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Abstract In southern Tunisia, the major aquifer system is
characterized by the superposition of three principal levels:
the upper unconfined Quaternary alluvial aquifer; the in-
termediate  semi-confined/confined complex terminal
(Segui, Beglia and Zebbag Formations) and the Continental
intercalaire (Bou Dinar and Sidi Aich Formations) which
constitutes the deeper confined aquifer. The hydrodynamic
functioning of this aquifer system is largely influenced by
tectonics (Gafsa and Sehib faults), lithologic variation and
recharge conditions. The tectonics has contributed to the
discontinuity of the aquifer levels by creating some barri-
ers, which play the role of hydraulic sills. A study of the
potentiometric maps shows four principal flow directions.
These flow directions converge at the sill zones (Chott El
Guettar and Chott Djerid depressions). The total mineral-
ization evolution shows an increase from the periphery of
the basin to the discharge area (1.75 < TDS < 14.4 g/l).
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Dissolution of halite, gypsum and/or anhydrite-bearing
rocks is the principal source of the salinity of the ground-
water. The isotopic signatures permit to classify the studied
groundwaters into two different groups: Non-evaporated
groundwaters that are characterized by depleted 8'*0 and
8H contents highlight the importance of modern recharge
at higher altitude. Evaporated groundwaters with enriched
contents reflect the significance infiltration of return flow
irrigation waters and the influence of the water dam. Tri-
tium data in the studied groundwaters lend support to the
existence of pre-1950 and post-1960 recharge. According
to radiocarbon residence time estimates, the deep ground-
water is approximately 40 kyears old, and was recharged
during a period when the climate was wetter and colder.
Based on radiocarbon content, the shallow groundwater is
older than 0.5 kyear, and represents modern waters mixed
with a limited quality of palaeo-recharge. Moreover, the
insulation of certain compartments of the reservoir and
inter-communications between the aquifer levels seem to
play a principal role in the degradation of quality of
groundwater.

Keywords Groundwater - Salinity - Geochemistry -
Isotopic signatures - El Guettar basin - Tunisia

Abbreviation
1 Ky 1,000 years
CPG Phosphate Company of Gafsa

PDB Pee Dee Belemnite

TU Tritium unit

VSMOW  Vienna Standard Mean Oceanic Water
CI Continental intercalaire

CT Complex terminal

TDS Total dissolved solid

DIC Dissolved inorganic carbon
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Introduction

In most arid and semi-arid regions in the world, the
availability of sufficient freshwater has become a limiting
factor for development. In North African regions, where
water scarcity was always a dominant problem, the inter-
ference with the natural hydrologic cycle as a result of
groundwater resources overexploitation and changes in
land usage have provoked not only the reduction of the
available water but also the deterioration of the water
quality. During the past decades, groundwater exploitation
in the El Guettar area (mining Gafsa basin) has increased
dramatically, mainly due to an increase in irrigated agri-
culture, tourism and industry. To meet the needs of
drinking water for future generations, sustainable water-
shed management is essential for drinking water supply
especially in semi-arid areas, and requires a more detailed
knowledge about recharge processes.

At the beginning, the oases have been created around the
artesian springs, forming assembly points of desert no-
mads. Based on landform, oases, in southern Tunisia, can
be classified as alluvial plain (Chott El Guettar margin),
mountains (Gafsa and Northern Chotts range piedmonts)
and coastal (Gulf of Gabes) (Coque 1962). Saharan hot
strong winds and sands, serious soil salinization and water
insufficiency are the natural causes for the disappearance of
some ancient oases (Mamou and Kassah 2002). Fast
population growth, and expanding agricultural and indus-
trial (Phosphate Company of Gafsa “CPG”) areas have
resulted in a rapid increase in water demand from the
shallow and the deeper aquifers. The long-term with-
drawals have engendered several deleterious problems such
as water-level decline, distinction of artesianism, saliniza-
tion and deterioration of groundwater resources. The
objective of this study was the investigation of the hydro-
geochemical evolution and the recharge processes of dif-
ferent groundwater bodies as well as the natural and
anthropogenic processes that control their mineralization,
which will contribute to the sustainable management of
groundwater resources in the El Guettar basin. In this
study, hydrogeologic, hydrochemical and isotopic infor-
mation from the aquifer system will be integrated and used
to determine the main factors and mechanisms controlling
the hydrodynamic and the chemistry of groundwaters in the
study area (Southwest Tunisia).

Study area

The study area is located between the longitudes 6°30-7°30/
east and the latitudes 34°00-34°30 north. It is limited in the
west by the Algerian frontier, in the east by the Gulf of
Gabes, by the Gafsa range in the north and by Northern Chott
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Mont in the south. The El Guettar oasis basin covers an area
extent of approximately 450 km> (Fig. 1). In the study re-
gion, oases area increased from single to double in 43 years
(1970-2013) 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.

The surface drainage network, which is very dense, is
constituted by several non-perennial wadis (Bayeich, El
Maleh, Majni, Lortess, As Sad, Berda...). It collects surface
runoff from the Algerian territory and from the surrounding
hills toward the continental depression of Chott El Guettar
(Fig. 1). Pediments in the study district are mainly composed
of poorly evolved alluvial soils with a thickness of more than
4 m. These alluvial soils undergo salinization processes
downstream. However, topomorphic and lithomorphic ver-
tisols are present in inland plains and are characterized by the
presence of swelling clays of dark color. These organic
matter-rich soils show cracking during the dry season and are
generally suitable for horticultural and orchard cultivation.
Some other parts of the study area are marked by the abun-
dance of Mediterranean red soils, which have fine texture
and a well-developed polyhedral structure and calcareous
accumulations (Elmejdoub and Jedoui 2009).

Climate

Mediterranean areas of both southern Europe and North
Africa are subject to dramatic changes that will affect the
sustainability, quantity, quality, and management of water
resources. Most climate models forecast an increase in
temperature and a decrease in precipitation at the end of the
twenty-first century. Tunisia is located in the Western
Mediterranean, which represents a climatic transition zone
open to the influence of the cool North Atlantic air masses
and the warm Mediterranean air masses (Rindsberger et al.
1990). Moreover, specific geomorphologic characteristics
of Tunisia, i.e. the absence of high mountains and the
relatively limited geographic extension allow the integra-
tion of Saharan air masses into the atmospheric circulation
(Celle-Jeanton et al. 2001a). However, hydrometeoro-
logical studies (Bousnina 1997; Celle et al. 2000; Celle-
Jeanton et al. 2001b) suggest the existence of two major
trajectories for dominant air masses. These are (i) Atlantic
air masses that circulate from the west over Northern
Africa and (ii) Mediterranean air masses that come from
the north (Hamed 2009, 2011; Hamed and Dhahri 2013).
Quantitatively, Mediterranean precipitation represents
66 % of the total rainfall. The main part of the regional
aquifer recharge is supplied by Mediterranean rain events.

