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Abstract The shallow Plio-Quaternary (PQ) water table,
present over almost the whole Djerid and Chott El Gharsa
basins (southern Tunisia), is used as a complement of oases
irrigation, especially in summer season. The simplicity of the
Plio-Quaternary lithology is confronted to the complexity of
the mineralisation mechanisms and the water origin in this
aquifer. An approach combining the use of water-dissolved
chemical species and isotopic contents has been used to better
understand the PQ behaviour under severe increasing exploi-
tation and to determinate the origin of its different water
bodies. In southern Tunisia, the aquifer system is composed
of the upper unconfined PQ aquifer, the intermediate semi-
confined/confined Complexe Terminal (CT) and the deeper
confined Continental Intercalaire (CI). Chemical analyses
highlighted an origin of mineralisation in close relationship
to the dissolution of both sulphated salts (MgSO,4 and
Na,SO,) and chlorinated salts (NaCl and MgCl) abundant in
the surface and subsurface gypsum crust. Positive correlations
between gypsum anhydrite, mirabilite, thenardite and halite
saturation indexes with respective mineral species, confirm
evaporites dissolutions. Isotopic data showed that in addition
of sporadic rainfall events, there is a contribution from the CI
and the CT Saharan groundwaters, recharging the PQ
aquifer in the study area. Return flow irrigation is partly
affected by evaporation, before recharging the shallow aquifer,
in oases limits.
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Introduction

At the beginning, the oases have been created around the
artesian springs, forming assembly points of desert
nomads. Based on landform, oases, in southern Tunisia,
can be classified as alluvial plain (Chott Djerid and Chott
el Gharsa margins), mountains (Metlaoui-Gafsa and
Northern Chotts range piedmonts) and coastal (around
Gulf of Gabes) (Coque 1962).

Saharan hot strong winds and sands, serious soil salinisation
and water insufficiency are the natural causes for the disap-
pearance of some ancient oases (Mamou and Kassah 2002).

The study area is located in southwestern Tunisia between
longitude 7°30'—8°30’ east and latitude 33°30'-34°30" north. It
is limited in the west by the Algerian frontier, in the north by
the Metlaoui Chain, in the east by the gulf of Gabes and in the
south by the Chott Djerid depression (Fig. 1). The study area
is famous in Tunisia for production dates and known as the
“Djerid” region.

The development and evolution of oases is mainly decided
by the human utilisation of water resources.

The Djerid region is formed by about 30 oases, of which
the most important are Tozeur, Nefta, Degache and Hazoua
on the south flank of the Tozeur uplift, and Ibn Chabbat and
El Hamma on the north flank.

The study area encloses Chott El Gharsa, Chott Djerid
and the Tozeur uplift, which located between the two
depressions. “Chott” is a North African term for a salt flat
within a hydrologically closed basin (Gautier 1953; Shaw
and Thomas 1997), and the elevation of a chott surface is
controlled by the position of the water table and associated
capillary fringe. The Chott El Gharsa (620 km?) and Chott
Dijerid (5,360 km?) are formed during Late Miocene—Early
Pleistocene time as a result of compression between the
African and European lithospheric plates (Swzey 2003).
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Fig. 1 Study area in southeastern Tunisia with geographic features with cross-section AA’ location

The centre of the Chott El Gharsa lies at —20 to =30 m
below sea level, whereas altitude of Chott Djerid is 10-20 m
above sea level (Swzey 2003) (Fig. 1).

Chotts are considered to function as evaporation pumps.
The surface distribution of evaporites and the distribution of
subsurface sediments are often related to artesian sources at
the centres or at the edges of the basins (Schulz et al. 2002).

The drainage network in the region consists of El Khanga
wadi (about 50 1/s). Melah and Tseldja are non-perennial
rivers. El Khanga River is derived from the springs of the
Upper Cretaceous and Miocene Groundwater. Melah and
Tseldja wadi collect the surface runoff from surrounding
hills. Chott El Gharsa constitutes the discharge area of these
wadis (Fig. 2) (Coque 1962).

In the Djerid region, oases area increased from single to
double in 30 years (1972-2004) by the extension of the old
one and the creation of new oases to reduce increasing
unemployment, affecting the extreme water and soil resources
in the region (Kamel 2007).

