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ABSTRACT

In common with most coastal aquifers, the El Khairat aquifer suffers the imbalance between
recharge and intense exploitation and the extent of agricultural activity. As it is part of the Tunisian
Sahel, the Enfidha region has a semiarid climate with very irregular rainfall which makes the
groundwater resources quite fragile. This region has major difficulties in managing its water resources
which are in decline, especially since, for the last decades, their renewal by rainwater has no longer
been sufficient to re-establish the equilibrium. In such a case, the artificial recharge of aquifers by
water from dams is a credible alternative to preserve the water resources against marine intrusion and
pronounced fall in the piezometric level. The present investigation, based on available data, is aimed
to monitoring the piezometry of the El Khairat aquifer during artificial recharge operations (2002-2005)
by water from the dam and to identify the impact of the artificial recharge on groundwater quality.
The results of this monitoring have shown that the artificial recharge realised between 2002 and 2005,
had for effect an increase of the piezometric level of the phreatic aquifer of +0,4 to +2,63m,
especially in the " Ain Garci " zone. The piezometric level of the deep aquifer has also recorded an
important increase reaching +3,82m. after artificial recharge of the aquifer, the spatial distribution of
the salinity shows quite low salinity values (lower than 2 g/l) in the western and north-eastern parts
of the aquifer, the zone of artificial recharge, whereas the highest ones are found especially in the
coastal zones and at the boundaries of the Sebkha where they exceeded 3 g/l. Moreover, we note a
slight salinity reduction toward a central zone of the aquifer. Indeed, the zone characterized by salinity
lower than 2 g/l and situated near the recharge site becomes more extensive. 
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Introduction

As groundwater is often the only reliable source of fresh water and it is the only renewable water
resource in arid and semi-arid regions, this is due to sporadic rainfall; groundwater recharge is limited
to infiltration of the flood water through beds of ephemeral streams (wadis) (Al-Ahmadi, 2009). The
streams carry large volumes of water during a flood. In the absence of dams, a large proportion of
flood waters may disappear into salts marshes (Sebkha) (Zammouri, 2005). With the increasing use of
groundwater for agricultural, municipal and industrial needs, the annual extraction of groundwater is far
in excess of net average recharge from natural resources. Consequently, a large number of aquifers in
coastal zones are being increasingly exploited and affected by a constantly growing human impact
(Bouwer, 2005; Marsily, 2003; Fedrigoni, 2001). There is an urgent need for artificial recharge of
groundwater by augmenting the natural infiltration of precipitation into subsurface formation by some
suitable method of recharge. In order to improve the natural regime of the aquifer, artificial recharge



287J. Appl. Sci. Res., 7(3): 286-293, 2011

of groundwater together with dam construction, has become increasingly important in many industrialised
countries and semi-arid regions, where the natural replenishment of groundwater is slow compared to
the exploitation of groundwater (Greskowiak, 2005). The artificial recharge is a process consisting of
introducing water in a permeable formation, as to be reused in different conditions. Therefore, it is
a temporary storage of the surface waters in an underground reservoir (Bize, 1972). Artificial recharge
is one method of modifying the hydrological cycle and thereby providing groundwater in excess of
that available by process. With a constantly increasing demand in water from one side, and limited
resources from another side, Tunisia adopted reasoned management strategies, to stock water of rises
in underground reservoirs, initially dispersed annually for lack of recuperation, by the artificial recharge
process (Nazoumou, 2002). 

In Tunisia, artificial recharge of aquifers started at the beginning of the 1970s and from 2000 it
has aimed at underground storage of the equivalent of 100 million meter cubes of surface water in
aquifers at a dozen recharge sites (Ministry of Environment and Territory Development, 1997). One
of the chosen sites is Enfidha (governorate of Sousse), because of the water resource problems and
the prevailing geological and hydrogeological conditions. In this region of, a dam has been constructed
in 1999 on the wadi El Khairat. It contributed to the natural recharge of the aquifers to which they
are associated. Since the setting in water of the dam, it has been noticed a continuous decrease of
the piezometric levels of the aquiferous system of El Khairat, and simultaneously an increase of the
exploitation by boring and wells. To remedy to this unbalance, an artificial recharge has been
undertaken from 2002.

Therefore, the aim of the present work is the monitoring of the hydrodynamic and hydrochemical
parameters of the El Khairat aquifer during artificial recharge operations by water from the El Khairat
dam. 