The study area is an ecologically fragile area, which is
characterized by an arid type climate with a mean annual
precipitation of <250 mm. The mean annual temperature is
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Fig. 1 Simplified geological

6°30 7°30'

map of El Guettar basin
(Southwestern Tunisia)

Sidi Ahmed
Zarroug

i
QR

Mediterranean Sea

B S
Tataouine

ALGERIA

250Km

J. Orbata

0€.¥€

Legend:

I:I Holocene

Mio-Plio-Quaternary

20 °C with maximum value of up to 42 °C in summer
(August month) and with minimum value of up to —2 °C in
winter (January month). Data on evaporation and
evapotranspiration are very scarce. Few measurements were
recorded by the National Office for Meteorology (ONM
2010). Figures recorded at Gafsa station between 1965 and
1972 revealed a mean inter-annual rate of 1,900 mm/year
for evaporation (UNESCO 1972). On the other hand, mean
annual evapotranspiration, as estimated by means of em-
pirical formula such as those of Thornthwaite, Turc and
Penman, gave results ranging from 1,345 (year 1984) to
1,905 mm (year 2000) (ONM 2010). Potential evapotran-
spiration was calculated for each grid point at a resolution of
0.5 km?, based on the monthly average temperature and the
latitude (Thornthwaite 1948). In southern Algeria, at about
150 km western study area, the evaporative losses from the
shallow aquifer through a 6-m thick unsaturated zone were
estimated to be 2 mm/year (Guendouz et al. 2003).

The Earth’s average temperature has tended to increase
since the nineteenth century, particularly since the 1920s
(e.g., Folland et al. 2002; Brohan et al. 2006; Hansen et al.
2006). The Mediterranean basin has been no exception,
with an increase in average temperature having been ob-
served during the twentieth century (Bethoux et al. 1998;
Repapis and Philastras 2004; Camuffo et al. 2010). All
studies for the region indicate a trend toward higher tem-
peratures. Thus, reports of the temperature increase over
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the entire basin in the last 100 years have ranged from 1 to
4.5 °C (Brunetti et al. 2004; Alpert et al. 2008; Bertin
2008). At a more localized scale, warming temperatures
have been reported for the Iberian Peninsula (Sanz-Elorza
et al. 2003; Vargas-Yaifiez et al. 2008), Italy (Brunetti et al.
2000), Greece (Kostopoulou and Jones 2005), the eastern
Mediterranean (Saaroni et al. 2003; Alpert et al. 2004), the
central western Mediterranean (Piervitali et al. 1998), the
alpine region (Bohm et al. 2001; Beniston and Jungo 2002;
Casty et al. 2005) and North Africa (Hassanean and Abdel
Basset 2006; El Kenawy et al. 2009). The generalized in-
crease in temperature is particularly evident in summer
(Jacobeit 2000; Palutikof and Holt 2004; Ziv et al. 2005;
Abaurrea et al. 2007), and in the maximum temperatures
attained in the northern Mediterranean basin (Brunetti et al.
2000; Saaroni et al. 2003; Abaurrea et al. 2007). This
contrasts with observations in the southern Mediterranean
basin, where the main temperature increase in Egypt
(Domroes and El-Tantawi 2005), Libya (El Kenawy et al.
2009) and Tunisia (Hamed 2009) has occurred in the
minimum temperature, whereas the maximum temperature
has remained relatively constant. In addition, an increasing
occurrence of warm events during winter has been reported
in the Iberian Peninsula (Santos and Corte-Real 2006) and
the Alps (Beniston 2005). Figure 2 summarizes the climate
evolution in the second half of the twentieth century over
the Mediterranean region. The data were obtained by the

@ Springer



420

Carbonates Evaporites (2015) 30:417-437

P

<-150  -100 -50 0 50

0 20 40 60

Fig. 2 Seasonal and annual climate evolution in the Mediterranean region between 1950 and 2002. Colors show the magnitude of changes in
precipitation (left) and potential evapotranspiration (right), in mm. Black isolines areas with significant trends (p < 0.05) (José et al. 2011)

Climate Research Unit of the University of East Anglia
(http://www.cru.uea.ac.uk/ ~ timm/grid/CRU_TS_2_1.html)
(José et al. 2011).

Geology and hydrogeology

Southern Tunisia is underlain by two major aquifer systems
the CI overlain by the CT (Fig. 3). The CI aquifer is one of
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the largest confined aquifers in the world. This immense
multi-layered aquifer is hosted in the continental forma-
tions of the Lower Cretaceous (Neocomian, Barremian,
Aptian and Albian). The CI aquifer is located within a
complex succession of clastic sediments of Mesozoic age.
The geological succession is composed of several units of
detrital sediments separated by clay strata and gypsum
intercalations, giving rise to a degree of heterogeneity of
this aquifer. At its maximum, the aquifer thickness exceeds
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1,500 m. The geological formations forming the CI aquifer
show significant lateral variations in facies and thickness
beginning from the Saharan platform reaching the Chott
area.

The CI aquifer is shared between Algeria, Tunisia and
Libya and covers a surface of more than 1 million km? of
which 700,000 km” are in Algeria, 80,000 km” in Tunisia,
and 250,000 km? in Libya (SASS 2002). The aquifer is,
however, hydraulically continuous over the whole basin.
Given the arid to Saharan climate conditions, these for-
mations are slightly recharged: the system recharge repre-
sents about 1 billion m*/year, essentially percolating in the
Saharan Atlas piedmont plains in Algeria, the Dahar and
the Tunisian Atlas in Tunisia and Djebal Nefoussa in Libya
(Fig. 1). However, the system extension and the layer
thickness have facilitated the accumulation of considerable
reserves over the past centuries (SASS 2002). The general
direction of groundwater flow in the study area is from

North to South and from West to East (Guendouz et al.
2003; Kamel et al. 2008; Hamed 2009; Mokadem 2012).
The groundwater reservoir of the CT is contained in the
Upper Cretaceous and Tertiary formations. The CT for-
mations are relatively heterogeneous and are composed of
two main aquifer horizons separated by semi-permeable to
impermeable strata: (1) the Cenomanian—Turonian car-
bonates (Zebbag Formation: main aquifer of the El Guettar
region), extending over the whole basin. In the study area
the Zebbag formation represented by two distinct mem-
bers: to the basis, dolomite and chalky dolomite with a
thickness varying between 100 and 250 m and to the top by
intercalations of marl, clay, gypsum and thin levels of
limestone. The thickness of the superior member of this
formation varies between 180 and 350 m. The transmis-
sivity of this carbonate formation, obtained from pumping
tests, ranges from 1.4 x 1073 to 22 x 102 m?s™ .
However, the permeability varies between 7.3 x 10~* and
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15.1 x 1072 m* s™' (obtained by grain-size distribution)
in the same formation (DGRE 2010).

