
Introduction

The complex terminal (CT) is an immense multilayered
aquifer hosted in geological formations extending from
The Senonian to The Miocene. This aquifer is shared
between Algeria, Tunisia and Libya and covers
approximately 350,000 km2. Its total volume is not known
with great precision because of the lateral variation of its
thickness and lithologic facies (Swezy 1999).

Despite uncertainties about the exact size of this
aquifer system, it is certain that more water is being re-
moved from its resources than is replenished by recharge
(Castany 1982). Indeed, in the Djerid-Nefzaoua region,
southern Tunisia, about 80% of water demand is sup-
plied by the CT aquifer. However, 20% of this demand is
provided by other hydraulically connected aquifers,
namely the underlying continental intercalaire (CI)
aquifer and the overlying Plio-Quaternary aquifer (PQ).
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Abstract In the Djerid-Nefzaoua
region, southern Tunisia, about 80%
of agricultural and domestic water
supply is provided by the complex
terminal (CT) aquifer. However,
20% of this demand is provided by
other hydraulically connected aqui-
fers, namely the continental inter-
calaire (CI) and the Plio-Quaternary
(PQ). Overexploitation of the CT
aquifer for agricultural practices has
contributed to the loss of the arte-
sian condition and the decline of
groundwater level which largely in-
creased the downward leakage from
the shallow PQ aquifer. Excess irri-
gation water concentrates at differ-
ent rates in the irrigation channels
and in the PQ aquifer itself. Then, it
returns to the CT aquifer and mixes
with water from the regional flow
system, which contributes to the
salinization of the CT groundwater.
A geochemical and isotopic study
had been undertaken over a 2-years
period in order to investigate the
origin of waters pumped from the

CT aquifer with an emphasis on its
hydraulic relationships with the un-
derlying and the overlying CI and
PQ aquifers. Geochemistry indicates
that groundwater samples collected
from different wells show an evolu-
tion of the water types from Na-Cl
to Ca-SO4-Cl. Dissolution of halite,
gypsum and anhydrite-bearing rocks
is the main mechanism that leads to
the salinization of the groundwater.
Isotopic data indicate the old origin
of all groundwater in the aquifer
system. Mixing and evaporation ef-
fects characterizing the CT and the
PQ aquifers were identified using
d2H and d18O relationship and con-
firmed by the conjunction of d2H
with chloride concentration.
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It has been established that the CT consists of several
hydraulically connected horizonswith different carbonate
and sandstone lithologies (UNESCO 1972; Edmunds
et al. 1997). Original conditions in this aquifer system
were artesian (Mamou, 1989). However, during the last
decade, groundwater abstraction has frequently increased
tomeet the population demand for irrigation practices.At
present more than 200 boreholes, with a depth ranging
from 70 to 800 m, tap the different aquifer levels with a
mean exploitation of 170 Mm3/year (OSS 2003). This
overexploitation created a transient state whose main
short-term consequences were water level decline, loss of
artesian condition and dry up of discharge areas (OSS
2003). Associated with these deleterious consequences,
severely increasing over time, some water quality de-
gradation was registered in several zones of the basin.

The main objective of this study is to integrate major
and minor ion geochemistry with isotopic tools in order
to identify the hydrochemical processes occurring be-
tween water and rock and to provide information about
the origin and migration pathways of groundwater.

Study area

The Djerid basin is located in south-western Tunisia
between the longitudes 7�30¢–8�30¢ east and the latitudes
33�00¢–34�00¢ north. It is limited in the west by the Al-
gerian frontier, in the north by the mountains of the
northern Chott chain and in the east by Matmata hills
and Dhahar uplands. The southern limit is constituted
by the sand dunes of the ‘‘Grand Erg Oriental’’ (Fig. 1).

The Djerid region is characterized by an arid type
climate with a mean annual precipitation of less than

100 mm. The mean annual temperature is 21�C and eva-
potranspiration rate exceeds 1,700 mm/year. The
drainage network is insignificant. It is mainly constituted
by the Dghoumes and Moncef non-perennial Wadis
which collect runoff water from the northern Chott
mountains.

Geology and hydrogeology

A geological map of the study area and a representative
NW–SE cross section are shown in Figs. 1 and 2. The
oldest deposits of the Lower Cretaceous limestone,
mudstone and shale are found in the south-east and
dip to the north-west. These formations repose un-
comformably on the Jurassic bedrocks.

The hydro-stratigraphic units in The Djerid-Nef-
zaoua basin are shown in the Table 1 and in the NW–SE
cross section (Rouatbi 1977). These units consist of three
main aquifer systems namely, from the top to the bot-
tom: the PQ, the CT and the CI.

