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a b s t r a c t

A comprehensive study of the hydrogeological framework and groundwater resources using chemical
and isotope methods was recently carried out in the Ain Bou Mourra basin (central Tunisia). In this area,
surface water in rivers is seasonal, and therefore groundwater is the perennial source of water supply for
domestic and agricultural purposes. A great dam and several harvesting features have been built within a
national water management strategy in order to increase the overall water availability in the basin.

In this study, groundwaters from the PaleogeneeNeogene formations in the Ain Bou Mourra together
with rain and surface waters have been analyzed in order to investigate the mineralization processes,
water origin and recharge sources. Chemical data indicate that surface and groundwater samples show a
large spatial variability of chemical facies. Most of the groundwaters are slightly to moderately miner-
alized and are of CaeMgeCleSO4 water type, induced mainly by feldspar and silicate weathering,
dissolution of evaporitic and carbonate minerals and cation exchange reactions.

Data inferred from 18O and deuterium isotopes in groundwater samples indicated recharge with
modern rainfall. Water characterized by lower d18O and d2H values is interpreted as recharged by non-
evaporated rainfall originating from Mediterranean air masses at higher altitude. However, water with
relatively enriched d18O and d2H contents is thought to reflect the occurrence of an evaporation process
related to the long term practice of flood irrigation.

The investigated surface water samples collected from the dam, river, hill reservoirs and pumped-
storage water power plant are affected by a significant evaporation and reveal large seasonal varia-
tions which could be controlled by the water volume changes in the open surface reservoirs and the
meteorological conditions during evaporation, condensation and precipitation.

Considerable tritium concentration in groundwaters allowed qualitative identification of the present
day component. It is assumed that this component is supplied by recent precipitation at the Oligocene
eMiocene outcrops of the study area.

Data revealed the existence of high 14C activities in groundwaters. Reservoir of dissolved carbon is
simultaneously depleted in 13C, reflecting the domination of CO2 produced by C4 plants in formation of
carbonate mineralization of analyzed waters.

� 2013 Elsevier Ltd and INQUA. All rights reserved.

1. Introduction

Water is becoming the limiting factor for development in many
parts of the world. A systematic approach is needed to depict the
use and productivity of water resources (Peranginangin et al.,
2004).

The scarcity of water resources in central Tunisia due to the low
and irregular rainfall imposes strategic difficulties for economic
development. Faced with overpopulation problems and a demand

for the development of new agricultural lands to support their
increasing populations, Tunisia and many of the arid and semi arid
countries have been adopting serious policies to develop and
exploit their surface water resources (Kim and Sultan, 2002).

The environmental consequences of these engineering efforts
are too often overlooked. The Nebhana large Dam, one of the largest
dams in central Tunisia, was built as a multi-year scheme for
storage of the Nebhana River water (Fig. 1). The construction of the
dam entailed the development of an extensive reservoir, designed
to have a maximumwater level of 230 m above sea level and a total
storage capacity of 87 Mm3 (DG/ACTA, 2005). Furthermore, the
Tunisian government has undertaken the implementation of the
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“National Strategy of Surface Runoff Mobilization” since the early
1990s. This strategy aims at building several large dams, small hill
reservoirs, and other structures for irrigation and aquifer recharge.
Thorough studies have been carried out on the impact of these
engineering projects on groundwater flow and chemistry in North
Africa (Abdelhadi, 1996; Kim and Sultan, 2002; Montoroi et al.,
2002; Grünberger et al., 2004; Farid et al., 2013).

The Ain Bou Mourra basin is located in central Tunisia and
covers a surface of 162.3 km2. This semi arid basin is drained in its
northern part by the Nebhana River which is considered one of the
most important rivers in central Tunisia. The western border is
featured by the Atlasian reliefs and Mountains, which with average
altitude of 580 m a.s.l. from the highest areas in the investigated
region (Figs. 1 and 2). The combination of relief presence and active
tectonic environment make this zone the host for some productive
artesian aquifers.

In Ain Bou Mourra basin, as in many other semi arid regions,
water resources are limited. The Nebhana Damwas built in 1966 in
order to regulate stream flow and runoff during the rainy season.
Additionally, several harvesting features: three small pumped-
storage water power plant (PSWPP) and seven hill reservoirs,
were built between 1992 and 2006 for surface water storage,
recharge and irrigation (Fig. 1). Furthermore, numerous water and
soil conservation projects have been planned. The main advantage
of this strategy offers an alternative of using groundwater and
surface water conjunctively by expanding the irrigated area to
utilize excess surface water during the wet months (Octobere
April). Instead of immediately draining from the basin, the excess
irrigation water would infiltrate through irrigated fields to the
aquifer, resulting in increased groundwater recharge.

The Nebhana Damwater is used to satisfy the irrigation demand
through the extensive canal network. In recent years, the ground-
water has been extensively exploited, as the significant component
of total water supplied through the canal system.

In the studied basin, the mean annual precipitation is less than
350 mm and perennial surface water resources are restricted to the
Nebhana River. The mean annual temperature in this area is 19 �C.

The lowermost temperatures are noted in January (13.6 �C) while
the highest temperatures are observed in August (33.4 �C). The
mean potential evapotranspiration is 1712 mm y�1.

The groundwaters of the Ain Bou Mourra basin are used as the
most efficient fresh water resources of the region. They contribute
over 90% of the flow in many regional irrigation channels, which
supply the region with irrigation and potable water. Consequently,
the recharge origin of these groundwaters and aquifer configura-
tions has been the focus of studies over the past years. Besbes
(1968), Beji (1983) and Gharsalla (2008) examined the geological
and hydrodynamic setting of the principal aquifers through
borehole information and considered the recharge area to be
essentially within the Atlasian highlands and Oligocene outcrops
of the region. Prior to this work, no detailed hydrogeochemical
and isotopic investigation of these groundwaters had been un-
dertaken. In view of the strategic importance of these resources,
and the conflicting evidence for their recharge origin and sub-
surface history, the present study was initiated. Accordingly, this
study deals essentially with the investigation of the stable isotopes
of 18O, 2H and 13C and radioactive isotopes of 14C and 3H, with an
emphasis on chemical characteristics. The aims are to: (1) inves-
tigate the origin and timing of recharge, (2) constrain the relative
residence times of the groundwaters and (3) determine the
chemical characteristics of the surface and groundwaters at a
given time.

2. Geology and hydrogeology

2.1. Stratigraphy

The geological setting of the Ain Bou Mourra basin, described by
Kassionoff (1970), Anderson (1996), Turki et al. (2002) and Abbes
(2004), is dominated by a SSWeNNE synclinal structure between
Bou Hajar Mountain in the west and Dkhila Mountain in the east
(Fig. 2). Geological formations, recognized in the syncline, have
been formed during the PalaeogeneeNeogene, and were intensely
folded by Atlasian tectonic movements resulting in rock layers

Fig. 1. Location of sampling sites within the Ain Bou Mourra basin.
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dipping steeply SW to nearly vertical (Rigane, 1991; Anderson,
1996; Abbes, 2004).

The Cretaceous deposits represent the oldest outcrops in the
syncline and consist of marine limestone which appeared in
Ouechtatia, Melez, Bou Hajar and Bou Dabbous Mountains. The
Paleocene formation is mainly characterized by clayey sand with
some intercalations of sandy limestone, gypsumandglauconite clays
(Boukadi, 1994; Abbes, 2004). The western boundary of the basin is
formed by Eocene marine sediments that include a mostly carbo-
naceous deposit represented by marl and nummulitic limestone of
Ypresian or early Lutetian age. Additionally, the upper Lutetiane
Priabonian outcrops consist of a clayey deposit and greenish marls
which are inter-bedded with some carbonate and glauconite levels
in the base but become rich in gypsum towards the top.