The high hydraulic gradient is associated with over-
pumping of groundwater, which is extracted mainly for
irrigation and for washing the phosphate. These values
indicate that this carbonate aquifer has high potentiality
and it is considered as the most productive aquifer in the El
Guettar basin. This hydrogeological reservoir is formed by
a complex conduit system. Moreover, the resources are
very hard to exploit, with flow velocities ranging from a
few centimeters a day to hundreds of meters an hour
(Fig. 4).

Note, however, that this “karst” aquifer is continuously
recharged by rainfall, where water seepage is facilitated by
the fractured and karstified nature of limestone and also
recharged by upwards leakage from the underlying of CI
aquifer. The word ‘‘karst’’ refers to both a surface and a
subsurface landscape, and by extension to a hydrological
system shaped by the flow and dissolution conditions oc-
curring mainly in carbonate rock (Mangin 1994;
Bakalowicz 2004). Carbonate rock is soluble in the pres-
ence of acid dissolved in water, most commonly resulting
from CO, solution. The process that combines solution of
carbonate rock and flow in openings is named °‘karstifi-
cation’”’ (Ford and Williams 2007). The resulting karst
aquifers are characterized by marked heterogeneity related
to the presence of open fractures and drainage systems,
underground conduits organized in a hierarchical system
(Fig. 4).

The second aquifer, (2) the Tertiary Clayey and sandy
formation (Segui and Beglia Formations: in the totality of
Gafsa mining basin) (Hamed et al. 2010a, b; Hamed 2011).
The Beglia Formation (Mio—Pliocene) is constituted by
coarse sand with thin levels of red clay and quartz. The

Fig. 4 Conceptual model
showing the hydrogeological
reservoir and a complex conduit
system in a carbonate aquifer
(from Mangin 1994, modified
after Bakalowicz 2004)

Karren field

Perched saturated
zone

Overflow of saturated epikarst
into vertical channels

Fast concentrated
infiltration flow
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thickness of sand ranges from 40 to 100 m. At the Mou-
lares region in the south, where the Beglia outcrops, it is
only 50-400 m thick (Hamed et al. 2008). The Beglia
Formation is covered by a thick clayey formation (Segui)
whose thickness varies between 40 and 120 m. Most
recharge of the Mio—Plio—Quaternary (MPQ) aquifers oc-
curs at outcrops around the margins of the Grand Erg
Oriental (southwestern of the study area, in Algeria),
although there is some minor recharge by direct infiltration
from the Grand Erg Oriental itself. Discharge from the
aquifer occurs by vertical percolation at the Chott, the
Sebkha or/and the Garaat surfaces, upwelling at natural
springs and spring mounds and upwelling from water
wells. Most of this discharge is concentrated in Southern
Tunisia around Chott Djerid in the South, where natural
upwelling occurs at a relatively constant rate throughout
the year (Coque 1962).

The principal areas of recharge are in the South Atlas
Mountains of Algeria, in Dahar uplands (Tunisia) and
Tunisian Atlas. The discharge area is in Chotts area
(Fig. 1). Quaternary features consist primarily of alluvial
fans, glacis and terraces. Instead of terraces, most of the
Quaternary stratigraphic units, wind-eroded outcrops that
have been interpreted as eolian, sebkha and lacustrine de-
posits (Swezey 1996). Clayey Segui Formation is consid-
ered as the footwall of Quaternary sequence (Mamou 1989)
and has been reached by several wells. Quaternary for-
mation is much thicker at 100 m at the El Guettar region
and formed by alternation of sand, clayey sand and sandy
clay with thin quartz gravel levels. Gypsum is generally
associated as a fine to medium grain to clayey sand
horizons.

The Plio—Quaternary (PQ) deposit contains a shallow
aquifer (alluvial and conglomerate deposits intercalated

Proto-doline Soll

Percolation flow
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with varicolored clay and calcareous sandstone), which
exploited especially as irrigation complement in Majni,
Lorteus, Nechiou and El Guettar oases. This aquifer is
essentially recharged by the excess of irrigation water
coming from CI and CT deep aquifers, in oases area. Out
of these cultivated zones, the PQ shallow aquifer is
recharged during the rare rainfall events. The transmis-
sivity of the PQ shallow aquifer ranges from 2.8 x 1072 to
27 x 1072 m? s™', and the permeability varies between
73 x 107* and 152 x 107" m? s~ in Segui Formation
(DGRE 2010). These ranges depend essentially on the
depth of aquifers, on the heterogeneity of their lithology
and on the tectonic of the region. Concerning the variation
of the electrical resistivity that varies from one area to
another and as a function of depth. For the shallow aquifer
the values of the resistivity varies from 0 to 100 Qm, from
5 to 35 Qm for the intermediate aquifer and from 5 to
10 Qm for the deep aquifer (Gouasmia 2008).

The groundwater flow of the CT aquifers (Figs. 5a, b, 6
and 7) converges from all directions to the endorheic de-
pression of Chott Guettar and which constitutes the unique
natural discharge area of this reservoir (Farhat and Moumni
1989; Hamed 2011). These flow directions are separated by
a groundwater divide “M’Dilla ridge” located in the North
of M’Dilla region in the West of El Guettar area. In fact,
the piezometric map of the 1980s (Mamou 1990) showed
two opposites major E-W (to the discharge depression of
El Aguila) and W-E (to the discharge depression of Chott
El Guettar) flow directions, which diverge from the
“M’Dilla ridge’” (Fig. 6). These opposite flow directions
indicated that the CT outcrops on both sides of the
“M’Dilla ridge’’ constituted the main recharge area of the
CT aquifer in the basin. However, the latest piezometric
map, established within the present study at 2012 (Fig. 8),
shows several changes in the CT groundwater flow pat-
terns. The two flow directions diverging from the ‘‘M’Dilla
ridge’’ have been completely disappeared and replaced by
other major flows coming from the southeast and from the
northeast towards the El Aguila depression. The ground-
water flow direction of the shallow aquifer below that the
deep aquifer (Figs. 7, 8). So it is clear the influence of the
deep aquifer on the shallow aquifer due to overexploitation
of groundwater mainly in the industrial sector of the CPG.
These new flow directions highlight the presence of two
recharge components in relation with the aquifer outcrops
in the Atlas Tunisian (Gafsa and northern Chott ranges).
On the other hand, the extinction of the flow directions
coming from the ‘“M’Dilla ridge’’ can be explained by the
severe climatic condition that characterized the south of
Tunisia during the last two decades. Another potentio-
metric change appears from the comparison of the two
maps. It is the remarkable decline of the piezometric
indicating the influence of the long-term over-pumping of

the CT groundwater in the mining basin of phosphate. This
over-pumping, which is in relation with the increasing
number of the CT boreholes in response to the large ex-
tension of the agricultural areas, has contributed to several
deleterious and irreversible consequences including the
drying of all Foggara (Mkayel), springs and the water
quality degradation, presumably due to the mixing with the
overlying and/or the underling groundwaters (Mokadem
et al. 2012). The CT groundwater in the El Guettar basin is
recharge by surface water via wadies (drainage network)
infiltration, Lalla Dam, canal system seepage and farm land
irrigation water seepage and infiltrating meteoric water in
the basin. It is discharged mainly via evapotranspiration
and artificial abstraction.