The Plio-Quaternary aquifer

The PQ deposit is constituted by a sequence of sand and
clay which extends over the entire basin (Coque 1962). It
contains a phreatic aquifer exploited especially in The
Djerid region, where the sedimentation reaches its
maximum thickness (about 200 m). The PQ deposit lies
uncomformably and indiscriminately over the CT
formations which constitute the intermediate aquifer
(Mamou 1989).

Fig. 1 Location and geologic
map of the study area
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The Complexe Terminal aquifer

Hydrogeologically, the ‘‘CT’’ groups under the same
term several aquifers combining different geological
formations. In The Djerid-Nefzaoua basin these aquifers
constitute two lithostratigraphic units: (a) The Senonian
limestone and (b) The Miocene sands (Table 1).

The above-mentioned cross section (Fig. 2) shows
that the Senonian limestone rocks, extending over the
whole basin, form the main CT aquifer system in the
Nefzaoua region. However, in the Djerid region the
Miocene sands constitute the main aquifer of the CT
because of its considerable thickness reaching upto

120 m. These two Senonian and Miocene formations are
found near the surface in The Nefzaoua region, al-
though, in the Djerid they dip to depths between 300 and
700 m (UNESCO 1972).

In the Djerid, the thickness of the CT aquifer ranges
from 80 to 120 m and its depth varies between 80 and
700 m (Mamou 1989). In Nefzaoua, the thickness of this
aquifer is between 30 and 200 m; and its depth varies
between 70 and 250 m (Rouatbi 1977).

Transmissivity of the CT aquifer, obtained from
pumping tests, ranges from 0.5·10)3 m2/s to
15·10)3 m2/s in the carbonate aquifer and from
0.1·10)2 m2/s to 4.5·10)2 m2/s in the sandy aquifer

Table 1 Hydrogeological, stratigraphic units and geological formations in the aquifer system

Hydrogeological
units

Stratigraphic
units

Djerid region Nefzaoua region
Formation name/lithology Formation name/lithology

Plio-Quaternary
(PQ)

Quaternary Unnamed quaternary terraces/
Sands and clay with some gypsum

Unnamed quaternary terraces/
Sands and clay with some gypsum
Pliocene totally absent
Miocene totally absent

Pliocene Unnamed/sandy clay
Complex Terminal
(CT)

Miocene Beglia and Segui/sands and clay
Senonian Abiod/fissured limestone Abiod/fissured limestone

Aquitard Santonian-Coniacian Aleg/sandy clay Aleg/sandy clay
Turonian-Cenomanian Zebbag/limestone and

clayey dolomite
Zebbag/limestone and
clayey dolomite

Continental
Intercalaire (CI)

Aptian-Albian Orbata/sandstone, limestone
and marl

Orbata/sandstone, limestone
and marl

Aptian Sidi Aı̈ch/sands and sandstone Sidi Aı̈ch/Sands, sandstone and dolomite
Barrem.-Aptian Bouhedma/silt, clay and dolomite Wood sandstone series/sandstone
Hauterv-Barrem. Boudinar/clay and sandstone Kbar el Haj series/sands and sandstone
Valanginian-Hauterv. Sidi kralif/clay

Substratum Jurassic Nara/limestone, dolomite
and clay

Nara/limestone, dolomite and clay

Fig. 2 Hydrogeological cross
section in the Djerid-Nefzaoua
basin
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(Mamou 1989). These ranges depend essentially on the
heterogeneity of the aquifers in relation to the degree of
fissuring and the size of sand grains.

The tectonic activities are of determinant role in the
compartmentalizing of the CT and the underlying CI
aquifer in the Djerid. Indeed, the normal faults limiting
the so-called ‘‘Tozeur uplift’’ (Figs. 1 and 2) have largely
contributed to the isolation of this aquifer section from
the flow coming from the extreme south of the country
towards the Chotts (Zargouni 1986). Only the flow
component, coming across the Algerian-Tunisian border
seems to ensure hydraulic continuity between the dif-
ferent compartments of the CT and CI aquifers in the
Djerid (Guendouz et al. 2003).