The Oligocene sediments are exposed largely in the borders of
the syncline. The AquitanoeBurdigalian deposits dominate and

cover more than 70 km2 of the syncline (Besbes, 1968). The detrital
facies of these formations is mostly gritty and is overlaid partially
by recent Quaternary sediments. The limey sandstone Upper Bur-
digalianeLanghian outcrops are found locally in the central area of
the syncline.

The Pliocene formation outcrops in the northern part and in-
cludes detrital sediments of sandy and sandy clays (Abbes, 2004).
During the Quaternary, the sediments exposed in the syncline were
eroded in side valleys. Gravelly and pebbly colluviums were
extensively deposited and subsequently cemented as calcretes.

2.2. Tectonic setting

Generally, the geological structure of the studied area reflects
early tectonic events, characteristic of central Tunisia (Rigane,1991;
Anderson, 1996; Abbes, 2004). The present architecture of the

Fig. 2. Geological map of the Ain Bou Mourra basin.
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study area is defined by a general SWeNE Atlas geological struc-
ture. The occurrence of numerous faults is a feature of the region. A
major fault system cuts across the northern part and is active
(Fig. 2). Flexure folding and faulting associated with uplift along the
margins of the highlands bounding the Ain Bou Mourra syncline
have produced additional discontinuities in the stratigraphy, which
affects the hydrogeological environment (Anderson, 1996).

2.3. Hydrogeology

The hydrogeological NWeSE cross section reveals that Ain Bou
Mourra aquifer system is featured by a synclinal structure and
shows a depositional sequence of three principal hydrostrati-
graphic series of OligoceneeMiocene age of continental origin
(Besbes, 1968; Kassionoff, 1970). These series form three aquifers:
the upper, middle and bottom (Fig. 3).

The upper aquifer is represented by “Upper Haouaria Forma-
tion” dated to the AquitanoeBurdigalian (group A) (Abbes, 2004)
and consists of highly permeable deposits formedmainly of coarse-
to medium-grained sands, sandstones, and gravel sediments, and
constitutes an unconfined aquifer layer. This aquifer represents the
most productive and regionally extensive aquifer. The trans-
missivity values estimated from pumping tests performed within
the aquifer range from about 0.76� 10�3 to 2.05�10�2 m2 s�1. This
allows a large amount of surface runoff to seep down and recharge
the aquifer. The depth of this unit is extremely variable, ranging
from 12 to 170 m below surface level, and the thickness is about
150 m (Besbes, 1968). All boreholes encountered have similar

drilled depths and production intervals (the yields vary approxi-
mately from 5 to 43 l s�1 and the specific capacity is about 0.56e
4 l s�1 m�1).

The middle aquifer is represented by “Lower Haouaria Forma-
tion” dated to the AquitanoeBurdigalian (group B) (Abbes, 2004).
The reservoir is composed of a sandstone succession intercalated
with clay and clayey sandstone layers of local extent, and varying in
thickness from a few tens of meters in the boundaries of the syn-
cline to 150 m in the central area (Besbes, 1968; Kassionoff, 1970).
The transmissivity varies between approximately 0.13 � 10�3 and
1.45 � 10�3 m2 s�1. Recently drilled boreholes have encountered
these materials which separate the upper and lower aquifers, and
yielded a flowwith a total discharge ranging from 5 to 25 l s�1 with
a specific capacity varying between 0.28 and 2.21 l s�1 m�1 (DGRE,
2010).

The lower aquifer is formed by the “Fortuna Formation” of
Oligocene age, comprising inter-bedded fine sandstone, sands,
marls and discontinuous sandy marl lenses which give aquifer
characteristics ranging from a unconfined, semi-confined to
confined type (Besbes, 1968; Kassionoff, 1970). It represents the
lowest productive aquifer. Data from pumping tests show that the
water discharge from boreholes varies approximately between 3.7
and 9 l s�1, and the specific capacity is about 0.19e0.27 l s�1 m�1.
The transmissivity ranges approximately from 0.13 � 10�3 to
0.36 � 10�2 m2 s�1. Water recharged from rainfall and runoff is
mainly used for domestic purposes, vegetable growing and live-
stock watering. This unit outcrops locally in the borders of the
syncline and is 300 m thick in the central part, but is not a

Fig. 3. A schematic geological cross section (compare to Fig. 2).
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consistently viable aquifer due to salinity, lower yield and depth
constraints (Besbes, 1968; Beji, 1983). According to previous studies
(Besbes, 1968; Beji, 1983; Gharsalla, 2008), the three sandy aquifer
layers are often interconnected and exploited on their edges. The
Upper Eocene marl deposits, thick of about 800 m, represent the
substratum in the syncline (Abbes, 2004).

The regional potentiometric surface shows that groundwater
from different aquifers flows from the northwestern highlands
towards the southeast (Fig. 4). The general flow direction is
consistent with the surface flow. The potentiometric lines are
presented according to the SWeNE Atlas direction and basin
topography. The piezometric map reveals large differences in the
hydraulic head. The highest values are recorded in the upper
aquifer, whilst the lowest values are recorded in the lower aquifer.
In the boundaries of the syncline, groundwater overflows in the
form of springs emerging along the faults, some kilometers to the
east of the basin. They represent a natural discharge of deeply
circulating groundwaters, and contribute to the base flow in the
syncline. The spring waters are used for domestic and agricultural
purposes. For this reason, the spring discharge has varied largely
within the period of 1960e2010 (DGRE, 2010). Intensive pumping
forced by water demand has dropped the water tables of the
aquifers since the beginning of the 1980s, and lead to the disap-
pearance of some artesian springs.

3. Sampling and analytical procedure

Sampling of groundwaters and surface waters within the study
area was carried out intermittently in different seasons (December
2007, September 2008, April 2009, and June 2009) to observe
temporal as well as spatial variations of geochemical and isotopic
parameters. Water samples from precipitation of the Sbikha rainfall
station (Fig. 1) were also collected.

A total of 68 samples were collected from the Ain Bou Mourra
basin. Samples are distributed as follows (Fig. 1):

22, 7 and 11 samples were taken from pumping boreholes and
wells exploiting the upper, the middle and the lower aquifers,
respectively;
4 samples were taken from artesian springs;
2 samples were taken from the Nebhana river;
2 samples were taken from the Nebhana large Dam;
6 samples were collected from the PSWPP; and
14 samples were taken intermittently from the hill reservoirs.

The measurements of pH and temperature were performed in
the field. Water samples were collected in 1000 ml polyethylene
bottles with poly-seal caps for major elements. Chemical analyses
and isotopic measurements were performed in the Radio-Analysis
and Environment Laboratory of the National Engineering School of
Sfax (Tunisia).

Major elements (Naþ, Mg2þ, Ca2þ, Kþ, Cl�, SO4
2� and NO3

�),were
analyzed bymeans of high performance ion liquid chromatography
(HPILC) equipped with IC-Pak TM CM/D columns for cations, using
EDTA and nitric acid as eluent, and on a Metrohm chromatograph
equipped with CI SUPER-SEP columns for anions, using phthalic
acid and acetonitrile as eluent. The overall detection limit for ions
was 0.04 mg L�1. The CO3

� and HCO3
� concentrations were analyzed

in the laboratory by titration using 0.1 N HCl. The ionic balance for
all samples was within �5%.

Stable isotope ratio (18O/16O and 2H/1H) analyses were per-
formed using the Laser Absorption Spectrometer LGR DLT 100
(Penna et al., 2010). Results are reported in & versus V-SMOW
standard (Vienna-Standard Mean Oceanic Water).

Twenty-seven samples were selected for tritium content ana-
lyses using electrolytic enrichment and liquid scintillation tech-
nique (Taylor, 1976). 3H concentration is expressed in Tritium Units
(TU). One TU is defined as the isotope ratio 3H/1H ¼ 10�18.

Activity of 14C in dissolved carbonates was analyzed in 11
samples. Precipitation of BaCO3 from groundwater samples was
performed in the field. Radiocarbon activities were determined by

Fig. 4. Piezometric map of the shallow aquifers of the Ain Bou Mourra basin.
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scintillation counting according to procedure described by Stuiver
and Polach (1977). Analytical results are reported as percent of
modern carbon (pmC).