In general, secondary cementation and clays decrease
the porosity. Furthermore, the fault systems diminish water
movement in some compartments as a result of the fault
displacement which induces a placing of clay beds in
vertical contact with limestones and sands. The study
aquifer indicates similar deposits able to ensure the possi-
ble communications between the various formations
(Fig. 5a, b). Tectonically, the main folding in the Gafsa—FEl
Guettar basin dates from the Plio—Pleistocene age, prob-
ably Villafranchian, and it is still active considering current
seismic activities (Dlala and Hfaiedh 1993). These faults
are part of a complex called the South Tunisian accident
(Castany 1982). The effect of several tectonic phases on
the Gafsa area seems to have controlled the production of a
large sedimentary basin (Ahmadi et al. 2006; Gabtni et al.
2009; Hamed et al. 2010b). From a tectonic point of view,
the El Guettar basin represents a transitional zone between
the Tunisian Atlas Mont in the north and the Saharan
platform in the south. The regional structural studies
highlight the existence of E-W and NW-SE major faults,
which contributed to the uplifting of the Gafsa anticlines,
(Zargouni 1985; Ahmadi et al. 2006; Hamed et al. 2008).
Other geophysical explorations mentioned the presence of
N-S geophysical faults extending longitudinally in the re-
gion of Gafsa city (Zargouni 1985; Jallouli et al. 1996).

Groundwater sampling and analyses

Samples of groundwater from sites in the study area were
collected during high-flow conditions in January—February
2012. A total of 49 groundwater samples were obtained
from active water supply boreholes penetrating different
lithological units in the El Guettar basin (Fig. 9). In situ
parameters, such as pH, temperature, EC, TDS and alka-
linity (HCO3;) were measured in the field with portable
devices (WW350) to ensure the exclusion of atmospheric
contamination and to improve measurement stability.
These fell into two distinct groups (shallow wells with
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Fig. 5 a Conceptual model of
the groundwater system at El
Guettar basin (N-S direction).
b Conceptual model of the
groundwater system at El
Guettar basin (E-W direction)
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depths <50 m, and deep wells with depths ranging from 80
to 220 m), and a surface water sample (water Dam of
Lalla) from the El Guettar reservoir was also collected for
an initial reconnaissance of geochemical parameters.
Samples for major chemical analyses were filtered
(0.45 mm filter paper) and collected in plastic bottles
(1.5 1). The analytical precisions for all cations and anions

are 6 %. The reaction error (RE %) was calculated using
the formula:

> Cations — > Anions
~ Y Cation + Y_ Anions

RE (%) x 100 (all in meq/1)

Hydrogen (*H and *H) and oxygen ('®0) isotope ana-
lyses (Yermani 2000 and Hamed 2009) were performed in
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Fig. 8 Piezometric map of the
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the laboratory of the International Atomic Energy Agency
(IAEA) in Vienna, by employing, respectively, the stan-
dard CO, equilibration (Epstein and Mayeda 1953) and
the zinc reduction techniques (Coleman et al. 1982),
followed by analysis on a mass spectrometer. Oxygen and
hydrogen isotopes analyses were reported in ‘d’ notation
relative to VSMOW, where 0 = [(Rs/Rspmow) — 1] X
1,000; Rs represents either the 180/'°0 or the *H/'H ratio
of the sample, and Rsyow i 180/'%0 or the *H/'H ratio
of the SMOW. Typical precisions are £0.1 and £1.0 %
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for oxygen-18 and deuterium, respectively. Tritium (*H)
analyses were performed in the laboratory of the IAEA by
electrolytic enrichment and liquid scintillation counting
method (Thatcher et al. 1977). Tritium contents were
reported in TU, in which one TU equals one tritium atom
per 10" hydrogen atoms. Oxygen-18 and deuterium
groundwater samples were collected in glass phials. These
phials were rinsed using the groundwater sample and
were later filled in the flow cell and sealed beneath the
water surface using an airtight plastic lid. The stable
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isotope  analysis  was
spectrometer.

Carbon-14 ('*C) analyses were carried out in the Sfax
School of Engineers (LRAE-ENIS-Sfax-Tunisia) by using
liquid scintillation counting on CgHe synthesised from
BaCOj; stripped in the field from 150 1 of water samples.
Results of '>C analyses are reported in %o versus PDB
(American Belemnitella from Pee Dee Belemnite, North
California, USA) (Coplen 1996) standard and '*C abun-
dances are expressed as percent modern carbon (pmC)
(Stuiver and Polach 1977). The & 13C was measured at the
laboratory of IAEA, by converting the DIC to CO, with
100 % phosphoric acid (H;PO,). Analytical uncertainties
are in the range of +0.3 for 3'*C and between 1 and 1.5
pmc for '*C.

performed using a mass

Results and discussion

In situ measurements and major elements geochemistry
interpretation

The groundwaters have pH values ranging from 7.21 to
7.90 indicating a near neutral pH. These variations are the
result of the combination effects of numerous factors, i.e.
the depth to groundwater, the residence time in the flow
system and/or the groundwater flow time from the recharge
area. Partial pressure of carbon dioxide (pCO,) values,
calculated with WATEQ4F program (Ball and Nordstrom
1991), range between 3.78 x 1072 and 39.27 x 102 atm.
These values are higher than the atmospheric pCO, that is
equal to 107> (Van der Weijden and Pacheco 2003),
suggesting that groundwaters have gained CO, from root
respiration and the decay of soil organic matter. Subse-
quently, the increase in pCO, causes a drop in pH as
indicated in Fig. 5 (Rightmire 1978; Adams et al. 2001).
The lowest pCO, values are detected up gradient, while
higher values characterize the down gradient parts of the
basin. This is likely related to relatively longer aquifer
residence times, which would allow for more extensive
reactions with aquifer minerals and biologically mediated
reactions that produce CO,. The groundwater temperatures
are relatively heterogeneous; they range between 14 and
21 °C, reflecting the conjunction of several factors, i.e., the
depth to groundwater, the residence time in the flow system
and/or the groundwater flow time from the recharge area
and the rate of return flow of irrigation water.

