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Abstract Tunisian Chott’s region is one of the most
productive artesian basins in Tunisia. It is located in the
southwestern part of the country, and its groundwater re-
sources are developed for water supply and irrigation. The
chemical composition of the water is strongly influenced
by the interaction with the basinal sediments and by
hydrologic characteristics such as the flow pattern and time
of residence. The system is composed of an upper uncon-
fined “Plio-Quaternary” aquifer with a varying thickness
of 20200 m, an intermediate confined/unconfined “Com-
plex Terminal” aquifer about 100 m in thickness and a
deeper “Continental Intercalaire” aquifer about 150 m in
thickness separated by thick clay and marl layers. The
dissolution of evaporites and carbonates explains part of
the contained Na*, Ca**, Mg?*, K*, SO~ and CI', but other
processes, such carbonate precipitation, also contributes to
the water composition. The stable isotope composition of
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waters establishes that the deep groundwater (depleted as
compared to present corresponding local rainfall) is ancient
water recharged probably during the late Pleistocene and
the early Holocene periods. The relatively recent water in
the Plio-Quaternary aquifer is composed of mixed waters
resulting presumably from upward leakage from the deeper
groundwater.

Keywords Chott - Dissolution - Stable/radiocarbon
isotopes - Paleoclimatic groundwater - Tunisia

Introduction

The situation in North Africa, as elsewhere in the devel-
oped world, mainly in the past 100 years, has been trans-
formed with the development of the ability to drill deep
wells and to exploit groundwater using mechanized
pumping. The demand for water during this time and
especially since the Second World War has increased out
of proportion creating a transient state whose main short-
term consequences were water-level decline, loss of arte-
sian condition and drying up of discharge areas (OSS
2003).

The hydrogeologic balance of deep aquifers has been
done for the first time in 1972 as a part of the ERESS
project (UNESCO 1972). The model has then served for
simulations of potential exploitation. The so-called “Plan
Directeur des Eaux du Sud” (PDES) that means “The
Directory Plan of Southern Waters Use”, was elaborated
on the basis of obtained results. This plan fixed a quota of
13,500 1/s for Chott’s region that can be pumped from the
main deep aquifer of Complex Terminal.

Quotas were fairly respected in the study area and the
2003 sampling campaign for chemical and isotopic studies
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aims to quantify content variation rates for water salinity
and piezometric levels according to the PDS.

One of the objectives of this paper is to provide a better
understanding of mechanisms that contribute to ground-
water mineralization in Tunisian Chott’s region, 30 years
since the first sampling campaign.

Study area

The ‘Grand Erg Oriental basin’ extends over much of
Algeria and southern Tunisia (Fig. 1). It is underlain by
two major aquifer systems the continental intercalaire (CI)
and the complex terminal (CT), which contain mainly fresh
water.

The Chott’s Region constitutes the main discharge area
of CI and CT groundwaters.

The study area is located in southwestern Tunisia be-
tween the longitudes 7° 30'—8° 30" east and the latitudes
33° 30°-34° 30" north. It is limited in the west by the
Algerian frontier, in the north by Metlaoui-Gafsa Moun-
tains and in the east by Sehib Mountain and Cherb Range.
The southern limit is constituted by Recent Chott Djerid
sediments (Fig. 2). The study area encloses Chott el
Gharsa, Chtt Djerid and the Djerid Region, which located
between the two depressions. The word “Chott” is a North
African term for a salt flat within a hydrologically closed
basin (Gautier 1953 in Swesey 2003).

Meteorological records from the town of Gafsa and from
Tozeur indicate that annual rainfall in the study area is 95—
160 mm, and that mean monthly pan evaporation at Gafsa
ranges from 90 to 365 mm (Yermani 2002). In addition,
winds at Gafsa blow predominantly from the northeast

toward the Chott El Gharsa, whereas winds at Tozeur have
a strong component from the east (Mamou 1989). Occa-
sionally, a very hot, dry wind blows out of the Sahara from
the southwest during April and May, which are also the
months during which sandstorms occur most frequently in
the area. The drainage network in the region consists of El
Khanga River (about 50 1/s). Melah and Tseldja are non-
perennial rivers (locally known as wadi). El Khanga River
is derived from the springs of the Upper Cretacous and
Miocene groundwater. Melah and Tselja wadi collect the
surface runoff from surrounding hills. Chott El Gharsa
constitutes the discharge area of these wadis (Fig. 2).