The study area is characterised by an arid climate and by
variable weak and irregular precipitation. Hydroclimatic
data (precipitation, evapotranspiration and temperature),
recorded at the Nefta and Tozeur meteorological stations,
were acquired since 1897 with many gaps. The statistical
analysis of the 1950-2004 mean inter-annual precipitation
series revealed a good adjustment with the Gaussian-
logarithmic probability law, with an average value of
91 mm at Nefta city and 101 mm at Tozeur city (Kamel
2007). The mean annual temperature prevailing in the area
is about 21°C, but the difference between the highest and the
lowest daily temperature may reach 15°C between January
and July. Data on evaporation and evapotranspiration are
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very scarce. Few measurements were recorded by the National
Office for Meteorology (ONM 2010) and Bryant (1999).
Figures recorded at Tozeur station between, 1969 and 1972,
revealed a mean inter-annual rate of 2,101 mm/year for
evaporation (UNESCO 1972). On the other hand, mean
annual evapotranspiration, as estimated by means of
empirical formula such as those of Thornthwaite, Turc and
Penman, gave results ranging from 1,275 (year 1991) to
1,806 mm (year 1989) per year between 1984 and 1991
(ONM 2010). In southern Algeria, at about 100 km western
study area, the evaporative losses from the phreatic aquifer
through a 6-m thick unsaturated zone were estimated to be
2 mm/year (Guendouz et al. 2006).

The main objectives of this paper is to provide a better
understanding of mechanisms that contribute to water table
Plio-Quaternary hydrodynamism and its mineralisation in
the Djerid region using a large amount of data to verify
assumptions regarding these mechanisms. Overexploitation
6 months/year (from April to September) and the vicinity of
the brine Chotts aquifer are taken into account.

The new isotopic signal of precipitation in the Nefta oasis
(Kamel 2011) helps to provide more information about PQ
water table origin in the study area.

Hydrogeology
Regional aquifer system characteristics
In southern Tunisia, the aquifer system is composed of two

trans-border major large Saharan and local limited shallow
aquifers: the Continental Intercalaire (CI) overlain by the



Arab J Geosci

Fig. 2 Hydrogeological

cross-section AA’, as indicated NW < s« TOZEUR UPLIFT _ SE
in Fig. 1 ’ ~ CHOTT EL GHARSA o " CHOTT EL DJERID
Depth (m)
0y Bl
PQ .. =i L =i
400 -
800
1200
CT
1800

Clayey sand and evaporites
N (Plio-Quaternary)
- Shell (Pliocene )

Coarse grained
000 .
Sand (Miocene)

Complexe Terminal (CT) (UNESCO 1972). Both are shared
between Algeria, Tunisia and Libya covering a surface of
about 1 million km? (OSS 2003). The existence of the shallow
Plio Quaternaire water table (PQ) is quasi limited to the oases
area. The CI aquifer is one of the largest confined aquifers in
the world. This immense multilayered aquifer is hosted in the
continental formations of the Lower Cretaceous (Castany
1982). Its depth reaches locally 2,600 m, while its thickness
ranges between 150 and 200 m in the study area. Twenty deep
boreholes exploited the deep geothermal (water temperature
ranges between 38°C and 75°C) CI aquifer between Chott
Djerid and Chott El Gharsa. Their flow rates vary from 20 to
150 s, and they are mainly used for geothermal purposes and
oases irrigation (Kamel et al. 2005).

The CT aquifer is hosted in the Upper Cretaceous carbo-
nates and the sandy Miocene formation. The two aquifer
horizons are separated by semi-permeable strata (OSS
2003). In the Djerid region, about 80% of agricultural and
domestic water supply is provided by the sandy Miocene
formation between 100 and 700 m depth drying up.

Transmissivity of the CT aquifer, obtained from pumping
tests, ranges from 0.1x1072 to 4.5x10 % m?/s in the sandy
Miocene formation (Kamel et al. 2005). Overexploitation of
the CI and CT aquifers for agricultural practices has con-
tributed to loss of the artesian condition and springs; how-
ever, upward leakage to the phreatic aquifer can still occur
due to head difference between large CI and CT Saharan and
the locally shallow Plio-Quaternary aquifer.

Plio-Quaternary aquifer
At the surface, the Plio-Quaternary formations contain the

phreatic waters. It is mainly composed of fine grain size
aeolian sand and sandy clay with gypsum in the subsurface.

Limestone
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]
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These sands generally are homogeneous of fine to medium
granulometry and are poorly cemented. This is at the origin of
disintegration and the collapse observed in many shallow dugs
(Kamel 2007).

It may also contain locally at the top 0.5-1.5-m thick
layers of saline gypsum crust.

The crust and bedded gypsum deposits at water table
level cover a relatively large surface of south Tunisia and
in particular the oases (Bureau et Roederer 1960; Pouget
1968) (Fig. 2). At the base, the PQ formed by compact clay
300-m thick corresponding to the top of the confined CT
aquifer, in the Hazoua region, near the Algerian frontier.
From east to west, clay becomes increasingly compact and
thick (Kamel 2011).

