec-
tively (Kamel et al. 2005). The surface drainage network is
insignificant. However, important runoff events occurring
particularly during years of exceptional rainfall can engen-
der some non-perennial streams known locally as “wadis.”
These wadis collect surface runoff from the surrounding
highlands and bring them to the continental depressions of
Chott el Gharsa and Chott Djerid, which constitute the nat-
ural discharge areas of the basin.

Geology

Several studies indicated that the geological formations
present in the Djerid basin date from the Jurassic to the
Quaternary. The outcropping sediments range from the
Neogene to the Upper Cretaceous (Fig. 1). However, in the

Fig. 1 Geological map of the
study area
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depth there is a succession of the different sedimentary
units extending until the Jurassic age.

From a tectonic point of view, the Djerid basin repre-
sents a transitional zone between the Tunisian Atlasic
Chain in the north and the Saharan platform in the south.
The regional structural studies highlight the existence of
two east-west major faults, which contributed to the
uplifting of the Draa Djerid anticline, constituting thus the
horst of Tozeur or the so-called “Tozeur ridge” (Zargouni
1986; Mamou 1990; Abidi 1993; Moumni 2001). These
transversal faults, which are located between the two
continental depressions, extend in the whole basin from the
town of Hazoua in the west to the town of Hamma in the
east, where they disappear in the foothill zone of the
northern Chott Range. Other geophysical explorations
mentioned the presence of two N-S geophysical faults
extending longitudinally in the regions of Hamma and
Hazoua across the Draa Djerid anticline (Zargouni 1986).

Hydrogeology

The Djerid basin encompasses three aquifers: the deep
Continental Intercalaire (CI), the intermediate Complex

Terminal (CT) and the shallow Plio-Quaternary (PQ)
(Fig. 2). The CI and the PQ aquifers are slightly solicited in
this basin because of the relatively high depth, ranging
between 1,600 and 2,300 m, of the first aquifer and the low
groundwater potentiality of the second. Therefore, the
emphasis of this study concerns only the CT aquifer
because of its high potentiality, in relation with its large
spatial extension, and the relatively good quality of its
groundwater.

In the Djerid basin, the CT aquifer, which has an aver-
age thickness of about 180 m, is hosted in the Tertiary
sands and clayey sands of the Beglia Formation (Burdi-
galian-Langhian). It lies unconformably and indiscrimi-
nately over the Upper Senonian (Canpanian) of the Berda
Formation, which constitutes the CT aquifer in the Nef-
zaoua neighboring basin. The basement of the CT, in the
Djerid as well as in the Nefzaoua region, is constituted by
the Lower Senonian (Santonian-Coniacian) shales, calcar-
eous mudstone, and anhydrite of the Aleg Formation.

From structural point of view, the CT aquifer is con-
stituted by a large SW-NE syncline (Fig. 2) in the center of
which there is a relatively small anticlinal structure
(Rouatbi 1967). This anticline is crossed and uplifted in the
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central part of the basin by the two major faults that limit
the “Tozeur ridge”. Therefore, the CT aquifer, which dips
normally to the depth from the borders to the center of the
basin, was firstly brought to the surface and then com-
pletely eroded between the two mentioned major faults.
Hydrogeologically, the tectonic activity has played a
major role in the hydrodynamic functioning of the CT
aquifer. The compartmentalization of this groundwater
reservoir has contributed to the creation of two independent
and isolated hydrogeologic compartments located to the
north and to the south from the so-called “Tozeur ridge”.
In fact, the piezometric map of the 1980s (Mamou 1990)
showed two opposites major S—-N and N-S flow directions,
which diverge from the “Tozeur ridge” to the discharge
depressions of Chott el Gharsa and Chott Djerid, respec-
tively (Fig. 3). These opposite flow directions indicated
that the CT outcrops on both sides of the “Tozeur ridge”
constituted the main recharge area of the CT aquifer in the
basin. However, the latest piezometric map, established
within the present study at 2006 (Fig. 3), shows several
changes in the CT groundwater flow patterns. The two flow
directions diverging from the “Tozeur ridge” have been
completely disappeared and replaced by other major flows
coming from the south and from the southeast towards the
Chott el Gharsa depression. These new flow directions
highlight the presence of two recharge components in
relation with the aquifer outcrops in the Grand Erg Oriental
and in the Dahar Mountain. On the other hand, the
extinction of the flow directions coming from the “Tozeur
ridge” can be explained by the severe climatic condition
that characterized the south of Tunisia during the last two
decades. Another potentiometric change appears from the
comparison of the two maps (Fig. 3). It is the remarkable