The main groundwater flow direction, from the
south-east to the north-west, converges to Chott Djerid
and Chott Gharsa depressions, which constitute the
main discharge areas of the CT. The flow from the Se-
nonian carbonates to the Miocene Pontian sands takes
place under the relatively high piezometric pressure, just
in the south of the Chott Djerid. There, the freshwater of
the Miocene aquifer is protected from saline surface
water of the Chotts by 300–400-m-thick clay layers of
similar age (Edmunds et al. 1997). The hydraulic gra-
dient varies correspondingly to the variation of aquifer
lithology from carbonates in Nefzaoua to sandstones in
Djerid. This gradient ranges from 0.1 to 5& in Nefzaoua
and from 1 to 5& in the Djerid (UNESCO 1972).

The CT aquifer is generally confined in the Djerid
region. It produces a maximum head of 40 m above the
ground surface (UNESCO 1972) which steadily declined
under intensification of pumping. However, it is phreatic

in the east of Nefzaoua region, close to the Dhahar hills
and near the Tozeur uplifted ridge, where the Miocene
sands crop out (Edmunds et al. 1997).

The recharge to the CT aquifer is probably from the
Dhahar uplands in the south-east and from the northern
chain of Chotts in the north. Direct infiltration of
rainfall through the superficial PQ deposit and return
flow waters could also constitute other source of re-
charge (Aranyossy and Mamou 1985).

The Continental Intercalaire aquifer

The aquifer is a huge groundwater reservoir of Lower
Cretaceous (Valanginian, Hauterrivian, Barremian,
Aptian and Albian) age. Its geology has been described
by Cornet (1964), Bishop (1975) and Castany (1982) and
an account is given here only of essential aspects relevant
to hydrogeological interpretation.

In the Djerid region, the aquifer extends from the
Gafsa-Metlaoui chain, which makes part of the Saharan
Atlas, to the extreme south of the country (Zargouni
1986). The geological formations hosting the CI aquifer
change in facies and in thickness from the Chotts area
towards the Saharan platform. Changes in sedimenta-
tion within the fluvio-deltaic continental deposits pro-
duce alternating layers of detrital beds with horizons of
clayey silt and gypsum intercalations (Edmunds et al.
2003).

In The Djerid the CI aquifer is about 180-m thick. It
has been observed within three permeable formations
(Table 1): (a) the Hauterrvanian-Barremian clayey

Fig. 3 Location of sampled
wells
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sandstone (Boudinar formation), (b) the Aptian sands
and sandstone (Sidi Aı̈ch formation), and (c) the Aptian-
Albian sandstone, limestone and marl (Orbata Forma-
tion). The main confined aquifer horizon is however the

Sidi Aı̈ch formation found at a depth between 1,300 and
2,200 m (Mamou 1986).

In the Nefzaoua region the stratigraphy of the CI
aquifer units is characterized by the deltaic terrigenous

Table 2 Physicochemical parameters of groundwater

N� Locality Aquifer T�C pH EC
(lS/cm)

TDS
(mg/l)