The EC and the TDS range from 2.20 to 9.62 mS/cm and
from 1.75 to 14.4 g/l, respectively. The groundwater tem-
peratures are relatively heterogeneous; they range between
16 and 23 °C. The values of these parameters are low in the
northern part of the study area and there is a gradual in-
crease along the groundwater flow path due to the long

residence time of the water in the rock, the ambient tem-
perature and the anthropogenic activities. The behaviors of
ion concentrations, in general, are similar with the EC and
the TDS values of the groundwater. Higher values of these
parameters characterize wells located in the southern parts
of the basin (discharge zones), especially in the Chott El
Guettar, suggesting both the insufficiency of recharge in this
part and the relatively long-term water—rock interaction and
the evaporation effect of Lalla dam; also, the anthropogenic
activities (agricultural and industrial). Generally, TDS in-
creases from the mountainous regions towards the discharge
area (central part) (Fig. 10). The spatial distribution con-
forms partially with the main groundwater flow direction,
indicating that the groundwater salinity is in some way
controlled by the residence time in the aquifer. Relatively
low TDS values characterize wells located near the drainage
network and reveal the dilution of groundwater by the water
from linear recharge. However, high values of TDS which
are relatively related to the evolution of the mineralization
in the direction of the groundwater flow, appear near the
Chott El Guettar, which can be related to evaporates rich-
minerals cropping out in this region. Furthermore, high
salinity was observed also in the oases of the basin, espe-
cially in Lorteus and El Guettar oases, which is marked by
extensive land use development activities.

These values indicate the brackish nature of these
groundwaters, which is possibly attributed to the nature of
the deposits, which are rich in soluble minerals in addition
to agricultural return flow that causes leaching of soluble
salts precipitated in the soil zone under the high evapora-
tion rate. Mixing with the underlying dense salt water is
another source of salinization of groundwaters from the CT
aquifer, mostly caused by over-pumping (Fig. 11).

Moreover, high values bicarbonate and calcium (Ca-—
HCO; water type) reflect the extent of water—rock interac-
tions where dissolution of carbonate rocks is an active pro-
cess in such karstified systems (periphery of the study area).
But the Na and CI concentrations are high in the central part
of the study area (Chott El Guettar depression), suggesting
both the insufficiency of recharge in these parts and the
relatively long-term water—rock interaction (Fig. 11).

Hydrochemical facies

Based on the contents of major cations (Ca**, Mg?*, Na™
and K™) and anions (CI~, HCO;~, NO; ™~ and SO3), three
hydrochemical facies could be identified including facies 1:
Ca-Mg-HCOj; (predominant water type in the carbonate-
rock aquifers because calcite and dolomite are abundant in
this aquifer), facies 2: Ca—-Mg—SO, and facies 3: Na—Cl-
NO;. Water types were defined by use of the trilinear
plotting technique (Piper 1944); the trilinear diagrams are
shown in Fig. 12. The geochemical and hydrologic
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Fig. 10 Salinity map of the
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showing the exchanges between
the saline lake and the aquifer
due to the overexploitation of
groundwater

Pezometric level

Evaporation

T1
T-2
¥ _— AR S S |
. | | |
Lt ey~ N
N N
B " "Rt 2 T n
1 "a EI Guet;‘ar" N \
N
2 OD‘
oS Saline waterarculanon
| Fresh-saline ~>s L
water interface %m_)ﬁ

" Groundwater s system

‘Mio-Plio-Quaternary aquifer

processes responsible for the various water types in the
study area are discussed in the following sections:

Calcium—magnesium-bicarbonate “water type 1”

Ca—Mg-HCO; water, the predominant type in the car-
bonate-rock aquifers (Cenomanian—Turonian carbonates
“Zebbag Formation”), is generally produced by dissolution
of the carbonate minerals (calcite and dolomite) and/or
amphibole. The reaction of these minerals with water and
carbon dioxide can be written as follows:
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CaCOj(cyicite) + H2O + COp —===— Ca*" + 2HCOj
(1)
CaMg(CO3)5 gotomite) + 2H20 + 2CO; —===
— Ca™ 4+ Mg*" 4 4HCO; 2)
+ 14CO; 4 22H,0 ===
(3)

Bicarbonate was the dominant anion and represented
greater than 65 percent of the anion composition of the

Ca;Mg;SisO2 (OH) 2(amphibole)
— 2Ca*" + 5Mg*" + 14HCO; + 8Si(OH),
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Fig. 12 Piper diagram of the aquifers groundwaters in the study area

samples. Calcium and magnesium were the dominant ca-
tions, relative to sodium and potassium, and represented
>70 % of the cation composition of these samples. The
major ion composition of the water in these samples can be
classified as Ca—Mg-HCO; water.

Calcium—magnesium—sulfate “water type 2”

The predominant water type in the center part of the study
area is Ca-Mg-SO,. This water is characterized by high
concentrations of dissolved solids, calcium, magnesium,
and sulfate. The predominance of sulfate over bicarbonate
and the lack of agreement of the Ca—Mg—SO, water with
the simple dolomite dissolution model indicate that other
processes are controlling the chemistry of this water type.
Two reactions can produce this type of water: (1)
dedolomitization, which involves dissolution reactions
with carbonate minerals and gypsum, and (2) sulfuric acid
neutralization, which involves dissolution of carbonate
minerals with sulfuric acid generated by the oxidation of
pyrite. The results of investigations of other regional car-
bonate-rock aquifers show that dedolomitization may be a
controlling process (Pearson and Rightmire 1980).
Groundwater that moves through the aquifer initially dis-
solves calcite, dolomite and gypsum (or anhydrite). Once
calcite and dolomite reach saturation, gypsum is still un-
dersaturated and continues to dissolve, adding calcium
and sulfate to the water. Consequently, calcite becomes
oversaturated and, as it precipitates, the bicarbonate
concentration decreases. The decrease in bicarbonate con-
centration causes the water to be undersaturated with re-
spect to dolomite and promotes dissolution of dolomite.