The PQ aquifer depth varies from 10 to 40 m in oases
area to reach locally 400 m at the northern margin of Chott
El Gharsa (Fig. 3). It is exploited at about 4 millions m*/year
through more than 2,000 dug wells, not exceeding 50 m
depth. Transmissivity of the PQ aquifer, obtained from
Porcher short pumping tests, ranges from 3x107° to 5.5x
10~ m%s in the clayey sand formation (Kamel 2007).

In the PQ aquifer, the groundwater flow converges from
Tozeur uplift to the Chott El Gharsa, at north and toward
chott Djerid at south, which constitute the natural discharge
areas of the PQ aquifer (Fig. 4). In the CT aquifer, the main
flow directions are observed from the southern Atlas Moun-
tains of Algeria (toward Nefta and Tozeur oases) and from
the Dahar uplands (Tunisia) to the eastern part of the study
area (Fig. 4) (Kamel 2007). The discharge area is Chott
Djerid where numerous springs (aiouns) are to be found
supplied by water rising through the Mio-Plio-Quaternary
sequence (Castany 1982).

In the Djerid oases, potentiometric CT surface and water
table PQ contour are almost at the same pressure (Fig. 4),
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and the balance governed by the exploitation status of these
aquifers remains very fragile.

Chotts hydrological system
The Chott Djerid and Chott El Gharsa, in southern Tunisia,

are contemporaneous terrestrial, evaporitic environment that
have been the subject of intense sedimentological and

hydrochemical studies (Coque 1962; Gueddari et al. 1983;
Millington et al. 1989; Drake et al. 1994; Swzey 2003;
Hammi et al. 2003). The Chott Djerid has a surface area of
approximately 5,360 km? (Millington et al. 1989) and Chott
El Gharsa of about 620 km”.

The centre of Chott El Gharsa lies at =20 to —30 m below
sea level, whereas altitude of Chott Djerid is 10-20 m above
sea level (Swzey 2003).
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The Chott Djerid is a playa with a groundwater province
considerably larger than its topographic basin; fluctuations in
groundwater level should be largely controlled by the balance
between artesian recharge and evaporation (Drake and Bryant
1994). This is supported by observations of surface water on
the Chott between 1947 and 1958 (Coque 1962; Drake and
Bryant 1994). Some contemporary observations show that,
during most years, at least part of basin is covered between the
months of November and February, a period in which aquifer
resurgence within the basin is most likely to be greater than
evaporation. However, although probably constant until the
last century, the flow from the Continental Intercalaire and the
Complexe Terminal aquifers has been observed to have re-
duced significantly as a result of systematic abstraction over
the 100 years (Mamou 1989). Such a reduction in groundwa-
ter inflow suggests that seasonal lake formation resulting from
effective precipitation may be less common at present than in
the period prior to extensive Saharan aquifers abstraction.

Consequently, in southern part of the Djerid oases, in the
vicinity of the Chott margin, there is deterioration in water
quality in the Plio-Quaternary aquifer. This is caused mainly
by evapotranspiration and the subsequent down-gradient
migration of the saline Chott brine. There is indication from
some wells that this may be only a superficial feature and
that an improvement in water quality with depth beneath the
0ases may occur.

Retention of water within the playa is generally a func-
tion of evaporation rates, subsequent precipitation events
and groundwater outflow/seepage (Bryant 1999)

The inundation process within a saline pan has been
observed to take place in four successive stages: inundation,
evaporative concentration of the water body, the formation
of shallow brine pools and final dessication of surface water
to the precipitation of a salt crust (Bryant et al. 1994).

Analytical methods

A representative set of samples was collected from 169
active agricultural water supply dugwells penetrating the
Plio-Quaternary aquifer, from 4 to 50 m depth between
2007 and 2011 (Table 1 and Fig. 5) in 13 oases (Fig 5).
Temperature, electrical conductivity and pH were measured
in the field (Table 1). Major element determination was
carried out on samples filtered through 0.45 um. The geo-
chemical analysis were carried out in the ‘laboratoire du
CRDA de Gabes and Laboratoire du groupe Chimique
Tunisien’ included flame atomic absorption analysis for all
cations, ion selective electrode determination and colorimetric
analysis using Standard methods. The saturation with respect to
involved mineral in mineralisation mechanisms of all sampled
water were determined using the WateqF subroutine program
(Plummer et al. 1979).

Stable isotopes of oxygen and hydrogen were deter-
mined using isotope ratio mass spectrometry for 36 samples.
Hydrogen and oxygen isotope analyses were made by respec-
tively employing the standard CO, equilibration and the zinc
reduction technique (Epstein and Mayeda 1953), followed by
analysis on a mass spectrometer. All oxygen and hydrogen
isotope analyses are reported in the usual d notation relative to
Vienna standard mean oceanic water (SMOW) standard.
Typical precisions are+0.2%0 and+2%o for the oxygen
and deuterium, respectively.