1 Haz F5 PQ 25 6.6 10,400 7,500
2 Ne foret PQ 24 8 7,000 5,280
3 A. Nasr PQ 21.5 7.3 7,050 5,540
4 L. zouni PQ 22 7.5 7,155 5,600
5 A. Legtari PQ 24 7.8 5,230 5,200
6 A Amamra PQ 25 7.72 9,030 6,800
7 K Rhouma PQ 24 7.1 10,000 7,700
8 M Tatta PQ 22.5 7.3 7,950 6,480
9 M zaeter PQ 21 6.88 8,260 6,280
10 Jhim Foret PQ 23 7.07 9,300 7,340
11 A Sekala PQ 22.5 7.2 7,580 6,500
12 A Jhimi PQ 22 7.82 9,870 7,580
13 H Maklouf PQ 22 7.46 10,550 7,040
14 B Touil PQ 21 6.84 10,710 7,640
15 B Hod PQ 21 7.31 5,920 4,940
16 Htam CT 37.4 7.5 5,000 3,100
17 Nefta 4b CT 29.9 7.5 4,000 3,200
18 IBC 10 CT 29.6 7.3 4,010 3,100
19 Chemsa 1b CT 30 7.5 3,930 3,100
20 Tozeur 8 CT 30 8.1 2,800 2,100
21 Ain Tor 3t CT 31 7.66 2,200 1,800
22 Ceddada 4b CT 35 7.73 4,300 3,190
23 Mzara CT 27 7.4 3,780 2,800
24 Garaet Jab CT 28 7.73 3,000 2,920
25 O Koucha CT 32 7.73 2,800 1,890
26 Hamma 15 CT 32.5 7.72 2,500 2,340
27 IBC 1 CT 26 7.52 4,200 3,240
28 A O Ghr CT 30 8 3,600 2,720
29 PK 14b CT 29.5 8.02 2,910 2,160
30 D CRDA CT 28 7.2 2,400 1,930
31 Ghardg 4b CT 31 6.96 3,800 3,310
32 Ham. 14b CT 34 7.21 4,900 4,290
33 Matrouh CT 28.4 5.57 3,490 2,940
34 B Roumi CT 27 7.47 3,940 3,010
35 Dghou 4 CT 37.5 8 5,300 4,100
36 Kriz 5 CT 32 7.21 6,360 4,100
37 Tazrarit 1 CT 35 7.7 8,400 5,880
38 Deg. Sen CT 33 7.66 2,600 2,420
39 Nefta 2bis CT 29 7.45 4,100 3,100
40 Manach 2b CT 28.8 7.25 3,060 2,020
41 Rej Matoug CT 26.8 6.01 2,510 2,316
42 Douz 2b CT 25 7.55 4,580 3,250
43 Jemna CT 24.3 6.12 1,700 1,470
44 Ras el Ain CT 26 6.42 4,620 4,560
45 Zafrana CT 30 7.24 3,850 3,240
46 Hazoua 1b CT 29.7 7.9 3,750 2,740
47 Nefta CI1 CI 70 7.34 5,130 3,368
48 Nef CI2 CI 66.6 7.1 3,400 2,665
49 Toz CI 2 CI 65.5 7.1 4,640 3,574
50 Toz CI3 CI 66 7.13 4,200 4,200
51 Ham CI2 CI 64 8.2 5,030 3,377
52 Ham CI 4 CI 62.9 7.3 3,460 2,811
53 Tazra CI CI 56.4 7.2 6,470 4,258
54 Ceda CI CI 71.1 6.9 3,360 2,401
55 Hazoua CI CI 62.7 7.0 2,390 1,766
56 Mahace CI1 CI 69.5 6.9 3,160 2,288
57 Hmm CI1b CI 69.9 6.9 3,470 2,742
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sediments. The geology and hydrogeology have been
largely described by Mamou (1989). However, it is
worth noting that the main aquifer of the CI in Nef-
zaoua is found in the Sidi Aı̈ch and Orbata formations

and mainly in the Neocomian sandstone of the Kbar el
Haj series. These formations repose uncomformably on
the Jurassic bedrocks (Table 1).

Table 3 Chemical and isotopic data of groundwater

N� Locality Ca 2+

(mg/l)
Mg2+

(mg/l)
Na+

(mg/l)
K+

(mg/l)
Sr2+

(mg/l)
Cl)

(mg/l)
SO4

2)

(mg/l)
HCO3

)

(mg/l)
NO3

)

(mg/l)
Br)