Geology and Hydrogeology:

The watershed of El Khairat is situated on the oriental flank of the Tunisian Dorsal, in the
extension, toward the East, of the synclinal of Saouef (Fig.1). As it is part of the Tunisian Sahel,
the region of survey has a semiarid climate with very irregular rainfall which makes the groundwater
resources quite fragile. The daily average temperatures vary between 11°C in winter (January) to 28°C
in summer (August). The annual average precipitation is 353 mm/year. The study site is located on
an alluvial plain whose geology is dominated by Tertiary and Quaternary deposits. Stratigraphic layers
range from the Oligocene to the Halocene (Fig.1). The wadi El Khairat takes birth in Djebel Khalifa,
in the governorate of Zaghouan, and crosses the alluvial plain of El Khairat which surface is of 63
Km2, and contains an important aquiferous system that is subdivided, in Satour Bou Larga-fedjet El
hamma, by a hydraulic sill (sill of Ain Garci) in two distinct zones (Fig.2): Ain Garci (upstream) and
of Enfidha-city (downstream) (Manaa, 1996). 

The zone of Ain Garci corresponds to an underflow aquifer lodged in an alluvial matrix (pebbles,
gravels, sands) more or less detritic and clayey of a thickness reaching the 100m. Laterally, the
extension of these alluviums is often limited by the presence of the argilloarenaceous formations of
the Mio-Pliocene. The substratum of the alluvial aquifer corresponds in the upstream, to the marls of
the Vindobonian, but in down stream, it is generally characterized by clays and sandstones of Mio-
Pliocene presence. The median zone presents a weak thickness of the aquifer (0-25m), corresponding
to the ascent of the marly substratum.

In the zone of Enfidha-city, the geometry of the reservoir (Fig.2) presents three communicating
aquiferous horizons (Chadly, 2002):   
- Sandy or argilloarenaceous phreatic horizon, lodged in the superficial formations;  
- Semi-deep horizon captured by boring, whose lithology consists of sands, pebbles and gravels; 
- Deep horizon contained in sands and gravels. The substratum of this horizon is constituted by the

marls of the Vindobonian.   
The El Khairat aquifer is characterized by a transmissivity varied between 2×10-3 and 7×10-3 m2/s

in the zone of Ain Garci, and between 1×10-3 and 4×10-3 m2/s in the zone of Enfidha-city. Manaa
et al. (1996) fixed a storage coefficient of 10% and potential resources in the order of 7×106 m3/year.

The infiltration of flood water through the beds of wadi "El Khairat" constitutes major source of
aquifer recharge (El Batti, 1974). The infiltration of the pluvial waters and the recharge from the
piedmonts of the South part constituted by the overflow of the waters of the Mio-Pliocene, participate
incidentally in the aquifer recharge (Manaa, 1991). Waters mobilized in the dam of El Khairat built
in 1999 contributed to the natural recharge of the aquifers to which they are associated. 
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Discharge occurs of this aquifer are the Mediterranean Sea and the areas of evaporation (Sebkha).
The general flow direction is north-west to south-east (Fig.3). This aquifer is exploited by wells (113)
and boreholes (17). The phreatic level is weakly exploited with a volume of 0,21 Mm3 in 2000. For
the deep aquifer, the exploitation by boring reached 3,88 Mm3 in 2004. The overexploitation of the
resources particularly intensified in the last decades. The total exploitation of this aquifer, for the period
1991-2004 (Fig.4), is marked by an important increase that passes from 2,77 Mm3/year in 1991 to 3,88
Mm3/year in 2004 (DGRE., 1991-2004.). Water of this aquifer is used unevenly by different economic
activity sectors (agricultural and industrial). Although, potable water supply remains major and primary
use. 

Data and Methods:

The dam of El Khairat was built at 1999 in order to protect the Enfidha city from water flood
and to recharge the aquifer of El Khairat. The water balances before and after the dam is as follows.
Before dam building, the aquifer represents a hydrological recharge potential estimated, on average, at
6.17 Mm3/y with an exploited volume of 6.92 Mm3/y. The deficit is about 0.75 Mm3/y (Engineering
and General Services, 2004).

After dam building, the aquifer has been deprived of 62% of its resources. For the same exploited
volume, the recharge estimated at 2.14 Mm3/y (Engineering and General Services, 2004.). Consequently,
this heavily negative budget (deficit of 4.78 Mm3/y) requires artificial recharge of the aquifer of El
Khairat by water from the dam. 

Indeed, in order to preserve the natural functioning of the aquifer and to ensure continuous water
supply to the main consumers (drinking water, agriculture and industry), providing a safe supply of
water is imperative. Groundwater recharge from an ephemeral stream is a complex process involving
open-channel flow, infiltration into the unsaturated zone and saturated groundwater flow below the water
table (Zammouri, 2005).

