Accepted Manuscript x

sournal of African @
Earth Sciences

Hydrogeochemical and stable isotope data of Groundwater of a multi-aquifer system:
Northern Gafsa basin - Central Tunisia

Naziha Mokadem, Abedslem Demdoum, Younes Hamed, Salem Bouri, Rihab Hadji,
Adrian Boyce, Rabah Laouar, Abedaziz Saad

PII: S1464-343X(15)30105-9
DOI: 10.1016/j.jafrearsci.2015.11.010
Reference: AES 2414

To appearin:  Journal of African Earth Sciences

Received Date: 11 April 2014
Revised Date: 7 November 2015
Accepted Date: 9 November 2015

Please cite this article as: Mokadem, N., Demdoum, A., Hamed, Y., Bouri, S., Hadji, R., Boyce, A,
Laouar, R., Saad, A., Hydrogeochemical and stable isotope data of Groundwater of a multi-aquifer
system: Northern Gafsa basin - Central Tunisia, Journal of African Earth Sciences (2015), doi: 10.1016/
j-jafrearsci.2015.11.010.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.jafrearsci.2015.11.010

10
11

12
13

14
15

16

17
18

19

20

21

22

23

24

25

26

27

28

Hydrogeochemical and stable isotope data of Groundwater of a multi-aquifer system:

Northern Gafsa basin - Central Tunisia

Naziha Mokaderh Abedslem Demdoufpn Younes Hametf, Salem Boufi Rihab Hadf,
Adrian Boycé, Rabah Laou&rAbedaziz Sadd
& Water, Energy and Environmental Laboratory (L3E}idzal Engineers College of Sfax

(Tunisia) (ENIS). Street of Soukra Km 3.5, BP.W:380Sfax-Tunisia. E-mail address:
nazouhmoka@gmail.com/ salem_bouri@yahoo.fr

P Geology and Environmental Laboratory, InstituteEafrth Sciences, University of Setif,
Algeria - E-mail address: slimdem@yahoo.fr/hallab@yahoo.fr

¢ Faculty of Sciences of Gabes. Department of ESdiences. City Campus Erriadh-Zirig
6072 - Gabes-Tunisia - E-mail address: hamed_\s@mwyahoo.fr

4 Scottish Universities, Environmental Research Ge®UERC, Rankine Avenue , Scottish
Enterprise, Technology Park , East Kilbride, Glagg@750QF, Scotland. UK

E-mail address:adrian.boyce @glasgow.ac.uk

® Department of Earth Sciences,University Badji M@kh23000. Annaba -Algerid&-mail
address: rabahlaouar@yahoo.fr

"Water resources division of Gafsa-Tunigiamail address: abedazizdre@yahoo.fr

ABSTRACT

The hydrodynamic of the multi-aquifer system (thenthental Intercalaire “ C.1 ” and
the Complex Terminal “ C.T ”) of the North Gafsashmais largely determined by tectonics
(Tebessa - Gafsa fault). The composition of growatdwis controlled by complex reactions at
gas-liquid-solid “mineralogical composition of as&ded rocks” interfaces, which depend on
the natural surrounding and potential anthropogenjgact. The hydrochemical data (major
ion geochemistry) indicate that these groundwadezscharacterized by the dominance a Ca-

Mg-HCOs/SO, and Na-CI-NQ water types. Geochemical pattern is mainly colgdoby the
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dissolution of halite, gypsum and/or anhydrite adlvas by the incongruent dissolution of
carbonate minerals. The pH of these samples rarge 6.54 to 8.89, supporting the
conclusion that the #£0y/HCO; couple control pH buffering. Oxygen-18{0%osmow) and
deuterium (dD%smow) isotopic data show the exchange between the dwater and the
rock (water-rock interaction) and the evaporatifiaa. The isotopic content of the boreholes
waters is of mixed Mediterranean - Atlantic origind is opposite to the quantity of rainwater
distribution, both in space and time in the stutBaaThis is due to its geographical situation
in the southern and south-western of the MeditelaarnSea and between the Atlas area and
the Sahara Platform. The concentrations of thesotcomposition of the groundwater are
significantly higher than the rainwater. This iglicative of the dissolution of salts and other
processes modifying the rainwater geochemical caitipa during infiltration into the
vadose zone. The hydraulic interconnection of tloeseponents of the system has led to the

evolution of these interesting groundwater types.
Keywords: Groundwater, Multi-aquifer system, Dissolutiomtispic composition, Tunisia.
1. Introduction

In the North African basin, water harvesting playadcrucial role in ancient
civilisations such as the Roman. During thd" 2@ntury, modern techniques (groundwater
drilling, “Foggara/Mkayel”, large reservoir congttion “Majel and/or Fiskhiya” etc.), which
are favoured by government policy, slowly replatedlitional harvesting techniques. High
demands for water during the industrial period agticultural growing season, which
coincides with the dry period of the Mediterraneamate, has resulted in the deterioration of
the water and in the depletion of the piezometratew table in many regions of the North
Africa and especially in Tunisia. The scarcity ofter resources in semi-arid sedimentary

basins, the low renewal rate of groundwater ressuind the poor water quality in the
2
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Mediterranean basin make it necessary to find otreger supplies and to revive traditional
systems of water harvesting. Continuously increpaiostraction of groundwater resources to
meet rising industrial, agricultural, domestic d@adristic needs, coupled with severe drought

periods during the past decades leads to growifigtdef water.

Due to different hydrogen and oxygen isotopic cosians of different water
sources, stable hydrogen and oxygen isotopic rédidsand 5'%0) are an excellent way to
fingerprint the route of groundwater recharge arsththrge (Craig, 1961; Clarke and Fritz,
1997). Tritium isotope (T) is always introducedoirthe hydrological circulation and dated
with the fallout from atmospheric nuclear weapostdeconducted mainly during the early
1960s. It can be indirectly used to evaluate the o& groundwater circulation and renewal
rate (Clarke and Fritz, 1997). The application sdtope-based methods has become well
established for water-resource assessment, develidpnd management in the hydrological
sciences, and is now an integral part of many wagetity and environmental studies (Clark
and Fritz, 1997; Cook and Herczeg, 2000). Enviramade isotope techniques,
hydrogeochemical analysis and hydraulic data arplerad to identify the main recharge
areas, the hydrodynamic, the mineralization oflilgdrogeological basin and the impact of
climate change on groundwater in the study areaobthe most important aquifers of central

Tunisia. The utilization of these methods is thalg®f the present paper.

2. Sitedescription

North Africa and the southern Mediterranean basiting the Cretaceous that has held
sway since the discovery of the salinity Crisis €3ay, 2003) has been dominated by varying
degrees of aridity~L000 m of evaporates in Tataouine basin=260m in Maknassy and in
Thelja basins) and humidity (Continental Interca@agroundwater in North Africa area)
during the Cretaceous period (Hamed et al., 20122003b). These factors are surely
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indicators of dry and humid climates in North A#&icThis is natural enough given the
magnitude of the drying and warming of the Meddaagan Sea itself (Kallel et al., 1997a,

2000; Jedoui et al., 2001; Boussetta et al., 2012).

The study area is characterized by hilly topographyl flat plateau surfaces with
average elevation of 800 m a.s.l. The central afigia is characterized by the absence of
high mountains and a relatively limited geograpbxtension, allowing the integration of
Saharan Platform air streams into the atmosphamwalation (Celle-Jeanton et al., 2001a).
However, due to its position in the western andhim southern of the Mediterranean Sea, it
represents a climatic transition zone open to deset monsoon system (Kallel et al., 1997a,
2000; Jedoui et al., 2001; Zouari et al., 2003; Ea2004; Kamel, 2007; Abidi, 2007,
Essalami et al., 2007; Dassi, 2009; Ben Moussa. ,e2@10a,b; Rouis-Zargouni et al., 2010;
Hamed et al., 2012a; Mokadem et al., 2014). Indesgipnal hydro-meteorological studies
(Celle, 2000; Celle-Jeanton et al., 2001b) mentie@nexistence of two major trajectories for
dominant air masses (Fig. 1A). These are: (i) Mweth Atlantic warm air masses that
circulate from the west over the Northern Africaddi) the Mediterranean cool air masses
that derive from the north. The study area, whglocated in central Tunisia, covers an area
of 3750 knf and lies betweethe longitudes 7°30’- 9°00’End thelatitudes 33°00’- 34°30°'N
(Fig. 1B). It corresponds to a synclinal structlimé@ted in the South by the Gafsa Mountains
(J.Bouramli, J.Ben Younes and J.Orbata), in théhnoy the Monts of Sidi Aich and Souinia,
in the west by Algerian territory and in the eagtlire Gabes Gulf (Fig. 1B). The North Gafsa
basin is located approximately 100 km east of ttil@sAMonts of North Africa. Elevations
decrease from 2000 m above mean sea level in tee(Adgerian Atlas: recharge area) to 500
m in the east (Aguila-El Jar plain: discharge ar&ajhe study area, the spatial distribution of

