
Introduction

Urban and agricultural expansions in the Merguellil
Wadi basin (central Tunisia) have caused an ever-growing
need for fresh water. The expansions, which began since
the late 1970s due to the region potential for agriculture,
resulted in a steady increase in groundwater withdrawal.
The latter has raised concerns relating to the effects of the
numerous new wells on this valuable groundwater re-
source since the rate of replenishment of the aquifer is not
known. In addition to these impacts, the town of Kairo-
uan (Fig. 1) (more than 500 000 inhabitants) located East
of the region has experienced periodic flooding events
during the rainy season through Wadi Merguellil, which
collects most of the precipitation runoff from Cherichira

and Haouarb uplands. With these inconveniences, the
Tunisian government began a strategy of impounding the
surface water runoff in the Merguellil wadi course by
building the Haouarb dam in 1989 in order to (1) induce
artificial recharge and therefore, compensate the deficit of
groundwater balance through the permanent water res-
ervoir ponds, and (2) prevent the town of Kairouan from
the periodic floodings.

Despite this water development scheme, an acute
environmental problem of groundwater salinisation ap-
peared in the western part of the basin close to the
Haouareb dam. This has put a strain on the existing
fresh water which supports development in this region.

In an attempt to evaluate the relationship between the
dam reservoir water and the groundwater salinisation,
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Abstract Thirty-two groundwater
samples collected from the Merg-
uellil Wadi basin (central Tunisia)
complemented by the Haouareb
dam reservoir water samples have
been isotopically analysed in order
to investigate the implication of the
reservoir water to recharging the
aquifer, and also to infer the sources,
relative ages and mixing processes in
the aquifer system. Plots of the sta-
ble isotopes data against the local
meteoric lines of Tunis-Carthage
and Sfax indicate a strong implica-
tion of the dam water noticeable up
to a distance of 6–7 km. A contri-
bution as much as 80% of the
pumped water has been evidenced
using isotopic mass balance. In
addition, poorly distinguished water
clusters in the stable isotope plots,

but clearly identified in the diagrams
d18O versus 3H and 3H versus 14C,
indicate various water types related
to sources and timing of recharge.
The isotopic signatures of the dam
accounting water, the ‘‘old’’ and
‘‘native’’ recharged waters, have
been evidenced in relation to their
geographical distribution and also to
their radiogenic isotopes (3H and
14C) contents. In the south-western
part of the aquifer, mixing process
occurs between the dam reservoir
water and both the ‘‘old’’ and ‘‘na-
tive’’ water components.
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an isotopic study using stable (d18O, d2H) and radio-
genic (3H,14C) isotopes was carried out with the primary
objective of determining whether the dam water is
recharging the aquifer. In addition to this objective, the
isotopic investigation aimed at identifying the various
sources of recharge and their relative residence times.
The results will allow a better understanding of the
water sources and mixing in the Merguellil basin for
viable long-term groundwater development in the re-
gion.

General framework

The Wadi Merguellil basin, which covers an area of
1,330 km2, is limited in the west by the Dhraa Affen,
Cherichira and Haouareb Mountains (Fig. 1) all
belonging to the major N–S structural features in the
central Tunisia. The climate is semi-arid, ‘‘Mediterra-
nean’’ type, with a rainy season extending from October
to April and a dry season from May to September. The
mean annual precipitation is 340 mm and the mean
annual temperature is 19.1�C (Montoroi et al. 2002).
The annual potential evapotranspiration for the period
1961–1998 is about 1,460 mm/year (Riou 1980).

The surface hydrologic network in the Kairouan
alluvial plain consists of two main non-perennial rivers
(locally known as Wadi): Wadi Merguellil and Wadi
Zeroud. The source of these Wadis is located in the
highland zones close to the Algerian border.

Geologic and hydrogeologic settings

The Wadi Merguellil basin is located in the northern
part of the Kairouan alluvial plain in central Tunisia.
The geological formations consist of Tertiary and Qua-
ternary sedimentary units which overlie unconformably
the upper Cretaceous basement rocks. The sedimentary
units consist mainly of detrital deposits of Miocene–
Pliocene and Quaternary ages, overlaying the upper
Cretaceous basement rocks (Blondel 1991). The Mio-
cene–Pliocene formations, which have a thickness of
several hundred metres, are composed of gravel and
medium to coarse-grained sand intercalated with clay
lenses in the western part of the basin, whereas in the
eastern part, they consist of clayey and silty sand with
some evaporites. These deposits are covered by an ero-
ded Quaternary fluvial sediments of variable thickness
composed mainly of coarse sand. The upper Cretaceous
basement rocks consist of fissured marine limestone in
the upper part and clayey limestone with marl interca-
lations in the lower part (Blondel 1991).