Geology and hydrogeology

As shown in the geologial map (Fig. 2), the oldest out-
croups in the study area belong to the Middle Cretaeous
units, which crop out at different zones in the surrounding
mountains.

The chart of relation between stratigraphic and hy-
drogeologic units (Mamou 1989; Kamel 2005) shows the
main formations and potential aquifers (Fig. 3). These
units are given below in chronological order, from the
oldest to the youngest.

The continental intercalaire aquifer

The CI aquifer of North Africa is one of the largest con-
fined aquifers in the world, comparable in scale to the
Great Artesian Basin of Australia and covers some
600,000 Km* with a potential reservoir thickness of
between 120 and 1,000 m (Castany 1982).
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Fig. 3 Relation between stratigraphic and hydrogeologic units in
Nefta region (I gypsum, 2 sand and sandstone, 3 clayey sand, 4 clay,
5 limestone, 6 dolomite). After Mamou (1989)

The geological formations, which host the CI aquifer,
undergo changes in facies and in thickness moving from the
Metlaoui-Gafsa Mountain toward the Saharan platform.
Changes in sedimentation within the fluvio-deltaic conti-
nental deposits produced alternations of detrial levels with
horizons of clayey silts with frequent gypsum intercalations.

In the Chott’s region, the continental formations extend
from the Neocomian at the base to the Albian. The Lower
Cretaceous may be subdivided into five main formations
(Mamou 1989; Kamel 2006). Only Boudinar and Sidi Aich
formation constitute the potential levels of the CI aquifer in
Chott’s region.

Bou Dinar formation (Hauterivian-Barremian)
An alternating sequence of sandy and clayey sediments, the
thickness of each varying between several meters to 60 m.
It forms an aquifer in Tozeur region, but with a perfor-
mance inferior to the younger Sidi Aich sands.

Sidi Aich formation (Aptian)

Friable white and fine-grained sands of rather constant
thickness (about 150 m) and forming the main aquifer unit

in the CI of the study area. Dolomitic flags, characteristic
of the Albian, overlie the sands.

The CI aquifer covers mainly the regions of Tozeur,
Kebili and Tunisian extreme south. The most important
production takes place at Kebili and Tozeur geothermal
fields with 1,000 and 600 1/s, respectively. At the Djerid
region, depth of the CI reservoir ranges from 1,500 to
2,400 m; with the well-pressure varying between 60 (Nefta
CI3) and 200 m (Hazoua CI) above wellhead and with
water temperature ranging around 70°C.

Transmissivity of the CI aquifer (Sidi Aich Formation),
obtained from pumping tests, ranges from 0.8 x 10~ to
45x 107 m%s and storage coefficient ranges from
0.2 x 107 and 1.4 x 10™ (Mamou 1989).

The CI has its recharge source in the Algerian Atlas
Mountains. It is mainly confined and discharges in the
Chotts of Tunisia and in the Gabes gulf (Mediterranean
Sea, Fig. 1) (Guendouz et al. 2003).

Geothermal water is utilized mainly: in agriculture ; to
help irrigate oases, to heat and irrigate greenhouses, for
bathing purposes and in some cases for watering of animals
(El Guedri 1999).

The CT aquifer

The CT aquifer is hosted in the Upper Cretaceous and
Tertiary formations.

The CT formations are relatively heterogeneous and are
composed of three main aquifer horizons separated by
semi-permeable to impermeable strata. The main produc-
tive levels are located either in the carbonated levels of the
Upper Cenomanian (Zebbag Formation in Gafsa region)
and Upper Senonian (Abiod Formation in Kebili region) or
in the Tertiary sandy formation (Beglia Formation in
Tozeur region).

Zebbag formation (Cenomanian-Turonian)

Represented in Tozeur by two distinct members: at the
base, dolomite and chalky dolomite with a thickness
varying between 120 and 150 m and at the top by inter-
calations of marl, clay, gypsum and thin levels of lime-
stone. The thickness of the superior member of this
formation varies between 300 and 400 m.

