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Abstract

The Gabes Jeffara aquifer system, in soutlkeasunisia is essentially recharged by rainfall infiltration
and by groundwater inflow from thiatercalary Continentahquifer in the northwestThe increasen
groundwater pumping for irrigatian recentdecades has induced a seridasreasé groundwater levels,
depletion okpringsanddegradation of oasecosystemsA multidisciplinary study was carried out to better
understand thiehaviorof oasg ecosgtems and aquifer systeiend to provide tools and recommendations
for water resourcemanagemenfAn important part of the study was devoted to devabpa hydrodynamic
flow model of theJeffara aquifersystem which can beused as a future groundwater management tool
considering different rechaegr exploitation scenarios. This modeasbuilt with Processing Modflow,
gathering data on geology, hydrogeology, hydrology, rainfall, piezometry, withdrawals and spring flow
rates. The model was calibrated in steady state with reference to the piezdevetseneasured in 1970
and in transient stafer the period 19722014, usingecords fronmore than 200 wells and piezometers.
The analysis of current and future water consignpi/as carried out with existing data, proeatsatellite
images andarmer surveys.This analysiswas usedo definewater demandcenarioscombined with
scenarios oflecreasedjroundwater withdrawal, reinfordegroundwater recharge and use of alternative
water resourced.he scenariogested with the model show that the situation will be critical in less than 25

years without radical measures to reduce groundwater withdrayalseas60 MCM/y.

Keywords: Arid regions,Numericalmodelng, Over-abstractionGroundwater management, Tunisia.
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1. Introduction

Significant groundwater resources are locatesbirthern Tunisiabut these resourceshich are the main
suppliesin the Middle East and North AfricdMENA) coastal region, are under growing pressure in
response to population and economic growth (Lezzaik and Milewski 2Bt groundwater is taken
from deep wellswhich provide considerable economic advantages to the users for irrigation, donuestic an
industrial water supplies. Due to the climatic conditions, no sustainable agricultural production is possible
without irrigation.Approximately25% of the total area dhe Gabesleffaraplainis used for agricultural
purposesvith 151 irrigatedareascovering 22000 ha (Vernoux et al. 2017aIl wateris drawnexclusively

from shallow and deep aquifers. Sinthe end othe nineteeth century many springhavebeenused to
supply all water needs for agricultheand domestic us€urrently, all of these springs have dried,gmd
groundwater from deep aquifdrasbemmethe majorwater supplysource Groundwater resources tine
Gabes regioarelessrenewable resourceghese resourceare contained iMio-Pliocene sand§enonian
limestones, Turonian dolomites,and Jurassic limestone@/ernoux et al. 2017b)The Intercalary
Continental aquifer (C)which is one of the two principal deep aquifers ofrfggon is considered a major
contributor to the watanflow of Gabes Jeffarandconsideed the Tunisian outlet of tHéorth-Western
SaharaAquifer System(NWSAS) (Mamou et al2005; BenHamouda et al. 20)3

The socioeonomic development of the Galregiionhas led tooverxploitation of the coastal aquifers
which has induced a drying up of thariags that supplied the oas@ayrem et al. 2015 Currently, the
water extractiomatefar exceeds theater rechargeate, resultingn gradualaquiferdepletion,degradd

water qualityand seawatelintrusion (Ben Alaya et al. 2014Agoubi et al.2013 Werner et al. 2013
Another negative impact is the degradation of oesbsysters which are strongly related to groundwater
(Abdedaiem 201,6Mekki et al. 2013

The objective of tis studywasto improve the groundwater resourcesnagemerih the Gabes area, taking
into account the needs abcioe&onomic activities and the sustainable preservation of coastal oasis
ecosystemgVernoux et al. 2017)cAn important part of tis study was devotea tdevelojing anumerical

flow model of theJeffara aquiferso beused as futuregroundwater managemenbl considering different

scenarios ofecharg or exploitation.
2. Material sand Methods
2.1 Sudy area

The aquifersof Gabesleffaraarelocatedin southeastrn Tunisiaand exted for approximately3500 kn?

(Fig. 1). The study area is limited by El Akavitadi and Jebel Zimla in the nortthe Mediterranean Sea
coast in the easand El Hamma faults and Jebel Aziza to the west. The southerndangistsof Zeuss

wadi andthe Matmatamountains Representing part of thieffaracoastal plain of Tunisia, the region has
undergone an arid to semiid climate change marked by seasonal contrasting climatic variables.
Additionally, this area ignfluenced by dry/hot and humid air masses coming from the desert and from the

Mediterranearsea respectivelyKallel 2003.



64

65

66

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

82

83

84

85
86
87
88

89
90

91

92
93
94
95
96
97
98

2.2 Geological and hydragyeologcal setting

The Gabes Jeffara multilayer aquifgrstem isformed mainly by sedimentatgyersfrom the Jurassic,
Cretaceous and Tertiary agdhe geological model developed as part of study (Lasseuand Abbes,

2014) includes 18 layers, of whidbur are considered major aquifeffglio-Pliocene sands, Senonian
limestoneg(Abid et al. 2012) Turonian limestonegAbid et al. 2011)andthe Lower Cretaceous sands
There arghreemedium aquifersmarly-gypseougormations of the Senonian, upper Barremian sands and
upper Jurassic limestones. All these formations constitute the aquifer sys@abes]effara with the
exception of theLower Cretaceous sand€l) attached to theNWSAS. TheseCl formations are
nevertheless of capital importance because they contribute in an important way to the supply of the dee
aquifer ofGabesleffara(Trabelsi et al. 2009Both systems in communication in the EIl Hamma sed#or

a fault networl(Fig. 2). Above the formations mentioned, there are also Quaternary formations associated
with the wadis and the coastal plain as well as the formationdefdontinental Quaternargtrarelief.