Results and discussion
Physico-chemical data

The conductivity of PQ groundwater samples range from
2,320 to 32,600 uS/cm. The highest values are measured in
samples from the northern side of Chott El Gharsa, where
some dug wells are abandoned (Table 1). The salinity of PQ
aquifer in the Djerid and Nefzaoua regions increases in time
(Zamouri et al. 2007). High groundwater CT abstraction in
this region to ensure agricultural purposes including water
for increasing tourism needs (swimming pools) leads to
formation of depression cone, which facilitates leakage of
brine from the local shallow Chott groundwater saline. In
the Dhafria region, the salinity of groundwater is abnor-
mally high, suggesting saline water originating from
Chott El Gharsa. The total dissolved solids (TDS) varies
between 2.05 and 26.740 g/l with mean value of
13.200 g/l. The electrical conductivity and TDS were
not homogeneous (Table 1), indicating that the PQ
waters differed considerably probably due to recharge
in local perched aquifer for low salinity and the mixing
by brine of the Chotts or leakage with underlying aquifer
with evaporite dissolution during fluxes ascent for high
salinity.

PQ samples were collected from dug wells not exceeding
50-m depth, and water temperature was in the same range of
ambient temperature, between 21°C and 30°C. The pH of
PQ groundwater ranged between 6 and 8 (Table 1), an
indication that the dissolved carbonates were predominantly
in the HCO; form (Adams et al. 2001).

Water types

Chemical composition of the analysed groundwater samples
is plotted on the Chadha diagram (Chadha 1999), which is a
somewhat modified version of the Piper diagram and the
expanded Durov diagram (Chadha 1999). The plot of the
PQ groundwater samples in the Chadha diagram (Fig. 6)
present two groups. The first group (A), which comprised
the majority of the analysed samples, showed that the
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Table 1 Physico-chemical and isotopic data of groundwater

Number Number of Statistics pH C (mS/cm) TDS (g/) Ca (mg/l) Mg (mg/l) Na (mg/l) K (mg/l) SO, Cl(mg/l) HCO; 0 (%o vs >H (%o vs
of oasis  samples (mg/1) (mg/l) SMOW) SMOW)
1 5 Minimum 6.5 5.82 4.93 619 205 482 14 2111 532 103 -5.13 —49.2
Maximum 7.4 10.80 8.65 879 311 1195 31 3071 2129 426 —4.24 —45.7
Average 6.9 8.19 6.77 734 287 836 21 2629 1309 215 —4.60 —47.03
SD 04 243 1.76 133 46 336 7 438 765 123 0.38 1.52
2 11 Minimum 6.7  6.53 5.27 535 105 316 25 1823 669 97 —5.33 —49.5
Maximum 7.9 10.61 7.63 839 383 1689 78 2879 2484 749 —3.88 -39.5
Average 7.3 8.02 6.30 724 278 695 38 2405 1197 292 -4.73 —46.91
SD 03 134 0.84 83 89 443 16 312 635 173 0.42 3.08
3 1 74 8.84 6.87 639 239 1057 51 2111 1703 213 -3.81 —43.7
4 22 Minimum 7.0 3.54 2.86 260 120 324 15 998 572 185 -3.49 —42.4
Maximum 7.9 21.06 18.84 871 886 4140 183 4800 7043 495 -3.2 —41,00
Average 7.4 8.17 7.29 555 358 1112 58 2735 1687 317 -3.35 —41.7
SD 04 375 3.40 134 181 826 43 947 1342 93 0.14 0.70
5 10 Minimum 7.0  6.58 4.74 380 225 589 17 1679 923 83 -5.05 —43.1
Maximum 8.1 21.80 19.42 779 791 4531 187 7056 5943 365 -3.54 —42.6
Average 7.3 10.87 8.99 563 380 1818 62 3606 2326 230 —4.1 —42.85
SD 03 458 4.56 132 178 1226 47 1835 1451 78 0.83 0.35
6 11 Minimum 7.0 5.63 5.18 506 238 658 33 1704 1056 155
Maximum 7.3 9.90 7.69 650 358 1103 96 3144 1952 356
Average 7.1  7.09 6.38 545 292 875 53 2561 1370 255 —4.24 —44.8
SD 0.1 1.14 0.73 50 48 155 19 384 255 54
7 1 74 975 7.67 551 298 1011 16 2879 1596 139 —5.24 -37.6
8 1 77 6.22 5.19 679 287 298 31 2303 638 152 —4.59 —46.1
9 11 Minimum 7.0  6.40 5.88 444 254 367 33 2328 1064 196 —4.62 —47.4
Maximum 8.0 13.00 12.28 919 618 2070 71 4656 3037 409 —-3.69 —43.6
Average 7.5 9.18 7.87 630 390 958 49 2971 1675 285 —4.28 —45.42
SD 04 1.79 1.80 171 115 543 12 638 589 63 0.43 1.83
10 16 Minimum 7.1  2.90 2.42 304 115 276 8 1180 355 11
Maximum 8.3 26.40 22.89 751 709 5749 54 9263 5608 590
Average 7.7 7.92 7.04 522 259 1268 18 3190 1280 151 —6.81 —47.1
SD 0.2 6.10 5.32 125 170 1430 14 1996 1507 126
11 5 Minimum 7.4  3.30 2.99 359 119 187 10 1458 283 157 —6.61 —47.1
Maximum 8.0 5.76 425 543 215 530 18 2087 674 261 —4.51 -30.1
Average 7.7 4.17 3.59 485 174 373 13 1846 461 212 —-5.56 —-38.6
SD 0.2 1.06 0.49 84 41 152 3 251 174 42 1.48 12.02
12 41 Minimum 7.2 0.94 2.04 255 95 263 3 1016 212 51 —6.66 —48.7
Maximum 8.6 32.50 26.73 767 1133 5749 150 6335 9051 408 —5.82 -36.7
Average 7.8 11.06 9.58 572 456 1700 27 3845 2104 169 —6.15 —44.26
SD 02 529 4.07 87 196 945 25 1159 1444 79 0.44 4.59
13 34 Minimum 7.4  3.51 3.20 320 57 2438 12 1344 284 34
Maximum 7.9 10.43 7.72 768 451 1575 47 3936 627 292
Average 7.6 6.23 491 509 204 828 27 2128 1149 164 - -
SD 0.1 1.85 1.28 97 93 387 10 511 588 42