precipitation is strongly influenced by the relief.
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The study area has undergone an arid to semidamdte changes marked by seasonal
contrasting climatic variables. Influenced by a pemate Mediterranean climate, with
moderately hot summers and cold winters. Rainfitigally decreases from the Atlas range
(North) to the Sahara Platform (South). It showsnaan annual rainfall of about 350
mm.year" (data based on observations from 1964 to 2013n¥er et al., 2002; Mokadem et
al., 2012, 2014) with a maximum amount of rainfabm November to February. The
maximum rainfall amounts are associated with tlyhdést elevations (J.Orbatal100 m) of
the study area (Fig. 1B). Mokadem et al. (2012)vesed an average annual precipitation of
about 150-250 mm.yearand a potential evapo-transpiration of about 16&®.year:
(Yermani et al., 2002; Mokadem et al., 2012, 20T4e mean annual temperature is 25°C; in
January (winter) temperature is about 10°C. In Jsiynmer) temperature ranges between 35
and 45°C (data from 1984 to 2013). The drainagesn@mposed of the Al Kebir, Sidi Aich,
El Maleh and Bayeich non-perennial wadis whichexlsurface runoff from the surrounding
hills of Gafsa, Sidi Aich, Souinia ranges and egdlgcfrom the Algerian territories (Bir El
Ater and Tebessa basins). The surface water oé tvaslis is carried to the large continental

depression of Chott Djerid, south of the Gafsarbésig. 1B).

3. Geology and Hydrogeology

Depositional facies of the aquifer sediments mgtudy area change from west to east
and from north to south, from alluvium in the wasd the north to marine sediments on the
Gafsa plain (piedmont area). In the North Gafsanbdlse hydrogeology is largely controlled
by tectonics. This basin has been affected by lotmpressional and extensional fault
networks during the Mesozoic (Bédir et al., 200@uaghi et al., 2009, 2011), which created
several multi-layered framework (Coque, 1962; Bdtimgen, 1985a; Zargouni, 1985; Soyer

and Tricart, 1987; Zouari et al., 1990; Outtanakt 1995; Bouaziz et al., 2002; Feki et al.,
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2005a,b; Ahmadi et al., 2006, 2013; Hamed, 2011kadem et al., 2014). This basin is
covered by Mio-Plio-Quaternary sediments which megch 500 m in thickness according to
drilling data and geophysical studies (ZouaghiletZz®11) lying on sedimentary relicts from
Cretaceous and Tertiary periods. The hydrostrailgcaunits in the North Gafsa region are
shown in Figure 2. The lithologic units in the studrea extend from the Trias to the
Quaternary. The Cretaceous series, which outcrofisei surrounding Mountains of the study
area, constituted mainly of fractured/karstifiedrbcamates, clay and sandstone deposits
(Zargouni, 1985; Outtani et al., 1995; Henchiri &idlimi, 2006). The study area consists of
three groundwater systems, the shallow and the niimenl Tertiary-Quaternary aquifer
systems, which unconformably overlies the confingdifars of C.I of North Africa. These
units consist of three main aquifer systems, namélym the bottom to the top, the
Continental Intercalaire (C.1), the Complex Ternhi(@.T) and the alluvial aquifer of Om al
Gsab (western part of the study area). They am the bottom to the top (Figs. 1 and 2):
()-The deepest aquifer, which is a confined resierin almost the entire of the study
area, with the exception of Sidi Aich region. Theolggical formations which host the C.I
aquifer are composed by fluvio-deltaic continerdaposits (Cornet, 1964; Castany, 1982;
M’Rabet, 1987; OSS, 2003, 2008; Gallala et al.,206roducing intercalations of detrial
levels with horizons of clay silts and frequent gym layers. The C.I aquifer is located within
a succession of clastic sediment of Mesozoic dgettickness and lithology of which vary
laterally (UNESCO, 1972; M’'Rabet, 1987). The growater of the C.I is mainly paleo-
groundwater (30-35Ky) which dates back to the Rlesne and early Holocene under a
cooler and humid climatic regime (UNESCO, 1972; lHdds et al., 1997; OSS, 2003, 2008).
The water resource potential of this confined aui$ not completely exploited due to its
relatively great depth and the moderate qualitysofjroundwater. Hence, it is tapped only by

a limited number of public wells in the Sidi Aichgin with flow rates varying between 2 and
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4 |/s (DGRE, 2010). It is also drained by sevesdthermic springs in the Ben Younes Mont
in the south of the study area with a flow varyingfween 0.5 and 2 I/s (Yermani, 2000;
Bouri, 2008; Bouri et al., 2008; Hamed et al., 2013’ he C.I has its recharge source in the
Algerian and Tunisian Atlas Mountains (Appelgrer02). It is mainly confined and
discharges in the Chotts Dijerid (10,000 ¥rof Tunisia, in the Chott Melhir of Algeria
continental depressions and in the Gabes Gulf (Mednean Sea, Fig. 1A) (Ben Dhia, 1987;
Swezey, 2003; Guendouz et al., 2003; OSS, 2003;ddanal., 2010b; Kamel, 2012; Hamed
et al., 2013a). Recent recharge is observed gbahphery of the Sahara basin (Edmunds et
al., 1997). In the North Gafsa region, the contiakformations extend from the Neocomian
at the base to the Albian. In the Lower Cretaceonly “Boudinar” and “Sidi Aich”
Formations constitute the productive levels of @é aquifer in the study area. Increasing
water extraction has resulted in a decrease igithendwater pressure in many places in this
mining basin (OSS, 2003, 2008; Hamed et al., 20224,3b; Hamed et Dhahri, 2013;

Mokadem et al., 2014).

(i)- The intermediate aquifer, which is semi-coef unit of C.T. It covers the major
part of central and South Tunisia and the nortt&ahara of North Africa (Algeria, Tunisia
and Libya) £250,000 Km2, UNESCO, 1972; OSS, 2003, 2008). Tha teomplex Terminal
describes a multi-layer aquifer which consists leé Upper Cretaceous formations in the
northern Saharan basin, i.e. the Upper and LoweorSan and sandy formations of the
Eocene and the Mio-Pliocene. The C.T formations ratatively heterogeneous and are
composed of three main aquifer horizons separagesemi-permeable to impermeable strata
(aquitard). The main productive levels are locaiker in the carbonates levels of the Upper
Cenomanian Zebbag Formation (thickness varying éetw300 and 600 m) and Upper

Senonian Abiod Formation (100 <thickness<500 m)tha study area (Yermani, 2000;
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Hamed, 2011; Hamed et al., 2012a,b,c; Mokadem.eP@13a,b). The Upper Cretaceous is
formed by a flag white fissured and kastified litoe® and mainly drained through several
springs near or in the ranges with a flow varyiegween 0.5 and 5 I/s. This fluctuation varies
with several factors such as climatic and anthrepag activities (Yermani, 2000; Hamed,
2011; Mokadem et al., 2014).

Concerning the Miocene aquifer (Beglia Formatiort)is constituted by coarse sand
interbedded by red clays and quartz, which indicdéarly a humid paleoclimate and a
paleogeography dominated by perennial fluvial systath SW-NE paleo-drainage network
direction (M'Rabet, 1987; Souayed, 1995; Gallalaakt 2009; Hamed et al., 2013b). The
thickness of sand ranges from 50 to 400 m, the mmaxi thickness is observed in the
southern of the study. To the top, we find the ¢diee-Quaternary aquifer (Segui Formation)
is considered as the footwall of Quaternary segei@mcl has been reached by several private
boreholes. Quaternary formation is much thickent?@0 m at north-western part of the basin
(Sidi Boubaker region: Al Azaeiz borehole) and fednby alternation and interbedded by
sands and clays (Hamed, 2011; Hamed et al., 20M8kadem et al., 2014).