(mg/l)
d18O& vs
SMOW

d2H& vs
SMOW

1 Haz F5 880 312 500 18 6.2 1,148.5 2,385.8 183 3.8 0.8 )5.12 )49.1
2 Ne foret 800 120 506 36 7.8 875.4 2,342.4 104 7.8 0.8 )3.86 )43.6
3 A. Nasr 700 300 422 31 9.6 1,139.1 2,395.7 305 56.1 1.5 )5.32 )49.4
4 L. zouni 705 305 427 31.8 8.9 1,127.5 2,292.1 310 19.8 1.2 )3.53 )42.4
5 A. Legt 680 288 299 31.2 8.9 941.9 2,013.1 153 12.5 1.0 )4.58 )46
6 A Ama 780 226 874 46.8 9.5 1,438.5 2,437.1 366 24.2 2.1 )5.04 )43.9
7 K Rhou 640 312 1,104 39 1,953 2,688 226 )4.43 )44.7
8 M Tatta 780 300 403 27.3 750 2,688 183 )4.82 )49.2
9 M zaete 536 350 920 54.6 1,633 2,400 366 )4.9 )46.7
10 Jhim Fo 872 293 920 46.8 1,686 3,000 275 )3.19 )40.9
11 A Sekal 760 274 736 28.1 1,065 2,496 244 )3.48 )42.3
12 A Jhim 770 259 1,012 24.9 1,420 2,640 280 )3.63 )43.4
13 H Makl 584 226 1,449 17 2,308 1,680 244 )3.57 )42.5
14 B Toui 784 106 1,960 39 2,485 2,640 98 )4.71 )39.4
15 B Hod 656 206 690 27.3 977 2,112 104 )2.17 )28.9
16 Htam 215 122 500 18 4.4 514 1,224.3 168 10.6 0.5 )5.29 )49.3
17 Nef 4b 195 200 400 23 5.7 690 1,241.3 178 14.7 0.9 )5.11 )48.5
18 IBC 10 404 103 361 32 5.3 590.4 1,163.3 128 14.4 0.7 )4.99 )48.1
19 Chm 1b 400 96 276 18 5.3 617 1,048.8 188 16.4 0.7 )5.01 )47.9
20 Toz 8 160 101 329 4.8 1.9 527.1 575.7 125 16.5 0.4 )3.85 )43.6
21 A Tor 3t 170 96 242 16 2.0 416.9 672 122 22.7 0.5 )5.85 )51.3
22 Ced 4b 363 125 500 18 5.0 1,073 653 151 13.6 3.7 )5.98 )50.6
23 Mzara 256 158 403 14 604 1,056 122 )4.83 )47.4
24 Gar Jab 320 72 449 19.5 746 792 268 )4.77 )47.6
25 O Kouch 137 122 330 23 426 676 151 )4.79 )46.2
26 Ham 15 260 60 368 19.5 462 768 268 )4.08 )43.4
27 IBC 1 254 180 350 20 657 1,248 158 )4.75 )45.4
28 A O Ghr 320 144 276 10.2 960 497 183 )4.6 )46.9
29 PK 14b 184 149 292 15 500 864 102 )4.07 )45
30 D CRDA 194 190 169 3.8 494 664 143 )5.72 )51.8
31 Ghar 4b 624 34.9 280 23 390 1685 174 )6.11 )53.9
32 Ham 14b 400 144 345 15 497 1392 122 )5.44 )49.5
33 Matrouh 318.2 94.7 350 22 596.4 1,067.1 186 )4.02 )44.9
34 B Roumi 390 120 345 31 568 1,008 214 )5.04 )49.1
35 Dghou 4 387.4 96 838.8 0 1,751.3 878.4 136.1 )5.98 )51.74
36 Kriz 5 316 105 590 25.2 1,398 470 103 )6.06 )47.94
37 Taz‘1 320 182 1,600 0 2,449 971 137 )5.72 )49.2
38 Deg Sen 170 104 242 0 497 586 125 )4.82 )46.6
39 Nef ‘2bis 440 144 265 19.5 639 1,536 104 )4.81 )47.1
40 Man. 2b 216 110 299 23.4 462 768 153 )5.59 )48.9
41 R Matoug 318 95 350 22 596 1,067 186 )4.16 )45.2
42 Douz 2b 180 247 575 16 1,136 912 128 )5.48 )49.6
43 Jemna 136 42.1 185.6 10 340.8 349.7 137.3 )5.13 )45.9
44 Rasel Ain 418 195 686 20 1,125 1,461 213.5 )5.53 )49.6
45 Zafrana 400 144 391 31.2 817 1,248 183 )6.21 )54
46 Haz. 1b 233 131 407 19.5 639 1,075 128 )4.45 )46.4
47 Nefta CI1 412 66.5 520 69.6 6.9 600 1,510 140 0.5 2.0 )7.1 )58
48 Nef CI2 386 46 380 63 6.2 320 1,350 132 0.5 0.7 )7.5 )57.9
49 Toz CI 2 400 46 669 55 7.0 520 1,730 110 0.5 1.6 )7.4 )61.7
50 Toz CI3 390 46.3 327 60 6.4 366 1,320 110 0.3 0.8 )7.6 )61
51 Ham CI2 304 29.9 652 46.3 8.1 360 1,710 256 0.3 1.0 )6.8 )61
52 Ham CI 4 318 36 510 63 7.4 320 1,410 153 0.5 0.8 )7.4 )58.8
53 Tazra CI 395 40 996 114 1,680 827 199 )7.2 )56.9
54 Ceda CI 348 40 337 91 446 988 150 )7.4 )54.6
55 Haz. CI 285 57 182 61.5 286 757 136 )7.3 )57.3
56 Mah. CI1 355 41 277 89 371 975 179 )7.4 )56.4
57 Ha. CI1b 337 37 460 63.4 305 1,400 139 )7.5 )59.6
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Materials and methods

A sampling campaign for isotopic and geochemical
analyses was performed during August 1999. A total of
57 samples was collected from deep boreholes tapping
the deep CI (1,500–2,300-m depth), the intermediate CT
(120–1,300 m depth) and the shallow PQ (15–50-m
depth) aquifers (Fig. 3).