alkaline earth (Ca+Mg) exceeded the alkali metals (Na+K)
and that the strong acids (C1+SO,) exceeded the weak acid
(HCOs3). The second group (B) revealed that (Na+K) was
superior to (Ca+Mg) and the strong acids (Cl+S04)
exceeded the weak acid (HCO;). Group A is Ca-Mg-—
SO,4/Cl water type and group B is Na—Cl water type. The
evolution of water facies from sulphated group A in the
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oases to chloride group B in the vicinity of Chotts is
evidenced in the Chadha diagram (Fig. 6)

Major ions geochemistry and saturation states

Decline of CT Saharan piezometric head due to influence of
long-term over-pumping, in the Djerid region, in response to
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the large extension of the agricultural areas, has contributed
to deleterious and irreversible consequences including the
drying of all springs and the PQ water quality degradation
due to the crust formation. Dissolution of crust by return
flow irrigation and sporadic precipitation largely define the
chemical composition of the PQ groundwater.

Fig. 6 Chadha diagram 450
showing the water type of the
groundwater samples
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Major reactive sulphate salts associate to the crust are
mainly gypsum (CaS0O,4.2H,0), anhydrite (CaSO,), epsomite
(MgS04-7H,0), burkeite (Na,CO3:2Na,SO,), thenardite
(Na,SO,), mirabilite [Na,SO4-10(H,0)]. Halite (NaCl) and
magnesium chloride (MgCl,) constitute the main chloride salt
of the surface and subsurface crust.
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The computed SI values showed that groundwater in the
PQ aquifer was largely undersaturated with respect to halite,
thenardite, mirabilite and, to a lesser extent, with respect to
anhydrite and gypsum, indicating possible dissolution of
these minerals (Table 2).

Table 2 Saturation indexes of main minerals

These eventual dissolutions were confirmed by strong
positive relationships of Na versus Cl, Na, versus SO4, Mg
versus Cl, and Mg versus SO, (Fig. 7). Positive correlations
between the SI of referred dissolved minerals and some ions
resulting from each dissolution are shown in Fig. 8.

