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a b s t r a c t

Steady increase in the salinity of water resources and the decline in the groundwater level are the most
widespread processes that degrade water-quality and endanger future water exploitation in Southern
Tunisia. Hydrological, geochemical and environmental isotope data were evaluated to characterize the
recharge conditions of the Senonian aquifer and the flow pattern of groundwater mixing. The results
show that groundwaters can be classified into two major water facies: CaeSO4eto mixed and NaeCl. The
main hydrogeochemical processes that typically control the groundwater mineralization are dissolution
of evaporites (halite, gypsum and anhydrite), evaporation, cation exchange and mixing process related to
the up-flow leakage of deep groundwaters. The stable isotope signatures reveal that the main part of
groundwater is significantly affected by evaporation process. Wide range (�4.5 to �8.4&) and spatial
heterogeneity of d18O in groundwater indicate that the aquifer is characterized by a slow process of
natural groundwater in its lateral extent. The 14C activity varies between 43 and 0.33 pmc. The 13C
contents of the total dissolved inorganic C (TDIC) range between �10.8 and �3.6&. The calculated 13C
contents of the CO2 in equilibrium with the TDIC, varying between �15.1& to �11.4& indicate two
origins of C in solution: the carbonate matrix (d13C ¼ �2&) and the soil CO2 (d

13C from �26& and �22&
for the cultivated areas). Mean residence times have been determined after correction of the initial
activities for dead C from the rock matrix. The mean residence times confirm a modern recharge of the
groundwater from Dahar upland and indicate the presence of palaeowaters in the northern and southern
parts of the basin. Detailed investigations on identifying the potential recharge zones, flow-paths of
mixing and recharge conditions will be useful to protect the groundwater resources from depletion and
salinization.

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

The palaeorecharge history can form an important contribution
to the modern debate on climate change, as groundwater forms an
archive of conditions during wet phases (Edmunds et al., 2003).
Groundwater may preserve a record of palaeoclimatic change
through their stable isotopes contents, carbon isotopes, noble gases
and conservative solutes (Guendouz, 1985). The “palaeoclimatic
signature” corresponding to heavy isotopes depletion with respect
to present precipitation may offer an additional tool for “qualita-
tive” groundwater dating (Fontes et al., 1983). The problem is to be
sure that the decrease in the stable isotopes contents reflects past
recharge under conditions different than at present, since several
other processes (latitude, altitude, temperature, amount of rainfall)
can be responsible for such depletion. In addition, the study of old
groundwater is of particular importance for water resources
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management, especially in arid zones. Indeed, these resources are
non-renewable and finite, and despite the scale of the basinal
storage, overexploitation is a serious issue. It is important, there-
fore, to be able to examine the extent of any current recharge in this
and similar large sedimentary basins.

Significant deep groundwater resources are located in Southern
Tunisia. Most groundwater is taken frommore than 800 deep wells
which provide considerable economic advantages to the users for
irrigation, domestic and industrial water supplies. Due to the
climatic conditions, no sustainable agricultural production is
possible without irrigation. About 40% of the total area of the Gafsa,
Tozeur, Kebili and Gabes regions is used for agricultural purposes.
All water is exclusively from deep aquifers. Since 1890, many
springs were used to supply all water needs for agriculture and
domestic use. Nowadays, all these springs have dried up and
groundwater from deep aquifers is the major source of water
supply. These groundwaters are non-renewable resources which
are contained in huge reservoirs of the Senonian limestones, the
Turonian dolomites and the Continental Intercalaire (CI) aquifers.
Over the past two decades, an increasing water demand has led to
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the overexploitation of groundwater resources. Currently, the rate
of water extraction far exceeds the rate of water recharge, resulting
in the gradual depletion of the aquifers and the degradation in
water quality.

Southern Tunisia is subject to intense tectonic activity (Bouaziz
et al., 2002; Gabtni et al., 2009) which favours geothermal activity,
as demonstrated by the thermal water of the Continental Interca-
laire aquifer with temperature which exceeds 50 �C. The tectonics
has influenced the hydrodynamic functioning of these aquifers
system and contributed to the discontinuity of the aquifer levels by
creating some barriers which play the role of hydraulic faults (Abid
et al., 2011). The geothermal activity, together with complex
lithology and the abundant gypsiferous and halite layers mainly
determine the salinity of the groundwaters, which reach high
conductivity values (9710 ms/cm).

The study aims at defining the principal hydrogeochemical
processes that affect the salinization of groundwater in the semi-
arid area of southern Tunisia, based on the major ion chemistry.
This paper presents also stable (d18O, d2H) and radiogenic (14C)
compositions of water samples to (1) trace groundwater flow, (2) to
gain an insight into groundwater recharge, (3) to evaluate the
different ages of the waters and (4) to elucidate the mixing rela-
tionships between the different aquifer horizons. This will provide
useful information for groundwater resources management and for
palaeoclimate studies.
2. Study area

The investigated area is located in southern Tunisia (Fig. 1). It
covers about 80000 km2. This zone is characterized by an arid/
semi-arid climate and limited water resources. Meteorological
records indicate irregular rainfall of 100e200 mm and that average
Fig. 1. Schematic map of the study ar
annual evapotranspiration is high and water deficit is particularly
significant from May to October. The annual evaporation is even
more than 2500 mm and the mean annual temperature is of the
order of 21 �C. The study area is characterized by the biggest part of
the groundwater resources with fossil water form. It represents 58%
of the total of deep aquifers in Tunisia.
2.1. Geology and hydrogeology

The study area is characterized by outcrops ranging from
Permian to Quaternary units and by lithostratigraphic lateral vari-
ations (Busson, 1967; Bouaziz, 1986). The Lower Cretaceous crops
out largely around Chott El Fedjej and along the Dahar cliff from
Mednine to Dehibet. Sedimentary series of lower Cretaceous, which
crop out in the Chott El Fedjej area, are particularly composed by
widespread alternation of varicoloured clay, sandstone and
carbonate, evaporites and dolomites of Kebeur El Hadj, defined as
Merbah El-Asfer (Upper Jurassic-Lower Aptian), Douiret (Aptian s.s)
and Ain El Guettar (Lower Albian) formations (Busson, 1967;
Bouaziz, 1986). These series present thickness and facies varia-
tions. The Kebeur El Hadj Formation constitutes the sandy level of
the CI aquifer. The late Cretaceous, including Albian, is represented
in the platform areas by the Zebbeg Formation (Upper Albian to
Cenomanian), the Aleg Formation (Turonian to Lower Campanian),
and the Abiod Formation (Lower Campanian to Upper Maas-
trichtian) (Busson, 1967; Bouaziz, 1986). In the Dahar area, Creta-
ceous outcrops dominate. Albo-aptian, Cenomanian, Turonian and
Senonian formations crop out. They are characterized by large
variations of lithologic facies. Albo-aptian units are intercalations of
marno-chalks and sandstones, and Cenomanian formations consist
in an alternation of chalky dolomite, gypsum, chalky clay and sandy
tomarly intercalations. Turonian formations are dolomites to chalky
ea and sampled boreholes wells.
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dolomites, whereas the Senonian is marked essentially by gypsif-
erous clay and carbonate formations.