Abiod formation (Senonian)

In Tozeur region, the Upper Senonian is formed by flag-
white limestone and chalky marl levels, reaching 100 to
200-m thickness. The lower Senonian starts by an inter-
calation of limestone and gypsum and can reach a thickness
of 500 m in the Hazoua region.
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Beglia formation (Mio-Pliocene)

It is constituted by coarse sand with thin levels of red clay
and quartz. The thickness of sand ranges from 250 to
300 m. At Draa Djerid Ridge, where the Beglia outcrops, it
is only 50 to 120-m thick. Beglia Formation is covered by a
thick clayey Formation (Segui), whose thickness varies
between 200 and 500 m, to reach under the Chotts 700—
800 m.

Transmissivity of the CT aquifer, obtained from
pumping tests, ranges from 0.1 x 107 to 4.5 x 107> m%/s
in Beglia formation.

Most of the recharge of CT aquifer occurs at outcrops
around the margins of the Grand Erg Oriental (southern-
west study area, in Algeria), although there is some minor
recharge by direct infiltration from the Grand Erg Oriental
itself. Discharge from the aquifer occurs by vertical per-
colation at the sabkha surfaces, upwelling at natural springs
and spring mounds, and upwelling from water wells. Most
of this discharge is concentrated in southern Tunisia around
Chott Djerid, where natural upwelling occurs at a relatively
constant rate throughout the year (Coque 1962).

The principal areas of recharge are in South Atlas
Mountains of Algeria, in Dhahar uplands (Tunisia) and
Tunisian Atlas. The discharge area is in Chotts area (Fig. 1).

The Plio-Quaternary aquifer

Quaternary features on the northern margin of the Chott El
Gharsa basin consist primarily of alluvial fans, glacis and
terraces.

The southern margin of Chott El Gharsa Basin is very
different from the northern margin. Instead of terraces,
most of the Quaternary stratigraphic units on the southern
margin are discontinuous, wind-eroded outcrops that have
been interpreted as eolian, sabkha, and lacustrine deposits
(Swesey 1997).

Clayey Segui Formation is considered as the footwall of
Quaternary sequence (Mamou 1989) and has been reached
by several wells at southern and northern Chott el Gharsa
depression.

Quaternary formation on the northern margin of Chott
El Gharsa is much thicker (270 m at Oudia PQ) and is
formed by alternation of sand, clayey sand and sandy clay
with thin quartz gravel levels. Gypsum is generally asso-
ciated with a fine to medium grain to clayey sand horizons.

The Plio-Quaternary deposit contains a phreatic aquifer,
which is exploited especially as irrigation complement in
Tozeur, Nefta and Hezoua oases. This aquifer is essentially
recharged by the excess of irrigation water coming from CI
and CT deep aquifers, in oases area. Out of theses culti-
vable zones, the PQ aquifer is recharged during the rare
rainfall events. The main subsurface flow direction is
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toward south (toward Chott Djerid) southern Draa Djerid
Ridge, and toward north (toward Chott El Gharsa) northern
Draa Djerid ridge.

Results and discussion
Hydrochemical study

The pH, temperature, EC, TDS and major ion concentra-
tions for water samples from the CI, CT and PQ aquifers are
presented in Table 1. Only analyses of water whose charge
balance errors are less than 5% are used in this study.

Samples collected from the CI aquifer are characterized
by high temperature varying from 60 to 74°C. However,
low temperature ranging from 22 to 39°C characterizes CT
and PQ groundwater.

EC in the groundwater CI samples ranges from 2,390 to
4,400 pS/cm. Those of the CT aquifer vary between 2,380
and 9,360. Higher values have been found between Chott
El Gharsa and Metlaoui-Gafsa Mountain. EC Shallow PQ
samples values are very close and range from 5,800 to
6,300 uS/cm.

A total of 43 groundwater samples from the three
aquifers and spring samples were collected (Fig. 4) during
June 2003. Samples were immediately conditioned in
hermetic polyethylene bottles (unacidified) and sent to the
laboratory, two days after the campaign.

The major cation (Ca, Mg, Na and K) and anion
(C1,SO,4) concentrations were determined by liquid-ion
chromatography (HPLC Beckman type) located at the
Laboratory of Radio-analyses and Environment/National
Engineering School of Sfax (Tunisia). The chromatograph
was equipped with columns for cations, using H,SO, as
eluant, and columns for anions, using Na,CO3; and NaH-
COj; as eluant. The relatively high salinity of samples re-
quired dilution and filtration (hand-held syringe using 0.45-
pm membrane filters) before analyses. The alkalinity was
measured by titration with 0.1N HCI (in field) and 0.02N
H,SO, (in laboratory).