Dissolution of dolomite causes increases in the concen-
tration of magnesium in the water. The overall reaction can
be written as:

CaMg(CO;),(s) + CaSO42H,0(8) (gypsum)
+HY —===— CaCO; (S)(calcite) + Caz+ + Mg2+
+SO2” + HCO; + 2H,0 (4)

dolomite)

Dedolomitization is not the only process. An alternative
model involves dissolution of dolomite by sulfuric acid
(H>SO,4) produced by the oxidation of pyrite (FeS,) that
integrate in the phosphate pellets:

FeS; + 15/402 + 7/2H20 ===
. Fe(OH),(s) 2H,80,  (5)

The sulfuric acid reacts with dolomite:
CaMg(CO,),(s) + HySO, «—===— Ca®" + Mg*"
+ 803 +2HCO; (6)

Calcium and magnesium were the dominant cations,
relative to sodium and potassium, and represented >70 % of
the cation composition. The sulfate is the dominant anion
for water samples of this type and represents 49-88 % of
the major anion composition. The major ion composition of
the samples can be classified as Ca—-Mg—-SO, water.

Sodium—chloride-nitrate “water type 3"

Na—-CI-NO; type water predominates in the discharge
zones (Chott El Guettar) reflects the dominance of sodium
and chloride; and the influence of land use activities on
groundwater mineralization (agricultural regions, where
flood irrigation is applied). However, this water type is rare
in other parts of the carbonate-rock aquifer. Some
groundwater that is enriched in sodium or chloride or both
is present in this area. Research CI and CT aquifers in the
mining Gafsa basin (Hamed 2009) indicates two potential
sources of sodium, chloride and nitrate to these aquifers. In
the discharge zones, shallow groundwater (MPQ) in highly
permeable outwash valleys contains elevated concentra-
tions of this facies that are related to human activities. The
other possible source of these groundwaters includes the
dissolution of halite and the influence of the excessive use
of Ca(NOy), fertilizers.

Nitrate content

Intensive use of land resources in arid and semi-arid re-
gions exerts serious pressures on groundwater resources. In
the El Guettar unconfined aquifer (MPQ), about 40 % of
samples have nitrate concentration that exceeds the
drinking water standards of 50 mg/l (WHO 2006). The
average value of nitrate in the whole groundwater samples

@ Springer



430

Carbonates Evaporites (2015) 30:417-437

is 75 mg/l. These high nitrate concentrations provide evi-
dence for the significance of the return flow waters con-
tribution in the recharge of the unconfined aquifer. Indeed,
ammonium nitrate, liquid fertilizer and other commercial
complex nitrogen fertilizers are used in large scale in the
agricultural regions, where flood irrigation is applied in
Gafsa basin (Hamed et al. 2013c). The highest values (up
to 100 mg/l) are detected in the central part around the
Chott, particularly in the Majni, the El Guettar oasis and
the Nichiou agricultural regions (anthropogenic pollution),
where flood irrigation is intensively applied (Fig. 13).
Hence, the NO;™ rich groundwater is derived from the
return flow of irrigation water that is modified by the ex-
cessive addition of fertilizers (Ca(NOj3),) and pesticides
that are utilized in large scale in the cultivated fields.
Moreover, in the oasis region of El Guettar, where a large
fraction of the irrigation water comes from urban areas, the
return flow is probably triggered by household wastewater
(septic tank system), which constitutes a potential source
(25 %) of nitrate contamination (Fig. 14).

Agricultural practices are concentrated in the north and
in the western parts (Majni, Lortess, Nechiou and El
Guettar oasis) of the basin (around 45 % of the study area).
Excessive use of chemical fertilizers and effluent seepage
from some animal farms within the area were the main
sources for nitrate contamination, while inefficient/i-
nadequate irrigation practices and the resulting irrigation
return flow were the main cause for salinization. The ap-
plication of liquid fertilizer N-32 % (N32) through fertil-
ization is a common practice during the growing season
(May—June-July: second fertilization phase) in the area,

Fig. 13 Nitrate distribution in

which contains 16 % urea, 8 % ammonium, and 8 % ni-
trate. Several studies have reported that a reduction in the
proportion of NO5;~ in applied fertilizers can lead to a
considerable decrease in the potential for NO3~ leaching
(Baali et al. 2007). The annual chemical N fertilizer input
is estimated as high as 300-500 kg h m~2. In El Guettar
province, the uses of N fertilizers are estimated as high as
300-700 kg N h m~? year ', and 100-700 kg N h m~>
year > for greenhouse vegetables (information for
2000-2011) depending on the crop and on each farmer’s
practices.

Nitrate concentration in groundwater depends on the
hydrogeological conditions and the availability of electrons
donors for denitrification (Postma et al. 1991). Nitrate
movement depends also on soil properties including texture
and permeability. In clay soils, water movement is slower
and pores lack oxygen which favors denitrification (Strong
and Fillery 2002). Although water percolates slowly in
clayey soils, cracks and pore abundance of soil horizons
change this rule (Oostindie and Bronswijk 1995). Prefer-
ential flow along soil cracks and macropores can lead to
rapid transport of water and dissolved pollutants to the
groundwater. Soil thickness and distance between the root
zone and groundwater also determine the vulnerability of
an aquifer to pollution. In the confined CT aquifer, the
decrease in nitrate with depth can be due to the process of
the reduction of nitrate by oxidation of organic matter
within the sediments. A highly permeable, alluvial aquifer
provides favorable conditions for the vertical transport of
oxygen to deeper parts of the aquifer. Moreover, the soils
of the study area are mainly fluvial-soils and have
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Fig. 14 Different sources of nitrates in El Guettar basin (DGRE
2012)

predominantly silt loam texture. Consequently, the alluvial
aquifer of the El Guettar plain is aerobic throughout its
depth, with a mean dissolved oxygen (DO) concentration in
groundwater of 6.69 mg/l. Under these conditions, urea
and ammonium are readily transformed into nitrate. The
nitrification rate of ammonium is very fast under aerobic
conditions (15-20 days at 20 °C; Kpomblekou and Killorn
1996). Therefore, infiltration of nitrogen-rich waters into
the aerobic groundwater system seems to be the major
cause of high nitrate concentrations in groundwater. The
elevation of NO3; —N in the soil is an important reason for
the increase in concentration in the groundwater (Kraft
et al. 1999). Therefore, more attention should be paid to
nitrate involving the soils under rocky desertification in

karst regions with poor stability and disturbance resistance.
The industry is another potential source of nitrogen to
groundwater (atmospheric pollution). Nitrogen compounds
are used extensively in industrial processes and also inte-
grated nitrogen molecule into the organic matter of the
phosphate rock and the Gafsa mining basin is the typical
example in the southern Tunisia and in the word (Fig. 14).
Currently, the merchant rock output rises to more that 8
million metric tons/annum, placing Tunisia fifth in the
word for phosphate production (CPG-GCT 2010). This
production is ensured by the Phosphate Company of Gafsa-
CPG, ‘‘la Compagnie des Phosphates de Gafsa” (Figs. 14,
15).