As shown in the lithostratigraphic correlation along a South-
West/North East section, the aquifer system of southern Tunisia is
constitutes with three stratigraphic units. In accordance with this
distribution (Fig. 2), the following Hydrogeological units have been
defined: Senonian limestone aquifer, Turonian Carbonate/Dolomite
aquifer and detrital deep aquifer of Continental Intercalaire (CI).

The Senonian aquifer is exploited in the entire study area,
especially in the Djerid, Gabes and Dahar regions. The thickness of
the aquifer varies between 300 m (in Gabes region) and more than
1000 m in Djérid. These water-bearing formations are strongly
fissured, with transmissivity ranging from 0.9 � 10�3 to
100 � 10�3 m2/s. The Turonian carbonate aquifer extends along the
cross section. It is composed basically of a fissured limestone-
dolomite sequence. It forms a confined aquifer in its major part. It
becomes unconfined only in the Dahar and Matmata regions with
thickness that does not exceed 50 m (Beni Zelten). These regions
represent the recharge area of the aquifer. Transmissivities of the
Turonian horizon vary according to the degrees of tectonic frac-
turing. The water-bearing sandy formations of the deep CI
Fig. 2. Hydrogeological cross section in the study area.
constitute the largest confined aquifer in southern Tunisia and
contain large reserve. The study area is strongly affected by
a complex system of faults that provoked a lateral compartmen-
talisation and connections between different aquiferous horizons.
Due to these tectonic accidents of Gafsa-Mednine, the CI formations
outcrop in the north-east of the study area. In addition, in the El
Hamma Chenchou regions (northwest of Gabes), a hydraulic
continuity between the CI and the Djeffara aquifers has been
recognized through El Hamma Faults.
3. Materials and methods

Seventy groundwater samples from the Senonian, the Turonian
and the Continental Intercalaire aquifers (Fig. 1) were collected
during JanuaryeApril 2006 from pumping wells. Several analyses
such as the water temperature, pH, electrical conductivity (EC), and
total alkalinity as HCO�

3 were carried out on-site. All samples for
chemical analyses were collected in low density polyethylene
bottles and filtered in the laboratory through 0.45 mm membrane
filters. Samples revealing relatively high salinity (exceeding 3 g/l)
were diluted before analysis. All samples for stable isotope analyses
(d18O, d2H) were collected in 30 ml polyethylene bottles with poly-
seal caps. Chemical analyses were performed at the Laboratory of
Radio-Analyses and Environment of the National Engineering
School of Sfax (ENIS: Tunisia). Stable isotope composition of water
samples was determined at the laboratory of the International
Atomic Energy Agency (IAEA) in Vienna using the CO2 equilibration
method for d18O (Epstein and Mayeda, 1953) and isotopic exchange
with H2 gas for d2H (Coplen et al., 1991), followed by mass spec-
trometry measurements. Results of analyses are reported in &
deviations from VSMOW standard (Vienna-Standard Mean Oceanic
Water). A total of 20 samples for radiocarbon analyses were
collected in the field by precipitating BaCO3. Radiocarbon content
was determined at the Laboratory of Radio-Analysis and Environ-
ment of the National School of Engineering of Sfax through benzene
synthesis and liquid scintillation spectrometry (Fontes, 1971). The
measured 14C concentrations are expressed as percent of modern
carbon (pmc). Results of 13C analyses are reported in & versus the
VPDB (Vienna Pee Dee Belemnite) standard. Analytical uncer-
tainties are in the range of �0.1& for the d18O, �1& for the d2H,
�0.3& for d13C and between 1 and 1.5 pmc for 14C.
4. Results and discussion

4.1. Geochemical study

4.1.1. In situ measurements interpretation
Results of chemical analyses of water samples from the Seno-

nian, Turonian and Continental Intercalaire (CI) aquifers are pre-
sented in Table 1. The sampling has been performed on 70
boreholes with a temperature ranging from 14.4 to 71 �C. The lower
values are recorded in the vicinity of the Cretaceous and Miocene
outcrops (recharge areas), whereas higher values are measured in
the tectonic zones of Gabes and Chott el Fedjej regions. The water
temperature is higher in El Hamma, which points to some inflow of
groundwater from the CI aquifer through existing faults (Trabelsi
et al., 2008; Abid, 2010). The lowest values of temperature, prob-
ably due to the influence of the atmosphere, characterize the
shallowest wells (Table 1).

The measured conductivity of the groundwater samples range
from 1150 to 9710 ms cm�1. This range of salinity must be associated
with the geological layers which are affected by the deep faults. The
highest values are measured in the Senonian limestone of northern
Gabes and in the Turonian and Senonian limestone of eastern



Table 1
Isotopic and geochemical data for the studied aquifers.

Well No Names Aquifer
names

Tapped
Zone (m)

EC
(mS/cm)

T
(�C)

pH Naþ Ca2þ Mg2þ Kþ Cl� SO2�
4 HCO�

3 TDS Residual
alkalinity
calcite

Ion
balance
(%)

d18O d2H d13C
(& VPDB)

14C
(pmc)

(mg/l) (& VSMOW)