Electro Neutrality results show non-significant deviation
(less than 5%), and duplicate analyses were not done.

The major ion composition from 43 representative water
analyses is shown in the Piper diagram (1944), where the
relative content of a cation or an anion is defined as the
percentage of the milliequivalent per litre (meq/l), respec-
tively, of the total cations or total anions. SOy, Cl, Na and
Ca are major contributors for most waters. Two main
groundwater types are differentiated: Na—Cl and Ca—SO,—
Cl (Fig. 5).

The total dissolved solids of many of water samples is
quite high (1,600-6,560 mg/l) and this is the result pri-
marily of the dissolution of evaporite minerals (Table 1).
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Table 1 Physico-chemical parameters of groundwater

No. Sample Aquifer Region Catch (m) pH T°C EC (uS/cm) TDS (mg/l)
1 Ali Ben Ammar Merzougui 7 7.9 23 6,300 5,180
2 Boujemaa Merzougui PQ Chott El 9 8.1 23 6,060 5,040
3 Oudia PQ Gharsa 106 7.2 25 5,840 4,600
4 Oudia PDIARI 72 7.6 26 6,150 4,600
5 O, Shili 3 505 7.8 30 5,370 5,000
6 Segdoud 3 870 7.6 39 5,400 4,820
7 Gouifla 8 CT Chott El 538 7.9 35 6,450 6,000
8 Ain Bidha Camp Maest Gharsa Spring 7.5 22 5,270 3,690
9 Sce Chebika Camp-Maes Spring 7.5 27 4,257 2,980
10 Ain Morchane Eoc Spring 7.5 25 9,360 6,560
11 Draa CRDA 56 7.2 28 2,400 1,930
12 IBC 14 502 7.6 29 3,960 3,200
13 Hamma 9b 90 74 30 7,980 5,900
14 Neflayet 2 240 7.1 33 4,260 3,250
15 Jhim 1 b 482 73 30 3,050 2,240
16 IBC 7 634 7.2 29 3,970 3,100
17 Rgherdgaya 4 285 7.1 31 3,840 3,210
18 Hotel Sarra 50 6.8 28 4,760 4,000
19 Moncef 3b 561 7.2 31 3,420 2,680
20 Mrah Lahouar 6 555 7.3 31 3,200 2,320
21 Chemsa 1 b 591 7.2 30 3,860 3,100
22 Castilia 3b 85 74 30 2,910 1,960
23 Tozeur 9 74 7.6 25 2,750 2,000
24 El Faouz CT Djerid 403 6.8 30 3,980 2,900
25 Choucht Zerga 385 7.8 28 3,970 2,900
26 El Farej 2 362 7.3 30 4,060 3,200
27 Nefta 12 71 7.1 29 3,760 3,100
28 Nefta SONEDE 91 7.2 29 3,270 2,300
29 Htam 666 7.2 37 4,820 3,100
30 Mzara 323 74 25 3,820 2,500
31 Hazoua 1 ter 473 7.4 29 3,730 2,700
32 Ain Ouled Ghrissi 443 73 29 3,720 2,700
33 Degache CT 125 7.7 23 2,690 1,700
34 Ain Torba 1 ter 75 7.6 30 2,380 1,600
35 Koudiet Lakoua 414 7.4 27 4,010 3,100
36 Hamma 21 219 7.2 32 3,900 2,900
37 Hamma 14b 98 7.6 30 3,600 2,600
38 Nefta CI3 2,126 7.6 66 4,400 3,500
39 Hamma CI 4 1,368 8.2 69 3,510 2,860
40 Ceddada CI CI Djerid 2,257 7.9 74 3,200 2,470
41 Hazoua CI 1,870 7.0 60 2,390 1,800
42 Mahacen CI 2 1,370 6.9 69 3,160 2,300
43 Hamma CI 1bis 1,444 7.5 73 3,230 2,742

Bivariate diagrams of major elements are used in order
to separate different mechanisms that contribute to
groundwater salinization. In particular sodium (Fig. 6a) is

positively correlated with chloride. This indicates the
possible dissolution of gypsum-bearing rocks relatively
abundant in the aquifers.
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Normally, gypsum dissolution produces Ca and SO, in
one-to-one equivalent ratio. However, for the Djerid-Chott
El Gharsa groundwater samples, the plot of SO, versus Ca
(Fig. 6b) shows a relative Ca depletion. On the other hand
SO, versus (Ca + Mg). Figure 6¢, shows a good positive
correlation. Thus, the deficiency of calcium is probably
related to carbonate precipitation. Carbonates replacing
evaporates (anhydrite/gypsum) are microbially generated
by bacterial sulphate reduction, based on '*C values that
support an organic origin of the carbon (Henchiri et al.
2006)