Number of oasis ~ Number of samples  Statistics Slanhydrite Slaragonite  Slcaicite  Slpolomie ~ SlGypsum  Sluatite  SIMirabitite  SlThenardite
1 5 Minimum —0.236 —0.387 —0.243 -0.552 -0.011 =5.039 —4.662 —5.443
Maximum -0.077 0.795 0.939 1.947 0.138 —4.348 3914 —4.835
Average -0.162 0.098 0.234 0.444 0.073 —4.656 —4.252 —5.124
SD 0.079 0.573 0.497 1.061 0.077 0.361 0.394 0.325
2 11 Minimum -0.322 -0.418 -0.275 -1.034 -0.106 —-4.561 —4.837 —5.763
Maximum —0.117 0.948 1.092 2.152 0.067 —4.128  —3.643 —4.563
Average —0.223 0.321 0.465 0.748 —0.044 —4.394 —4.1794 =5.103
SD 0.092 0.522 0.522 1.349 0.096 0.186 0.429 0.432
3 1 -0.280 0.506 0.650 1.255 —0.063 —-4.477 —4.110 —5.034
4 22 Minimum -0.730 —0.169 -0.025 -0.035 —0.522 -5.431 —5.117 —6.047
Maximum -0.213 1.013 1.157 2.492 —0.004 —3.344 —-2.859 —3.758
Average —0.348 0.352 0.453 0.969 —0.195 —-4.805 —4.377 =5.301
SD 0.152 0.422 0.415 0.877 0.216 0.597 0.659 0.666
5 10 Minimum —0.442 —0.389 —0.245 0.039 -0.232 —4.984 —4.179 =5.517
Maximum -0.057 1.373 1.517 3.025 0.152 —-3.388 —2.616 -3.515
Average -0.260 0.302 0.435 1.178 -0.049 —4.268 —3.572 —4.593
SD 0.114 0.640 0.539 0.994 0.121 0.453 0.563 0.629
6 11 Minimum —0.382 -0.179 —0.035 0.006 -0.173 —4.839 —4.563 —5.486
Maximum -0.214 0.334 0.477 0.912 —0.005 —-4.162 —3.951 —4.875
Average —0.274 0.062 0.227 0.586 —0.065 —4.628  —4.193 =5.112
SD 0.045 0.151 0.152 0.259 0.048 0.204 0.207 0.196
7 1 —0.245 0.265 0.409 0.935 —-0.028 —4.533  —4.017 —4.941
8 1 —0.188 0.737 0.880 1.769 0.033 —5.434 —5.128 —6.057
9 11 Minimum -0.379 -0.070 0.074 0.313 -0.162 —5.133  —4.983 =5.909
Maximum -0.072 0.987 1.131 2.638 0.144 —-3.985 —3.328 —4.243
Average —0.215 0.694 0.802 1.877 0.001 —4.601 —4.194 —5.141
SD 0.097 0.383 0.394 0.899 0.097 0.389 0.588 0.558
10 16 Minimum —0.567 0.342 0.486 0.883 —0.349 =5.669 —5.169 —6.098
Maximum —0.183 0.429 0.903 1.716 0.033 —4.325 —3.478 —5.243
Average —0.283 0.379 0.619 1.223 -0.075 =5.171 —4.374 -5.690
SD 0.143 0.037 0.163 0.316 0.157 0.538 0.705 0.468
11 5 Mininmum  —0.495 0.461 0.604 1.103 -0.272 -5.963 —5.548 —6.478
Maximum —0.254 0.875 1.019 2.109 —0.036 —=5.192 —4.642 —5.653
Average —0.340 0.737 0.881 1.690 —0.122 —5.523  —4.948 —6.039
SD 0.099 0.161 0.162 0.364 0.096 0.366 0.412 0.378
12 41 Mininum —0.688 0.073 0.045 0.271 -0.18 5913 —-5.369 =5.517
Maximum -0.017 1.214 1.357 2913 0.199 -3.107 —2.522 —3.834
Average -0.217 0.639 0.755 1.783 0.010 —4.333  —3.645 —4.564
SD 0.112 0.285 0.300 0.612 0.085 0.475 0.543 0.388
13 34 Minimum —0.534 —0.518 —0.375 —0.259 —0.317 -5.812 —5.308 —6.237
Maximum —0.173 0.855 0.999 1.795 0.044 —4.159  -3.557 —4.478
Average —0.349 0.365 0.521 1.008 -0.129 —4.836 —4.393 -5.313
SD 0.105 0.265 0.245 0.437 0.109 0.429 0.426 0.426
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Fig. 7 Bivariate diagrams
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Normally, gypsum dissolution produces Ca and SO, in 1:1
equivalent ratio. However, for the PQ groundwater samples,
the plot of SO4 versus Ca (Fig. 9a) shows a relative Ca
depletion. Thus, the deficiency of calcium is probably related
to carbonate precipitation through two possible mechanisms.
(1) carbonates replacing evaporites (anhydrite/gypsum) are
microbially generated by bacterial sulphate reduction, based
on 13 values that support an organic origin of the carbon
(Henchiri and Slim-S’Himi 2006). (2) Since all groundwater
samples are saturated with respect to calcite (Fig. 8d) and