(ii)- The shallowest aquifer, which is exploiteés$pecially in irrigation use in Sidi
Aich plain and Om al Gsab basin in the west of shaly area. This unconfined shallow
aquifer is essentially recharged by the excessrragfation water coming from C.T deep
aquifers, in irrigated area (irrigation channelbfsurface dams) and recharged during the
rainfall events. Because of its high permeabilitgontains a good quality of its groundwater.

The deposition of these sediments was followethbyflood plain and then the aeolian
deposition of the sands. Within the study regibm, total thickness of the unconfined aquifers
ranges from approximately 100 m in the northeast decreases south toward the basin
margin (Fig. 2). Evaporites are abundant in thet@uary deposits, and are dominated by

halite and gypsum. These evaporitic sediments aggept as a salt crust at the surface and
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sub-surface. The halite has also been found insciooen the lake bed (Garaat Sidi Aich in
North part and Chott El Guettar, Garadat Douza aelkBat EI Maleh in the South part of

Gafsa basin) (Hamed, 2009a, 2011; Mokadem etGil4)%2

The flow direction of the groundwater of these itays is generally towards the Chott
Djerid depression, (N-S, NW-SE and NE-SW) from ghhin the potentiometric surfaces in
Gafsa Monts toward the low potentiometric surface&afsa city (Yermani, 2000; Hamed,
2011; Mokadem et al., 2013a,b, 2014). Divergentvfldirections were observed from the
surface water network, highlighting the significaisle of the aquifer recharge from the
wadies. The cones of depression have become thendoimnfluence on groundwater flow
directions, resulting in hydraulic gradients diexttfrom the NW and NE freshwater areas
towards the southern saltwater (overexploitatioth l@sidence time effects). The groundwater
flow varies in space and time and is dependenthenctimate effect, the properties of the
rocks (texture and structure), the boundary comaitiand the intercommunication with the
hydrological and hydrogeological system. Topography the differences in geology (i.e.
differences in hydraulic conductivities) mainly eehine the rate and direction of
groundwater and surface water flow (Fig. 2). Thefiguration of the land surface of the
study area is responsible for the variation in gowater chemistry and the isotopic signature
of the groundwater. Hydrogeologically, the seis@adativity has played a major role in the
hydrodynamic functioning of these aquifers andheiiitintercommunication (Zargouni, 1985;
Ben Ayed, 1986; Boukadi et al., 1991; Dlala andiétth, 1993; Addoum, 1995; Outtani et
al.,, 1995; Gouasmia, 2008; Hamed, 2009a). The nglwater flow directions of these
aquifers (C.1 and C.T) follow generally the surfaeater flowing. In fact, they are discharged
into Chott Djerid salt lakes (Mamou, 1990; Yerma2000; Hamed, 2011; Mokadem et al.,

2014).
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4. Materials and methods

From January to February 2013, 87 shallow, deefs\@ing a submersible pump) at
different aquifer depths (from both open wells &moe wells) and springs in the North Gafsa
basin were sampled and the specific well data &med associated onsite hydrochemical
parameters recorded (see sampling sites in FigS@Bgcific well data included location
description, global positioning system (GPS) cohtates, well type and construction type,
pump type and service life (if any) and static grdwater level. Multi-parameter measuring
equipment from WTW, type Multi 340 was used for tmsite analysis. These were equipped
with appropriate measuring probes (all by WTW): , plemperature, Specific electrical
conductivity (EC) and total dissolved solids (TD$he groundwater collected from wells is
different in depth ranging from 10 to 510 m and poise mostly active municipal wells.
Sampling was carried out close to the well headsr Bo sample collection, inactive wells
had been pumped until constant conductivity washed to ensure sampling of primary
groundwater.

The concentration of the dissolved inorganic carlspecies bicarbonate, carbon
dioxide and carbonate were determined, where reteby onsite titration. The alkalinity of
the water samples was determined from a 100-mibiadifyy titration with 0.1 N HCI to an end
point of pH=4.3. The end point is determined usangH measuring apparatus (WTW-Multi
340i) with a glass electrode. The dissolved,@0ncentration is determined analogously by
titration with 0.1 N NaOH to an endpoint of pH=8&dter that, sample bottles were filled and
kept in a refrigerator upon collection. The geoclmaianalysis (major and trace elements)
were carried out in the Water Institute of Techgglof Gabes (ISSEG)-Tunisia, using a
Dionex DX 100 ion chromatograph equipped with a £3%hd an AS14A-SC lon Pac
columns and an AS-40 auto-sampler. The saturatitim ri@spect to same minerals and the

partial pressure of carbon dioxide (pg@f all sampled water were determined using the
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WategF subroutine program (Plummer et al., 1992n3es revealing relatively high salinity
(exceeding 3 g1) were diluted before analysis. The quality of wairalyses was checked
from cation—anion balance by the relative deviafrom charge balance:
(A =100+ (Besiegr — Beg— ) Brneiye + Brrieg— ) < 6%),

A limited number of water samples (15 boreholesjenselected for isotope analysis
(**0 and?H). The'®0/*°0 and D/H isotopic ratios (expressed®& anddD%. V-SMOW) in
water samples were performed in the laboratoryhef $cottish Universities Environmental
Research Centre, Glasgow, Scotland. UK. Oxygewopest were analyzed using the £@0
equilibration method proposed by Epstein and Maygd®b3), followed by analysis on a
mass spectrometer. Hydrogen isotopic ratios welgsared on klafter the reaction of 10 mL
of water with metallic zinc at 500 °C (Coleman kf £982). Oxygen and hydrogen isotopes
analyses were reported ® notation relative to Vienna-Standard Mean Oceadhiater
(VSMOW), whered = [(Ry/Rsvow) - 1] x 1000; R represents either tH&0/*°0 or the’H/*H
ratio of the sample, and RSMOW 180/*°0 or the?H/*H ratio of the SMOW. Typical
precisions are £0.1 and +1.0% for oxygen-18 andetaum, respectively. Oxygen-18 and
deuterium groundwater samples were collected issgbdials. These phials were rinsed using
the groundwater sample and were later filled in ftbev cell and sealed beneath the water

surface using an air-tight plastic lid. The stabtgope analysis using a mass spectrometer.

5. Results and discussion

5.1. In situ measurementsinter pretation

The results of geochemical analysig, situ parameters such as pH, temperature,
electric conductivity (EC) and total dissolved dsl(TDS) together with analytical data of the

major ions in groundwater samples are shown in &dbl The pC@ in the groundwater
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ranging between 0.15 £0and 36 18 atm compared to the precipitation pCa@ 10%° atm
suggested that the water gained ,((dm root respiration and the decay of soil organi
matter. Subsequently, an increase in pC&used a drop in pH (Fig. 4). The groundwater pH
values range from 6.54 to 8.89 and the temperatanies within a wide range of 17 - 29.1°C,
indicating the combination effects of numerous dest i.e. the depth to groundwater, the
residence time in the flow system and/or the grexatdr flow time from the recharge area.
This pH buffering reflects interaction between g Os/HCO; couple and results from the
hydration of CQ gas in water to form $¥€O; and later dissociation of 8Os to form HCQ
and H. The EC and the TDS range from 0.2 to 9.96 mS.and from 0.1 to 14 ¢
respectively (these parameters range from fredbrdokish water). Groundwater salinity in
the study area varies both in the vertical andrdatdirections. Higher values of these
parameters characterize wells located in the deatnd the southern parts of the basin
especially in the Swai area and Aguila-El Jar oasggesting the anthropogenic activities
(agricultural and industrial). Generally, TDS (0.14 g.I') increases from the mountainous
regions (the piedmont zone of the Gafsa chain m Morth of the study area, which
characterize the recharge areas) towards the dgela@ea (southern part), as a result of the
scarcity of recharge in these regions, the relptil@eng-term water—rock interaction. But,
unexpected high salinities were measured in the/ithed Zaroug area (overexploitation by
CPG/GCT de M'Dhilla) and North Gafsa plain: SwagdafNorth parts of the basin: irrigated
basin) (Fig. 5). These high salinities are not gneement with the general evolution of the
mineralization in the direction of the surface watrd the groundwater flow direction (N-S).
This situation is explained specially by the impatthe application of nitrogen fertilisers.
Others reasons for the elevated of the EC and D& in groundwater could include:
percolation of sewage with high salt concentratifneen drainage pits into the shallow

groundwater; upwelling/inrush of deep groundwatdr @.I, the contact geothermal
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groundwater-evaporate Triassic sediments; relativechment of salts during groundwater
recharge with a highest evaporation; anthropogémgicultural and industrial effects) via

infiltration from the recent and the fossil draieagetwork.