To study this assumption, saturation state of the waters
with respect to gypsum, dolomite, calcite and halite were
performed using WATEQP. Saturation conditions can be
expressed as the ratio between IAP (ion activity product)
and K (solubility product), for example as the saturation
state Q2 = IAP/K.

@ Springer

Thus for Q = 1, there is equilibrium, Q > ( supersatu-
ration and Q < 1 subsaturation. For larger deviations from
equilibrium, a logarithmic scale can be useful like the
saturation index SI. Normally, however, equilibrium is not
found and then the saturation state merely indicates in
which direction the processes may go; for subsaturation
dissolution is expected, and supersaturation suggests pre-
cipitations (Appelo and Postma 1994).

Most of the water sampled are saturated with respect to
calcite (SI < 1, Fig. 7¢) and Sl ., 1S approximately cor-
related versus respective species. Calcite precipitation may
occur systematically for all groundwater samples. (Except
for Oudia PDIARI, Hamma CI4 and Ceddada CI).

Thirteen samples are not saturated with respect to
dolomite (Fig. 7d) and Slgojomite iS not well correlated
versus respective species. Dolomite dissolution is less ex-
pected than calcite dissolution in Tunisian Chott’s region.

For all groundwater samples, there is an equilibrium
state  with gypsum (1 <SI<-1). Slypeum versus
(Ca2+ + SO?{) positively well correlated, reinforces
strongly gypsum dissolution (Fig. 7b).

The same equilibrium state with halite, reinforcing
evaporates dissolution, is noticed (Fig. 7a).

Figure 6d shows a positive correlation between
(HCO; + SOy4) versus (Ca + Mg) reinforcing evaporites
and carbonate dissolution minerals (Kamel et al. 2006).
However, shallow samples form a group trending away
from the dissolution line probably in relation with the
carbonate precipitation process kinetic under evaporative
conditions.

Isotopic study

Stable isotope (‘*0, ?H) analyses were performed at the
“IAEA Laboratories, Vienna”, by using standard methods.
Hydrogen and oxygen isotope analyses were made by
respectively employing the standard CO, equilibration
(Epstein and Mayeda 1953) and the zinc reduction tech-
nique (Coleman et al. 1982), followed by analysis on a
mass spectrometer. All oxygen and hydrogen isotopes
analysis are reported in the usual d notation relative to
Vienna-Standard Mean Oceanic Water (VSMOW) stan-
dard, where ¢ = [(RS/RSMOW) — 1] x 1000; RS repre-
sents either the '%0/'°0O or the 2H/'H ratio of the sample,
and RSMOW is '®0/'°O or the *H/'H ratio of the SMOW.
Typical precisions are +0.29/, and +2.09,, for the oxygen
and deuterium, respectively.

Radiocarbon analyses were done at the Laboratory of
Radio-analyses and Environment/National Engineering
School of Sfax (Tunisia), by scintillation counting on CgHg
synthesized from BaCO, stripped in the field from 100-1
water samples. Results are reported as percentages of
modern carbon (pm C) (Table 2).
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Deuterium and oxygen-18 composition of groundwater

The stable isotope ratios (5180, 52H), can be used in the
present study to obtain information on the possible source of
water, its mode of recharge and whether it forms part of the
modern hydrological regime or constitutes paleowater. The
composition of CI and CT groundwater beneath the study
area has a signature, which is significantly more depleted
than modern rainfall recorded in Sfax City (—4.6 5'%0/-23.3
0°H). Theses isotopic signatures are characteristic of pa-
leowaters in North Africa and agree with the results of
several authors, obtained in southern Tunisia (Edmunds
et al. 2003; Zouari et al. 2003; Kamel et al. 2005).

The observed variation in stable isotope content in deep
CI wells ranges from —7.5 to —7.3 for §'*0 and from —60 to
—55 for 6°H. The data for Djerid and Chott El Gharsa CT
wells and springs show a 5'®0 content variation of —7.29 to
—4.11 for 6°H.