As shown in Fig. 2, the hydrogeology of the Wadi
Merguellil basin obtained from the existing boreholes
and hand-dug wells reveals a rather complex setting
bounded in the western part by a vertical fault, which
contributed to the subsidence of the Miocene–Pliocene
formations that constitute the principal aquifer. The
hydraulic conductivity of this aquifer varies largely due
to the lateral variation of the lithologic facies. It is

Fig. 1 Geologic map of the
Merguellil basin
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relatively high in the west (21·10)4 m/s), but decreases to
2·10)4 m /s eastward (Dassi 1999). The fissured limestone
with a mean hydraulic conductivity of 6.4·10)4 m/s
constitutes the bedrocks of the Haouareb dam.

Sampling and analytic procedures

Thirty-two groundwater samples were collected during
September 1999 from pumping wells ranging in depth

between 90 and 700 m and distributed in the Wadi
Merguellil basin (Fig. 3). The sampling network was
complemented by two surface water samples collected in
September and November 1999 from the Harouareb
dam reservoir. In-situ parameters, such as depth to
water table, pH and electrical conductivity (EC), were
measured in the field. The samples were collected with-
out purging the wells due to the fact that these wells
operate constantly for domestic and agriculture
uses. Unfiltered groundwater and dam reservoir water

Fig. 2 Schematic geological
cross section of the Merguellil
basin

Fig. 3 Sampling wells network
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samples were collected in 30 ml polyethylene bottles
with poly-seal caps for stable isotope analysis. Other
samples were collected in 1-l glass bottles and preserved
for tritium content analysis. Precipitation of BaCO3

from groundwater samples for 14C analysis was done in
the field using the method described by Haynes and
Haas (1980). In this study, no chemical analyses were
performed.

Stable isotope ratio (18O/16O and 2H/1H) analyses
were performed at the laboratory of the International
Agency of Atomic Energy (IAEA) in Vienna by using
standard methods of CO2 gas equilibration (Epstein and
Mayeda 1953) and the zinc reduction techniques (Cole-
man et al. 1982), respectively, followed by measure-
ments on a mass spectrometer. All oxygen and hydrogen
isotope analyses are reported in the usual d notation
relative to Vienna-Standard Mean Oceanic Water
(VSMOW), where d=[(RS/RSMOW)-1]·1,000; RS repre-
sents either the 18O/16O or the 2H/1H ratio of the sample,
and RSMOW is 18O/16O or the 2H/1H ratio of the
SMOW. Typical precisions are ±0.1& and ±1.0& for
the oxygen and deuterium, respectively.

Tritium analyses were also performed at the labora-
tory of the IAEA (Vienna) by electrolytic enrichment
and liquid scintillation counting method (Thatcher et al.
1977) and tritium (3H) contents are reported in tritium
units (TU).

Radiocarbon analyses were carried out at the labo-
ratory of Radio-analyses and Environment/National
Engineering College of Sfax (Tunisia), by scintillation
counting on C6H6 synthesised from BaCO3 stripped in
the field from 100 l water samples. Results are reported
in percentage of modern carbon (pmC) (Stuiver and
Polach 1977).

Results and discussion

Water table map and electrical conductivity
distribution

The general direction of the groundwater flow is mainly
from SW to the NE parallel to the Merguellil and Ze-
roud wadis courses, with a mean hydraulic gradient of
2& (Fig. 4). In the western part of the basin, the
potentiometric map shows a concavity of the equipo-
tential lines and a divergence of the flow lines from the
Wadi Merguellil axis which indicates a contribution of
the surface water to recharging the aquifer system. As a
result of infiltration, the flow of the Wadi Merguellil
decreases downgradient ceases before reaching the Seb-
kha Kelbia depression (Fig. 4). Towards the eastern part
of the region, the groundwater flow lines shift to the
SSW–NNE direction, with a uniform hydraulic gradient

Fig. 4 Potentiometric map (in
metre a.s.l)
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(2.5&), and the groundwater discharges mainly to the
Sebkha Kelbia depression.

The electric conductivity (EC) values measured in the
sampling network range from 2.5 to 4.5 mS/cm, indi-
cating a relatively high salinity of the groundwater. The
EC values have a distribution pattern that appears to be
related to the geomorphology of the region (Fig. 5).
Higher EC values of the groundwater (>3.5 mS/cm) are
observed in the west (close to the Haouareb dam), in the
south along the Wadi Zeroud, and in the north-eastern
part of the basin. At the piedmont zone of Cherichira
and Dhraa Affen Mountains, and in the central part of
the region, (Lower EC values are observed). Measure-
ments of the EC in the surface waters give 5.7 and
6.6 mS/cm for the dam reservoir and the Zeroud wadi,
respectively.