Analyses including temperature, pH, electrical con-
ductivity and alkalinity (HCO3) were done in the field.
Samples for major and minor chemical analyses were
filtered (0.45-mm filter paper) and collected in plastic
bottles. Major ions were analysed at the ‘‘Laboratoire de
Radio-Analyses et Environment’’ of the ‘‘Ecole Natio-
nale d’Ingenieurs de Sfax’’, Tunisia, using standard ion
chromatography techniques. Trace element concentra-
tions were measured at the ‘‘laboratoire d’Hydro-
géologie d’Avignon’’, France, using atomic absorption
technique.

Stable isotope (18O, 2H) analyses were performed at
the ‘‘Centre National de Recherche Scientifique d’Or-
say’’, France, by using standard methods. Hydrogen and
oxygen isotope analyses were made by respectively em-
ploying the standard CO2 equilibration (Epstein and
Mayeda 1953) and the zinc reduction technique (Cole-
man et al. 1982), followed by analysis on a mass spec-
trometer. All oxygen and hydrogen isotope analyses are
reported in the usual d notation relative to Vienna-
standard mean oceanic water (VSMOW) standard,
where d = [(RS/RSMOW) )1]·1,000; RS represents
either the 18O/16O or the 2H/1H ratio of the sample, and
RSMOW is 18O/16O or the 2H/1H ratio of the SMOW.
Typical precisions are ±0.2& and ±2.0& for the
oxygen and deuterium, respectively.

Results and discussion

Hydrochemical study

Analytical results of major ions and some trace elements
in groundwater samples are given in Tables 2 and 3.
Samples collected from the CI aquifer are characterized
by high temperature varying from 56.4 to 71.1�C.
However, low temperature ranging from 21 to 37.5�C
characterizes CT and PQ groundwater. Values of water
temperature and depth of boreholes are not well corre-
lated probably due to the large screens characterizing
these deep CT and CI boreholes and the influence of
atmospheric temperature on the shallow PQ wells.

The TDS values in the CI groundwater range from
1,766 to 4,258 mg/l. Those of the CT aquifer vary be-
tween 1,470 and 5,880 mg/l. The highest values, regis-
tered in the shallow PQ groundwater, vary between
4,940 and 7,700 mg/l.

The analyses of cations and anions by Piper trilinear
diagram (Piper 1944) are shown in Fig. 4. Dominant
cations are mainly calcium and sodium, while, dominant
anions are sulphate and chloride. The sum of cations
and anions shows two main groundwater types: Na-Cl
and Ca-SO4-Cl.

Bivariate diagrams of major elements versus chloride
are used in order to separate different mechanisms that
contribute to groundwater salinization. In particular,
sodium (Fig. 5a), sulphate (Fig. 5b) and calcium
(Fig. 5c) are positively correlated with chloride. This
indicates the possible dissolution of halite, gypsum and/
or anhydrite-bearing rocks relatively abundant espe-
cially in the CT and PQ aquifers. The dissolution of
these evaporitic rocks is confirmed by mineral saturation
indices, which show an undersaturation of water sam-
ples with respect to the mentioned minerals. The leach-
ing of salts during subsequent rainfall events in
combination with extensive evaporation losses increases
the concentrations of Na and Cl in the soil and in
groundwaters, especially those of the shallow PQ aquifer
surrounding the Chotts area.

Normally, gypsum or anhydrite dissolution produces
Ca and SO4 in one-to-one equivalent ratio. However, for
the Djerid-Nefzaoua groundwater samples, the plot of
SO4 versus Ca (Fig. 6) shows a relative SO4 enrichment,
which is probably related to the pyrite oxidation. This
oxidation, which concerns mainly the CI groundwater,
as indicated by Agoun (2000), takes place according to
the following equation:

FeS2ðsÞ þH2Oþ 7=2O2ðaq:Þ ! Feþ2 þ 2SO2�
4 þ 2Hþ

Fig. 4 Piper diagram of the groundwater
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(Appelo and Postma 1994; Salmon and Malmstrom
2004).

On the other hand, cation-exchange probably gen-
erates a Ca deficiency with respect to SO4 concentration.
The phenomenological evidence for this exchange is gi-
ven by the bivariate plot of (Ca2+ + Mg2+)-(HCO3

) +
SO4

2)) in function of (Na+ + K+ - Cl)) (Garcia et al.
2001) as shown in the Fig. 7. In the absence of these
reactions, all data should plot close to the origin

Fig. 7 (Ca + Mg) - (SO4 + HCO3)/(Na + K - Cl) relationshipFig. 5 a–c Major elements/Cl relationships

Fig. 6 Ca/SO4 relationship
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(Mc Lean et al. 2000). However, Fig. 7 indicates an in-
crease of Na+ + K+ related to the decrease in Ca2+ +
Mg2+.