The stable isotope composition of shallow PQ aquifer is
represented by four samples and ranges from —7.24 to —
6.65 for the 6'%0 and from —52 to —459%, for 5°H (Table 2).

In Fig. 8, the 6'%0 and 6°H data of all groundwater
samples were plotted together with the Global Meteoric

Ca + Mg (meg/l)

Water Line (GMWL) (Craig 1961) and the regional
Meteoric Line of the Sfax city SMWL (SMWL : 6°H = 8
8'80 + 13.5 (Maliki 2000; Celle et al. 2001), located at a
distance of 300 Km in Mediterranean costal eastern study
area.

The plot of 5180 and 8°H (Fig. 8) shows that there is a
clear separation between two groups in respect with their
position regarding GMWL and SMWL.

Group A samples lie widely below the SMWL and en-
closes CI and CT Ca-SO,—Cl type groundwater sampled
beneath the Djerid region.

Groundwater of the deep CI aquifer has relatively
homogenous isotopic signatures; those of CT present a
larger signatures isotopic range (—4.13/-6.94 6'%0 and
~52/-42 §°H).

CI and CT isotopic data define in group A, a line with a
slope lower than the GMWL and SMWL. This line can be
interpreted as evaporation line instead of as a mixing line
between CI and CT groundwater. These changes in isotopic
pattern are typical for waters that have been affected by
evaporation in closed-basin lakes (Kharaka and Carothers
1968) and in fossil lakes where isotope composition re-
mains in the pore water of the low permeability sediments
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(Ortega et al. 1997). The first situation seems to prevail in
Tunisian Chott’s region

Group B samples lie on or just below the regional Sfax
Meteoric Water Line and GMWL enclosing Chott El
Gharsa Na—Cl type groundwater samples.

The composition of isotopic data, in this group, has a
signature, which is significantly more depleted than modern
rainfall recorded in Sfax City, supporting an enrichment
from the parent rainfall and it is probable that the latter would
have originated from a rainfall with 6'%0 value of about
—10 9%, (obtained by intersection between the mean passing
by the representative samples of A group and GMWL).

Therefore, the radiocarbon results indicate that a com-
ponent of modern water is present in the springs and also in
the shallower boreholes in Chott El Gharsa region.

Carbon-14 tracer and infiltration periods
The evolution of groundwater in CI and CT aquifers has
been described from an area which today is completely arid

but which is known from past climatic records to have been
wetter in the late Pleistocene and Holocene (Petit Maire

@ Springer

Ca®* + Mg* + HCO; (meq/l)

A\ Spring (CT) [ Continental Intercalaire

and Riser 1982; Gasse 2000; Maley 2000). The radiocar-
bon data show an abrupt trend, from about 0% modern
carbon concerning CI groundwater to about 34% in CT
groundwater (Table 2)

The results from the CI and CT may be compared with
the regional trends recorded in the stable isotope record in
dated groundwaters across northern Africa (Sonntag et al.
1997; Edmunds et al. 2003). Air mass circulation over
Africa during the late Pleistocene was significantly differ-
ent from the present day, with evidence of a reinforcement
and southward shift of the Atlantic westerly flow across the
present Sahara during the period. A corresponding decline
of monsoon rains also occurred at this time. Evidence then
is found for a northward extension of the African monsoon,
with increased rainfall intensity notably during the early to
mid-Holocene, coinciding with a retreat of the Atlantic
system to the north.

The groundwater isotopic evidence in different places
records strong variations in humidity of the air masses
supplying moisture across the continent at different times
over the past 30,000 years.

According to correspondence carbone-14 (%)/Infiltration
period (age) scaling by several authors in Saharan platform
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Table 2 continued
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0.27
0.42
0.69

-54.6
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-56.4
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Fig. 8 6'%0/6°H diagram of the groundwater

and North Africa (Edmunds et al. 1997; Guendouz et al.
2003), 80 data (%,) are plotted against 4c (% modern) for
CI and CT groundwaters in the study area (Fig. 9).

The range in pcm (0.27-0.69) in the CI deep ground-
water corresponds with Pleistocene recharge (Fig. 9).

Most CT samples correspond to late Pleistocene period.
It is worth noticing that in the same period, four samples
from deep boreholes (oldest) were isotopically more en-
riched (—4.53 and —5.19'%09,), in contrast with younger
water at the end of the same period and Holocene age
(=5.72 and —7.2'*09%,,).