Stable isotopes (18O, 2H) and radiogenic isotopes
(3H, 14C)

Stable isotope ratios in the groundwater show a wide
range from )5.6 to )2.5& for d18O and from )40 to
)24& for d2H (Table 1).

The spatial distribution of d18O (Fig. 6) like the d2H
values (which distribution is similar) shows a gradual
depletion of the heavy isotopes from the south-western
part of the basin towards the north-east with values
varying from )2.5 to )5.5&. At the piedmont areas of
the Baten, Cherichira and Dhraa Affen mountains,
depleted isotope values are exhibited, along the Zeroud
wadi vicinities as well.

In order to evaluate the contribution of the dam water
to recharging the groundwater, the d18O values have been
plotted against the distance along a flow line. The results
(Fig. 7) indicate a strong influence of the dam water
notable up to a distance between 6 and 7 Km.

Plots of the d18O and d2H values of the groundwater
samples together with the dam water reservoir against
the local meteoric line (LML) (Celle-Jeanton et al. 2001)
and the Tunis-Carthage meteoric line (Celle 2000) show
two patterns (Fig. 8):

– An enriched trend trailing away from the dominant
cluster and towards the dam water reservoir ‘‘end
member’’ which indicates a mixing process between
the infiltrated reservoir water and the groundwater.

Applying the isotopic mass balance equation between
the dam reservoir water ‘‘end member’’ and the non-
influenced groundwater ‘‘end member’’:

Xd18Ox þ Y d18Oy ¼ Zd18Oz

– With X and Y being the relative proportions of the
dam reservoir water ‘‘end member’’ and the non-
influenced groundwater ‘‘end member’’, and
Z=X+Y= 100%;

– d18O xd
18Oy d18Oz representing respectively the d18O

of the dam water, the non-influenced groundwater
and the resulting mixture.

Fig. 5 Electric conductivity
(EC in mS/cm) distribution
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Table 1 Isotope contents and
EC values in the Merguellil
basin groundwaters

Borehole d18O
(& vs SMOW)

d2H
(& vs SMOW)

3H
(TU)

14C activity
(pmc)

Conductivity
(mS/cm)

F1 )3.8 )28 10.5 65 3.40
F2 )4.9 )34 0.5 22 2.78
F3 )5.0 )29 0.4 37 4.67
F4 )5.0 )40 0.0 36 3.37
F5 )5.0 )36 0.0 40 3.29
F6 )5.5 )34 0.0 29 2.85
F7 )5.2 )34 0.0 13 2.18
F8 )5.6 )39 12.4 * 2.42
F9 )5.4 )30 0.0 16 2.43
F10 )5.3 )33 0.0 36 2.78
F11 )4.6 )31 2.0 11 3.89
F12 )5.1 )30 0.0 3 4.51
F13 )5.1 )29 0.0 23 3.91
F14 )5.7 )37 0.0 12 4.23
F15 )5.2 )36 0.0 14 2.05
F16 )5.2 )31 2.2 41 2.71
F17 )5.4 )29 0.0 10 2.95
F18 )5.4 )31 0.0 29 2.81
F19 )5.6 )34 0.0 2 2.81
F20 )5.5 )30 0.0 1 2.80
F21 )5.4 )32 0.0 28 3.34
F22 )5.4 )36 15.3 35 2.88
F23 )5.5 )39 14.6 43 2.25
F24 )4.7 )29 6.0 62 2.20
F25 )3.6 )28 9.0 74 3.60
F26 )2.5 )24 5.1 88 4.60
F27 )2.6 )25 5.2 81 4.54
F28 )3.2 )26 4.3 80 4.40
F29 )3.4 )27 5.7 83 4.10
F30 )4.3 )31 3.8 67 3.28
F31 )4.4 )30 3.7 60 3.20
F32 )4.9 )32 11.0 52 3.50
Dam (1 September) )2.0 )20 5.3 101 4.99
Dam (30 October) )2.2 )21 5.5 98 4.70

Fig. 6 d18O (in &) distribution
map
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The contribution of the dam reservoir water
component represents between 10 and 80% of the
groundwater drawn by the wells F31, F30, F1, F24, F25,
F29, F28, F27 and F26 with F26 pumping as much as
80% of the dam water component.