Between 2002 and 2005, seven artificial recharge operations were carried out by the Tunisian
General Direction of Water Resources (DGRE), using El Khairat reservoir. The artificial recharge
consisted of releasing water from the reservoir. One or several flood waves per day route through the
wadi bed. The DGRE identified the flow paths through the El Khairat wadi that is the most favorable
to the water aquifer recharge. 

In order to control the flood routing, the DGRE installed many runoff gauging stations (S1, S2,
S3, S4, and S5). The length of the stretch of river chosen for recharging groundwater, extending from
the reservoir (S1) of the dam until the last observation site S5 at the diversion dam, is 9.7 km. The
length of the section of the wadi that could lead to efficient feeding of the water is 6 km. The
Essahel observation well records (wells and piezometers) were used. Figure 5 shows the locations of
these gauging stations along the wadi and existing wells and piezometers on area and dismayed to
analyze the effect of all these recharge operations on the water table level.

Preliminary experiments were carried out in 2002-2003 with two successive recharge operations. The
first one started in February 2002 for 138 days during which a volume of 1.137 Mm3 was injected
(DGRE., 2002-2005). The water releasing discharge varied between 130 and 160 l/s (Chadly, 2002).
70% of the volume injected was infiltrated in the aquifer, 29% infiltrated downstream limits of the
water and 1% has evaporated. The second operation was started at September 2002 and stopped at
June 2003 with a total volume injected of 4.403 Mm3 for a period of 250 days with releasing discharge varied
between 48 and 415 l/s. 79,7% of the volume injected was infiltrated in the aquifer, 17,7% infiltrated
downstream limits of the water and 2,6% has evaporated (DGRE., 2002-2005). 

The water balance of the second charging operation is better than the first. The aim of this
operation was first to establish an optimal scenario to continue charging with minimum loss.

The artificial recharge was halted from December 2003 to February 2004 in order to dry the film
of clay and silt which made the infiltration rate decreased significantly. The resumption of the recharge
through a fairly large flow was able to partially eliminate the film of clay and to clean the bed of
the wadi. The recharge operation was interrupted at the end of February and restarted in May, lasting
until September 2004. The total volume injected is of 2.067 Mm3 with releasing discharge varied
between 59 and 147 l/s (DGRE., 2002-2005).

In 2005, the recharge operation was carried out in three times. It started in March and interrupted
at the end of April; and restarted at the end of May for 98 days. The last step lasted from the
beginning of September through the end of November. During this period, the total volume injected
is about 5.488.750 m3 with releasing discharge varied between 157 and 724 l/s (DGRE., 2002-2005).
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The aim of this study is to assess the spatiotemporal evolution of the aquifer piezometric level
and salinity and to identify the impact of the artificial recharge. In order to reach this objective series
of measurements were made of the piezometric level of the aquifer as well as sampling of the water
for physical and chemical analyses which make it possible to make rough draughts of piezometric
diagrams and salinity maps.

Fig. 1: Localization and geological map of the study area (extracted from the geological map of
Enfidha at 1/500000).

Fig. 2: Hydrogeological cross section through the aquifer of El Khairat (Manaa et al. 1996).

Fig. 3: Piezometric map of the aquifer of El khairat.
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Fig. 4: Exploitation evolution of the El Khairat aquifer (1994-2004).

Fig. 5: Localization of runoff gauging stations.

Results and discussion

Hydrodynamic Impact:

A weekly and bimonthly monitoring of the piezometric level of the aquifer of El Khairat have
been assured by wells and piezometers. The wells of surveillance are situated downstream the zone
of recharge. They capture the first phreatic level. Piezometers are localized upstream and in the median
zone and capture the deep level.

First Recharge Operation (2002-2003):

In 2002, the monitoring installation was composed of 7 surface wells exploiting the aquifer and
10 piezometers. The injection of the first fluxes of recharge in the bed of the wadi produced a
spectacular ascents varying between +0,75m to +7,1m (DGRE., 2000-2005). These ascents maintained
themselves for one month to accuse a remarkable bending that is caused by the setting in exploitation
of the surface wells in the region. The well situated on the immediate access of the right bank of
the wadi, showed an ascent reaching 3,55m and that is maintained during the whole period of recharge
(DGRE., 2000-2005). The wells moved away of the wadi accused less sensitive ascents.

Considering the intensive exploitation of the boreholes of the SONEDE and the Cement Factory
of Enfidha, the piezometric level of the deep aquifer show an ascent in the piezometer Garci II (Fig.6)
with an amplitude of 0,42 m. On the other piezometers, a general correction of the piezometric level
has been observed.