Only Ain Morchane Spring and Shallow Oued Shili 3
shallow borehole located at Northern east study area cor-
respond to Holocene recharge period (Fig. 9).
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Conclusion

The Chott’s Djerid hydrogeological aquifer system con-
stitutes the discharge areas of deep CI and CT groundwater
where there is also the risk of highly saline near-surface
waters from the Chotts being drawn down and entrained
during abstraction.

A detailed hydrogeochemical survey made on Tunisian
Chott’s region has provided data on groundwater chemistry
patterns and on the main process of water mineralization.

It shows two main groundwater types: Na—Cl and Ca—
SO,—ClL.

Two major mechanisms are responsible for groundwater
composition (1) evaporite dissolution and (2) carbonate
precipitation. The first process is well known. The second
process is confirmed by silification of sulphate evaporites
and their carbonate replacements in study area sediment
(Henchiri 2006).

Saturation state of waters with respect to gypsum,
dolomite, calcite and halite reinforce mineralization
assumption.

Isotopic study shows two groups.

Group A encloses CI and CT Ca-SO4—Cl type ground-
water sampled beneath the Djerid region. CI and CT iso-
topic data define group A affected by evaporation in
closed-basin lake conditions.

Group B samples enclose Chott El Gharsa Na—Cl type
groundwater samples.

The composition of isotopic data has a signature which
is significantly more depleted than modern rainfall in Sfax
city, supporting an enrichment from the parent rainfall with
580 value of about —10 %,.

Carbon-14 tracer evidences late Pleistocene and Holo-
cene as infiltration period, respectively, of CI end CT
groundwaters.

The natural salinities already give cause for concern,
being close to or above the limits of use, both domestic
and agricultural. The groundwaters of CI and CT provide
a large reserve of relatively low salinity water which
needs to be carefully managed, possibly enhanced in the
future by desalinization to provide water of higher
quality.

References

Appelo CAJ, Postma D (1994) Geochemistry, groundwater and
pollution. 2nd edn. A.A. Balkema, Rotterdam

Castany G (1982) Bassin sédimentaire du Sahara septentrional
(Algérie-Tunisie)—Aquiféres du Continental intercalaire et du
Complexe Terminal. Bulletin Bureau Recherches Géologiques
Miniéres (BRGM). Série 2.3. 127-147

Celle H, Zouari K, Travi Y, Daoud A (2001) Caractérisation
isotopique des pluies en Tunisie. Essai de typologie dans la
région de Sfax. CR Acad Sci Paris 6:625-631

Coleman ML, Shepherd TJ, Durham JJ, Rouse JE, Moore GR (1982)
Reduction of water with zinc for hydrogen isotope analysis. Anal
Chem 54:993-995

Coque R (1962) La Tunisie présaharienne: étude géomorphologique.
Armond Colin, Paris

Craig H (1961) Isotopic variations in meteoric water. Science
133:1702-1703

Edmunds WM, Shand P, Guendouz AH, Moula A, Mamou A, Zouari
K (1997) Recharge characteristics and groundwater quality of
the grand Erg oriental basin. Tech. Rep. Wd/97/46R, Vienna

Edmunds WM, Guendouz AH, Mamou A, Moula A, Shand P, Zouari
K (2003) Groundwater evolution in the Continental Intercalaire
aquifer of southern Algeria and Tunisia: trace element and
isotopic indicators. Appl Geochem 18:805-822

Epstein S, Mayeda TK (1953) Variations of '®0 content of waters
from natural sources. Geochim Cosmochim Acta 4:213-224

El Guedri M (1999) Assessment of scaling and corrosion problems in
the Kebili geothermal field, Tunisia. Report 1 in: Geothermal
Training in Iceland 1999, UNU G.T.P. Iceland, pp 1-40

Gasse F (2000) Hydrological changes in the African tropics since the
Last Glacial Maximum. Quat Sci Rev 19:189-211

Guendouz A, Moulla AS, Edmunds WM, Zouari K, Shand P, Mamou
A (2003) Hydrogeochemical and isotopic evolution of water in
the Complex Terminal aquifer in the Algerian Sahara. J Hydrol
11:483-495

Hrnchiri M, Slim-S’Himi N (2006) Silification of sulphate evaporites
and their carbonate replacements in Eocene marine sediments,
Tunisia: two diagenic trends. Sedimentology, pp 1-25