Mg (meg/l)

dolomite (Table 2) and undersaturated with respect to gypsum
and anhydrite (Fig. 8b), the dissolution of anhydrite continues
and the concentration of Ca®" and SO,>" increase to reach
supersaturation and precipitation, which may decrease Ca*"
concentrations (Fig. 9a). The decrease in HCO;  concentra-
tions, resulting also from calcite precipitation, may then cause
de-dolomitisation process, adding Mg*" to the waters and
decreasing the Ca/Mg molar ratios (Marfiaa et al. 2004). This
process, which is evidenced by the 1:1 relationship in the plot
of (Ca** +Mg>") versus (SO4> +0.5HCO5 ) (Fig. 9b) (Mc
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Fig. 8 Mineral saturation
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Intosh and Walter 2006), corresponds to the incongruent
dissolution of dolomite to form calcite with a crystalline
structure similar to dolomite. Calcite formed in this way
is called ‘dedolomite’ (Hanshaw and Back 1979). The
net reaction for the de-dolomitisation process is (Mc
Intosh and Walter 2006):

CaMg(CO3),(s) + CaSOy - 2H,O(s) + H*
= CaCOs(s) + Ca?™ + Mg*™ + SO4>~ + HCO;™ + 2H,0

On the other hand, cation exchange probably generates a
Ca deficiency with respect to SO, concentration. The

@ Springer

Ca + HCO; (meqg/l)

phenomenological evidence for this exchange is given by
the bivariate plot of (Ca+Mg)—(HCO3+S0,) in function of
(Na+K—Cl) (Garcia et al. 2001) as shown in Fig. 10. In the
absence of these reactions, all data should plot close to the
origin (Mc Lean et al. 2000). However, Fig. 10 indicates an
increase in (Na+K) related to decrease in (Ca+Mg).

Isotopic study
Assuming no meaningful variation of stable isotope content

in CT groundwater in the Djerid region since 1982 (Zouari
et al. 2006), data of all groundwater samples were plotted
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Fig. 9 Bivariate diagrams
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together with the Global Meteoric water Line, Nefta local
meteoric Water Line and weighted mean precipitation for
Nefta obtained from 2000 to 2003. Additional data concerning
the underlying deep confined CI and confined/unconfined CT
aquifers were used, including their respective weighted mean
values of stables isotope contents (Edmunds et al. 2003;
Kamel et al. 2005).

Data from the PQ varied in relatively wide range from
~6.8%o0 to —3.19%o for 5'°0 and from —49.4%. to ~30.0%o
for 6°H. The weighted means values of 5'%0 were —3.17 for
the precipitations, and —7.5 for the CI and —5.44 for the CT.
Those of the §°H are —22.26 for the precipitation, —59.6 for
the CI and —49.5 for the CT (Fig. 11).

Figure 11 shows a depleted pole enclosing mean CI and
CT borehole wells and a group enclosing the PQ water

samples (with two subgroups 3 and 4). Mean CT, CT and
PQ isotopic data define a line with a slope of about 4, which
can be interpreted as an evaporation line (Kamel et al.
2007). The intersection of this evaporation line with the
local meteoric water line gives values of —9%o and —67%o
for respective 5'%0 and 6°H contents of recharging precipita-
tion before evaporation. The origin of these waters is presum-
ably from recharge during a cool regime in the past. This
observation agrees with the results of several authors obtained
in southern Tunisia, which were interpreted as recharge occur-
ring during the late Pleistocene and the early Holocene periods
(Fontes and Edmunds 1989; Edmunds et al. 1997, 2003; Zouari
et al. 2003, Kamel et al. 2007).

The referred evaporation line coincides practically with
the mixing line of CI-CT and CT-PQ groundwaters. The
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Fig. 10 (Na+K)—Cl(Ca+Mg)— 40
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coincidence of the referred evaporation and mixing lines
seems to be due to the common old origin of the CT and
PQ groundwaters. In fact, the main source of recharge of the
PQ aquifer is insured by the return flow of irrigation waters,
which exploits about 150 Mm?>/year pumped from the CT
reservoir. Thus, the excess irrigation water returns to PQ
aquifer and mixes with water from the regional groundwater
flow system.

] R2=082
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In the detail, PQ groundwater samples form two sub-
groups, with §'®0 contents greater than —4%o for the first
more enriched one (group 4) and between —5.32%o and
—4.23%o for the second (group 3).

The 6*H and 6'%0 of the return flow water fractionate
and concentrate at different rates in the irrigation channels
under two main irrigation conditions: (1) within the oases
where there is a microclimate with low evaporation (group

Fig. 11 5'%0 versus °H 0
diagram for sampled dugwells o PQ
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3) and (2) in oases margin where the density of palm trees is
low and the evaporation is the highest. This provides to the
CT groundwater return flow an evaporated apparent
character (group 4). The old origin of the PQ groundwater
is also confirmed by the position of the representative
points in the 6°H/5'®0 diagram, which fall largely below
the global and the Nefta meteoric lines. However, some
modern recharge of this shallow aquifer is indicated by
the position of some samples closer to the GMWL and
Nefta local Line (groups 1 and 2).