decline of the piezometric level that ranges between 10 and
40 m indicating the influence of the long-term over-
pumping of the CT groundwater in the Djerid basin. This
over-pumping, which is in relation with the increasing
number of the CT boreholes in response to the large
extension of the agricultural areas, has contributed to
several deleterious and irreversible consequences including
the drying of all springs and the water quality degradation,
presumably due to the mixing with the overlying and/or the
underling groundwaters.

Sampling and analysis

Water samples for laboratory analyses were collected
during December 2006. A total of 38 groundwater
samples was collected from the CT wells with depths
ranging between 150 and 800 m (Fig. 4). Prior to sam-
pling, all wells were purged in order to remove the
stagnant portion and collect representative water samples.
Temperature, pH, and electrical conductivity (EC) of the
discharge water were measured using a Consort C535
multi-parameter analyzer. After that, sample bottles were
filled and kept in a refrigerator upon collection. The
geochemical analysis were carried out in the “Labora-
toire of Radio-Analyses et Environnement” of the
“Ecole Nationale d’Ingenieurs de Sfax” in Tunisia, using
a Dionex DX 100 ion chromatograph equipped with a
CS12 and an AS14A-SC Ion Pac columns and an AS-40
auto-sampler. The saturation with respect to same min-
erals and the partial pressure of carbon dioxide (pCO,)
of all sampled water were determined using the WateqF
subroutine program (Plummer et al. 1992).
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Fig. 4 Location of sampled boreholes

Stable isotopes of oxygen and hydrogen were deter-
mined using isotope ratio mass spectrometry. The §'°0
values in samples were analyzed via equilibration with
CO, at 25°C for 24 h (Epstein and Mayeda 1953) and for
the 6°H values via reaction with Cr at 850°C (Coleman
et al. 1982). Both §'%0 and 6*H values were determined
relative to internal standards that were calibrated using
IAEA SMOW standards. Data were normalized following
Coplen (1988) and were expressed relative to vs. SMOW.
Samples were measured at least in duplicates and the
precision of the analytical measures is +0.1% for 6'%0 and
+1% for §°H.

Results and discussion
Geochemical evolution and mineralization processes
In situ measurements interpretation

The results of geochemical analysis, in situ measurements,
saturation index (SI) and partial pressure of CO, (pCO,)
are shown in Table 1. Groundwater well-head temperatures
varied, in a relatively wide range, between 26 and 37.4°C.
However, as it was expected, no good correlation was
observed between water temperatures and the screened
depth intervals. This may indicate that the CT groundwater
receives some leakage from the overlying and/or underly-
ing aquifers. The pH of the groundwater ranged between 6
and 7 (Table 1), an indication that the dissolved carbonates
were predominantly in the HCO5; form (Adams et al. 2001).
The higher pCO, in the infiltrating water (ranging between
1.32 x 1072 and 5.38 x 102 atm) compared to the pre-
cipitation pCO, of 107> atm suggested that the water
gained CO, from root respiration and the decay of soil

organic matter. Subsequently, an increase in pCO, caused a
drop in pH (Fig. 5). The EC and TDS were not homoge-
nous (Table 1), indicating that the CT waters differed
considerably probably due to the mixing by vertical leak-
age with the overlying and/or the underlying aquifers with
distinct hydrochemical composition.