In 2003, the piezometric monitoring has been realized by 14 wells and 9 piezometers. The
piezometric fluctuations, in the region of Ain Garci, show a correction of the piezometric level having
affected the upstream zone of the deep aquifer with maximal values of +3,45m and +2,34m recorded
respectively on the piezometers Garci I and Garci V (Mansouri, 2003). For the median zone, the
ascent of the aquifer is general. It oscillates between +0,43 and +3,93 m (Fig.6).
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Second Recharge Operation (2004-2005):

In 2004, the piezometric monitoring has been done by 15 wells and 9 piezometers. The
piezometric fluctuations of the aquifer of El Khairat show an important ascent with a correction of
the piezometric level of the phreatic aquifer showing values of +0.4 to +2.63. The piezometric situation
of the deep aquifer records an important ascent reaching +3.82m (DGRE., 2000-2005).

In 2005, the piezometric fluctuation of the phreatic level shows a significant increase varying
between +0.4 and +1.91m (DGRE., 2000-2005). The situation of the deep aquifer piezometric level
records a considerable rise reaching a maximum of ± 2.76m. 

Considering the zone of Enfidha and specifically in the area of Sidi N'cir, there is a stabilization
of the water table and a piezometric recovery that has affected the piezometer Sidi N'cir V with a
rise of +0.13m (Fig.6). 

The aquifer of El Khairat is influenced by two phenomena (recharge/exploitation). The impact of
this recharge is characterised by piezometric fluctuations with ascents that exceed 4m and the setting
in service of 3 wells of surface that have been completely dried.

The artificial recharge of El Khairat aquifer is about to reach its objective despite the deficit.
Indeed, with a better infiltration on the bed of Wadi El Khairat we can probably obtain an
improvement of the piezometric level.

Hydrochemical Impact:
Situation Before the Artificial Recharge:

The quality of water is assessed in terms of the salinity expressed in g/l. The figure 7.a illustrates
the hydrochemical situation of the aquifer of El Khairat without artificial recharge. The salinity maps
for the different states, based on salinity data, clearly confirm the zonal distribution and the increasing
salinity in the direction of the sea and the sebkha. During this period the salinity varied between 1.8
and 4.2 g/l 18. (Mansouri, 2003). The spatial distribution of the salinity shows that higher values were
recorded toward the south-eastern and the central zones of the aquifer. 

Situation after the Artificial Recharge:

After the artificial recharge operations, the salinity values varied from 1.6 to 3.6 g/l (Mansouri,
2003). The salinity map (Fig 7b) shows quite low salinity values (lower than 2 g/l) in the western
and north-eastern parts of the aquifer, the zone of artificial recharge, whereas the highest ones are
found especially in the coastal zones and at the boundaries of the Sebkha where they exceeded 3 g/l.
Moreover, we note a slight salinity reduction toward a central zone of the aquifer: the zone
characterized by salinity lower than 2 g/l and situated near the recharge site becomes more extensive.

Fig. 6: Piezometric level evolution in El Khairat aquifer (1996-2005).
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Fig. 7: Groundwater salinity maps (a) before and (b) after recharge.

Conclusion:

Considering the role that the aquifer of El Khairat takes in the economic activity of the region
(agriculture, industry and drinking water), the overfeeding through its artificial recharge by waters
stocked behind the dam El Khairat, can only constitute a necessary security provision.  

The impact of this recharge is characterised by piezometric fluctuations with ascents that exceed
4m and the setting in service of 3 wells of surface that have been completely dried. Considering the
impact on the groundwater quality, low salinity values (lower than 2 g/l) were recorded in the western
and north-eastern parts of the aquifer, the zone of artificial recharge, whereas the highest ones are
found especially in the coastal zones and at the boundaries of the sebkha where they exceeded 3 g/l.
Moreover, the zone characterized by salinity lower than 2 g/l and situated near the recharge site
becomes more extensive. 

Indeed, this recharge reached its objective and with the realization of three basins of infiltration
and six filterable wells, the infiltration conditions in the bed of the wadi will be better and the
important decrease of the piezometric levels generated by the evolution of the exploitation by the main
consumers (SONEDE and Cement factory) will be probably attenuated.  

The three sites of the recharge basins are localized on the right strand of the wadi and
downstream the dam El Khairat. These works permit the infiltration of a middle debit of 150 l/s. On
the other hand, 6 boreholes filtering with 2 boreholes inside every basin were built with the aim of
increasing the rate of infiltration of these basins.  
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