1 Sabria Mol Senonian 200 1490 24.0 7.9 162.9 100.0 42.1 14.5 221.5 377.0 137.3 1132 �3 �2 �5.62 �51.5 �5.9 6.3
2 Zafrane 3 bis Senonian 122 2400 24.0 7.7 170.4 118.2 40.0 9.0 307.0 342.0 128.1 1234 �4 �3 �5.13 �47.0
3 Smida Senonian 100 1800 22.6 7.8 169.5 136.8 30.1 9.7 317.6 253.4 85.4 1230 �5 0 �5.78 �43.7
4 El Hani 1 Senonian 3330 26.7 7.6 343.0 283.0 83.1 20.2 405.1 983.1 140.0 2650 �12 3 �6.89 �47.5
5 PZ Smida Senonian 91 2020 26.0 7.6 200.4 176.3 34.8 12.9 418.0 348.1 122.0 1545 �7 �2 �5.86 �45.2
6 El Faouar 4 Senonian 195 2070 23.0 8.1 234.1 145.5 61.0 11.0 426.0 420.0 115.9 1634 �5 0 �4.52 �46.5 �4.6 9.6
7 Bechelli 4 Senonian 2280 24.1 7.55 255.9 71.0 138.0 <0.5 437.8 437.1 122.0 1540 �2 5 �6.07 �45.8
8 Ambar Senonian 3550 31.9 8.0 356.2 371.9 86.0 10.9 439.9 1118.1 146.0 2770 �16 4 �7.04 �49.0 �6 16.7
9 Zarcine 4 Senonian 200 2400 25.5 7.9 255.5 181.8 61.0 12.0 443.0 573.9 137.3 1974 �7 �3 �5.35 �49.1 �5.8 11.6
10 Oued Reçifa Senonian 3100 22.3 7.8 295.3 275.2 69.2 <0.5 452.0 737.6 122.0 2328 �12 3 �5.94 �35.7
11 Bechni Senonian 199 2440 25.0 8.0 260.0 177.3 73.7 11.3 460.0 594.5 125.1 1902 �7 �2 �5.51 �49.2
12 Negga 7 Senonian 156 1960 25.0 7.7 251.2 209.1 60.6 12.0 460.1 645.0 146.4 1968 �8 �4 �5.15 �51.1
13 Sidi Daoud Senonian 3820 31.5 8.0 408.6 412.4 85.0 24.3 467.9 1220.4 134.0 3010 �18 5 �7.01 �51.0 �5.2 12.5
14 Ben Zitoun 4 Senonian 193 2240 23.0 8.4 307.3 188.3 53.9 21.2 485.0 542.8 97.6 1700 �8 0 �6.16 �52.8
15 PZ Fatnassa Senonian 250 2300 23.0 8.0 315.9 236.2 69.1 15.7 496.0 589.9 103.7 1832 �10 4 �5.67 �49.9
16 Matmata Ancienne Senonian 3770 e 8.0 404.7 378.9 148.1 23.7 497.9 1266.8 183.0 3326 �16 5 �5.82 �33.6
17 Jemna 1bis Senonian 150 2240 23.0 8.4 224.7 187.0 50.9 11.2 508.6 319.1 115.9 1495 �7 0 �5.83 �48.1 �3.6 10.8
18 Oued Souinia Senonian 3500 27.0 8.0 357.2 355.7 105.2 <0.5 513.6 1126.6 109.8 2978 �16 2 �6.83 �50.5
19 Negga Sonède Senonian 200 2750 28.0 8.3 273.5 241.9 63.1 <0.5 543.5 539.3 122.0 1950 �10 0 �5.87 �48.2
20 Rahmat Senonian 210 2600 24.0 8.1 334.1 160.5 46.6 14.0 565.1 468.5 79.3 1745 �7 �3 �6.14 �51.8
21 Rass el Aioun Senonian 3100 31.9 7.3 408.9 345.8 88.0 19.6 565.6 1133.8 134.0 2990 �15 1 �7.27 �53.8
22 Matrouha 2 Senonian 288 4000 20.1 8.1 377.4 442.4 67.2 35.9 584.3 1066.2 164.7 2800 �19 4 �4.54 �47.6
23 Oued El Henchir Senonian 250 3830 14.4 8.28 426.4 299.7 134.5 <0.5 586.6 1329.8 115.9 2980 �13 �3 �6.83 �49.8
24 Néga 6 Senonian 156 2800 23.0 8.0 316.5 301.9 74.1 19.4 592.3 626.7 109.8 1926 �13 4 �5.82 �51.3
25 Mansoura 2 bis Senonian 3190 21.3 7.65 323.8 97.1 226.2 <0.5 598.5 810.2 122.0 2300 �3 2 �6.18 �47.5
26 El Mdou 1 Senonian 62 3670 26.5 7.3 398.5 359.0 95.8 36.8 599.2 1042.1 140.0 2770 �16 3 �6.88 �50.4
27 Sakouma Senonian 156 3200 24.0 7.8 304.7 269.5 69.2 13.0 627.5 484.8 91.5 2385 �12 4 �5.98 �46.3
28 Bir El Haj brahim Senonian 80 3640 25.0 7.8 390.0 327.3 100.0 14.0 630.5 971.7 122.0 2874 �14 2 �5.53 �49.0
29 O khalifa Mahmoud Senonian 7280 29.1 7.8 499.3 302.0 59.8 50.1 666.7 1137.7 122.0 3270 �13 �2 �7.77 �57.1 �7.9 18.5
30 Oglet Merteba Senonian 3050 25.4 8.83 549.8 87.8 28.0 <0.5 673.1 496.4 42.7 1830 �4 1 �6.78 �50.1
31 Rmathie 2 Senonian 4200 31.0 7.6 446.0 433.6 75.8 31.5 708.9 1050.9 134.2 3456 �19 4 �7.00 �55.3
32 Chenchou 1bis Senonian 4250 41.6 7.7 459.2 420.6 68.2 51.5 731.6 1104.7 116.0 3170 �19 2 �6.90 �54.5 �7.8 8.8
33 Sombat 4 Senonian 4320 30.5 7.5 449.4 403.1 59.4 37.0 748.5 1039.4 140.3 3152 �18 0 �8.31 �58.6
34 Oued zira 2 Senonian 129 4630 26.3 7.9 415.9 723.8 100.1 <0.5 800.3 1594.3 115.9 3680 �34 4 �6.54 �49.2
35 Fatnassa Senonian 185 4030 26.0 7.7 465.4 363.6 94.7 19.1 835.0 1145.0 155.6 3406 �16 �4 �5.03 �47.7
36 Taourgha Senonian 100 4600 26.5 7.7 509.7 468.0 106.0 23.0 961.0 1214.0 122.0 3357 �21 0 �6.17 �52.0
37 Dar Kouscoussi Senonian 67 5100 25.0 7.7 686.3 418.0 195.0 20.0 1125.0 1461.0 213.5 4562 �17 1 �5.53 �49.6
38 Douz 2 bis Senonian 100 4580 23.0 7.6 575.0 180.0 247.0 16.0 1136.0 912.0 120.0 3250 �7 2 �5.48 �49.6
39 Douz nord Senonian 200 4600 22.9 7.7 556.2 355.0 98.6 16.5 1154.2 557.5 225.7 3027 �14 3 �5.78 �46.0
40 El Hamma 2 bis Senonian 7170 32.5 7.5 834.2 686.6 102.3 57.2 1443.8 1455.0 170.8 5914 �31 4 �8.20 �57.4
41 Bouhamza Senonian 60 6000 22.9 7.8 727.1 518.2 99.1 21.6 1521.4 1160.9 109.8 4317 �24 �2 �6.24 �46.9
42 Zeuss 1bis Senonian 6120 27.6 7.7 790.9 452.7 114.9 26.0 1609.1 937.0 207.4 4225 �19 �1 �6.17 �39.7
43 Douz 6 Senonian 160 7450 25.5 7.6 1031.6 468.5 138.8 22.6 2089.8 952.5 134.2 5276 �21 �1 �6.02 �44.7
44 Dhmirina Senonian 60 9710 17.5 7.9 1641.9 358.0 276.0 <0.5 2732.0 2158.0 134.2 6950 �16 �5 �5.55 �41.7
45 Hsay 5bis Senonian 150 9260 22.3 8.1 1205.9 732.2 156.9 44.2 2733.9 1185.0 122.0 7000 �35 0 �6.00 �49.5
46 Chenchou 15 Senonian 4550 35.0 7.5 455.0 400.0 134.0 33.0 887.0 1267.0 146.0 3520 �18 �2 �7.69 �50.9
47 Ziret Louhichi Turonian 4790 24.7 7.6 516.0 406.0 136.5 <0.5 741.0 1595.9 134.2 3770 �18 �2 �6.72 �48.5
48 Ziret Touati Turonian 4830 25.3 7.3 545.9 438.2 144.6 <0.5 829.5 1704.0 146.4 3880 �19 �3 �6.80 �47.5 �4.5 11.2
49 Hamma Mziraa Turonian 564 4490 29.5 7.9 588.3 332.4 82.4 <0.5 859.6 1131.8 36.6 3240 �16 1 �8.31 �57.8
50 Zoumit Turonian 3560 26.7 7.4 387.8 284.7 111.9 <0.5 559.2 1152.7 134.2 2730 �12 �2 �7.24 �54.0 �7.3 30.2
51 Garet Ltaifa Turonian 354 3480 23.3 7.2 370.0 274.5 102.6 <0.5 500.2 1129.3 115.9 2640 �12 �2 �6.97 �49.3 �6.2 12.5
52 Zmerten Turonian 1150 27.2 7.5 234.9 99.4 44.1 <0.5 204.0 402.2 225.7 700 �1 3 �6.70 �39.1
53 Beni Zelten S Turonian 150 2610 22.7 7.2 243.1 257.2 110.1 <0.5 400.5 891.5 183.0 2040 �10 1 �5.80 �31.9
54 Matmata 5 Turonian 432 4690 20.2 7.5 550.4 382.6 157.8 <0.5 939.9 1402.2 122.0 3750 �17 �2 �6.92 �49.7 �5.2 11.4
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Fig. 3. Piper diagram of Senonian, Turonian and CI groundwater samples.
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Kebili. These high conductivities suggest influence of highly saline
waters originating from the Gabes and Kebili sabkhas.