– A depleted d18O cluster with most of the data lying
below the local meteoric lines. This unusual clustering

with a large range of the d2H values presumably
indicates that groundwaters in this area have different
origins and/or result from mixtures of varying pro-
portions of different sources, each having its own
isotopic compositions. This trend differs from the
isotope fractionation related to meteorological pro-
cesses (Craig 1961; Dansgaard 1964) and also from
the evaporative enrichment which produces isotope

Fig. 7 Relationship d18O versus
distance from the dam along a
flow line

Fig. 8 Relationship d18O/d2H
of the groundwaters in the
Merguellil basin (TMWL Tu-
nis-Carthage meteoric water
line; LMWL local meteoric
water line)
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Fig. 9 d18O/3H diagram of the
groundwaters in the Merguellil
basin

Fig. 10
14C/3H diagram of the

groundwaters in the Merguellil
basin
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trend of a significant lower slope (Steward 1975). With
the present distribution, there is no common physical
or chemical process which can cause a single water
mass (same origin and time of recharge) to evolve in
this observed direction. Once we conclude that this
clustering represents different water masses and/or
age-related sources, the data were scrutinised
according to their spatial location and also compared
to the radiogenic isotope contents (3H and 14C) of
these waters. Hence, the poorly distinguished cluster
of water with low d18O and d2H is better resolved into
two major groups when using the radiogenic isotope
contents in Figs. 9 and 10:

1. One group has high tritium contents (12–15 TU) and
low 14C activities (35–43 pmc). This group is repre-
sented by the wells (F8, F22 and F23) located in the
vicinity of the Merguellil Wadi and is referred here to
as ‘‘native water’’ recharged in recent time (post-tri-
tium bowls peat), but prior to the Haouareb dam
interferences since precipitation in Central Tunisia
during 1990–1996 fluctuated between 4 and 6 TU
(Maliki 2000). The widespread occurrence of these
‘‘native’’ waters within the aquifer implies that re-
charge from the wadis was an important component
of the groundwater before the dam was built. The
cluster of high 3H content (9–11 TU) formed by the
wells (F1, F25 and F32) located in the vicinity of the
Merguellil Wadi trails towards the dam water isotope
signature, indicative mixtures of the dam water
component with the ‘‘native water’’ component.

2. A cluster composed by the wells (F17, F20, F9, F21,
F19, F12, F2 and F3) located mostly towards the NE
of the region is characterised by low d18O and d2H
values, 3H contents below detection limit, and 14C
activities varying from 1 –40 pmc. This water cluster,
which is not likely to be affected by the wadis re-
charge, consistently indicates an ’’old water’’ type,
although age calculation has not been made due to
the lack of 13C data. The low d18O and d2H values of
this group are in agreement with other results (Fontes
et al. 1983; Zouari et al. 1999; Ouda 2000; Zouari
et al. 2003) obtained in south and central Tunisia
where the groundwaters are interpreted as recharged
during the late Pleistocene to early Holocene period
under cooler palaeoclimatic conditions.

3. A cluster represented by the wells (F11 and F16)
tapping the aquifer at the piedmont mountain (Che-
richira and Betten) zones. This cluster is close to the
old water end member with low tritium content (2–
2.2 TU) and low 14C activities (11–40 pmc) and
suggests a probable mixing between the ‘‘old’’ water
component and the runoff infiltration at the pied-
mont zones.

The wide isotope variability of these different water
components which includes a cluster of values below the
local meteoric lines argues in favour of mixing within the
aquifer system between ‘‘old’’, ‘‘native’’ and ‘‘dam con-
tributed’’ water components. The most 18O and 2H en-
riched (evaporated) waters are derived mainly from the
dam reservoir infiltration which accounts for as much as
80%.

Conclusion

The use of isotopic methods to study groundwater re-
charge sources and mixing in the Merguellil river basin
has been demonstrated to be well suited for these pur-
poses. Based on the stable isotopes of the oxygen and
hydrogen as ‘‘conservative’’ tracers of the potential re-
charge sources together with tritium and 14C contents, it
has been possible to distinguish various types of water
and mixing processes in the system:

1. An ‘‘old’’ water located mainly in the north-eastern
part of the aquifer marked by low d18O and d2H
values, low 14C activities, and 3H contents below the
detection limit. This groundwater component is
interpreted as recharged during the late Pleistocene to
early Holocene period under a cooler climatic regime;

2. A ‘‘native’’ water recharged through the wadis seep-
age prior to the Haouareb dam interference. This
group is marked by high 3H content (12–16 TU)
suggesting a recharge period as early as post-nuclear
bomb tests period. It has d18O and d2H values that
are close to the local meteoric water line.

3. The dam reservoir water which contributes as much
as 80% in the wells located in the south-western part
of the aquifer. This water is enriched in d18O and d2H
by evaporation and has modern 3H content (5–
6 TU). The stable isotopes used in conjunction with
radiogenic isotopes evidenced two mixing trends of
dam reservoir water; with the ‘‘native’’ water and the
‘‘old’’ water, respectively.

This study has shown that stable and radiogenic
isotopes contribute to a better understanding of the
sources, times of recharge, and mixing processes occur-
ring once infiltration reaches the water table. They
provide also precious information about the dam res-
ervoir influence on the groundwater system.
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