Strong correlations exist among the major elemédxés, Ca, Mg, SQ NO; and Cl
versus TDS (Fig. 6). These relationships cleargntdy the main elements contributing to the
groundwater salinity and their tendency to follovsimilar trend (due to concentration by
evaporation, dissolution and human activities). Bwdre are moderate correlations between
HCOs; and K with TDS indicates that these ions tendnrdase in concentration as the
salinity of the water increases. The concentratmingotassium are low; it is due to the high
consumption by the photosynthetic plants. The maltion of the groundwater would be
expected to result from the ionic concentrationsreaasing due to both evaporation of
recharge water and to the effects of interactiagtsvéen the groundwater and the geological

formations (Triassic deposits to alluvial sedimgnts

5.2. Major element geochemistry

Water types

Water types were defined by use of the trilineasttplg technique (Piper, 1944;
Ophori and Toth, 1988; Kirchner, 1994); the trilmaliagrams are shown in figure Based
on the contents of major cations {GaMg**, Na" and K") and anions (CJ] HCOs", NO;~ and
SO%) (Table 1), two hydrochemical facies could be tifidl including facies (i)- Ca—Mg—
HCOy/SOy (predominant water type in the carbonate-rock fagsiibecause calcite, dolomite

and silicates are abundant in these aquifers) acidd (ii)- Na—CI-N@
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The majority of the water sampled are saturatedusdtureted with respect to calcite
(CaCQ) and dolomite CaMg(C&» (—0.88Slcarites1.27, —1.93Slgoomite<2.3 and —
1.03Slaragoniter1.07). This stage indicates saturation (or equuliby or near saturation with
respect to these carbonate minerals. Carbonatelutis:i may occur systematically for the
majority of groundwater samples. For groundwatendas, there is an under-saturation state
with halite (—7.6Slai<—4.65), gypsum and anhydrite (—1s%1<0.97) (Table 2), indicating
possible dissolution of these minerals. These exmlissolutions were confirmed by strong
positive relationships of Na versus Cl and Ca wwrSQ (Figs. 8a,b) as well as by the
positive correlations between the Sl of the refkrdessolved minerals and some of ions
resulting from each dissolution (Figs. 9a,b). Phat of Na vs Cl can be used as a first order
indicator of water-rock interaction. Although Nand Cl1 exhibit a good correlation (Fig. 8a),
halite dissolution may exert a control on the ldad Cl chemistry. The Ca versus $Binary
relationship shows that most groundwater sampldisating obvious excess sulfate (Fig. 8b).
This depletion of Ca can be attributed to the erglka occurring between groundwater and
clay minerals (Ca-Na cation exchange), which atatively abundant in the MPQ strata
(Chaabani, 1995; Ounis et al., 2006; Felhi et 2008; Felhi, 2010; Aloui et al., 2012).
However, reverse cation-exchange process is coaditimrough the plot of (Na+K—Cl) versus
[(Ca+Mg) — (HCQ+SQy)], in which the two members vary in inverse prammos (Fig. 10)
(Mc Lean et al., 2000; Garcia et al., 2001; Mokadral., 2012, 2014). The other possibility
of this excess of sulfate is the anthropogeniovaies indicative of pollution through land use
practices due to the presence of the biochemicalted elements SOP, NQ and K, which
are principal plant nutrients in the North GafsaibgHamed et al., 2013c). The geochemical
and hydrologic processes responsible for the varivater types in the study area are

discussed in the following sections:
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()- Ca—Mg—HCQ/SO, water type: this water type is predominant in theag part of
the recharge areas (generally Quaternary alluvepbslits and at the topographically higher
areas formed by fractured carbonates and sandysiewd the Cretaceous). They are a direct
result of incoming rainfall (with a low pH) and tleubsequent dissolution of carbonate
minerals and weathering of silicate rocks (readitn2 and 3). Also, if silicate weathering is
a probable source of sodium, the water samplesdioaNe HCQ as the most abundant anion
(Rogers, 1989). This is because of the reactiothefsilicate minerals with carbonic acid in
the presence of water, which releases HCElango et al., 2003). HGOs the dominant
anion in groundwaters of this basin. The anaerdbgradation of organic matter and proton
exchange can produce this composition in water (éikal., 2012). The predominance of this
water type is in the carbonate-rock aquifers (Lowad Upper Cretaceous), is generally
produced by dissolution of the carbonate minerzddcite and dolomite). High calcium and
magnesium concentrations make the groundwater *hard'very hard”. This significant
hardness gives the water a very high buffer capagtinst acid input, which is useful, for
instance, to buffer the formation of acid from theification of ammonium. From a technical
point of view, hardness is very undesirable dueh@® potential incrustation build-up in
pipelines and household appliances. The signifibandness is of course associated with high
carbonate hardness and bicarbonate concentralibesieaction of these minerals with water
and carbon dioxide can be written as follows:

CaCQcalcitesH20+COs(pedogenic gas==>C& +2HC Q™ (1)
CaMg(CQ)2(dolomites 2H20+2C Oy pedogenic gas==>Cd +Mg**+4HCO; (2)

The predominance of sulfate over bicarbonate aedabtk of agreement of the Ca—

Mg-SQ, water with the simple dolomite dissolution modatlicate that other processes are

controlling the chemistry of this water type. Twaactions can produce this type of water: (1)
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dedolomitization, which involves dissolution reaci$ with carbonate minerals and gypsum,
and (2) sulfuric acid neutralization, which invadvdissolution of carbonate minerals with
sulfuric acid generated by the oxidation of pymtich comes from the phosphate rock
(Chaabani, 1995; Ounis et al., 2006; Felhi et 2008; Felhi, 2010; Aloui et al., 2012).
Dissolution of dolomite causes increases in theceptration of magnesium in the water. The
overall reaction can be written as:

CaMg(CQ)2(SkdolomiteFCaSQ  2H0(S)gypsumirtH €==>CaCQ(S)carciteft C& +Mg”~ +SO>
+HCO;+2H,0 (3)

(i)- Na—CI-NG; water type: this water type predominates in thecluirge zones
(Aguila-El Jar area) reflects the dominance of sodiand chloride; and the influence of
agricultural activities where flood irrigation ipg@lied in the study area. However, this water
type is rare in other parts of the carbonate-rapkfar. Research C.l and C.T aquifers in this
study area (Hamed, 2011) indicates two potentiatcas of sodium, chloride and nitrate to
these aquifers. In the discharge zones, shallowmngiwater (MPQ) in highly permeable
outwash valleys contains elevated concentrationshisf facies that are related to human
activities “influence of the excessive use of CagNQertilizers (300-600 kg.hhyeaf')”

(Hamed et al., 2013b; Mokadem et al., 2014).
Nitrate geochemistry (Land use)

Nitrogen fertilizers are applied extensively iniaghure to increase crop production,
but excess nitrogen supplies can cause air, sod, veater pollution (Wick et al., 2012).
Nitrate pollution of water is of high concern agnay have negative impacts on water supply
and ecosystems (Rouabhia et al., 2004, 2008a; Hagt¥®a; Ben Moussa et al., 2010a;
Darwish et al.,, 2011; Diédhiou, 2012; Hamed et 20]13a). Nitrate (N@) is a familiar