4.1.2. Major element geochemistry
4.1.2.1. Water types. Fig. 3 shows the percent classification of the
total concentrationof anionsand cationspresent ingroundwater, also
known as “Piper’s Diagram”. Major cations reveal similar concentra-
tions in the Senonian, the Turonian and the CI aquifers, intermediate
betweenNaþ and Ca2þ content. The dominant ions among the anions
analyzed are chloride and sulphide. Consequently, the groundwater
samples belong to the same water type: SO4-Cl-Ca-Na.

4.1.2.2. Groundwater mineralization processes. In order to highlight
different mechanisms that contribute to groundwater mineraliza-
tion, the relationships between major elements and total dissolved
solutes (TDS) were investigated (Fig. 4). The Cl� (Fig. 4a) and Naþ

(Fig. 4b) concentrations show systematic increases with TDS. These
positive correlations indicate that the mentioned ions contribute
significantly to the groundwater salinization. The Ca2þ, (Fig. 4c)
Mg2þ (Fig. 4d) and SO2�

4 (Fig. 4e) concentrations increase until they
reach mineral saturation, which is reflected in the slower increase
or even decrease in concentration with increasing TDS as these
solutes precipitate along the groundwater flow paths.

Several bivariate diagrams of major elements are used to
precisely determine the origins of the referred ions and the
processes that control their concentrations in groundwaters. The
Naþ/Cl� relationship (Fig. 5a) suggests that the main source of
salinity is halite dissolution (weight ratio of 1) or reconcentration
processes by evaporation. These two mechanisms are those that
predominate in the studied region (Edmunds et al., 2003; Trabelsi
et al., 2008; Abid et al., 2009); with a distribution of values very
close to one inmost cases. For some samples, themolar ratiomNaþ/
mCl� is clearly lower than one (points located below the halite
dissolution line; Fig. 5a), meaning that its composition cannot be
attributed only to dissolution of halite. Some reaction of silicate
minerals or cation exchange (R1) absorbing Na at the expense of
some other cation can explain the decrease in this ratio below 1.



Fig. 4. Major elements versus TDS relationships.
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Na2ðXÞ þ
�
Ca2þ þMg2þ

�
/

�
Ca2þ þMg2þ

�
ðXÞ þ 2Naþ (R1)

where X denotes an exchange site on clay minerals.
Calcium concentrations are controlled by cation exchange,

dissolution of gypsum, anhydrite and carbonates (calcite, dolomite
and aragonite) minerals. Groundwaters are at or above carbonates
saturation (calcite, Fig. 6a; aragonite, Fig. 6b, and dolomite, Fig. 6c)
and undersaturation with respect to sulphide minerals (gypsum,
Fig. 6d; and anhydrite, Fig. 6e) in most cases. These results confirm
that the Ca enrichment is due to cation exchange and the dissolu-
tion of gypsum/anhydrite (1:1 ratio of most samples in the plot of
Ca2þ versus SO2�

4 ; Fig. 5b), and not to carbonate dissolution. These



Fig. 5. Plots of Na versus Cl (a) and Ca versus SO4 (b).
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reactions add Ca2þ to the water and cause calcite precipitation
(points located below the gypsum dissolution line; Fig. 5b), leading
to a decrease in the concentration of HCO�

3 (samples well above the
line 1:1; Fig. 7a, b). This tends to maintain saturation of or over-
saturation with respect to carbonate minerals according to:

Ca2þ þ 2HCO�
34CaCO3 þ CO2 þH2O (R2)

Ca2þ þMg2þ þ 4HCO�
34CaMgðCO3Þ2þ2CO2 þ 2H2O (R3)

To check the assumption of calcite precipitation, the residual
alkalinity in calcite has been calculated for all the groundwater
samples. The residual alkalinity is generally used in order to
understand the changes affecting the chemical facies of natural
solutions undergoing evaporation (Beek et al., 1973; Droubi, 1976).
The residual alkalinity (Beek et al., 1973) is calculated by subtracting
the total concentration of divalent cations from the carbonate
alkalinity (alk.residual ¼ Alk.c e 2[Ca2þ]�2[Mg2þ]). This concept
was later generalised to successive precipitations of several
minerals containing calcium or carbonate such as calcite followed
by gypsum, Alk.residual ¼ alk.c e 2[Ca2þ]þ 2[SO2�

4 ], (Droubi, 1976;
Valles et al., 1989). For all samples, the calcium equivalent is higher
than the carbonate alkalinity (Fig. 7a) (alk.residual calcite <0;
Table 1), then calcite precipitation is limited by alkalinity and is due
to excess calcium, this element increases during the evaporation
process while pH drops.