Kamel S, Dassi L, Zouari K, Abidi B (2005) Geochemical and
isotopic investigation of the aquifer system in the Djerid-
Nefzaoua basin, southern Tunisia. Environ Geol 49:159-170

Kamel S, Dassi L, Zouari K (2006) Approche hydrogéologique et
hydrochimique des échanges hydrodynamiques entre aquifers
profon et superficial du basin du Djérid, Tunisie (Hydrogeolog-
ical and hydrochemical approach of hydrodynamic exchanges
between deep and shallow aquifers in the Djerid basin Tunisia).
IAHS 51:713-730

Kharaka YK, Carothers WW (1968) Oxygen and hydrogen isotope
geochemistry of deep basin brines. In: Fritz JCF (ed) Handbook
of environmental isotope geochemistry, 2. The terrestrial envi-
ronment B, Elsevier, Amsterdam, pp 305-353

Maley J (2000) Last glacial maximum lacustrine and fluviatile
formation in the Tibesti and other Saharan mountains, and large
scale teleconnections linked to the activity of the Subtropical Jet
Stream. Global Planet Change 26:105-120

Maliki MA (2000) Etude hydrogéologique, hydrochimique et isotop-
ique de systeme aquifere de Sfax (Tunisie). These Doctorat
Univ., de Tunis 11

Mamou A (1989) Caractéristiques et évaluation et gestion des
ressources en eau du Sud tunisien. Thése Doctorat. Univ. de
Paris Sud. France

Ortega GA, Cherry JA, Aravena R (1997) Origin of pore water and
salinity in the lacustrine Aquitard overlying the regional aquifer
of Mexico City. J Hydrol 197:47-69

0SS (2003) Systeme aquifére du Sahara septentrional. Observatoire
du Sahara et du Sahel. Tech. Rep. 9973-856, Tunis

Petit Maire N, Riser J (1982) Sahara ou Sahel: Quaternaire récent du
bassin de Taoudenni, Mali (Sahara or sahel, recent quaternary of
the Taoudenni region in Mali). CNES, Lamy

Piper AM (1944) A graphic procedure in the geochemical interpre-
tation of water-analyses. Trans Am Geophys Union 25:914-923

Sonntag C, Klitsch E, Lohnert EP, El Shazly EM, Munnich KO,
Junghans Ch, Thorweihe U, Weistroffer K, Swailem FM (1997)
Paleoclimatic information from deuterium and oxygen-18 in
carbon-14 dated north Saharan groundwaters. In: Isotope
hydrology 1978, Vienna. IAEA, pp 560-581

@ Springer



Environ Geol

Swezey C (1997) Climatic and tectonic controls on Quaternary eolian
sedimentary sequences of The Chott Rharsa Basin, southern
Tunisia. PhD Dissertation, The University of Texas at Austin
(USA)

Swezy C (2003) The role of climate in the creation and destruction of
continental stratigraphic records: an example from the northern
margin of the Sahara desert. SEPM (Society for Sedimentary
Geology). Special Publ 77:207-225

@ Springer

UNESCO (1972) Etude des ressources en eau du Sahara Septentri-
onal. Tech Rep 6:44

Yermani M (2002) Contribution a 1’étude du fonctionnement
hydrodynamique du syst¢me aquifére de Gafsa Nord (Tunisie
centrale). Thése Doctorat Univ. de Tunis II

Zouari K, Chkir N, Ouda B (2003) Palaeoclimatic variation in
Maknassi basin (central Tunisia) during Holocene period using
pluridisplinary approaches. IAEA. Vienna. CN 80-28



	The hydro geochemical characterization of ground waters �in Tunisian Chott&rsquo;s region
	Abstract
	Introduction
	Study area
	Geology and hydrogeology
	The continental intercalaire aquifer
	Bou Dinar formation (Hauterivian-Barremian)
	Sidi Aich formation (Aptian)

	The CT aquifer
	Zebbag formation (Cenomanian-Turonian)
	Abiod formation (Senonian)
	Beglia formation (Mio-Pliocene)

	The Plio-Quaternary aquifer

	Results and discussion
	Hydrochemical study
	Isotopic study

	Deuterium and oxygen-18 composition of groundwater
	Carbon-14 tracer and infiltration periods
	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