pollutant in groundwater. Large amounts of nitrate drinking water are a cause of
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methemoglobinemia (blue baby syndrome), a bloodrdes primarily affecting infants under
6 months of age (Bengtsm and Annadotter, 1989; AWES99), cancer through the formation
of carcinogenic N-nitroso compounds (Weyer et2001), to spontaneous abortions (Centers
for Disease Control and Prevention, 1996), andadon-lHodgkin's lymphoma (Ward et al.,
1996). As nitrate contamination is related to humammal, or industrial waste practices,
excessive levels of nitrate in drinking water magicate the presence of other types of
contaminants, which may cause health problems. eftwey, nitrate concentration is an
important criterion of groundwater quality. Furthmare, nitrate is one of the important
parameters that can be traced easily and usegd$essment of contamination risks due to its
low degree of attenuation of the contaminant lagathe soil matrix and water. In the North
Gafsa basin unconfined aquifer, the nitrate comaéiohs vary within a large range from 0.4
to 91.44 mg/l. About 16.1 % of samples have nitctecentration that exceeds the drinking
water standards of 38 mg/l (25-50 mg/l) (WHO, 200B)e average value of nitrate in the
whole groundwater samples is 45.92 mg/l. These higate concentrations provide evidence
for the significance of the return flow irrigatiomaters contribution in the recharge of the
unconfined aquifer. Mokadem et al. (2014), founat thitrate concentrations in groundwater
were highest in areas where wastewaters were pres@afsa oasis and in Swai agricultural
basin (Fig. 11). The high concentration of N©ns in groundwater is indicative of the
unconfined nature of the system and this also stgy¢jest the groundwaters are very young
in age. Indeed, ammonium nitrate, liquid fertilizevd other commercial complex nitrogen
fertilizers are used in large scale in the agrigalt regions to enhance productivity due to
rapid population increase and development of teldygyo where flood irrigation is applied
(Hamed et al., 2013a). In Gafsa basin nitrate acoaturally in groundwater. However, septic
leakage, nitrogen fertilizers, animal manure agplie soil and gases of the atmospheric

pollution “industrial sector of M’Dilla-CPG/GCT-Gs&” can cause elevated levels of nitrate
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in groundwater. In these regions, Néntents are up to 38 mg/l (Fig. 11). The excesase
of Ca(NQ), fertilizers is verified through the well-defineélationship between NOand
cd* (Fig. 12a). Similarly, the well-defined relatiorsé in the plots of N@versus S@and
Mg versus S@ (Figs. 12b,c) suggest that N and S are used istindy area in the form of
(NH,)2SQ,, MgSQ, and superphosphate fertilizers, pesticides (ateaziCgH14CINs",
deethylatrazine, simazine, metolachlor, and prometere detected more frequently in the

study area) (Hamed et al., 2012b,c).

5.3. Isotopic study of groundwater pathways

Interpretation of oxygen-18 and deuterium data

Oxygen and hydrogen isotope compositions for theestigated CT groundwater
samples are represented in the conventidftdl3'?0 diagram together (Fig. 13), with the
Global Meteoric Water Line (GMWL) (Craig, 1961; Rowki et al.,, 1993), the Local
Meteoric Water Line (LMWL) of the Sfax city (Maliki2000; Celle et al., 2001) located at
about 150 km from the study area, and the socéPatheo-Meteoric” Water Line (PMWL)
(Sonntag et al., 1978).

(i)- Craig (1961)3°H = 85'°0 + 10 (Global Meteoric Water Line);

(i))- Rozanski et al. (1993%°H = 85'°0 + 10.8;

(iii)- Maliki (2000) and Celle et al. (2001°H = 850 +13.5) (LMWL).

The Global Meteoric Water Line (GMWL) correspondshie averaging of numerous
local meteoric straight lines, each of which iduefhced by the abovementioned geographic
and climatic factors (Rozanski et al., 1993; Ande¢@l., 2004). The intercept of the GMWL
is termed the deuterium excess (d-excess+8 §'%0 after Dansgaard, 1964). The value of
this parameter is acquired during evaporation, doebs not vary significantly during the later

history of the cloud mass. It is thus a valuabbiaator of the source area of the water vapor
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(Rindsberger et al., 1983; Cruz Sanjulian et @92t Celle-Jeanton et al., 2001): d-excess
values close to 10% indicate waters of Atlantigiori values close to 22% are characteristic
of waters from the Eastern Mediterranean and degatilose to 14%, intermediate between
the first 2, are detected in rainwater falling oa Western Mediterranean. This is thought to
be due to particular climatic and environmentaldibons which cause the instability of the
air over the Atlantic Ocean and the Mediterraneaa &1d consequently produce an intense
exchange between moisture and the sea surfacesgGeaal., 2006-modified). Data from the
nearest Global Network for Isotopes in Precipitat{@GNIP) station number 7622500, located
at Sfax city, were used to establish the Local MeteWater Line, that follows the linear
regression and the Regional Precipitation Mean &&u d®*Oysmow) and dHysmow) (-4.59

and -23.30%, respectively) (IAEA/WMO, 1999).

As suggested by Craig (1961), the slope of3083*°0 line close to 8 suggests that
precipitation takes place under near-equilibriumdibons, while lower values indicate the
presence of kinetic fractionations. The isotopicnposition of3'°0 andd’H values of all
groundwaters in the study area ranges from -7.1%04t8%0, and from -60%. to -37%o
respectively (Table 1). In the conventior®fO vs. 3°H diagram (Fig. 13), most of the
samples plot near the global meteoric line, suggggshat the groundwater is of meteoric
origin (Craig, 1961). One sample plots to the leftthe GMWL, showing about 1%o
enrichment in3'®0. This sample is the most diluted groundwater, ariging probably
influences its isotopic composition (meteoric comtzation non evaporate). This evidence
confirms, as expected, that the alluvial groundwatienorth Gafsa basin originated from
present rainwater. Furthermore, it indicates thaihwater has not undergone isotopic
fractionation through evaporation before recharggat( and Gonfiantini, 1981). The
localization of this sample confirms that these ifeys have been recharged by rainfall
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derived from a mixture of Oceanic and Mediterraneapor masses (Fig. 1A). These values
of local precipitation are much higher than thospp®sed to be for the LC and UC
groundwaters, indicating either a recharge altiteffect and/or a palaeoclimatic impact:
recharge under humid and colder climatic conditittvas at present day. This hypothesis of
ancient recharge agrees with the results of Fogtted. (1983), Ouda (2000), Yermani et al.
(2002); Zouari et al. (2003) and Hamed et al. (2808 2010a,b) obtained in south Tunisia,
which were interpreted as recharge occurring duthmgy Late Pleistocene and the Early
Holocene periods. This period Pleistocene and Hwlecthat could be responsible for the
periodic recharge of old groundwaters in the Ndakthca. In the last 70 ka before present
(MIS 2 and MIS 3,Wirm period), three major humidagés have been identified: (i)- the
Early Wirm pluvial (MIS 3), lasting from 70 to 4@ lbefore present, (ii)- the Middle Wirm
pluvial (MIS 3), from about 32 to about 22 ka bef@resent and (iii)- the Late Wirm pluvial

(MIS 2), lasting from about 18 to 11 ka before preéqZuppi and Sacchi, 2004).

Although, the isotopic composition of all samplealusions indicates the meteoric
origin, their isotope signatures can be modifieddwaporation of rain in the atmosphere
and/or in the soil duringnfiltration as indicated by isotope values plaftinelow the meteoric
water line (Clark and Fritz, 1997). TRéH and 320 values for the analysed surface waters
plot below the LMWL and GMWL (see evaporation domai Fig. 13). Evaporation results
in discrimination of'®0 and®H versus'®O and H, respectively, and heavier isotopes are
accumulated in the remaining solution. If rainwairinfiltrated slowly into the ground,
significant evaporation may take place prior inditton (e.g. Allison, 1982; Hamed et al.,
2008, 2010b). The homogeneity of the isotopic cositpn of large aquifers may reflect
either very stable recharge conditions in time eryviong residence time of water during

which diffusion processes occured and smoothedpasy fluctuations, as is the case in the
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great regional North African aquifer "Continentaitdrcalaire” (Gonfiantini et al.,, 1974;
Hamed et al., 2012a,b). In North Africa Sahara |éingest groundwater aquifer systems in the
world of the C.I experienced a period of intenséagarecharge (Humid phases and/or
pluvial) from about 45-23.5 ky (interglacial persooh the Mediterranean basin) (Guendouz et
al., 1997; Zuppi et Saachi, 2004).

In addition to evaporation, mineral dissolution @mdtranspiration are important

factors controlling the salinity of water bodies amid areas. Because deuterium excess
(Dansgaard, 1964) decreases during evaporationsamurelated to the isotopic composition
of the initial water, it can be used to assessetfiect of evaporation. Dansgaard (1964)
proposed the use of “d-excess” to describe theedemt excess for global precipitation. The
value “d” is defined for a slope of 8 and is caltedbfor any water sample as: d-excegbt-
8 50. Globally, “d” averages 10%. for precipitation. A a water body undergoes
evaporation, the deuterium excess will decreasetfadalinity will increase with a negative
correlation. In North Gafsa basin during 2014, éiverage of “d-excess” is -1.9%o.. The “d”
values, varying from -14.4%o to 10.6%o (Table 1).