Analyses of the trace elements indicate significant
enrichment of Sr2+ (1.9–9.62 mg/l) and Br) (0.4-3.7 mg/
l). The Sr shows a linear relationship with both SO4

(Fig. 8) and Ca (Fig.9). Probable sources of strontium
are celestite (SrSO4) dissolution and/or trace con-
centrations in gypsum. Indeed, waters with high stron-
tium and sulphate concentrations are undersaturated
with respect to celestite (SI ranges from )0.28 to )1.20),
making dissolution possible. On the other hand,

bromide and chloride generally behave conservatively
and Br is used to help delineate the source of the Cl
(Edmunds et al. 1997), i.e. halite dissolution. This be-
haviour is confirmed by the well-defined relationship
between Br and Cl shown in Fig. 10.

Isotopic study

The investigation of the origin and dynamics of
groundwater in the Djerid-Nefzaoua aquifer system is a
major concern of the responsible authorities. Mixing
patterns derived from overexploitation and decrease of
artesian pressure of the intermediate CT aquifer aug-
ment the downward leakage of shallow PQ saline
groundwater. This is the most important problem that
faces the water resources management in Tunisia. Thus,
the identification of groundwater sources and the
proper characterization of the water flow patterns de-
rived from each reservoir requires the use of several
hydrological techniques such as geochemical and iso-
topic tools. However, practical work in investigating
this type of problem has shown that, in many cases,
hydrochemistry does not provide convincing and
complete evidence about origins and mixing patterns of
groundwaters.

Among the common isotope tools, oxygen-l8 and
deuterium are routinely used. These two stable isotopes
are influenced by processes affecting the water, rather
than the solutes, and can help to identify waters that
have undergone evaporation, recharge under different
climatic conditions than the present and mixing of wa-
ters from different sources (Sacks and Tihansky 1996).

Fig. 8 Sr/SO4 relationship

Fig. 9 Sr/Ca relationship

Fig. 10 Br/Cl relationship
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Deuterium and Oxygen-18 composition
of groundwater

Oxygen-l8 and deuterium values of the CI groundwater
samples range respectively from )7.6 to )6.8& with a
mean of )7.33& and from )54.6 to )61.7& with a mean
of )58.47&. Data from the CT range from )6.21 to
)3.85& and from )43.4 to )54&, with mean values of
)5.1 and )48.14&, respectively. Those of PQ ground-
water are relatively more enriched and vary from )2.17
to )5.32& for the d18O and from )49.4 to )28.9& for
the d2H with mean values of )4.15 and)43.49&, re-
spectively (Table 3).

In Fig. 12, the d18O and d2H data of all groundwater
samples were plotted together with the Global Meteoric
Water Line (GMWL) (Craig 1961) and the Meteoric
Water Line of the Sfax city (SMWL) (Maliki 2000; Celle
et al. 2001), located at 300 km in the north-east of the
study area.

Groundwater of the deep CI aquifer has relatively
homogenous signatures of d18O and d2H which are sig-
nificantly more depleted than those of the modern
rainfall in the Sfax city. These isotopic signatures are
characteristic of paleowaters in northern Africa. This
observation agrees with the results of Gonfiantini et al.
(1974), Fontes et al. (1983), Fontes et al. (1985), Zouari
(1988), Edmunds et al. (2003) and Zouari et al. (2003)
obtained in the southern Tunisia, which were interpreted
as recharge occurring during the late Pleistocene period.

Waters from the CT intermediate aquifer are iso-
topically more enriched than those of the CI. In the d2H/

d18O diagram, all samples are located largely below the
GMWL and the SMWL indicating their old origin,
probably in relation to humid periods of the Pleistocene.
However, two main trends are apparent when examining

in detail the relation between d18O and d2H (Fig. 11).
One trend follows a line which extends parallel to the
GMWL towards the paleoclimatic waters of the CI
aquifer. The points representing the more deep wells of
the CT aquifer plot on this line. Groundwaters from the
referred wells are probably mixed with ascending CI
waters.

The second trend encloses the more enriched samples,
collected from the CT wells located in overexploited
zones. This trend follows an estimated mixing line which
extends and overlaps samples collected from the shallow
wells of the PQ aquifer. These wells fall on a line (with a
slope of 4), which shifts from the GMWL indicating an
evaporation effect. The referred evaporation line coin-
cides practically with the mixing line of CT and PQ
groundwaters. The CT samples with enriched d2H and
d18O are generally from low-altitude areas, where arte-
sian conditions no longer exist and the overpumping
increased downward leakage of evaporated waters from
the shallow PQ aquifer.