The 13C/12C ratios were determined by isotope ratio mass
spectrometry at the Laboratory of Hydrogeology of Avignon,
France. Values of d13C (d) are expressed versus VPDB standard.
Precision of individual analyses is equal: �0.1& for the d18O, �1&
for the d2H, �0.3TU for 3H, �1 pmC for 14C and �0.3& for 13C
measurements.

4. Results and discussion

4.1. Physico-chemical data

The physico-chemical parameters (temperature and pH) of the
analyzed samples are presented in Table 1. Groundwater samples in
Ain Bou Mourra basin show almost homogeneous values of tem-
perature, excepting four samples which reveal distinctly lower
temperatures. These groundwater samples were measured early in
the morning (April 2009) when the atmosphere temperature is low
and the air moisture is high, especially in the northwestern part of
the study area characterized by elevated areas.

Temperaturemean values are: 23.2� 0.5 �C in the upper aquifer,
22.4 � 0.5 �C in the middle aquifer and 22.3 � 0.8 �C in the lower
aquifer (Table 1). The temperature values of the surface waters are
influenced by the surface air temperatures, and vary between 21.8
and 26.7 �C in September 2008, between 16 and 23 �C during April
2009 and between 24.7 and 26.1 �C in June 2009. This variation
could be related to seasonal effect.

The groundwater samples are circum-neutral. The pH values of
groundwaters vary within a relatively narrow range between 7.3
and 7.8. However, the scatter of pH values observed in surface
waters is considerably larger. Values of pH cover the range between
7.5 and 9.6.

The physical and chemical characteristics of the groundwater
samples show significant variations according to the spatial dis-
tribution of geological facies within the basin. Values of the total
dissolved solids (TDS) in surface waters are highly variable ranging
from 279 mg/l to 5046 mg/l. The lowest TDS values are recorded in
samples collected during September 2008 from Ouechtatia and
Serdiana PSWPP located in OligoceneeMiocene sandstones,
whereas the highest values are measured in Hallouf PSWPP which
is located near the marl and clayey outcrops of the upper Eocene
age in the north western part of the catchment area. These data are
in agreement with the values provided by Rahaingomanana (1999)
for PSWPP in similar geological environment.

Similarly, the TDS values of the hill reservoirs vary in both time
and space over a wide range from 1240 (sample from Nagaa) to
8973 mg/l (sample from Sif) during the same season (September
2008, Table 1). The highest salinities are recorded in Sif, Rmel and
Ain Hmam reservoir waters. The chemistry of these surface waters
is very similar, suggesting that it is probably influenced by the
leaching of salts during watererock interaction, in combination
with evaporation losses.

The groundwater mineralization shows gradually increasing
values from the top to bottom (Fig. 5). The groundwater samples of
the upper aquifer are characterized by lowmineralization. The TDS
values are in the range between 380 and 833 mg/l. In the middle
aquifer, groundwaters are moderately mineralized and TDS values
vary between 930 and 1400 mg/l. The highest mineralizations are
recorded in the lower aquifer. TDS values are in the range from 1309
to 4284mg/l. This large increase in salinity is attributed to the facies
changes along the AquitanoeBurdigalianeOligocene contact.

The chemical compositions of the analyzed samples are plotted
on the Piper trilinear equivalence diagrams shown in Fig. 6. The Ta
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Table 1 (continued )

No. Sample type T (�C) pH TDS
(mg/l)

Ca2þ

(mg/l)
Mg2þ

(mg/l)
Naþ

(mg/l)
Kþ

(mg/l)
HCO3

�

(mg/l)
CO3

�

(mg/l)
Cl�

(mg/l)
SO4

2�

(mg/l)
NO3

�

(mg/l)

18O
(& V-SMOW)

2H
(& V-SMOW)

3H
(TU)

14C
(pmC)

13C
(& VPDB)

24 Middle aquifer 24.1 7.3 1002 152.3 48 82.8 <0.05 256.2 0 121.3 315.4 13 �5.76 �32.4 75 �11.2
25 Middle aquifer 22.6 7.4 1400 145.7 70.4 164.3 10.9 280.6 0 344.4 286.9 14.7 �5.68 �32.6
26 Middle aquifer 21.3 7.8 947 130.6 41.7 78.8 9.8 250.1 0 105 263.1 15.8
27 Middle aquifer 15.8 7.9 962 130.5 33.2 87.8 3.8 231.8 0 216.6 171.1 34 �5.71 �30.9 4.4 54 �10.0
28 Middle aquifer 21 7.5 994 111.6 45.1 102 4.9 207.4 0 151.2 268.2 3.2 �5.23 �33.5 84.2 �11.8
29 Middle aquifer 22.2 7.3 1281 167.2 68 89.5 3.7 266 0 243.9 344.6 0.5 �4.10 �24.0
30 Lower aquifer 22.9 7.3 1660 164.3 97.3 243.7 1.2 427.1 0 290.8 619.6 24.2 �4.89 �28.4 4.1 57
31 Lower aquifer 22.7 7.4 1309 82.6 83.8 172.5 10.3 366 0 165.9 383.5 1.9 �5.49 �35.9
32 Lower aquiferb 14.4 7.2 1550 150 91.2 248.1 <0.05 524.6 0 120.4 659.3 0 �4.92b �31.3b 23.5b �9.1b