Given the spatial variation in nitrate concentrations and
the fact that the nitrate input is not constant with time, it is
difficult to determine the exact extent to which nitrate re-
duction has taken place within the aquifer with the current
level of data. The groundwater flow may gradually retard
the nitrate in some regions and enhance the accumulation
of nitrate in other regions through the translocation of ni-
trate in the groundwater. However, this phenomenon was
unlikely in our study areas due to the gentle hydraulic
potential. For this specific region, land use change and ir-
rigation water resource may strongly affect nitrate con-
centrations in the groundwater, but may not necessarily be
the sole factor affecting the variability in groundwater ni-
trate. Moreover, in areas using sewage irrigation, all other

Fig. 15 Conceptual model
showing the nitrate
contamination in El Guettar
basin
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non-irrigation ditches were reserved for wastewater
perennially or seasonally, which may pose additional
leaching risks.

Concerning the “Fe” concentration, the high values
(~0.01 mg/l) are observed in the NE part of the basin.
This is strongly linked to the existence of the mine of iron
(Fe) located at J. Chemsi (Fig. 1) and contaminates the
water table of the shallow aquifer by the intermediary of
Wadi as Sad. In the rest of the basin the values of “Fe” are
low (<0.06 mg/l) (Table 1).

El Guettar basin is considered the first basin, which
suffers from several types of pollution (air, soil and water).
In this perspective there are the proliferations of several
types of diseases such as cancer, cardiovascular diseases,
respiratory diseases (Mokadem et al. 2013). After the
revolution of January 14, 2011, the Tunisian state has
found several areas of releases that originate outside Tu-
nisia following exchanges with other countries. The typical
example is the watershed of El Hamma—Gabes (south-
eastern Tunisia) where the radioactive activity is important
(IIR 2012); but this finding was not confirmed by the Tu-
nisian experts. So the probability of such discharges in the
El Guettar basin exists but remains to be confirmed by
detailed studies.

Isotope geochemistry

The environment isotopes of oxygen 8'*0-H,O and hydro-
gen 8°H-H,0 are excellent tracers for determining the origin
of groundwater and widely used in studying the natural water
circulation and groundwater movement. It can offer an
evaluation of physical processes that affect water masses,
such as evaporation and mixing (Geyh 2000; Ali 2004). Only
two isotopic studies (Yermani 2000; Hamed 2009) were
made about the stable isotopes in the groundwater in relation
to the surface water as well as the modern rainfall in the
Gafsa basin (Table 2). Firstly these studies indicate that the
groundwater recharge resources mainly source from pre-
cipitation. Secondly the groundwater is strongly depleted in
both '®0 and *H relative to modern rainfall by up to 3.16 %o
in '®0. Thirdly the deep groundwater is notably depleted in
heavy isotopes in comparison with shallow groundwater,
suggestive of cooler (T =~ 10°C) and humid (P =
1,500 mm/year) recharge conditions than at present day
(Hamed et al. 2013a).

The stable isotope composition of these aquifers ranges
from —5.74 to —8.11 %o for the §'°0 and from —55.1 to
—33.7 %o for 5°H (Table 2). This isotopically difference
attests to the heterogeneity of recharge modes and probably
longer residence time in the aquifer (Gonfiantini et al.
1974; Fontes et al. 1983; Zouari et al. 2003).

Radiocarbon activities “DIC” were measured on 20
selected samples to establish the groundwater residence
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time (Table 2) using the Pearson model (Fontes et al. 1983)
in which the measured 8'°C values have enabled correc-
tions to be made, using a value of 100 % modern carbon
together with a soil CO, value of —26 %o and carbon of
0.8 %o. The radiocarbon values, expressed as percent
modern carbon, (pmC) exhibit a range from 5 to 65.2. The
deep groundwater samples have values of <10 pmC,
indicating a predominance of ancient recharge. The deep
groundwater is old, approximately 40 kyear. In contrast,
the radio-isotopes data of shallow groundwater show a
clear evolution along the groundwater flow path. From the
beginning of the groundwater flow path to ~20 km the
shallow groundwater have values more than 50 pmC with
ages <3.5 kyear. The shallow groundwater is younger but
generally older than 0.5 kyear, and likely represents a
mixture of modern waters limited palao-recharge.

Tritium (CH-H,O: radioactive isotope of hydrogen)
contents in groundwaters from the study area vary widely
from 0.65 to 3.75 TU (Table 2). These values are inter-
preted with respect to *H contents in precipitation from the
Tunisian GNIP-stations of Sfax and Tunis—Carthage for the
period 1967-2000 (Hamed et al. 2013b). These contents
that show a substantial increase after the onset of atmo-
spheric nuclear weapons testing, during the early 1960s,
decreasing gradually during the 1970s and 1980s to stabi-
lize between 4 and 7 TU during the 1990s (IAEA/WMO
1999). Groundwaters with *H concentration less than the
detection limit (2 TU) were either derived from pre-nuclear
recharge or contain significant amounts of pre-1952 waters.
They include the ancient groundwaters from the deep
aquifer and the mixed groundwaters from the intermediate
and shallow aquifers. Groundwaters with *H between 2 and
4 TU were mainly recharged during the 1990s. However,
the tritium concentrations show the contribution of recently
recharged water coming from direct rain infiltration
through sand dunes. Downstream, near the Gafsa sill,
geothermal (=30 °C), deep and old groundwaters coming
from the northern outcrops mix with some recent water
recharged through the local Cretaceous outcrops (fractured
and karstified of carbonate rock) and/or from the alluvial
aquifer, which is recharge by the drainage network (El
Kebir, Sidi Aich, Bayeich and El Maleh) of the North
Gafsa basin and also by the recent and evaporate water
Dam of Lalla region. This mixing is marked by measurable
tritium concentration, by a lowering of carbon-14 activity
and by a decrease of the groundwater TDS (dilution effect).