Water types

The plot of the CT groundwater samples in the Chadha
(1999) diagram (Fig. 6) showed two groups; the alkaline
earths-rich group (group A) and the alkali metals-rich
group (group B). The first group, which comprised the
majority of the analyzed samples, showed that the alkaline
earths (Ca 4+ Mg) exceeded the alkali metals (Na + K)
and that the strong acids (Cl + SO,) exceeded the weak
acid (HCO3). The second group, which included only three
samples, revealed that (Na 4 K) was superior to
(Ca + Mg) and that the strong acids (Cl + SO,) exceeded
the weak acid (HCOs5).

Based on their chemical composition, group B plots on the
field of the Na—Cl water type and group A plots in the field of
Ca-Mg-SO,/Ca-Mg-Cl water type. However, among the
major cations, calcium (with a mean value of 39%) pre-
dominated sodium (mean value 36%), whereas, among the
anions, chloride (with mean value of 51%) predominated
sulfates (with a mean value of 44%). Consequently, the
chemical facies of the CT groundwater showed two main
water types: Na > Cl and Cl > SO, > Ca > Na. The
Na > Cl water type indicated the predominance of the halite
dissolution. While, the Cl > SO, > Ca > Na water type
indicated the coexistence of the dissolution of both halite and
gypsum and the Ca—Na cation exchange. Indeed, this cation
exchange diminished the concentration of Na and increased
that of calcium, which augmented the saturation of ground-
water with respect to Ca, contributing to the decrease of
gypsum dissolution. This mechanism maintained the con-
centration of sulfates always inferior to that of chloride, a
conservative element. Moreover, the consumption of the
sodium throughout the cation exchange made the ground-
water more undersaturated with respect to halite, leading to
its further dissolution.

Major ions geochemistry and saturation states

Major reactive minerals in the CT aquifer of the Djerid
basin are halite (NaCl), gypsum (CaSO4-2H,O) and/or
anhydrite (CaSO,). The interactions of these minerals with
waters largely define the chemical composition of
groundwater. The computed SI values showed that
groundwater in the CT aquifer was largely undersaturated
with respect to halite (—6.08 < SI < —4.6) and, to a lesser
extent, with respect to anhydrite (—1.12 < SI < —0.28)
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< Z n oo > x dissolution (Figs. 9, 10, 11). However, in the Na versus Cl
g Binary relationship, a remarkable deficit of Na was seen.
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3] s o . . . . .
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= . . .
2|5 N § 5 ring between the Complex Terminal Na-rich water and the
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SR 2 T O @ sediments, according to the equation:
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Fig. 7 Na versus Cl relationship for sampled boreholes
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Fig. 8 Ca versus SOy, relationship for sampled boreholes

Na® 4 1/2Ca-X — Na-X + 1/2Ca’*

where X indicates the sediment exchanger (Appelo and
Postma 1993). Evidences of the cation-exchange reaction
was provided by the Na/Cl versus Ca/(HCOs; + SO,4)
relationship (Fig. 12), where the samples affected by this
process plot in the field indicating the deficit of Na and the
excess of Ca.

Another evidence of the predominance of the cation
exchange was given by the Ca versus SO, plot (Fig. 8),
where the samples showing an excess of calcium indicated
its release into water to compensate the adsorption of
sodium. While, samples exhibiting an excess of sulfates

@ Springer
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Fig. 9 (Na + Cl) versus SI (halite) relationship showing the disso-
lution of halite
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Fig. 10 (Ca + SO,4) versus SI (gypsum) relationship showing the
dissolution of gypsum
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Fig. 11 (Ca + SO,) versus SI (anhydrite) relationship for sampled
anhydrite

reflected a likely oxidizing environment of the CT aquifer,
already evidenced by the presence of indirect indicators
such as Fe (BGS 1997). In such an environment, it may be
possible that pyrite, relatively abundant in the CT and
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cation-exchange process

especially in the CI underlying aquifer, was subject to
oxidation reactions.