33 Lower aquifer 19.6 7 1993 161.8 119.3 264.9 13.9 402.6 0 315 654.5 1.6 �4.80 �35.2
34 Lower aquifera 7.8 3612 280.8 274.1 588.5 16.4 421 0 900.3 1482.7 11.2
35 Lower aquifera 7.7 3886 452.5 185.8 579.4 15.3 360 0 915.2 1571.1 22.9
36 Lower aquifera 7.7 1800 222.2 35.3 383.9 16 341.7 0 376.9 722.4 0.6
37 Lower aquifera 2238 210.6 152.1 363.2 13.3 360 0 512.7 869.3 0.6
38 Lower aquifer 22.2 7.1 4260 548.3 234.5 607.3 <0.05 323.3 0 861.4 1997.6 0.7 �5.98 �36.1 3.8
39 Lower aquifer 16.8 7.5 4284 438.3 171.3 513.2 20.3 305 0 1014 1389.3 44.5 �4.53 �30.1 1.9 63 �10.2
40 Lower aquifer 23.9 7.3 2410 171.1 89.1 386.7 10.4 335.5 0 461.3 734.1 11.1 �4.83 �27.9
41 Ain Sif (spring) 28.9 7.7 900 111.4 20.6 95.9 4.4 335.5 0 144.2 110.6 0 �5.92 �32.5 1.0
42 Ain Bou Mourra (spring) 24.1 7.4 570 100.9 21 60.8 3.2 201.3 0 130.9 77.4 47.5 �5.40 �32.4 2.9
43 Ain Alilega (spring) 22.5 7.4 1291 166.2 62.2 172.9 <0.05 353.8 0 256.1 301.5 7.2 �5.98 �32.5 2.6
44 Ain Bou Laaba (spring) 380 86 11 40 <0.05 108 0 24 85 96.3 �10.0
45 Nebhana River (09/2008) 21.8 8.3 1940 198.8 54.3 272.3 11.1 201.3 0 410.3 655.6 0 �3.45 �21.8 3.5
46 Nebhana River (04/2009) 23 8.3 1898 200.5 62.3 288.7 11.8 198.7 0 423.6 604.8 0 �3.61 �22.3
47 Nebhana large Dam (09/2008) 24.4 8 1200 148.9 43.3 163.3 8.9 134.2 0 249.8 409.8 1.8 �1.75 �9.9 3.8
48 Nebhana large Dam (04/2009) 16 8.4 897 118.9 30 99.1 4.3 146.4 0 176.4 265.5 3.1 �3.58 �20.2
49 Hallouf PSWPP (09/2008) 24.8 8.5 5046 723.4 211.7 669.9 25.9 103.7 0 563.9 2788.6 0.7 2.65 �4.9 5.2
50 Hallouf PSWPP (04/2009) 19 8.2 2404 370.4 81.5 195.3 8.4 91.5 0 211.7 1360.6 6.1 0.10 �5.1 3.1
51 Serdiana PSWPP (09/2008) 23.7 7.9 489 85.9 10.1 21 7.5 97.6 0 13.9 214.1 3.7 �5.08 �33.3 3.9
52 Serdiana PSWPP (04/2009) 17.9 8.2 631 109.5 15.4 37.9 4.9 109.8 0 48.5 247.1 9.9 0.78 2.2 3.1
53 Ouechtatia PSWPP (09/2008) 21.8 8.1 279 59.3 4.4 6.3 3.2 140.3 0 5.6 49.6 2.5 �5.95 �35.2 4.0
54 Ouechtatia PSWPP (04/2009) 16.5 8.1 297 64.6 9.9 14.8 2.1 152.5 0 18 61.8 0.2 �1.83 �6.0 3.6
55 Nagaa hill reservoir (09/2008) 23.5 7.5 1240 187.4 41.7 87.5 15.1 103.7 0 83.8 700.5 0.1 �4.87 �30.7 5.2
56 Nagaa hill reservoir (06/2009) 25.4 8.7 1602 289.9 71.7 104 0.9 54.9 0 84.1 949.2 0 3.37 11.0
57 Dahguene 2 hill reservoir (09/2008) 25 8.7 2467 319.7 99.1 211.1 13.8 54.9 0 163.9 1395.9 3 �5.71 �33.6 4.4
58 Dahguene 2 hill reservoir (04/2009) 20.9 8.5 2370 347.4 59.5 320.8 10.9 103.7 0 296.4 1162.6 0 �3.07 �18.3
59 Dahguene 2 hill reservoir (06/2009) 25.2 8.7 2800 615.7 106.5 100.3 6.4 54.9 0 216.2 1636.3 10 3.34 8.0
60 Dbouba hill reservoir (09/2008) 26.1 8.4 1683 271.8 55.1 115.1 10.5 79.3 0 32.5 1124 2.6 �2.37 �17.2 4.3
61 Sif hill reservoir (09/2008) 26.7 8.4 8973 585.8 305.8 1659.5 90.5 97.6 0 1767 4293.6 1.5 2.32 4.9 3.7
62 Sif hill reservoir (04/2009) 19.9 7.9 4522 504.8 159.5 664.7 25.7 170.8 0 970.5 1879.2 12 �1.88 �16.3
63 Sif hill reservoir (06/2009) 25.5 8.2 7639 1309 298.4 890.4 <0.05 122 0 1443.9 3638.5 0 3.62 11.8
64 Ain Hmam hill reservoir (09/2008) 26.6 9.6 8527 656.7 309.8 1438 <0.05 54.9 0 756.1 5243.7 0 2.30 �2.3 4.9
65 Ain Hmam hill reservoir (04/2009) 18.9 8.9 6178 666.6 293 818.7 27.1 73.2 0 853.1 3265.2 0 0.53 3.6
66 Ain Hmam hill reservoir (06/2009) 24.7 9.3 7870 930 273.3 973.3 19.3 61 0 649.8 4621.5 3.9 4.17 11.5
67 Rmel hill reservoir (04/2009) 18.6 8.3 4787 764.8 207.6 456.7 20.2 79.3 0 404 2767.1 0 �2.79 �18.0 4.0
68 Rmel hill reservoir (06/2009) 26.1 8.6 5482 924.3 268.7 466.5 2.8 58.6 0 342.7 3408.7 2.7 2.69 6.1
69 Rain water (Sbikha station) �5.27 �30.8 4.8

a Gharsalla (2008).
b Kacem (2008).
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surface and groundwater reflect a large spatial variability of
hydrochemical facies.

Chemical mineralization of groundwaters varies widely in the
upper, middle and lower aquifers. The CaeMgeCleSO4 type dom-
inates in the most parts of the aquifer system.

Groundwaters from the upper aquifer are characterized by
lower mineralization and represent predominantly the CaeHCO3
type. Waters of a mixed ionic type (CaeMgeCleSO4) are also pre-
sent in this aquifer.

The middle aquifer contains moderately mineralized water,
dominantly of CaeMgeCleSO4 type, whereas the lower aquifer is
dominated bywaters of the CaeMgeCleSO4 type. In boreholes they
are accompanied with CaeSO4 type waters and to a lesser extent,
with the NaeCl waters.

The wide range of hydrochemical types indicates the variability
of chemical processes leading to the observed groundwater
mineralization. Surface waters of PSWPP represent the CaeHCO3
and CaeSO4 types. Waters in the hill reservoirs are dominated by
Ca2þ and SO4

2�. These waters are enriched in sulphate ions as a
result of the dissolution of evaporitic material present in the
gypsiferous marl deposits of the Upper Eocene outcrops (Fig. 6).
Also, surface water from Nebhana large Dam and River is classified
as CaeSO4 type.

To identify the origin and processes contributing to ground-
water mineralization, some plots of relations between major ele-
ments are presented. The plot of Naþ versus Cl� (Fig. 7a) shows
some points situated along the halite dissolution line. Some high
Naþ/Cl� molar ratios observed in hill reservoir surface waters are
indicative of mineral dissolution or cation exchange reaction
leading to a Ca2þ adsorption on clay minerals and a simultaneous
release of Naþ ions (Stephen Fisher and Mullican, 1997). This ex-
change takes place by reaction with clay minerals existing in the
matrix of sandstones (ONM, 2010). This hypothesis is supported by
the graph in Fig. 7d which reveals that most hill reservoir samples
show an increase in Naþ contents and a decrease in Ca2þ contents.

Another assumption which could explain the excess of Naþ over
Cl� ions is probably the dissolution of thenardite (Na2SO4) mineral
that is largely settled to the bottom of lakes in arid and semi arid
climate. The calculated of the hypothetical salt combination
(Palmer, 1911) shows that the assemblage (Na þ K)Cl, Na2SO4,
MgSO4, CaSO4 and Ca(HCO3)2 characterizes the majority of hill
reservoir samples (Nos. 55e68). The CaSO4 water type dominates
with more than 40% in most surface water samples. The occurrence
of Na2SO4 and Mg SO4 water types within the salt combinations in
hill reservoir samples (Nos. 55, 57, 58, 60, 61, 64, 65 and 66), with a
range of 10.1e42.9% and 13.4e25.7%, respectively, might reflect
thenardite (Na2SO4) and kieserite (MgSO4) dissolution. Further-
more, the leaching processes on the evaporate deposits enriches
surface water on sodium, calcium and magnesium sulphates
(Murad et al., 2012).

An increased Naþ/Cl� ratio is also observed in waters from the
lower aquifer. To explain the excess of Naþ over Cl� ions, the three
hypothetical processes can be taken into consideration:

(i) cation exchange reaction; (ii) weathering of feldspars found in
sandstone samples (Montoroi et al., 2002; ONM, 2010) and (iii)
reaction of silicate minerals derived mainly from weathering
of sandstones (Montoroi et al., 2002; ONM, 2010).

Conversely, the depletion in Naþ contents relative to Cl� con-
centrations observed in some samples of the upper aquifer would
probably suggest some reaction of silicate minerals (Montoroi et al.,
2002; Edmunds et al., 2003; ONM, 2010) or a second type of ionic
exchange where Naþ is removed from the complex and replaced by
Ca2þ (Stigter et al., 1998; Ma et al., 2009).