For the majority of water samples, the Mg/Ca ratio is maintained
at around 0.5 over much of the studied aquifers (Fig. 7c). This ratio
is consistent with an equilibrium control although slightly lower
than that expected (0.8) if both calcite and dolomite are the
controls (Appelo and Postma, 1993).

Near the El Hamma faults, some diffuse outflows appear at the
boundaries of the Djeffara aquifer (Trabelsi et al., 2008). In this
discharge zone, the water comes into contact with the atmosphere
and evolves towards equilibrium with atmospheric CO2. Partial
pressure of carbon dioxide (PCO2

) values in the groundwater, calcu-
lated with WATEQ4F program (Ball and Nordstrom, 1991), range
between 0.04 � 10�2 and 2.6 � 10�2 atm (Fig. 7d). These values are
higher than the atmospheric PCO2

equal to 10�3.5, meaning that
a gain in CO2 occurs in the solution. In the deeper part of the aquifers,
where the system is considered as closed to atmospheric CO2, the
SO2�

4 reduction, which would involve an organic origin of the CO2,
can explain the enrichment in this gaseous phase (Adams et al.,
2001; Hidalgo and Cruz-Sanjulián, 2001). This increase in PCO2

causes a decrease in pH of the water as indicated in Fig. 7d. For this
reason, the lowest PCO2

values appear on the edges of the basin. This
causes the pH to increase (Fig. 7d) and means that the water at the
discharge point is oversaturated in both calcite and dolomite. The
highest PCO2

values characterize the deeper parts of the basin, in
relation to relatively longer aquifer residence times, which induce
more extensive reactions with aquifer minerals and biologically
mediated reactions that produce CO2.
4.2. Isotopic study

4.2.1. Stable isotopes
Stable isotope composition of Senonian groundwater samples

varies over a relativelywide range: from�8.3 to�4.5& for d18O, and
from �58.6 to �33.5& for d2H (Table 1). The corresponding ranges
of dvalues for the Turonian samples are from�8.3 to�5.5& for d18O,
and from �57.8 to �31.9& for d2H. These ranges are distributed
between the recent rainwater of Sfax (weighted mean values
d18O w �4.4&; d2H w �24.9&; Abid, 2010), and an isotopically
depleted Continental Intercalaire aquifer (d18O, from �8.4 to �7&
&; d2H, from�60.4 to�49.7&). All available stable isotope data are
presented in Fig. 8 in the d2H-d18Odiagram. The SfaxMeteoricWater
line (SMWL) and the Global Meteoric Water Line (GMWL), defined
by Craig (1961), are also shown for comparison. The Sfax meteoric
water line is defined by the equation: d2H¼ 8� d18Oþ13 (Abid et al.,
2009). The stable isotope data presented in Fig. 8 reveal threemajor
trends reflecting regional mixing between different water types:

- The first trend line plots almost below the GMWL, an estimated
evaporation line with a slope of 3.3. It extends from ca. �8.3&
in d18O (isotopically most depleted Turonian waters) to
approximately �4.5&. This increase in water stable isotope
contents is attributed to an evaporation process affecting the
groundwater towards the Chott region. The intersection of the
evaporation line with the GMWL gives values of �8.4
and�59& VSMOW for the respective d18O and d2H contents of
the recharging precipitation before evaporation.

- The second trend is marked by a dashed-line ellipse and
extents from ca. �6.7& in d18O to approximately �5.2&. It
reflects the mixing between Senonian waters and the recent
infiltration water. This is confirmed by measurable tritium



Fig. 6. Saturation indices of a calcite, b aragonite, c dolomite, d gypsum and e anhydrite versus (Ca2þþHCO�
3 ), (Ca

2þþHCO�
3 þMg2þ) and (Ca2þþSO2�

4 ), respectively.
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content (Oued Reçifa: 2.81 TU; Zeuss 1bis: 0.34 TU). Waters of
this group are not affected by evaporation and they originate
from wells located in the vicinity of the Miocene and Creta-
ceous outcrops.
- The third trend line plots almost parallel to the GMWL and is
shifted to the right-hand side of it. It extends from ca. �8.4& in
d18O (isotopically most depleted CI waters) to
approximately �6.6&. Distribution of data representing this



Fig. 7. Plots of Ca2þ versus HCO�
3 (a), SO2�

4 versus HCO�
3 (b), Mg2þ/Ca2þ versus SO2�

4 (c) and pCO2 versus pH (d).
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group allows formulation of two different hypotheses with
respect to interaction between the CI and Senonian aquifers in
the study area. The first hypothesis holds that depleted
groundwater of the CI aquifer rise up through El Hamma faults
and mixes with the recent recharge of the Senonian aquifer.
Consequently, all collected and analyzed samples should repre-
sent two-componentmixtures of the twoendmembers: CIwater
and recent recharge water. In this case, all data points on d2H e

d18O diagram (Fig. 8) should cluster along a straight line con-
necting the two end-members (paleowater in CI and recent
recharge in theGabes region) (Trabelsi et al., 2008). This isnot the
case where two mixing lines can be drawn (thick continuous
lines in Fig. 8). The second hypothesis which seems more prob-
able holds that the trend described here refers to a palae-
ometeoric line (Y ¼ 8Xþ5) as reported in previous papers
(Sonntag et al., 1979), and the groundwater of the Senonian
aquifer was recharged under distinctly different climatic condi-
tions, during late Pleistocene and early Holocene. Stable isotope
signature of this recharge was distinctly different from the
present-day recharge, with d18O and d2H values centred
around �7 and �50%, respectively. The majority of Turonian
waters revealing the isotopic signature typical for old ground-
waters are located in the El Hamma hydraulic faults zone, where
differences in hydraulic heads allow an up-flow leakage of the CI
waters towards the overlaying aquifers (Abid et al., 2011). In the
El Hamma and Chenchou regions, the d18O and d2H of the
Senonian aquifers values decrease gradually towards the major
deep fault where they become indistinguishable from the
observed isotopic composition of the CI groundwater (El Hamma
2bis, d18Oe8.2&; Chenchou 15, d18Oe7.7&). This strongly
supports the hypothesis of a vertical leakage of deep CI ground-
water to the Senonian aquifer through the system of faults. This
assumption is confirmed by the low radiocarbon content of the
analyzed samples recorded in this area.