Assuming that chloride (CI) in rainwater is entyrélerived from marine aerosols, the
content of Cl can be used to trace the origin phaasses and to follow their trajectories on
land. Generally, concentrations of @D, and&'®0 values of groundwater have a positive
correlation, which was considered as an index ofewafrom a deep, confined, and
unconfined aquifer. Positive correlation of high B& heavys'®0 represents an evaporation
effect on the water (during diffuse recharge, ore dio groundwater discharge via
evaporation). There are no obvious correlations/éen temperature ariD, 5°0 values and
EC, or Cl values in the groundwater of the research areasdlll indicate that surface cold

water recharging the groundwater system has anrtanceffect on groundwaters with slight
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effect of evaporation. The dissolution of evapmafkalite, anhydrite and gypsum) and
evaporation process are observed in the diagradofvs. Cl (Fig. 14), which includes data
for groundwater collected in the North Gafsa ba3ihe heterogeneity arrangement of the
boreholes is mainly due to the dissolution of evafmdeposits. It is noted for about 40% of
the groundwater samples that high chloride conasaotrs are not clearly correlated with the
oxygen-18 contents. Nevertheless, about 60% of stn@ples show a good correlation
between chloride and oxygen-18. For these samel@goration appears to be an important
process, especially, for groundwater sampled inTS#ea (north Gafsa plain) where flood
irrigation is particularly used. The extent of eweation is expected to be variable with time
mainly depending on climatic parameters (air terajpge and humidity) as well as on the
main features of rainy events (duration, intensityhe rainfall) precipitation originating from
moisture coming from different regions or to exalp@mprocesses between moisture and large
surfaces of water (e.g. seas and lakes) (Gat andiC4970; Sonntag et al., 1978; Hoffmann
et al., 2000).

The principal areas of recent recharge (contanoindtty the meteoric fresh water) are
located in: (i) infiltration from wadies flood wate(drainage network: El Kebir, El Maleh,
Bayeich wadies), (ii) irrigation channels, (iii)bsaurface dams of Om al Gsab (western part
of the study area) and (iv) in Gafsa Monts uplafidsiisia) and the Algerian Atlas where the
Senonian calcareous formations are outcroppindudd porosity systems the relatively rapid
infiltration of rainfall via pores/fractures/faultssults in recent water intercepting the water
table, which mixes with relatively older groundwateat has more slowly infiltrated via the
primary porosity of the matrix. Groundwater salnis intrinsically linked to evaporation

during recharge and discharge processes.
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6. Conclusions

The combination of hydrogeological, major elemeggschemistry and stabl&'{0,
&°H and d-excess) isotopes has provided a comprefeeusderstanding of the hydrodynamic
functioning and the mineralization processes thatempin the large variations in chemical

composition within the North Gafsa basin (centrahiBia).

Groundwater pumped from the multilayer aquiferanagmportant production factor in
irrigated oases agriculture and in industrial ofGEBCT in central Tunisia. Human activities
in the basin played a key role in the hydrologidange of study area. Besides precipitation
in the basin decreased between 1950 and 2014 dine timate effect, which was another
factor that led to water resources deficit anddberease of groundwater water level and the
decrease of spring outflow or even disappearancepohgs in the central Tunisia. The
hydrochemical data from this study permit to cligsthe groundwaters into two dominant
main water types: Ca-Mg- HGEO, and Na-CI-NQ water types. Which are the result of the
dissolution of evaporate sediments (water-rock raaion), cation exchange and over-
fertilisation. In areas of intensive exploitatiaihe zoned pattern of salinities is disrupted,
showing that the pumping is having a major impactlow fields and salinity distributions.
The distribution of the salinities with depth de@dsron hydrogeological conditions, lithologic
nature of rocks, such as the presence of locabgdiannels and confining strata aquifer, as

well as the over-exploitation of groundwater anel thmate impact.

Based on the stable isotopes of water moleculejag possible to identify various
types of groundwater and mixing process in the esyst(i) an old palaeoclimatic
groundwater. This groundwater was likely rechardadng the Late Pleistocene and Early

Holocene periods under a cooler climatic regimg; girelatively recent groundwater, that

23



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

indicates the presence or the influence of freslurgpiwater derived from meteoric sources
(less than 50 years) or possible contamination ajr@undwater sample with modern
atmospheric water vapor during sampling. This gdwater is interpreted as
contemporaneous recharge at the high-altitude wodiog mountains; (iii) a mixing
groundwater resulting from the dominant upward éggk from the deep C.I artesian
geothermal water table. The recharge of these exguih central Tunisia generally occurs
through three major mechanisms: (i) direct inftiba of rain and; (ii) lateral percolation from
wadies/dams/channels; and (iii) upwelling/inrustiir surrounding deeper aquifers. Further
chemical and isotopic analyses from water sampidieated during the catchment's flow
period will allow a better understanding of the gaamical functioning of the watershed and
will allow modelling of water-soil-rock interactisn The results of such a study could be
extended to explain the catchment chemistry andrdayshamics of similar infiltrating
reservoirs. The distribution of rainfall, in spaaed time, therefore, is a significant factor
which conditions the variations of th# and®H contents of rainwater, and consequently of
groundwater. Thus, these environmental tracersbeaapplied to groundwater investigation
in mountainous karst aquifers, where orography hpdrogeology are very complicated

(Algerian and Tunisian Atlas).
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Fig. 14. Plot 0®'°0/ClI diagram.
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Table 1.

Ne Aduifer _ Na Ca Mg K HCO, SO, Cl NO; ER [Re) >H d
(meg/l) (%) (%o versus SMOW)