To explain how the different geological and pedological parts of
the basin contribute to the chemistry of surface and groundwaters,
mineralogical and chemical analyses were performed by the
Tunisian National Office of Mines (ONM, 2010) on six sediment
samples within the study area (Fig. 2). The XRD analysis has

Fig. 5. Salinity distribution map of the aquifers in Ain Bou Mourra basin.
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revealed the presence of the following clayey minerals: smectite
40e65% and kaolinite: 35e60% in sample (pa) located in the Upper
Eocene marls and clays of the northern region (Fig. 2).

Results of the physico-chemical analysis of this clay sample are
shown in Table 2. These data shows that clays are rich in SiO2
(50.56%), Al2O3 (14.86%) and Fe2O3 (12.2%), whilst the CaO, MgO,
Na2O, K2O and SO3 mass percentages are low.

Regarding the sands samples collected from AquitanoeBurdi-
galian (pb, pc, pd, pe) and Oligocene deposits (pf), the chemical data
demonstrate high contribution of SiO2 (more than 95%) and small
mass percentages of Al2O3, Fe2O3, K2O and SO3 (Table 2).

Points on the Ca2þ versus SO4
2� plot (Fig. 7b) can be grouped into

3 clusters. The first represents sample points plotting near the 1:1
line (gypsum dissolution line) and showing a simultaneous in-
crease of calcium and sulphate ions. This pattern indicates the same
origin of the mentioned ions which is the likely dissolution of
gypsum and or anhydrite. This process can be clearly confirmed by
the linear evolution of both gypsum and anhydrite saturation
indices, which are calculated with the aid of PHREEQC program
(Parkhurst and Appelo, 1999), and the sum of calcium and sulphate
(Fig. 8b and c).

The second cluster is formed by lower aquifer samples and hill
reservoir surface waters. These sulphate-rich samples are situated

below the 1:1 line. The molar Ca2þ/SO4
2� ratio of these samples is

widely lower than 1. The sulphate excess relative to calcium could
be related either to the loss of Ca2þ instead of Naþ during the cation
exchange reaction or to the thenardite (Na2SO4) mineral dissolu-
tion. Furthermore, Fig. 8b and c shows that SO4

2� concentrations of
some surface waters increase until reaching saturation towards a
clear oversaturation with respect to sulphate minerals.

The third cluster is formed by the upper aquifer samples and
exhibits a more pronounced excess of Ca2þ over SO4

2� ions which is
believed to originate from the dissolution of carbonate minerals. As
confirmed by Fig. 7c, the points representing the upper aquifer
samples fall either on, or just above 1:1 stoichiometric equilibrium
line. The abundance of carbonate rocks (sandy limestone of Bur-
digalian age) and the erosion rates in the central area of the syn-
cline suggest that the dissolution of carbonate minerals may
potentially add significant amounts of Ca2þ and Mg2þ to the
groundwaters of the upper aquifer. The Mg2þ/Ca2þ ratio in these
groundwaters is maintained at around 0.2e1.48. This pattern is
consistent with an equilibrium control governed by calcite and
dolomite minerals (Appelo and Postma, 1993).

Fig. 8d and e presents the relationships between the saturation
index (SI) with respect to calcite and the sum of Ca2þ and HCO3

�

concentration ions and the relationships between saturation index

Fig. 6. Piper diagram of the analyzed water samples.

Table 2
Chemical composition of selected sediment samples. Values are given in mass percentage (mass %) (ONM, 2010).

Lithology Formation Sample CaO MgO SiO2 Fe2O3 Al2O3 Na2O K2O SO3

Clay Upper Eocene pa 1.13 1.81 50.56 12.2 14.86 0.73 1.64 1.84
Sands AquitanoeBurdigalian pb 0.31 0.027 98.2 0.2 0.33 0.015 0.14 0.15
Sands AquitanoeBurdigalian pc 0.57 0.01 98.45 0.29 0.32 0.01 0.16 e

Sands AquitanoeBurdigalian pd 0.1 0.02 96.73 0.2 0.39 0.01 0.15 e

Sands AquitanoeBurdigalian pe 0.11 0.05 97.31 0.26 0.91 0.05 0.36 e

Sands Oligocene pf 0.05 0.02 96.9 0.13 0.76 0.02 0.49 e
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with respect to dolomite and the sum of Ca2þ, Mg2þ and HCO3
�

concentration ions, respectively. The saturation indices of the hill
reservoir samples cover the range between 0.11 and 1.51 for calcite
and are between �0.68 and 2.25 for dolomite. Regarding the
groundwater samples of the upper aquifer, the values of SI for
calcite are close to equilibrium (SI ¼ 0) and for dolomite show an
undersaturation, saturation or supersaturation state.

The saturation of the groundwater samples with respect to
calcite and dolomite is explained by the outgassing of CO2, which in
most hydrological systems, is the primary process responsible for
the supersaturation of the analyzed groundwaters with respect to
carbonate mineral (Edmunds et al., 2003). On the other hand, the
dissolution of gypsum in the middle aquifer and hill reservoir
samples should also tend to maintain saturation or oversaturation
with respect to these minerals.

One significant characteristic of the analyzed groundwater
samples is the very low molar Kþ/Naþ ratio of 0 to 0.33, which
would suggest the dominance of K-feldspar in the study area (Ma
et al., 2009). The feldspar is most likely derived from the erosion
of sandstones, as evidenced by the mineralogical data investigated
byMontoroi et al. (2002) and ONM (2010). Therefore, the chemistry

of the surface and groundwater samples appears to be dominantly
controlled by the dissolution of minerals within the lithological
formations (Montoroi et al., 2002).

The nitrate contents in groundwater fluctuate between 0 and
74.1 mg/l (Table 1). Some samples from the upper aquifer show
high nitrate concentrations exceeding 50 mg/l, the maximumvalue
recommended for drinking water by the WHO organization (WHO,
2006). These high nitrate concentrations are the result of an
extensive agriculture activity. In the central part of the investigated
region, where flood irrigation is applied at a large scale, the excess
of irrigation water undergoes excessive nitrate enrichment at the
ground surface. The potential influence of fertilizer is reflected in
the agricultural areas where a vast of amount of N-fertilizers is used
in the form of Urea (N), MTK (N, P, K rich fertilizer) and organic
fertilizers (Stigter et al., 1998). The abuse of fertilizers may result in
high concentrations of nitrate in the farm lands.

4.2. Isotope data

Isotope geochemistry techniques are valuable tools in investi-
gatingmany problems in hydrology and evaluating hydrogeological

Fig. 7. Relationships between major elements in the analyzed sampled water: Na/Cl (a), Ca/SO4 (b), Ca/HCO3 (c) and [(Na þ K) � Cl]/[(Ca þ Mg) � (SO4 þ HCO3)] (d).
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Fig. 8. Halite SI vs. Na þ Cl (a), Gypsum SI vs. Ca þ SO4 (b), Anhydrite SI vs. Ca þ SO4 (c), Calcite SI vs. Ca þ HCO3 (d) and Dolomite SI vs. Ca þ HCO3 þ Mg (e) relationships of the
analyzed water samples.
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and hydrochemical controlling mechanisms in any groundwater
system (Tijani et al., 1996; Clark and Fritz, 1997). They provide
significant insights into water origin, recharge circumstances (time
and location), water flow directions and residence times (Clark and
Fritz, 1997).

4.2.1. Isotope composition of surface waters
In northern Africa, surface waters are generally evaporation-

dominated systems operating under prevailing arid or semi arid
climatic conditions (Kebede et al., 2009). d18O and d2H values of the
Nebhana River samples range from �5.98 to �4.10& and
from �36.1 to �24.0&, respectively (Table 1).

Isotope composition of the hill reservoir surface waters varies
between �5.71 and 4.17& for oxygen-18 and between �33.6 and
11.8& for deuterium. Data from the PSWPP vary in a wider range:
Oxygen-18 changes from �5.95 to 2.65& while deuterium varies
from �35.2 to 2.2&. In the 18O and 2H diagram (Fig. 9), all water
samples were plotted against the background of the Global Mete-
oric Water Line (GMWL) (Craig, 1961) and the Local Meteoric Water
Line (LMWL) which was determined by Celle (2000), Celle-Jeanton
et al. (2001a) for the Western Mediterranean.