Applying the isotopic mass balance equation between the
Continental Intercalaire and the Senonian groundwater: dS ¼ X
dCI þ (1�X) dP

X represents old water contributions;
dS, dCI and dP represent respectively the contents of 18O or 2H in

Senonian waters, CI waters and recharge waters from recent
precipitation.

The balance equation implies that the CI water contribution in
the mixture is:

X ¼ ðdS � dPÞ=ðdCI � dPÞ



Fig. 8. Stable isotope composition of Turonian, Senonian and Continental Intercalaire
groundwaters.
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- For the recharge waters, the following values were adopted:
d18O¼�6.4& VSMOWand d2H¼�40& VSMOW (mean values
of samples marked by a dashed-line ellipse).

- For the CI waters, the mean values of samples located below
the GMWL were used: d18O ¼ �7.3& VSMOW and
d2H ¼ �51.9& VSMOW.

Computed values of the mixing proportion indicate that the
vertical leakage of the CI aquifer is significant in El Hamma region
where the contribution can reach 100% (Table 2). This has been
explained by the fact that the Djeffara is the discharge basin of the
CI aquifer (OSS, 2003; Trabelsi et al., 2008). However, in central and
southern part of the basin, the calculated values show a general
decrease in mixing proportion.

The importance of mixing, recent water infiltration, dissolution
of evaporites (halite, anhydrite and/or gypsum) and evaporation
process, as the main processes responsible for the variation in
salinity of groundwaters, is depicted in the Cl� vs. d18O diagram
Table 2
Results of the isotope balance (estimation of the contribution of deep old water).

No Well Name Isotope Contents Contribution of old water

d18O (&) d2H (&) 18O mass balance (%)

4 El Hani 1 �6.89 �47.5 56
8 Ambar �7.04 �49.0 73
10 Oued Reçifa �5.94 �35.7 0
13 Sidi Daoud �7.01 �51.0 70
16 Matmata Ancienne 2 �5.82 �33.6 0
19 Negga Sonède �5.87 �48.2 49
21 Rass el Aioun �7.27 �53.8 100
23 Oued El Henchir �6.83 �49.8 49
26 El Mdou 1 �6.88 �50.4 55
29 Od khalifa Mahmoud �7.77 �57.1 100
32 Chenchou 1bis �6.90 �54.5 100
42 Zeuss 1bis �6.17 �39.7 0
43 Douz 6 �6.02 �44.7 0
44 Dhmirina �5.55 �41.7 0
46 Chenchou 15 �7.69 �50.9 100
(Fig. 9). Different trends, indicating different origin of groundwater
salinity, are observed in this diagram (Fig. 9). The first trend indi-
cates the presence of a young local component including enriched
waters with lower chloride concentrations. These diluted ground-
waters have a mean concentration of Cl� at the level of 478 mg/l
and mean d18O value of about �5.7&. The second trend shows the
depletion of the stable isotopic compositions due to mixing with
deep old waters. Deep old waters reveal the most depleted d18O
values (mean values of �8&) and the highest chloride content
(mean values of 988 mg/l), in agreement with their long residence
time in the aquifer. The third trend shows a well-defined correla-
tion between chloride and oxygen 18, evaporation appears to be an
important process contributing to groundwater salinization. The
other samples reflect a rather complicated image of dissolution
effects and show variable Cl� and constant d18O contents (Fig. 9).

4.2.2. Origin of total dissolved inorganic carbon (TDIC)
Carbon isotopes were determined in the studied aquifer system

in order to obtain further information on the time scales of
groundwater flow and to characterize water mixing processes as
well as chemical reactions within the C system.

Radiocarbon activity and d13C values of DIC have been deter-
mined for 20 boreholes. It is apparent from Table 2 that 14C activ-
ities and d13C values of DIC cover a wide range of values, from 43 to
0.33 pmc and from �10.8& to �3.6&, respectively. As the basin
catchment is partly carbonate-bearing, dissolution of sedimentary
inorganic C (SIC) should be considered as the dominant process in
C-system (Clark and Fritz, 1997).

Sedimentary inorganic C from the Cretaceous formation is free
of radiocarbon and its d13C values are expected to be about �2&
(Clark and Fritz, 1997). This value is used due to the existence of
secondary calcite precipitation in the study area, where the
majority of the groundwater samples evolves from a state close to
saturation in calcite towards a clear oversaturation. This secondary
cement would have a d13C ranging between d13CTDIC of water and
0& (Edmunds and Smedley, 2000; Aeschbach-Hertig et al., 2002).
Marine carbonates have 13C contents similar to the reference VPDB
with d13Cz 0&. The dissolution of SIC leads to reduced activities of
14C and gradual increase of d13C values of the DIC pool. The d13C
Fig. 9. Plot of d18O versus Cl�.



Fig. 10. Plots of A14C versus 13C.
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value of the SOC pool is expected to be around �26& and �22& in
landscapes with C3 vegetation, (Guendouz, 1985).

Consequently, taking into account the calculation of d13Cgas.eq
(Clark and Fritz, 1997), the 13C content and the 14C activities, two
groups of groundwaters can be distinguished (Table 3):

(1) The first group has d13Cgas.eq ranging from �14.3 to �15.1&,
slightly enriched than the soil CO2 (�22&). The isotopic
signature of carbon in these waters should result from partial
contact with biogenic CO2 under mixed system conditions with
respect to the soil CO2 during the mineralization. Sedimentary
series of lower and upper Cretaceous are particularly composed
by widespread alternation of sandstones, clays, evaporites and
dolomites, which limits the contact with the atmospheric CO2.
This group includes the shallowest wells which show the
highest 14C activities, between 16.9 and 43% of modern carbon.

(2) The second group where the infiltrating water first equilibrates
with the soil CO2 reservoir and thenmoves to the aquifer where
dissolution of mineral phase(s) takes place, without contact
with the CO2 reservoir. The calculated d13Cgas.eq are higher
than �14&. This is explained by a partial mixing between
biogenic CO2 and carbonate matrix. For this group, corrections
of the activities are necessary to obtain the initial activity A0

(Fontes, 1992). This group comprises the deepest groundwater,
located in the northern and southern areas.