Conclusion
Saharan hot strong winds and sands, serious soil saliniza-

tion and water insufficiency are the natural causes for the
disappearance of some ancient oases. The geochemical



Carbonates Evaporites (2015) 30:417-437 433

Table 1 In situ measurements and geochemical of groundwaters in El Guettar basin (2012)

No. T(°C) pH pCO2 Cond TDS Ca Mg Na k HCO; SOy4 Cl NO; Fe
(1072 atm) (ms/cm)  (g/l) (mg/l)

1 19.5 7.56  14.12 3.59 294 272 139 348 11 206 1,200 400 25 <0.06
2 17.8 747  11.02 2.53 2.0 208 123 189 9.2 200 960 200 145 <0.06
3 18 7.8 10.28 3.18 275 256 150 272 9.8 168 1,180 300 18 0.1
4 18 7.66  11.82 2.67 7.37 264 143 162 94 207 1,000 196 30 0.09
5 18.2 7.45 9.44 3.1 2.83 312 173 186 10.7 183 1,280 280 29 0.1
6 17 733 1021 5.8 538 661 241 471 10 158 2,200 720 90 <0.06
7 18 745 2421 291 235 256 115 223 14.8 68 975 350 54 <0.06
8 20 7.67 7.41 8.84 773 521 362 995 37 226 2,700 1,250 109 <0.06
9 22 7.35 8.02 6.86 6.0 661 307 716 11 303 2,600 1,000 22 <0.06
10 21.4 7.34 9.22 8.4 725 621 352 962 8.6 243 2,800 1,300 16 <0.06
11 21 747 1236 5.33 4.68 561 209 450 10 223 1,900 670 5 0.09
12 22.3 7.21 13.43 5.78 489 600 300 414 25 70 2,500 520 14 0.1
13 21 7.51 10.17 6.8 6.0 561 365 571 39 274 2,300 1,000 127 <0.06
14 22.5 7.68  22.77 2.48 197 200 111 181 8.7 226 860 200 16 <0.06
15 23 7.9 4.32 6.01 537 661 208 492 10 170 2,500 700 87.7  <0.06
16 22 7.7 11.24 3.83 3.17 601 144 393 14 214 1,325 725 32 <0.06
17 21.4 7.85 15.89 5.49 488 621 225 532 11 146 2,100 660 102 <0.06
18 19 7.66 1449 8.79 7.4 541 307 642 175 141 2,300 1,550 106 <0.06
19 20 7.38  21.76 4.53 392 361 167 412 8 180 1,600 400 15 <0.06
20 18.4 741  39.27 3.81 34 361 177 363 113 207 1,300 550 89 <0.06
21 20 7.41 18.16 3.17 2.58 281 126 255 13 221 980 400 23 <0.06
22 19 7.87  12.18 2.6 2,58 192 120 220 9.5 171 982 252 71 <0.06
23 19.3 774 21.51 4.99 4.5 661 432 431 9.6 157 2,400 600 98 <0.06
24 18.5 7.64 3251 4.9 444 621 211 390 9.8 111 1,600 580 154  <0.06
25 21.7 7.3 31.25 9.62 808 621 366 1,380 94 288 2,900 2,000 21 <0.06
26 22 74 11.46 2.44 196 168 113 195 9.35 134 720 300 165 <0.06
27 18.3 7.34 8.73 332 2.84 289 170 286 9.6 1,933 1,200 450 17 <0.06
28 16 7.78  13.76 4.64 4.07 521 188 438 9 100 1,900 650 16 <0.06
29 20.7 746  30.67 3.06 2.5 250 154 243 95 216 1,200 300 32 <0.06
30 19 7.5 6.21 2.67 2.2 241 126 202 10.6 230 1,060 246 10 <0.06
31 17.3 7.5 27.1 2.81 232 192 142 223 117 SS 990 300 62 <0.06
32 21 7.72  28.16 2.71 224 241 130 227 9.3 187 100 256 27 <0.06
33 19.1 -5 15.82 2.48 193 200 119 187 8.6 220 816 192 18 <0.06
34 18.8 7.8 17.52 2.2 1.75 208 94 138 8 250 624 240 17 <0.06
35 20 7.5 11.04 2.45 1.91 192 102 196 10.2 224 720 250 23 <0.06
36 22 7.4 18.73 8.81 7.6 641 490 770 23 310 2,900 1,400 54 <0.06
37 19 7.7 8.17 6.42 5.7 621 356 490 25 227 2,500 760 51 <0.06
38 214 7.3 13.56 13.5 10.8 661 652 1415 20 208 3,300 1,700 68 <0.06
39 21.6 7.23  21.13 4.84 4.4 601 207 325 116 167 2,000 500 19 <0.06
40 19.5 7.8 3.78 5.43 4.8 601 244 419 11 114 2,200 650 S <0.06
41 20 74 10.65 74 9.51 641 469 1,441 17 324 3,300 2,000 163  <0.06
42 20.3 74 24.87 74 14.4 921 814 2,152 31 146 5,700 3,000 11 <0.06
43 18.9 7.36 9.54 7.36 6.14 842 328 754 IS 148 3,200 1,200 18 <0.06
44 19.8 7.83  29.34 7.83 2.8 321 180 307 115 186 1,200 450 24 <0.06
45 18.4 7.21 10.41 7.21 5.7 701 282 523 12.5 198 2,500 960 78 <0.06
46 194 7.57 12.12 7.57 6.1 541 348 753 15.9 403 2,350 1,150 56 <0.06
47 19.2 7.62 8.81 7.62 6.85 641 377 741 14.6 144 2,800 1,200 19 <0.06
48 18.8 7.84 7.17 7.48 4.2 481 177 465 18 198 1,400 810 52 <0.06
49 19.4 7.28  10.12 7.28 547 581 295 629 11 270 2,300 900 24 <0.06
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Table 2 Isotopic data of No. 580 (%o vs SMOW) 5°H (%o vs SMOW) *H (TU) 13C (PDB) 14C (pmC)
groundwaters in North Gafsa
and Moulares basins (Yermani 1 —6.78 —_429 0.75 —8.85 17.3
2000 and Hamed 2009) 2 ~6.19 427 - ~9.99 517
3 —8.04 —54.6 0.68 - -
4 -7.71 —50.1 - —8.54 12.8
5 7.7 —55.1 1.38 —8.97 15.1
6 —7.05 —51.7 - —8.92 25.3
7 —6.13 —37 - —-9.63 52.2
8 —6.3 —42 - —-9.45 252
9 —7.52 —51.5 - —-8.15 5.1
10 —6.29 —48.3 - - -
11 —8.11 —52.7 1.26 - -
12 —6.9 —47.8 - —6.95 22.04
13 —7.05 —48.1 - —8.1 16.8
14 -8 —52.6 - —6.99 17.7
15 —6.5 —41.2 1.09 —6.26 5
16 —6.7 —50.3 - —-3.5 5.3
17 —-7.3 —47.9 - - -
18 —-7.02 —45.4 1.84 - -
19 —6.6 —41.4 0.89 - -
20 —7.15 —49.5 1.25 -7.57 16.1
21 7.14 —47 0.65 —4.53 9.2
22 —7.43 —52.5 0 -7.5 31.4
23 —5.74 —33.7 3.75 —-8.99 65.2
24 —7.13 —47.4 1.17 —6.66 14.9
25 —-7.12 —45.6 1.74 —1.65 23
26 —7.08 —49.8 - - -
27 —7.54 —51.7 1.23 —-5.87 13.3
28 —6.87 —45.8 - - -
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