Isotopic interpretation of groundwater pathways
8?H/5"%0 diagram

Oxygen and hydrogen isotope compositions for the inves-
tigated CT groundwater samples are represented in the
conventional 6°H/6'®0 diagram together (Fig. 13), with the
Global Meteoric Water Line (GMWL) (Craig 1961), the
Rocal Meteoric Water Line (RMWL) of the Sfax city
located at about 200 km from the study area, and the so-
called “Palaeo-Meteoric” Water Line (PMWL) (Sonntag
et al. 1978). Additional data concerning the underlying (CI)
and the overlying (PQ) aquifers were used, including the
weighted mean values of stable isotope contents of CI
(Edmunds et al. 2003) and PQ (Tarki 2008) groundwaters
in Tunisia.

-30
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"; Mixing with PQ
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= | o
E: O Complex Terminal sample
2= ® Weighted f PQ
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~—RMWL
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§180 (%o vs. SMOW )

Fig. 13 6'%0 versus 6°H diagram for sampled boreholes

The 6'®0 and 6°H contents of the CT samples varied in
a relatively wide range from —7.41 to —3.92%o and from —
54.1 to —41.55%o, respectively. The weighted mean values
of "0 were —8%o for the CI and —4.1%o for the PQ.
Those of & *H are —55%o for the CI and —42.5%o for the
PQ.

All CT samples lied below the three meteoric water
lines, except for two samples lied between the GMWL and
the PMWL. This indicated the old origin of the CT
groundwaters in relation to their recharge during the pa-
leoclimatic cooler regimes. Indeed, palacowater stable
isotope signatures in the Djerid basin, like all low-latitude
semi-arid regions, are likely to be controlled more by
precipitation amount and intensity than temperatures as in
higher-latitude temperate regions (Clark and Fritz 1997).
These paleowaters are characterized by an excess of deu-
terium of <10% (Sadek and Abd El-Samie 2001; Edmunds
et al. 2003) in contrast to the modern rainfall with a H
excess of 15%o representing the lower humidity caused by
primary evaporation in the vapor source as it moves from
the Atlantic region (Edmunds et al. 2003). Moreover, the
fact that the CT groundwater lies well below the meteoric
water lines also indicates that the evolution of air masses
was different to the present-day with little or no primary
evaporation and probably little upcoming from its Atlantic
Ocean source region which was isotopically enriched as a
result of ice-cap formation. On the other hand, the stable
isotope results are also consistent with the those of carbon-
14 (ERESS 1972; Gonfiantini et al. 1974; Fontes et al.
1983; Zouari et al. 1985; Mamou 1990; Zouari and Mamou
1992; Daoud 1995; Guendouz and Moulla 1996; Guendouz
et al. 1997; Jeribi 1997; Zouari and Mamou 1998; Edm-
unds et al. 2003; Kamel et al. 2005; Kamel 2007), which
indicate that the main recharge of the CT in southern
Tunisia and Algeria occurred during the Late Pleistocene
and the Early Holocene periods.

The CT samples scattered in a wide range of stable
isotopes enrichment (especially for '®0), and could be
subdivided into two well-separated groups indicating
probably distinct leakages from the underlying and the
overlying aquifers. The first group, constituted by the
deepest CT boreholes and by those located near the major
faults, was characterized by the more depleted contents of
0'®0 and 6°H. The samples belonging to this group plot
along an estimated mixing line extending towards the point
representing the weighted mean of the CI deep aquifer.
This mixing line indicated that some upward vertical
leakage from the CI isotopically depleted paleoground-
water took place in some parts of CT aquifer. The second
CT group constituted by the most enriched samples col-
lected from the shallowest boreholes located far from the
major faults. These samples scatter along a linear trend
with a slope of 4, extending towards the point representing
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the enriched weighted mean of the PQ groundwater. Con-
sequently, this latter linear trend could be interpreted either
as an evaporation line of the CT groundwater or as a
mixing line between the CT and the PQ shallow aquifer
groundwaters. However, it seemed more likely that the CT
samples lying on this linear trend exhibited an apparent
evaporation as they underwent some mixing with the
groundwater of the PQ aquifer that is essentially recharged
by the evaporated water of the irrigation return flow.
Indeed, the excess of irrigation water fractionated at dif-
ferent rates in the irrigation channels and in the unsaturated
zone, recharged the PQ shallow aquifer before reaching the
CT intermediate aquifer and mixing with water from the
regional groundwater flow system.