Points representing water samples collected from surface hill
reservoirs during different seasons form a straight line described by
the equation: d2H¼ 4.6 d18O� 6.2 (r2¼ 0.98, Fig. 9). Observed slope
4.6 for the surface water samples in the studied syncline is com-
parable to that of evaporation from an open water body which is
generally close to 5 under conditions of low relative humidity in a
semi arid region (Clark and Fritz, 1997). The intercept is similar to
the Sbikha station weighted mean delta values ratio (�5.27 for
d18O/�30.8& for d2H). These data also reveal distinct seasonal
variability and may vary considerably throughout the year. Fig. 10
illustrates variations in the 18O content of surface waters accord-
ing to sampling dates. In fact, the most enriched values were
measured in June 2009. The isotopic enrichment is attributed to the
decrease in the hill reservoir water volume during the dry period in
the semi arid catchment area which makes water more sensitive to
evaporation (Gay, 2004; Kebede et al., 2009). However, the most

depleted values were obtained after a storm event in September
2008, being the result of a dilution effect by rainwater. Seasonal
differences of the isotopic content in the open surface hill reser-
voirs may be driven by several factors, including moisture sources,
rainfall amount and meteorological conditions during evaporation,
condensation and precipitation (Clark and Fritz, 1997; Gay, 2004;
Kebede et al., 2009).

4.2.2. Isotope composition of groundwaters
The stable isotopes of oxygen and hydrogen are generally

considered to be transported conservatively in shallow aquifers
(Kim et al., 2003). The use of oxygen-18 and deuterium isotopes in
hydrogeology provides information on the origin and movement of
groundwater. It can offer an evaluation of physical processes
affecting water masses, such as evaporation and mixing (Geyh,
2000).

Stable isotope compositions of samples representing the upper
aquifer are within the range from �5.91 to �4.64& and
between�34.5 and�27.3& for d18O and d2H, respectively (Table 1).

Those of the middle aquifer vary between�5.71 and�4.10& for
oxygen-18 and from �33.8 to �24.0& for deuterium. The isotope
compositions of groundwaters in the lower aquifer fluctuate
between �5.95 and �4.53& for oxygen-18 and between �36.1
and �27.9& for deuterium. The isotope composition of water from
the artesian springs varies between �5.98 and �5.4& for oxygen-
18 and between �32.5 and �32.4& for deuterium.

The mean isotopic composition of the sampled groundwaters
from the aquifer system is similar to local precipitation recorded in
the Sbikha station (�5.27 for d18O/�30.8& for d2H) (Figs. 9 and 11).
This similarity in isotopic composition between majority of
groundwaters and local precipitation indicates that the ground-
waters have been recharged under climatic conditions which are
similar to those prevailing at present in the region (Bajjali et al.,
1997). However, detailed analysis of analytical data allows dis-
tinguishing three groups of waters (Fig. 11):

The first group includes water samples representing springs
(Nos. 41 and 43), upper aquifer (Nos. 14 and 22) and middle aquifer
(Nos. 24, 25 and 27). The scatter of these points above the LMWL

Fig. 9. Stable isotope composition of surface water and groundwater samples in the
Ain Bou Mourra basin.
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suggests that groundwaters were recharged by precipitation due to
direct condensation of Mediterranean atmospheric moisture (Gat
and Issar, 1974). Elevated values of deuterium excess between
13.69 and 15.68 confirm the origin of these groundwaters. On the
other hand, these samples are relatively more depleted in heavy
isotopes than the mean weighted values of d18O and d2H observed
at the Sbikha station. This in turn suggests that the individual
aquifers of the studied basin have been recharged at altitudes
higher than elevation of the local rainfall station (E ¼ 67 m a.s.l.).
Considering the d18O altitudinal gradient (G) of 0.4&/100 m
(Blavoux, 1978; Zuppi and Bortolami, 1983), the aquifer recharge
altitude (RA) is estimated according to the following equation:

RA ¼ E þ 100� ðd18O mean local rainfall

� d18O GroundwaterÞ=G

The calculated values, ranging between 113 and 275.5 m a.s.l.,
coincide with the elevation of the aquifer outcrops in the study
area.

The second group is formed by groundwater samples repre-
senting the three aquifers and lying widely on the LMWL, sug-
gesting the mechanism of an infiltration of modern runoff water
before significant evaporation at the soil surface can take place
(Fig. 11). Moreover, the plots of these points below the mean local
precipitation may suggest seasonal recharge. According to Celle-
Jeanton et al. (2001a), Rozanski et al. (1993), Kebede et al. (2009)
and Darling et al. (2006), seasonal variations of isotopic composi-
tion of incident rainfall and of ambient moisture are generally small
in low latitudes settings, but, it is relatively high in Mediterranean
countries as Tunisia. This variation may result from the interplay of
several factors: (i) seasonal changes of the temperature at the
precipitation sites; (ii) seasonal changes in the evapotranspiration
flux on the continents, (iii) seasonal changes of prevailing circula-
tion patterns changing the region of moisture.

The third group comprises groundwater samples which are
situated below the GMWL and reveal enrichment in heavy isotopes

due to evaporation process. Observed enrichment can be attributed
to either the evaporation of meteoric water before or after
groundwater recharge or to the extensive watererock interaction
within the aquifer (Banner et al., 1989). On investigated area, the
long term practice of flood irrigation causes that the infiltrating
waters are significantly isotopically fractionated in the ground
surface and in the irrigation channels due to their long exposure to
the atmosphere (Stigter et al., 1998). Also, partial evaporation at the
water table cannot be excluded due to climate aridity.

A plot of the d18O and the total dissolved salts (TDS) was made in
order to confirm the mineralization mechanisms in the Ain Bou
Mourra basin (Fig. 12). According to available data, two main pro-
cesses contributing to water salinization in the studied aquifer
could be identified: dissolution of evaporative rocks and evapora-
tion processes. In fact, the first process reflects a dissolution effect
where the isotopic composition (d18O) of water remains constant
with increasing TDS values. This pattern strongly supports the hy-
pothesis that the salinity of groundwaters is mainly controlled by a
dissolution process as shown previously by the hydrochemical
analyses. The second trend reflects evaporation process. In this
case, the isotopic compositions of some hill reservoir samples are
positively correlated with TDS values and, thus, provide evidence
that water loss by evaporation is an important process in the open
surface reservoirs (Fig. 13). This supports the hypothesis that
evaporation process may be a contributor to the chemical and
isotopic compositions of the reservoir waters. However, detailed
examination of available data allows characterizing two groups of
surface waters (Figs. 12 and 13).

The first group is represented by points of PSWPP surfacewaters
(Ouechtatia and Serdiana Nos. 51, 52, 53 and 54) and hill reservoirs
(Nagaa, Dahguene and Dbouba, Nos. 55e60). These scattered points
plot above �4& and show comparatively low TDS values
(TDS < 3000 mg/l, Table 1). During September 2008eApril 2009,
the observed change in d18O of surface water was not accompanied
with any significant changes in the TDS values. Thus, the isotopic
enrichment between the two sampling periods could reflect the
large seasonal variation in the isotopic composition of rainfall
(Rozanski et al., 1993; Darling et al., 2006). However, during the

Fig. 11. Stable isotope composition of groundwater samples in the Ain Bou Mourra
basin.