The coincidence of the referred evaporation and
mixing lines seems to be due to the common old origin of

Fig. 11 d18O/d2H diagram of
the groundwater
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the CT and PQ groundwaters. In fact, the main source
of recharge of the PQ aquifer is insured by the return
flow of irrigation waters which exploits about 150 Mm3/
year pumped from the CT reservoir. Thus, the excess
irrigation water returns to CT aquifer and mixes with
water from the regional groundwater flow system. The
d2H and d18O of the return flow water fractionate and
concentrate at different rates in the irrigation channels
and in the PQ aquifer itself and provide to the CT
groundwater an evaporated apparent character. The old
origin of the PQ groundwater is also confirmed by the
position of the representative points in the d2H/d18O
diagram which fall largely below the global and the Sfax
meteoric lines. However, the insignificant native modern
recharge of this shallow aquifer is indicated by the po-
sition of some samples closer to the GMWL.

Stable isotope/chloride relationship

Generally, chloride is considered to be a conservative i.e. a
non-reactive chemical tracer. In our case of study, the
discussed aquifer systems differ from each other by their
typical chlorinity. Thus, the distinguishing between the
two processes, evaporation and mixing, can be assumed
when plotting Cl concentrations against d2H (Fig. 12) or
d18O (not shown). The results show the different trends of
mixing and evaporation already displayed in the d2H/d18O
relationship. The first trend indicating the mixing between
CT and CI aquifers includes isotopically depleted waters
with lower chloride concentrations. On the contrary, the
second trend showing the mixing between CT and PQ
waters as well as the evaporation effect involves

isotopically enriched waters at considerably higher chlor-
ide concentrations. These trends support the assumption
that the groundwaters in both CT and PQ aquifers have a
similar old source. Samples having some modern recharge
waters trail away from the two mentioned trends.

Conclusion

The results of this study provide information that can be
useful for groundwater resources management in the
Djerid-Nefzaoua basin, especially with respect to over-
exploitation of the CT aquifer and its relationship with
the high mineralized PQ groundwater. Results indicate
that the excess irrigation water returns to the CT aquifer
and mixes with water from the regional groundwater
flow system. Irrigation return flow water concentrates by
evapotranspiration in the irrigation channels and in the
PQ aquifer and leads to the salinization of the CT
groundwater.

The hydrochemical investigation indicates that the
dissolution of the evaporitic rocks and the mixing with
the PQ waters are the main processes contributing to the
salinization of the CT groundwater. However, the cation
exchange is responsible for the mineralization of the
deep CI groundwater.

Stable isotopes are very effective in identifying the
origin of groundwater and the evaporation processes as
well as the mixing between the different water end
members. The effectiveness of these isotopes is largely
enhanced when used in conjunction with the chloride
concentration.

Fig. 12 Cl/d18O relationship
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Minières (BRGM). Série 2(3):127–147

Celle H, Zouari K, Travi Y, Daoud A
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Gabes Sud. Thèse Doctorat. Univ de
Montpellier, France

Sacks LA, Tihansky AB (1996) Geochemi-
cal and Isotopic Composition of
Groundwater. with Emphasis on sour-
ces of Sulphates. in the Upper Floridian
Aquifer and intermediate aquifer Sys-
tem in Southwest Florida. US Geolog-
ical Survey Water-Resources
Investigation. Tech Rep 96–4146

Salmon SU, Malmstrom E (2004) Geo-
chemical processes in mill tailings
deposits: modelling of groundwater
composition. Appl Geochem 19:1–17

Swezy C (1999) The lifespan of the
Complexe Terminal Aquifer. Algerian-
Tunisian Sahara. J Afr Earth Sci
28:751–756

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

Zargouni F (1986) Tectonique de l’Atlas
méridional de Tunisie: évolution
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Doctorat. Univ de Strasbourg. France
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drologique et paléoclimatologique. PhD
thesis Univ. of Paris-Sud. Orsay,
France, 256 pp

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

170


	Sec1
	Sec2
	Sec3
	Sec4
	Fig1
	Sec5
	Tab1
	Fig2
	Sec6
	Fig3
	Tab2
	Tab3
	Sec7
	Sec8
	Sec9
	Fig4
	Fig7
	Fig5
	Fig6
	Sec10
	Fig8
	Fig9
	Fig10
	Sec11
	Fig11
	Sec12
	Sec13
	Fig12
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30