This subdivision into two subgroups is consistent with
the subdivision made in the Oued Souf phreatic aquifer
(Algeria) on the basis of tritium contents (Guendouz et al.
2006). The Djerid and Oued Souf regions are both of the
Great Oriental Erg Basin. Oued Souf is only 80 km west of
the study area.

Stable isotope/chloride relationship

The contribution from the CT aquifer recharging the PQ
water table does not take place in a homogeneous manner
throughout the Djerid region. It depends mainly on the
irrigation rate inside or at the margin of oasis and the
architecture of the reservoir, which control the upward leak-
age (Kamel 2011).

The distinguishing between the two mineralisation
processes, dissolution and evaporation, can be assumed
when plotting CI concentrations against §'*0. Figure 12
shows the different trends displayed in the 5°H/86'%0
relationship. Figure 12 shows two poles where the min-
eralisation by dissolution dominates (group 1); the other
pole is defined by samples collected at the oases margins
where the PQ is recharged by CT evaporated return flow

(group 4).
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Fig. 12 5'%0/Cl relationship

Groups 2 and 3, defined in Fig. 11, falls on the same
isotopic content range reflecting the probable double origin
of PQ water table inside oases, i.e. recharge by non-
evaporated CT return flow irrigation and mixing by sporadic
precipitation events.

Conclusions and recommendations

In the Tunisian Chotts region, which constitutes the dis-
charge area of the two large CI and CT Saharan aquifers,
the groundwater flow runs out toward closed basins.
Groundwater flows occur by rising upward along the major
faults as springs and by vertical upward leakage due to the
difference in the potentiometric heads between the various
aquifer levels through aquitards. In these large closed
basins, evaporation creates large areas of salt crusts, called
Chotts. On the edge of these Chotts, springs from the CT
groundwater, give rise to oases.

Population growth, the extension of the old oases and the
creation of new oases led to the drying up of springs and
continuous lowering of groundwater level. The creation of
boreholes more and deeper, tapping the Saharan aquifers to
meet the growing need for irrigation has two consequences:
(1) decompression of the Saharan groundwaters and
decrease of its hydrological performances and (2) creation of
perched water table, known as ‘oasis type’ mainly recharged
by CT return flow irrigation and sporadic rare precipitation
events. Oasis type water table was classified as secondary role
and exploited mainly in summer period as supplementary
irrigation, when evaporation becomes most significant of
the year.

In the Djerid region, the exploitation of this water table
reaches on average 4 billion m® per year and may cause a
reverse flow of brines Chotts (that can fill up and become
real salt take during rainy years) to the referred shallow
aquifer, which is gradually becoming saline and unsustain-
able with consumption.

The conceptual model in Fig. 13 summarises very
schematically (without regard to paleo crusts) the different
stages of the hydrodynamic and geochemical evolution
of PQ water table and its eventual contamination by the
brines chotts.

Before the 1970s, the last century, springs and some
boreholes tapping the CT aquifer provided water irrigation
old oases needs.

At that time, potentiometric head CT reaches the top
of Tozeur uplift and feed power springs with 800 I/s in
the beginning of the last century (Mamou 1989) (stagel,
Fig. 13).

Between 1970 and 2000, overexploitation of the CT
aquifer has contributed to the loss of the artesian conditions
and the decline of groundwater CT level. The return flow

@ Springer



Arab J Geosci

Fig. 13 Conceptual model of

Chott Djerid

Oases area

the CT potentiometric decline
and its impact on the PQ water

quality

Tozeur uplift

PQ

(Brakish water)

Aquitard

CT

(fresh water)

PQ

(Brakish water

Aquitard

CT

(fresh water)

Return flow
irrigation and
evaporation

Leaching of the

PQ

(Brakish water

Aquitard

CT

(fresh water)

irrigation contributes to formation of perched local ‘oasis
type aquifer ‘mainly in oases areas, where salts concentrate
and form crust (stage 2, Fig. 13).

Stage 3 summarises the current mechanism of the PQ
water mineralisation by dissolution of salt crust. The decline
of the water table PQ aquifer permits an eventual brine
Chott invasion.

Indeed, local signs of PQ water table were recorded in the
oases surrounding Chott El Gharsa, with predominance of
NacCl, but are limited in time and across all areas of oases.

The combination of both hydrochemical and environ-
mental isotope methods for the study of the PQ water table

@ Springer

salt crust
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aquifer has provide basic information about its origins
and mineralisation processes. The geochemical evolution
of groundwater from the oases towards the Chotts margin
is marked by increase of evaporitic salt leaching and
highlighted by the correlations between the minerals part
of these salts.

Control measures to limit contamination should include
efforts to minimise the contamination risk from the sources
discussed above, legal regulation and an increase in the
irrigation efficiency as well as the implementation of effec-
tive drainage measures should go hand in hand with a
strategy of moderation (Zamouri et al. 2007).
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