Fig. 12. Relation between d18O and TDS in surface water and groundwater samples in
the Ain Bou Mourra basin.
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second period, AprileJune 2009, a slight enrichment of d18O con-
tent which is coupled with a slight increase of TDS was observed
(Fig. 13). According to Celle-Jeanton et al. (2001a), Tunisia is located
in the Western Mediterranean, which represents a climatic tran-
sition zone open to the influence of the cool North Atlantic air
masses and the warmMediterranean air masses (Rindsberger et al.,
1983). Moreover, specific geomorphologic characteristics of Tunisia
i.e. the absence of high mountains with elevations exceeding
1600 m and the relatively limited geographic extensions, allow the
incorporation of Saharan air masses into the atmospheric circula-
tion (Celle-Jeanton et al., 2001a). However, hydro-meteorological
studies (Celle, 2000; Celle-Jeanton et al., 2001b) suggest the exis-
tence of two major trajectories for dominant air masses: (i) Atlantic
air masses that circulate from thewest over Northern Africa and (ii)
Mediterranean air masses that come from the north.

Quantitatively, the participation of Atlantic air masses (deute-
rium excess d¼ 10&, Craig,1961) represents almost 30% of the total
volume of rain and may increase during winter and autumn.
However, during the spring and summer seasons, Mediterranean
air masses (d ¼ 13.7&, Celle-Jeanton et al., 2004) contribute with
about 66% indicating the significance of the Mediterranean as a
moisture source for the study area. Celle-Jeanton et al. (2001a)
demonstrate that rains coming from a circulation of the air
masses on Northern Africa are depleted in d18O (�6.7&), whereas
Mediterranean ones are enriched (e4.1&).

The second group comprises other samples including Hallouf
PSWPP (Nos. 49 and 50) and hill reservoirs (Sif, Ain Hmam and
Rmel, Nos. 61e68) which are located in the gypsiferous marl of the
Upper Eocene age. These waters show high mineralization
(TDS > 4500 mg/l) especially in September 2008 and June 2009
(dry season). In addition, position of these points on or near the
dashed “evaporation effect” line could be explained by successive
evaporation events which are separated by temporary inflow of
fresh waters. It has already been mentioned, that the leaching of
evaporitic marls combined with high evaporation during the dry
summer, and so, a decreasing of the water volume in the reservoir,
will contribute to high TDS contents (TDS > 4500 mg/l). However,

during April 2009, the TDS and d18O show a clear decrease as a
result of dilution effect by rainwater (Fig. 13).

On the other hand, the samples tend to reveal that change in
d18O content caused by evaporation phenomenon could be up to
10& in the TDS e d18O scatter in Fig. 12. In open surface system,
such change corresponds to loss of about 25% of water (Darling
et al., 2006; Rozanski and Chmura, 2008). For example, the
change in d18O for Sif hill reservoir sample (Nos. 63 and 64) is 5.5&
corresponds to loss of about 13.8% of water volume. This value
varies from one lake to another depending on several parameters
(climate, geographical position, storm trajectory, atmospheric
moisture, temperature, latitude, altitude, distance from the coast,
amount of precipitation, and the influence of the isotopic signature
of local precipitation “local vapor sources”) (Darling et al., 2006).

Rozanski and Chmura (2008) reveal that the key parameter
controlling the degree of isotope enrichment is remaining fraction
of water in the lake. Other factors such as temperature, relative
humidity, or extent of kinetic fractionation play only minor roles.
Additionally, partial evaporation of water samples from lakes leads
to large modification of their original isotopic composition.

4.2.3. Tritium
For several decades, tritium has been regarded as being the

simplest and most convenient tracer method for determining
young groundwater ages (Dulinski et al., 2003). The occurrence of
tritium in groundwater indicates the extent of migration of modern
post-1950s recharge, but its use is limited by its short half life (12.3
years) (Edmunds and Smedley, 2000). Tritium content in ground-
water depends primarily on the initial atmospheric concentration
at the time of recharge and the radioactive decay that has occurred
since infiltration (Maduabuchi et al., 2006).

The measured 3H contents of the surface waters are quite
comparable to the weighted mean value measured in Sbikha rain
station (4.8 TU). The 3H concentrations in surface waters were
measured during two sampling campaigns (Table 1). In September
2008, the 3H activities varied between 3.9 TU and 5.2 TU, whilst
during April 2009 they ranged from 3.1 to 3.6 TU. In surface lake
reservoir, 3H concentrations fluctuate between 3.7 and 5.2 TU.
These data confirm that surface storage reservoirs show seasonal
variations of tritium content. Hence, it is important to note here
that the isotopic signature of the reservoir surface waters is obvi-
ously influenced by seasonality. It is largely controlled by the at-
mospheric processes (precipitations, evaporation.) and the
seasonal fluctuations of water level in the reservoir (Gay, 2004;
Kebede et al., 2009).

As it is shown on 3H/d18O diagram (Fig. 14), tritium concentra-
tions in analyzed groundwaters generally are greater than 1 TU. The
presence of measurable concentrations of tritium confirms the
presence of waters of modern infiltration in the Ain Bou Mourra
basin (Clark and Fritz, 1997).

Tritium content observed in springwaters (1.0e2.9 TU) confirms
the presence of modern infiltration water. The outcrops of the
OligoceneeMiocene formations are considered to be the infiltra-
tion zone.

4.2.4. Carbon isotope composition of DIC
Radiocarbon allows the determination of water residence time

over timescales to 30 ka (Clark and Fritz, 1997). As 14C is involved in
many geochemical reactions, a detailed understanding of the origin
of dissolved inorganic carbon (DIC) is required to convert the
measured 14C activities into the ages (Clark and Fritz, 1997). How-
ever, the interpretation of radiocarbon data in term of groundwater
numerical ages is seriously complicated by the potential mixing
with younger and older sources of carbon (14C originating from
widespread nuclear testing, from the interaction of groundwater
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Fig. 13. Relation between d18O and TDS in surface water samples in the Ain Bou
Mourra basin.
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with carbonate minerals, and interaction with organic matter)
(Clark and Fritz, 1997). Therefore, the knowledge of carbonate
hydrochemistry and the understanding of the d13C evolutionwithin
the hydrological system are inevitably required (Clark and Fritz,
1997; Edmunds and Smedley, 2000).

Radiocarbon activities and d13C values are commonly used (i) to
identify carbon origin in groundwaters, (ii) to provide basic infor-
mation on the groundwater transit time and (iii) to support evi-
dence of the recharge process in Ain Bou Mourra basin.

Owing to financial constraints, radiogenic isotope measure-
ments were carried out only on a few selected wells and borehole
samples of the different aquifers. Measured activities of 14C in
analyzed water samples are within the ranges 74e83.3, 54e84.2,
23.5e63 pmC for the upper, middle and lower aquifer, respectively
(Table 1).

In general, all analyzed samples are characterized by the high
14C activities (higher than 50% of modern C) excepting sample No.
32 representing the lower aquifer at 130 m depth (Fig. 1). Their low
activity (23.5 pmC) is probably due to the substantially thicker clay
beds in the lower aquifer which hinder the flow of infiltrationwater
and increase the age of groundwaters. On the other hand, the
relatively high 14C activities provide the presence of waters of
recent infiltration.

High 14C activities remain in good agreement with low d13C
values (Fig. 15) ranging from �12.4 to �10.4, from �11.8 to �10.0
and, from �10.2 to �9.1& for the upper, middle and lower aquifer,
respectively, indicating domination of the soil-derived CO2. This
supports that the 13C content becomes depleted due to watere
plant CO2 interaction as the groundwaters equilibrate with isoto-
pically light CO2 incorporated by C4 plants that have d13C values
of �17 to �9& VPDB (Cerling et al., 1991; Romanek et al., 1992;
Vogel, 1993).

4.2.5. Estimation of residence time
The determination of groundwater residence time is possible

after an evaluation of the contribution of different carbon sources
and isotopic exchange process (Le Gal La Salle et al., 1996). The

reliability of radiocarbon in estimating groundwater residence
times depends on an accurate estimate of the initial 14C activity (A0)
of the total dissolved inorganic carbon (TDIC) at the time of
recharge and the assumption that the groundwater is closed to
addition or removal of DIC in the saturated portion of the aquifer
(Love et al., 1994; Darling et al., 2006).