1 MPQ 20.27 5.43 15.41 0.76 1.94 22.73 20.95 0.04 4.33- 7 53 3

2 MPQ 19.62 1852 8.76 0.81 1.95 23.1 22.44 0.04 210.

3 MPQ 1454  21.49 9.85 1.08 1.92 21.92 18.7 037 514, 51 -40 0.8

4 MPQ 20.35 20.6 10.33 0.82 1.94 24.79 24.57 0 0.76

5 MPQ 17.8 18.42 8.97 0.74 1.9 21.26 20.8 0.01 218 -5.2 -56 -14.4

6 MPQ 14.45 15 6.24 0.75 1.92 14.59 15.3 0.05 6.71 -6.2 -39 10.6

7 MPQ 26.19  22.78 10.38 0.93 1.95 25.87 31.73 0.05 0.57

8 MPQ 5.36 6.91 5.1 0.1 1.97 9.3 5.1 0.07 3.05 71 -60 3.2

9 MPQ 7.94 5.7 5.33 0.1 1.87 10.36 5.38 0.34 299 6 - -49 -1

10 MPQ 1.41 5.33 2.3 0.02 1.94 7.06 0.86 0.23 529 -5.3 -38 4.4

11 MPQ 2.9 4.56 2.96 0.05 1.93 6.92 1.24 0.23 0.73

12 MPQ 3.7 6.32 4.1 0.05 1.91 9.43 2.21 0.35 0.95

13 MPQ 5.03 9.1 5.05 0.05 1.92 12.43 3.13 0.56 3.19

14 MPQ 4.03 9.74 4.36 0.05 1.96 11.5 2.6 0.36 5.09 -4.9 -41 -1.8

15 MPQ 4.34 8.66 4.99 0.04 1.97 10.95 3.17 0.56 4

16 MPQ 3.29 7.86 3.23 0.04 1.92 8.65 1.83 0.24 6.58

17 MPQ 5.31 10.31 3.27 0.02 1.93 11.92 2.54 0.14 726.

18 MPQ 3.25 7.79 2.98 0.03 1.92 8.64 1.78 0.37 499 -53 -38 4.4

19 MPQ 3.67 4.88 2.83 0.04 1.95 8.64 1.78 0.37 7-5.4

20 MPQ 3.69 1.75 10.75 0.04 1.94 9.84 1.68 0.38 279 51 -39 1.8

21 MPQ 3.79 1.8 8.53 0.03 1.92 9.66 1.7 0.3 2.08

22 MPQ 4.62 8.45 3.04 0.06 1.97 11.73 1.64 0.25 418

23 MPQ 2.43 6.01 6.44 0.07 1.9 10.17 1.66 0.21 3.53

24 MPQ 4.82 11.86 4.82 0.05 1.91 12.17 4,71 025 2 6. -49 -37 2.2

25 MPQ 5.39 4.18 6.2 0.05 1.92 12.98 3.71 0.53 494 57 -43 2.6

26 MPQ 9.02 5.86 17.03 0.11 1.93 21.3 6.65 0.68 223

27 MPQ 9.2 10.51 10.82 0.14 1.95 24.59 6.02 1.08 .6 -4

28 MPQ 7.42 8.51 9.12 0.12 1.9 18.92 5 0.63 -2.45

29 MPQ 7.34 13.43 17.49 0.12 1.95 29.15 7.82 0.77 1.68-

30 MPQ 8.87 9.3 11.2 0.11 1.93 25.96 7.68 0.58 180.

31 MPQ 8.97 8.81 11.03 0.12 1.95 24.42 8.61 054 0.2a

32 MPQ 9.61 8.34 9.06 0.12 1.97 20.77 6.15 0.36  76-3.

33 MPQ 16.32  13.59 15.12 0.15 1.93 32.16 13 03 372

34 MPQ 21.37  16.46 20.15 0.18 1.95 42.47 19.1 0.42 -4.72

35 MPQ 28.48  18.19 24.06 0.16 1.94 44.9 30.19 0.47 -4.45

36 MPQ 35.8 18.21 52.43 0.2 1.9 55.75 41.69 048 3 3.

37 MPQ 20.06  14.11 16.86 0.14 1.95 33.54 19.1 119 -4.3

38 MPQ 20.38 15.8 19.96 0.16 1.9 40.18 20.96 1.47 6.79-

39 MPQ 4 4.44 3.31 0.05 1.94 5.94 3.32 0.59 0.09

40 MPQ 5.76 3.48 1.9 0.04 1.93 7.02 2.77 0.3 -3.6

41 MPQ 3.7 4.66 3.27 0.05 1.95 6.71 2.59 0.21 0.93

42 MPQ 4.67 4.92 3.63 0.07 1.94 7.9 3.32 0.39 -0.96

43 MPQ 11.93 8.89 10.18 0.14 1.95 16.16 14.3 02 .282

44 MPQ 14.99  11.59 13.24 0.15 1.93 22.76 17.43 0.31 -2.97

45 MPQ 18.32 7.01 19.38 0.13 1.93 18.59 16.97 0.32 8.49

46 UC 3.73 4.98 4.1 0.06 1.94 7.39 2.96 0.27 119 6.4 - -47 4.2

47 UC 5.1 5.58 5.08 0.1 1.92 9.09 4.06 0.28 1.67

48 UC 3.95 5.53 4.73 0.07 1.91 7.58 4.16 0.15 1.69

49 UC 3.9 55 4.7 0.06 1.89 8.12 4.1 0.15 -0.32

50 UC 2.49 4.43 2.38 0.05 1.94 6.03 1.42 0.4 -2.27

51 UC 6.23 4.44 2.76 0.06 1.94 8.02 3.81 0.44 -2.55

52 UC 1.85 3.25 4,01 0.07 1.92 7.34 1.8 0.37 -10.88

53 UC 4,58 5.98 4.4 0.12 1.87 7.71 4.92 0.13 149 6.9 - -50 5.2

54 UC 35 5.42 4.29 0.07 1.9 9.05 1.67 0.28 1.4 9 -5. -41 6.2

55 UC 10.27 4.93 5.84 0.13 1.93 12.32 4.62 0.48 744

56 UC 27.07 1591 23.76 0.16 1.93 20.48 26.93 0.62 14.48

57 UC 16.89  11.53 14.95 0.12 1.89 10.84 13.6 0.49 3.72

58 UC 14.95 10.3 10.98 0.1 1.93 18.85 9.37 0.3 8.8

59 UC 15.84 7.06 14.8 0.1 1.97 18.59 10.77 0.28 8.9

60 UC 14.72 6.61 16.82 0.1 1.92 18.2 10.32 0.27  9110.

61 UC 14.23 9.63 11.53 0.18 1.91 17.8 9.69 0.24 99.0

62 UC 13.75 6.81 14.68 0.17 1.94 16.92 9.75 0.27 .1410

63 UC 13.15 6.88 13.55 0.15 2.01 17.23 9.11 0.27 188.

64 UC 12.44 6.59 13.91 0.15 1.97 16.42 8.62 027 6 9.

65 UC 12.28 6.44 13.55 0.14 1.93 15.92 8.21 0.27  .3410

66 UC 12.33 5.61 14.1 0.11 1.92 15.55 8.08 0.24  9610.

67 UC 11.02 6.08 14.36 0.1 1.95 15.24 7.93 0.29  7810.

68 UC 7.12 5.91 15.08 0.1 1.99 14.96 7.8 0.32 5.87

69 UC 6.94 5.64 14.75 0.1 1.95 14.84 7.78 0.46 4.56

70 UC 7.08 8.78 8.02 0.1 1.95 14.65 7.63 0.68 -1.89

71 UC 6.5 9.01 8.61 0.13 1.9 14.47 8.44 0.79 -2.68

72 UC 7.11 8.79 6.75 0.12 1.92 14.41 7.11 0.4 -2.26

73 UC 7.86 9.52 7.46 0.11 1.95 14.65 8.22 0.52 70.7

74 UC 8.7 8.94 8.22 0.12 1.95 17.05 8.82 0.34 -4.02

75 UC 6.63 8.46 7.57 0.1 1.93 13.73 7.45 0.66 -2.19

76 UC 1451  10.04 12.76 0.15 1.97 26.61 11.14 0.99 -4.14

77 UC 26.61  17.44 12.83 0.53 1.92 38.28 24.01 0.06 -5.63

78 UC 12.23 7.13 19.95 0.14 1.94 23.56 8.52 0.52 626.

79 UC 10.37 6.78 20.71 0.13 1.92 20.88 7.81 052 9 9

80 UC 9.63 6.18 18.63 0.1 1.93 20.59 6.8 0.54 7.27

81 UC 3.71 4.32 3.64 0.09 1.9 5.64 2.79 0.36 4.76

82 UC 2.29 4.07 2.76 0.12 1.97 4.72 2.62 0.63 -3.64

83 UC 6.94 3.03 1.92 0.06 1.96 5.94 3.93 0.48 -1.44

84 UC 18.36 7.25 20.3 0.11 1.95 18.79 17.67 0.35 538.

85 LC 18.8 7.12 20.08 0.12 1.92 17.02 17.88 0.33 .770

86 LC 17.88 7.1 20.14 0.12 1.92 17.96 18.08 033 3 8

87 LC 17.91 6.63 19.02 0.14 1.95 18.11 16.85 0.3 038




Table 2.

. Saturation
N° Aquifer T pH EC TDS Index (SI)
(°C) (mS/cm) (g/l) Halite Gypsum _ Anhydrite  Calcite Dolomite  Aragonite