Radiocarbon contents have been plotted in Fig. 10 as a function
of respective d13C values in order to discriminate more precisely the
previous water group involved in the mixing process. In this
diagram, it is much more apparent that at least two different end-
members are required to account for the scattering of the data
(Fig. 10). The first end-member is represented by waters involved
under mixed system conditions with respect to the soil CO2 char-
acterized by relatively high 14C activities. The second end-member
is represented by waters involved under closed system conditions.
Groundwaters representing this group are characterized by the
lowest 14C activities.

4.2.3. Estimation of residence times
The distribution of 14C activities show two recharge zones in the

study area (Fig. 11): (1) eastwards, where the Upper Cretaceous
Table 3
Measured d13C and a14C content for the groundwater samples, calculated d13Cgas eq.

No Wells T �C pH Alkalinity (meq/l) H2CO3 (mmol/

Mixed System
1 Od khalifa Mahmoud 29.1 7.8 2.4 0.0001
2 Zridib 22.7 8.1 2.8 0.0001
3 Beni Zelten 3 23.7 7.2 3.7 0.0006
4 Zoumit 26.7 7.4 2.2 0.0002
5 Merbah Sandoug 27.6 7.8 2.7 0.0001
Closed System
6 EL Bahair CI 9 65.0 7.2 2.1 0.0003
7 Henchir Jehha 25.0 7.6 2.4 0.0002
8 Chenchou 1bis 41.6 7.7 2.7 0.0001
9 Debabcha CI 14 71.0 7.1 2.1 0.0004
10 Sabria Mol 24.0 7.9 2.6 0.0001
11 Zarcine 4 25.5 7.9 2.7 0.0001
12 Garet Ltaifa 23.3 7.2 1.9 0.0003
13 Ambar 31.9 8.0 3.2 0.0001
14 Matmata 5 20.2 7.5 2.4 0.0002
15 Oued Nakhla 32.0 7.2 2.6 0.0003
16 El Faouar 4 23.0 8.1 2.2 0.0000
17 Gourai 31.0 7.5 2.2 0.0001
18 Sidi Daoud 31.5 8.0 3.4 0.0001
19 Jemna 1bis 23.0 8.4 1.9 0.0000
20 Ziret Ouled Touati 25.3 7.3 2.4 0.0003
outcrops of the Dahar upland constitutes a local recharge of the
Turonian aquifer (Abid et al., 2011) and (2) in the northern parts of
the Gabes region, where the Miocene outcrops constitutes a local
recharge of the Djeffara aquifer (Trabelsi et al., 2008).

During previous decades, several 14C correction models have
been proposed for determining the so-called “initial 14C activity”
(Ingerson and Pearson, 1964; Tamers, 1975; Evans et al., 1979;
Fontes and Gamier, 1979; Salem et al., 1980 (IAEA); Eichinger, 1983).
Most of these models indistinctly take into account the geochem-
ical interactions occurring in both unsaturated and saturated zones
and consider a mixing between biogenic CO2 and 14C-free carbon-
ates. The respective weights of these two end-members are
determined in the water sample either through the distribution of
dissolved carbonated species, i.e. HCO�

3 and H2CO3 (Tamers, 1975),
or via the d13C value of the TDIC (Ingerson and Pearson, 1964).
l) HCO3 (mmol/l) CO3 (mmol/l) 13C (&) 13Ceq (&) a 14C (pmc)

0.002 0.00001 �7.88 �15.1 18.5
0.003 0.00002 �6.73 �14.7 16.9
0.004 0.00000 �7.78 �14.7 43.0
0.002 0.00000 �7.32 �14.4 30.2
0.003 0.00001 �6.97 �14.3 18.1

0.002 0.00000 �10.48 �14.0 0.41
0.002 0.00000 �6.49 �13.9 9.5
0.003 0.00001 �7.84 �13.8 8.8
0.002 0.00000 �10.84 �13.8 0.3
0.003 0.00001 �5.90 �13.7 6.3
0.003 0.00001 �5.77 �13.4 11.6
0.002 0.00000 �6.22 �13.3 12.5
0.003 0.00002 �6.01 �13.1 16.7
0.002 0.00000 �5.21 �13.0 11.4
0.003 0.00000 �6.66 �12.9 7.0
0.002 0.00001 �4.59 �12.6 9.6
0.002 0.00000 �5.46 �12.3 11.0
0.003 0.00002 �5.21 �12.3 12.5
0.002 0.00002 �3.60 �11.7 10.8
0.002 0.00000 �4.49 �11.4 11.2



Fig. 11. Distribution of 14C activities in the study area.
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Radiocarbon ages have been calculated with different models
existing in the literature for comparison (Table 4) using the following
C signatures:

d13C ¼ �22& and A14C ¼ 100% for biogenic C.
d13C ¼ �2& and A14C ¼ 0% for carbonate matrix.
The models taken into account are: Ingerson and Pearson, 1964;

Tamers, 1975; Evans et al., 1979; Fontes and Gamier, 1979; Salem
et al., 1980 (IAEA); Eichinger, 1983. The uncorrected conventional
or apparent model ages resulted in the highest groundwater resi-
dence times (calculated for A0 ¼ 100%) under the assumption that
Table 4
Radiocarbon ages (BP) according to the correction models.

No Wells 13C (&) a 14C (pmc) Uncorrected age

Mixed System
1 Od khalifa Mahmoud �7.88 18.5 13949
2 Zridib �6.73 16.9 14697
3 Beni Zelten 3 �7.78 43.0 6977
4 Zoumit �7.32 30.2 9898
5 Merbah Sandoug �6.97 18.1 14130
Closed System
6 EL Bahair CI 9 �10.48 0.4 45440
7 Henchir Jehha �6.49 9.5 19459
8 Chenchou 1bis �7.84 8.8 20091
9 Debabcha CI 14 �10.84 0.3 47234
10 Sabria Mol �5.90 6.3 22854
11 Zarcine 4 �5.77 11.6 17808
12 Garet Ltaifa �6.22 12.5 17190
13 Ambar �6.01 16.7 14795
14 Matmata 5 �5.21 11.4 17951
15 Oued Nakhla �6.66 7.0 21983
16 El Faouar 4 �4.59 9.6 19372
17 Gourai �5.46 11.0 18247
18 Sidi Daoud �5.21 12.5 17190
19 Jemna 1bis �3.60 10.8 18398
20 Ziret Ouled Touati �4.49 11.2 18098
the difference in measured and atmospheric 14C activity is exclu-
sively due to radioactive decay. These uncorrected model ages
represent an open system where DIC has exchanged completely
with the 14C active soil CO2. Such conditions are not representative
to aquifers configuration and additional reactions like matrix
exchange or carbonate dissolution are not taken into account.
Overall, it can be concluded that the uncorrectedmodel ages are too
high and not appropriate for the studied aquifers.