In order to assess the initial activity (A0), correction models are
necessary for groundwater showing several sources of the TDIC.
During previous decades, thorough 14C correction models have
been proposed (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 ac-
count the geochemical interactions occurring in both unsaturated
and saturated zones and consider a mixing between biogenic CO2
and 14C-free carbonates (Darling et al., 2006). These models are
based on different mixing reactions: models of purely chemical
mixing (Tamers, 1975); isotopic mixing (Ingerson and Pearson,
1964) and models of chemical mixing and isotopic exchange
(Fontes and Gamier, 1979; Evans et al., 1979; Mook, 1980; Salem
et al., 1980; Eichinger, 1983).

The isotopic contents of different carbon sources introduced in
these calculations are:

(1) Due to the lack of local measurements of biogenic carbon in soil
CO2 gas, a d13C ¼ �22& VPDB value was used, referring to the
average of values measured in Niger (Taupin, 1990) and in
northern Atlas (Guendouz, 1985) (similar ecosystem) and
A14Cg ¼ 100 pmC,

(2) Formarine carbonates, d13C¼�2& VPDB, average calculated in
southern Tunisia on Holocene carbonates (Gargouri-Ben Ayed
et al., 2007) and A14Cg ¼ 0 pmC.

The uncorrected conventional or apparent model ages show
high groundwater residence times (calculated for A0¼ 100%) basing
on the assumption that the difference between measured and at-
mospheric 14C is mainly due to radioactive decay (Abid, 2010).
These uncorrectedmodel ages represent an open systemwhere DIC

Fig. 14. Relation between d18O and 3H in surface water and groundwater samples in
the Ain Bou Mourra basin.

Fig. 15. Activity of 14C and d13C values of total dissolved inorganic carbon in ground-
water samples in the Ain Bou Mourra basin.
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has exchanged completely with the 14C active soil CO2. Such con-
ditions are not representative of aquifer configuration, and addi-
tional reactions includingmatrix exchange or carbonate dissolution
are not taken into account (Darling et al., 2006; Abid, 2010). Hence,
the uncorrected model ages are too high (Table 3) and not appro-
priate for the studied aquifers. For this reason, groundwater ages
have been calculated and compared using six correction models:
Pearson (Ingerson and Pearson, 1964), Evans (Evans et al., 1979),
Eichinger (Eichinger, 1983), IAEA (Salem et al., 1980), Fontes and
Garnier (Fontes and Gamier, 1979) and Tamers (Tamers, 1975).

Results reveal (Table 3) that correction models can be distin-
guished in three groups according to groundwater age range: The
first group includes the Pearson and Evans models which are based
on isotope and chemical exchanges. The second group, made by the
IAEA and Fontes and Garnier models, based on isotopic exchanges,
and suggest greater ages than those indicated by tritium contents.

These models cannot be considered in this case, as d13C contents
vary with d14C activities, which suggest an isotopic exchange be-
tween TDIC and the matrix carbonate.

The third group comprises the Eichinger and Tamersmodels and
gives results higher than the first group. The Tamers model
(Tamers, 1975) represents a simplified conception of the carbonate
evolution and ignores all further reactions occurring in the aquifer.
It is based on initial and final carbonates concentrations and as-
sumes fully closed system conditions, where no exchange with soil
CO2 during calcite dissolution occurs. Overall, this model generated
overcorrected model ages. For this reason, this model is of limited
interest due to its simplification of geochemical reaction (Le Gal La
Salle et al., 1996; Abid, 2010).

The models of Pearson and Evans (Ingerson and Pearson, 1964;
Evans et al., 1979) depend strongly on infiltration conditions, which
influence both the 13C enrichment factor during dissolution of CO2
and evolution of d13CDIC (Abid, 2010). Thus, in this case study, the
first group seems to be more appropriate for use.

The calculated ages based on Pearson and Evans models show
that all analyzed groundwaters are modern (present day) except
one sample (No. 32) which has an estimated age that exceeds 4400
BP. This relative old age may be a result of mixing between modern
and Late Holocene waters (Clark and Fritz, 1997; Ma et al., 2009).
According to these data, the studied aquifer system is recharged by
modern infiltration waters at the OligoceneeMiocene outcrops.

5. Conclusions

Major element concentrations, stable (d18O, d2H) and radiogenic
(3H, 14C) isotopes have been used to provide basic information
about the processes controlling the groundwater chemistry and to
infer the rechargemechanisms in the Ain BouMourra basin (central
Tunisia). The spatial distribution of salinity indicates that the

groundwater salinity is in some way controlled by the different
geological facies of the basin. The geochemical investigation shows
the dominance of CaeMgeCleSO4 water type in the sampled
groundwaters and CaeSO4 in surface waters, resulting essentially
from watererock interaction such as the dissolution of evaporitic
and carbonate minerals, cation exchange and, reactions with
participation of silicate and feldspar.

The stable isotope signatures indicate that most groundwater
samples are of a meteoric origin and recharged under modern
climatic conditions. These tracers reveal the existence of non-

evaporated groundwaters with relatively lower contents of d18O
and d2H, reflecting recharge at higher altitudes and evaporated
waters with an enrichment in heavy isotopes highlighting the
occurrence of an evaporation process from the surface prior or
after infiltration from the unsaturated zone and from the water
tables along the surface watercourses of the basin. Surface water
samples collected from the dams, river, pumped-storage water
power plant and hill reservoirs showed enrichment in 18O and 2H,
which is typical of water that has been subject to open surface
evaporation in a semi arid region and revealed significant seasonal
evolution.

Tritium data confirms the modern water recharge in the basin.
This recharge is considered to have taken place in the outcrop areas
of the OligoceneeMiocene sandstone aquifers in the side valley
area. Age evaluations using radioisotope techniques corroborate
the recent origin of the groundwaters in the basin.

The scientific results of this study have important implica-
tions for groundwater management in the Ain Bou Mourra basin
and can be used as a base for construction in future groundwater
flow models. The results could be extended to explain the
catchment chemistry and dynamics of similar surface reservoirs
in other semi arid basins. From this information, it is possible to
develop a sustainable strategy to enhance the groundwater
recharge rate and to expedite the groundwater quality amelio-
ration process.

Acknowledgments

The authors gratefully acknowledge the contributions of the
staff members of Kairouan Water Resources Division/Agriculture
Ministry, for their help during fieldwork. We also thank the
technical staff at the Laboratory of Radio-Analyses and Environ-
ment of the National Engineering School of Sfax (ENIS) for their
constant help and assistance during laboratory analyses. The in-
vestigators would also like to express their gratitude to Dr. Ines
Gharsalla for her significant help. Finally, we wish to thank the
editor, Professor Norm Catto and the anonymous reviewers for
their constructive criticism, which greatly helped to improve the
paper.

Table 3
Calculated ages (BP) of selected groundwater samples.

No. Sample type Uncorrected age
(years)

Age [Pearson]
(years)

Age [Evans]
(years)

Age [Eichinger]
(years)

Age [AIEA]
(years)

Age [Fontes and Garnier]
(years)

Age [Tamers]
(years)

10 Upper aquifera 1414 Present day Present day Present day Present day Present day Present day
22 Upper aquifer 24,667 Present day Present day Present day 1962.9 1554.3 Present day
23 Middle aquifer 1603 Present day Present day Present day Present day Present day Present day
24 Middle aquifer 2322 Present day Present day Present day 539.2 Present day Present day
27 Middle aquifer 4999 Present day Present day Present day 2864.9 2708.1 Present day
28 Middle aquifer 1387 Present day Present day Present day 203.7 Present day Present day
32 Lower aquifera 11,632 4674.0 4463.9 6187.7 9098.7 7768.6 7347.3
39 Lower aquifer 3769 Present day Present day Present day 1699.2 1183.7 Present day
44 Spring Present day Present day Present day Present day Present day Present day

a Kacem (2008).
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