On the other hand, the CT groundwaters themselves
could not be highly evaporated like they appeared in the
0?H/5"80 diagram for two simple reasons: (1) in most parts
of the Djerid, the CT paleogroundwater is deeply confined
to be exposed to the evaporation within the aquifer itself;
(2) the regional present-day climatic conditions (very low
rainfall amount and extremely high potential evapotrans-
piration) are unfavorable for an important modern
recharge, which can give to the CT such evaporated
signature.

Spatial distribution of stable isotope

The spatial distribution of §'®0 (Fig. 14) and 6°H (not
shown) contents in the groundwater of the CT aquifer
provides other reliable information about the existence and
the location of the likely interconnections between this
intermediate aquifer on one hand; and the underlying CI
and the overlying PQ aquifers on the other. It also permits

Delta’0 (%: vs SMOW)
= o -3.5
® x e -3. 75
PRI TN =
. . Chott Djerid , 423
a® M ") -3.75
xox o s
a -5.5
= x -5 7
- -6:.25
. i -, 5
", -65.7S5
=7
; N -7.25
= i -7.5
& 10 Km Q\‘\, e y -7.75

Fig. 14 Spatial distribution of 6'®0 in the CT groundwaters

@ Springer

to elucidate the ambiguities about the possibility of modern
the recharge of the CT aquifer.

In Fig. 14, the isotopically lowest groundwaters charac-
terize the CT boreholes of Hamma and Ceddada regions (in
the north of the basin), where the major faults reach their
maximum depths. The relatively low oxygen-18 contents of
these boreholes, already distinguished by the highest values
of their well-head water temperatures, indicated the likely
mixing of the CT groundwater with the isotopically depleted
and geothermal waters of the CI deep aquifer, which migrate
towards the CT by upward leakage through the deep parts of
the major faults. On the other hand, the isotopically highest
groundwaters distinguished particularly the oases domains
of Nefta, Tozeur, and Dghoumes regions and the piedmont of
the Dghoumes Mountain, representing the extremity of the
northern Chotts range. These enriched groundwaters indi-
cated essentially their mixing with relatively evaporated
waters of the PQ shallow aquifer, recharged mainly in the
oasis domains by return flow of irrigation water. However,
the presence of some modern recharge in the CT aquifer,
particularly in the piedmont of the Dghoumes Mountain, is
not excluded.

Summary and conclusion

The hydrochemical characteristics of the CT groundwater
in the study area comprise two main water types resulting
from various processes in relation with water/rock inter-
actions and mixing. The first Na > CI water type high-
lighted the predominance of the halite dissolution. While,
the second Cl > SO, > Ca > Na water type indicated the
coexistence of the dissolution of both halite and gypsum,
and the Ca—Na cation exchange and pyrite oxidation.

The faulted geological structure, whose main feature is
the compartmentalization of the aquifer near the horst of
the so-called “Tozeur ridge”, has played a major role in the
appearance of some vertical leakage from the underlying
deep CI aquifer. This upward leakage taking place along
parts of the major faults of Tozeur uplift, particularly in
Hamma and Ceddada regions, was evidenced by the rela-
tively high groundwater head-well temperatures and the
depleted stable isotope contents in these regions, and par-
ticularly by the mixing line appearing in the §'*0/6°H
diagram extended towards the point representing the
weighted mean of the CI deep aquifer.

Another mixing effect, in relation with the downward
leakage from the PQ shallow aquifer, influenced the CT
groundwater composition. This mixing was enhanced by
the return flow resulting from the long-term flood irrigation
practices, which insured the recharge of the PQ aquifer in
the oases domain. This leakage was confirmed through the
spatial distribution of stable isotopes, which indicated that
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the relatively enriched contents concentrated principally in
the oasis domains, and through the 5'%0/5°H diagram that
showed a mixing line with the PQ evaporated groundwater.
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