1 MPQ 23 6.83 4.21 2,89 -5.15 0.97 -1.19 -0.88 90.8 -1.03

2 MPQ 23 7.63 4.12 2,72 -5.13 -0.38 -0.6 0.44 0.68 0.3

3 MPQ 23 784 5.02 3,24 -5.33 -0.34 -0.56 0.71 1.2 057

4 MPQ 23 751 4.34 2,91 -5.08 -0.33 -0.55 0.36 0.53 0.21

5 MPQ 23 764 3.98 2,58 -5.2 -0.4 -0.62 0.45 071 .310

6 MPQ 23 743 3.16 2,06 -5.4 0.56 -0.78 0.22 0.18 .080

7 MPQ 23 781 5.32 3,59 -4.87 -0.3 -0.52 0.67 112 0.53

8 MPQ 23 6.97 1.62 0,97 -6.27 -0.92 -1.14 -0.47  950. -0.61

9 MPQ 23 713 1.64 1,04 -6.08 -0.97 -1.19 -0.43  760. -0.57
10 MPQ 23 761 1.18 0,5 -7.6 -1.04 -1.26 0.11 -0.03 -0.04
11 MPQ 23 7.38 0815 0,554 -7.13 -1.12 -1.34 -0.19 0.45 -0.33
12 MPQ 23 7.66 0.812 0,8 -6.79 -0.92 -1.14 0.18 80.2 0.03
13 MPQ 23 7.8 1.32 1,17 -6.52 -0.72 -0.94 -0.18 5-0 -0.32
14 MPQ 23 7.56 1.84 1,09 -6.69 -0.71 -0.93 024 502 01
15 MPQ 23 7.89 1.82 1,11 -6.58 -0.78 -1 0.52 092 .380
16 MPQ 23  6.54 1.38 0,84 -6.92 -0.86 -1.08 -0.83 931 -0.97
17 MPQ 23 7.38 1.79 1,12 -6.59 -0.68 -0.9 0.08 20.2 -0.06
18 MPQ 23 7.65 1.38 0,86 -6.94 -0.86 -1.08 0.27 40.2 013
19 MPQ 23 8.89 1.33 0,83 -6.88 -1.04 -1.26 1.27 23 107
20 MPQ 23 7.79 0.81 0,59 -6.91 -1.5 -1.72 -0.25 0.4 -0.39
21 MPQ 23 7.94 1.88 1,25 -6.89 -1.46 -1.68 -0.09 610. -0.23
22 MPQ 23 8.02 1.03 0,74 -6.83 -0.74 -0.96 -0.63  940. -0.49
23 MPQ 23 7.68 1.33 0,92 7.1 -0.94 -1.16 0.17 0.84 0.02
24 MPQ 23 7.49 1.18 0,56 -6.37 -0.64 -0.86 0.23 90.1 0.09
25 MPQ 23 6.94 1.86 1,3 -6.41 -1.02 -1.24 -0.76  231. -0.9
26 MPQ 23 7.64 2.19 1,56 -5.97 -0.83 -1.05 0 0.57 0.15
27 MPQ 23 8.22 3.246 2,3 -6.01 -0.53 -0.75 0.78 916 0.64
28 MPQ 23 755 2623 1,85 -6.17 -0.66 -0.88 0.09 310. -0.06
29 MPQ 23 7.62 3937 284 -6 -0.42 -0.64 0.29 0.8 .140
30 MPQ 23 7.81 3534 256 -5.92 -0.56 -0.78 0.33 850. 0.19
31 MPQ 23 8.03 3452 247 -5.86 -0.6 -0.82 0.53 712 0.39
32 MPQ 23 812 2885 2,1 -5.97 -0.65 -0.87 0.62 913 048
33 MPQ 23 781 4.056 2,89 -5.45 -0.4 -0.62 044 510 03
34 MPQ 23 7.73 6301 4,45 -5.18 -0.28 -0.5 0.4 099 0.25
35 MPQ 23 743 7467 532 -4.87 -0.26 -0.48 0.13  490. -0.02
36 MPQ 23 6.89 9.964 7,04 -4.65 -0.29 -0.51 -0.46 0.35 -0.61
37 MPQ 23 7.15 5.44 3,85 -5.2 -0.39 -0.61 -0.2 -0.2 -0.34
38 MPQ 23 742 6452 4,55 -5.16 -0.31 -0.53 0.08 360. -0.07
39 MPQ 23 7.64 0.884 0,63 -6.57 -1.21 -1.43 0.06 110. -0.08
40 MPQ 23 746 0904 0,65 -6.49 -1.22 -1.44 -0.24 0.62 -0.38
41 MPQ 23 7.84 0817 061 -6.71 -1.14 -1.36 0.24 510. 0.13
42 MPQ 23 8.06 1073 0,78 -6.51 -1.08 -1.3 0.84 509 034
43 MPQ 23 7.92 2867 214 -5.51 -0.74 -0.95 0.48 131 0.33
44 MPQ 23 7.34 4045 2,87 -5.35 -0.56 -0.78 -0.03 .110 -0.18
45 MPQ 23 7.61 2586 1,84 -5.27 -0.86 -1.08 0.04 630. -0.11
46 UC 23 751 1.02 0,65 -6.66 -1.1 -1.32 -0.04 40.0 -0.18
47 UC 23 6.89 1.52 0,92 -6.39 -1.01 -1.23 -064 2-1. -0.78
48 UC 23 6.74 1.47 0,76 -6.49 -1.06 -1.28 -0.77 5-1.  -0.92
49 UC 23 754 1.29 0,74 -6.5 -1.04 -1.26 0.01 0.06 -0.14
50 UC 23 764 0928 061 -7.14 -1.17 -1.39 0.7 0.0 -0.07
51 UC 23 7.59 1.98 0,43 -6.33 -1.11 -1.33 -0.02  130. -0.17
52 UC 23 782 0966 0,72 -7.17 -1.24 -1.46 0.09 90.3 -0.05
53 UC 23 734 114 0,81 -6.35 -1.03 -1.29 -0.16  330. -0.3
54 UC 23 801 0.98 0,76 -6.93 -0.99 -1.21 0.46 093 0.31
55 UC 23 768 1199 1,29 -6.04 -0.98 -1.2 0.05 0.28 -0.1
56 UC 23 764 0.213 3,29 -4.92 -0.57 -0.79 0.37 410 0.23
57 UC 23 813 3.02 1,73 -5.39 -0.84 -1.05 0.78 1.8 0.64
58 UC 23 7.92 4.47 2 -5.6 -0.63 -0.85 0.52 1.18 70.3
59 UC 23 6.99 1.02 0,84 -5.52 -0.81 -1.03 -0.55  660. -0.69
60 UC 23 7.05 0.348 0,12 -5.57 -0.86 -1.08 -0.53 530 -0.67
61 UC 23 7.84 3.06 1,97 -5.61 -0.68 -0.9 0.41 1.02 0.27
62 UC 23 7.68 1338 3,15 -5.62 -0.85 -1.07 0.12 0.7 -0.02
63 UC 23 792 0812 0,18 -5.67 -0.83 -1.05 0.37  920. 0.23
64 UC 23 781 2812 284 -5.71 -0.86 -1.08 0.25 409 01
65 UC 23 806 1.013 0,33 -5.74 -0.88 -1.1 0.48 1.39 0.33
66 UC 23 7.64 0867 0,19 -5.74 -0.94 -1.16 0.01 405 -0.13
67 UC 23 6.88 2.71 0,71 -5.8 -0.92 -1.14 -0.69 -0.9 -0.84
68 UC 23 6.78 0.793 0,47 -5.9 -0.93 -1.15 -0.79  061. -0.93
69 UC 23 754 2.2 1,4 -6 -0.95 -1.17 -0.07 0.4 10.2
70 UC 23 7.88 2323 1,66 -6 -0.73 -0.95 0.46 1 0.3
71 UC 23 7.64 2759 1,7 -5.99 -0.73 -0.95 0.23 0.56 0.09
72 UC 23 7.68 2248 161 -6.03 -0.72 -0.94 0.27 305 0.12
73 UC 23 7.54  2.399 1,7 -5.92 -0.7 -0.92 0.16 0.34 0.02
74 UC 23 761 2689 191 -5.85 -0.68 -0.9 0.19 0.45 0.04
75 UC 23 842 2.17 1,58 -6.04 -0.76 -0.98 0.95 197 0.81
76 UC 23 813 3959 282 -5.55 -0.55 -0.77 0.66 415 052
77 UC 23 795 6.121 4,48 -4.98 -0.27 -0.49 064 612 05
78 UC 23 7.86 4.583 33 -5.74 -0.75 -0.97 0.27 1.11 0.13
79 UC 23 801 1113 0,83 -5.84 -0.81 -1.03 0.41 114 0.26
80 UC 23 7.64 2606 1,84 -5.93 -0.84 -1.06 0.02 64 -0.12
81 UC 23 7.38 0.817 0,6 -6.68 -1.23 -1.45 -0.21  380. -0.35
82 UC 23 812 0611 044 -6.9 -1.3 -1.52 0.52 1 80.3
83 UC 23 7.76 0.772 0,56 -6.26 -1.51 -1.56 0.02  040. -0.13
84 UC 23 718 1692 1,27 -5.25 -0.85 -1.07 -0.37 .180 -0.52
85 LC 23 7,53 5509 4,04 -5.23 -0.89 -1.11 -0.03 50. -018
86 LC 23 7.67 1518 1,11 -5.25 -0.87 -1.09 0.1 0.77 -0.05
87 LC 23 7.81  6.555 14 -5.28 -0.89 -1.11 0.21 1 70.0
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Hydro and isotope geochemistry were used in this study:

e to identify the hydrodynamic functioning of the multi-aquifer system;
e to identify the inter-aquifer mixing;

e to investigate the water type of groundwater in the semi-arid southwestern Tunisia;