The model of Tamers represents a simplified conception of the
carbonate evolution and ignores all further reactions occurring in
the aquifer. The ‘‘chemical” correction after Tamers (Tamers, 1975)
calculates the theoretical initial concentration from a chemical
mass balance for water close to neutral pH and assumes simple
mixing of soil CO2 and carbonate minerals. The distribution of DIC
and the dilution factor is calculated by means of measured pH and
HCO�

3 concentration in groundwater under completely closed
system conditions. Overall, this model generates even over-
corrected model ages. Therefore, the carbonate system for such
groundwaters is not adequately represented.

The Ingerson and Pearson (1964), Evans et al. (1979) and
Eichinger (1983) models depend strongly on infiltration conditions,
which influence both the 13C enrichment factor during dissolution
of CO2 and the evolution of d13CDIC. Carbon-13 is supposed to be an
ideal tracer to identify the evolution of DIC in groundwater under
closed or open system conditions. These models consider the
uptake of 14C active DIC during carbonate dissolution under open
conditions and following 14C dilution in a closed system. The largest
problem with these models is the fact that the chosen enrichment
factor for ε 13CDIC�CO2ðsoilÞ has a huge influence on the dating of the
groundwaters. This enrichment factor is based on pH of the
groundwater during infiltration. If pH is varied (about 5e10), the
corrected model ages can fluctuate up to about 7.0 ka. If the pH
assumed for the infiltrating groundwater is changed only by one pH
unit, the corrected groundwater model age will change consider-
ably (Clark and Fritz, 1997). The variation of model ages depending
on the selected infiltration temperature (2, 6 or 10 �C) and system
conditions ranges up to 9.0 ka (Clark and Fritz, 1997). As seen in
Table 4, the corrected ages according to Ingerson and Pearson
(1964), Evans et al. (1979) and Eichinger (1983) seem to be
under-estimated. Indeed, these models attribute an actual age for
two wells (Jemna 1bis and Ziret Ouled Touati) classified as a closed
Tamers Pearson F&G (eq) AIEA Evans Eichinger

8463 3829 7500 7717 2587 3468
9118 2778 7022 7130 1591 2573
2261 0 0 992 0 0
4805 0 2003 3007 0 0
8701 2620 6239 6612 1140 2233

40656 38347 39713 40268 36485 37815
14205 7109 10454 11289 5630 6518
14653 9915 12773 13011 7875 9497
42690 40485 41524 42153 38580 39935
17350 9340 13279 13594 7649 9103
12300 4014 7850 8157 2067 3782
12387 4328 6409 8635 2879 2928
9224 1511 5091 5209 0 1298

12807 2828 5669 7375 1164 1876
17158 9941 11940 13632 7930 8778
13789 2474 6621 6804 0 2599
12974 3743 6550 7501 779 3082
11639 2066 5588 5791 0 1904
12743 0 1983 1849 0 0
13240 875 1308 5033 0 0



Fig. 12. Distribution of the mean residence times according to Fontes and Gamier
(1979) and IAEA models.
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system (Table 4). For the studied aquifers no convincing results
were obtained.

For this study, the Fontes and Garnier (Fontes and Gamier, 1979)
and IAEA (Salem et al., 1980) models of A0 correction give coherent
corrected values for all the waters. Both models, applicable in
carbonate environments, are based on the chemical balance of
Tamers (1975) approach with a correction factor due to secondary
chemical and isotopic exchange reactions between the ground-
water and the carbonate matrix which can occur during the water
circulation into the aquifer. Moreover, the Fontes and Garnier
model (Fontes and Gamier, 1979) takes into account the transition
from open to closed conditions for carbonate dissolution, and it is
considered in the literature as the most representative correction
model.

Recent water is noted in the middle of the basin (Nefzaoua
region) on the mean residence times map as calculated by models
(Fig. 12). This seems to be related to the overexploitation of the
studied aquifer in this area which has caused the lowering of the
water table at a rate of 1 m a�1 (OSS, 2003). The existence of young
water in the eastern part of the basin confirms the dominant role of
the Dahar upland in the local recharge of the Upper Cretaceous
aquifers. Although, in the north-eastern part of the basin (El
Hamma region), groundwaters show a mean residence times cor-
responding to Holocene infiltration confirming the contribution of
old waters to the recharge of the aquifer through El Hamma system
deep faults.

5. Conclusions

The results of this study show that analysis of hydrochemical
data coupled with environmental isotopes can help to elucidate the
hydrologic and geologic factors controlling water chemistry on
a regional scale.
In Southern Tunisia, groundwater has been exploited over the
past century mainly for irrigation and domestic supply. Recent
intensive pumping has caused the lowering of the water table at
a rate of 1 m a�1. The chemical facies of waters is (SO4-Cl-Ca-Na)
which is in relation with (i) their interaction with the geological
formations of the basin (carbonates and various evaporites), (ii)
cation exchange and (iii) evaporation. This evaporation occurs in
the upper part of the unsaturated zone during infiltration especially
for the Senonian groundwater samples.

Water stable isotope contents (d18O, d2H) show an increasing
evaporation of the groundwater towards the Chott regions. They also
indicate that the local recharge occurs from the Dahar upland and
from the Miocene sands outcropping in the northern parts of the
Gabes region. In this study, water stable isotope contents confirm the
existing of a large-scale interaction between the Senonian and deep
aquifers. The use of the environmental isotopes in the study of the
aquifer system in SouthernTunisia has confirmed the contribution of
the deep groundwater in the recharge of the Senonian aquifer. This
contribution, evaluated by the isotopic balances, is favored by the
existence of major faults. These results are very important in the
establishment of a conceptual model of the aquifer system. More-
over, they will lead to a better groundwater management in the
future. The mixing proportions inferred from stable isotope mass
balance prove that the contribution of the deep groundwater to the
recharge of the Senonian aquifer is very significant and may reach
100% in the El Hamma region.

The 13C content of TDIC shows large chemical and isotopic
evolutions of groundwater within the aquifer, in relation to
watererock interaction and mineral equilibrium in groundwater.
Groundwaters are characterised by a large range of mean residence
times, from the present day to the Late Pleistocene. Modelled ages
show the young bias of radiocarbon ages, created in the central part
of the basin, due to the intensive exploitation of the studied aqui-
fers. It show also the existence of modern recharge located in the
Dahar upland, and indicate the presence of paleowaters in the
southwest, east and the discharge zone (El Hamma region).
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