These recent formations constitute shallow aquifesystenof Gabesleffara, as opposed to despiifers

These different formations were codified by thegional direction for agriculture development
(CommissariaRégional au Développement AgricdldRDA) of Gakes according to lithostratigraphy and
geographical locatiofVernoux et al. 2017b)

2.3 Data acquisition and processing

This study,with a multidisciplinary nature, integrates several components from knowledge of groundwater
resources, with hreedimensional D) geological model andgroundwater flowmodel, Integrated Water
Resources Management, analysis of water consumption, irriggitiedItural production systems and oasis

ecosystems.

All the data processed inigrstudy were integrated tma geographidnformationsystem(GIS), including

harmonized geological maps, satellite photos and irrigated perimeters.
2.3.1Groundwater abstraction and springs

Groundwater is extractefilom shallow and deep wells. Trahallow aquifes @lobal exploitationwas
deduced from the-$ear frequency publications between 1980 and 2840 for thethreemain shallow
aquifers(Vernoux et al. 2017b)rhe total exploitatiomanged between 1fdillion cubic metersNICM)/y
in 1980 and a maximum of 28CM/y in 2005(Fig. 3a). The location of thehallowwells wasextracted
from the inventory performed in 1995 by Abidi (2@p4Fig. 3b). The deep wellhave beernventoried
annuallyby regional water managessce 1970. The total exploitation wagproximatelys50 MCM/y in
1970 andvasmore than 100 MCM/in 2014(Fig. 3¢). This increase is due tmincreasd number of deep
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wells fromapproximately70in 1970to more than 30th recentyears(Fig. 3d) In the past, prioto 197Q
Gabes Jeffara was knovior many springs. The totavater flowwasapproximately30 MCM/y in 1970
and is now almost ze(&ig. 3e). This decrease is the result of thereasegpumpingfrom wells. The most
important springs are thesf El Hammaand GabesgFig. 3f).

2.3.2Groundwater monitoring

The goundwater level monitoringetwork isrelatively large with approximately230 shallow and deep
wells and piezometersonitoredduring the period 1972014 However, noall the points haveontinuous
monitoring themeasurementreconductedor an averagef between 60 and 80 points yearly.

2.4Development of the groundwaterflow model
2.4.1.Modeling tool and Methodology

The groundwater flow modewas implementeavith the MODFLOW-2000simulator a quasiBD finite-
difference groundwater flow modeaHérbaugh et al. 2000.he package Processing Modflow@sused
for pre- and posiprocessing (Simcor8oftware2012).MODFLOW resolveste flowequation (Eg. 1) in

steady and transient states for confined/unconfinelilayered aquifers.

—Wr— —QF— 6,;, Q Q 6,5, Q Q °Y— Af
(Eq. 1)

where:h;, hi+1, andhi.; indicatethe hydraulic heads [L] of layersi+1 andi-1, respectivelyKy; andKy; the
horizontal hydraulic conductivities [L] in x andy directions respectively & the saturated thickness
VLi;+1andVL;;.1the vertical leakance coefficieftdT]; S the storage coefficiefit]; andg; thesourcésink
term[L/T].

The modeling domain is based on tharogeologicaktudies performed by several auth{@Barthelemy
andZammouri2015) In fact, the complexity of the Gabes Jeffara aquifiexsfirst simplified to set uphe
conceptual modednd boundary conditionéll collected datavereanalyzed andynthesized to set up the
modelinput. Themodelcalibrationwasperformed in steady and transient states by referring to groundwater
level monitoringandspring flowmeasurement®r the period 197€2014. Once calibratedhe modetould
beused to simulate the groundwater flow in future decades according to seeeics of recharge and

exploitation.
2.4.2.Conceptual model

The geological model enabled updatehe complex structural scheraéthe Gabes multilaysknownas
the GabesJeffaraaquifer systemThis modelallowed for the characterization of several aquifers and

aguitards andf the possible hydrodynamic relationship between tfféigi 4). Aquifer 2 is mainly present
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in the northern part of the Jeffara, aquifer 3 is present in the,sandliEL. HammaChenchou, Oglet
Merteba, Matmataand aquifer &rein the ZeusdKoutine area. Thaydrodynamic analyses performed by
Vernoux et al. (2017b) confirmed significant horizontal hydraulic communications between these
aquifers Spatially thes aquifers are connected with the Quaternary aq(fguifer 1) byaquitards. These
analyses allowefbr consideation ofthem as a singlayerin the modelThis geologicalmodel alsshows
the main faultsthe distribution of hot springs in the EI Hamnegionandthe relations between tdeffara
Plain andlhe NWSASthrough the CI (Aquifer 3)

Theconceptual modelasoutlinedconsideing the geological settingnd the analyseas presented above.
Three main aquifersere identifiedFig. 5). The firstaquifercorresponds to thghreatic aquifecontained
in theQuaternary formationexploited byshallowwells. The secona@quifergroupsthe manydeep layers
recognized inGabesJeffara which are exploited by deep well&abes North and Soutkl Hamma,
ChenchouQglet MertebaMatmatas andeuss KoutingdZK). The lastaquiferrepresents th€l, which is
not exploitedin the studyareabut isusedto simulatethe groundwaterflow between Jeffara and the.Cl
Vertical communication can occur between the layers thrdragltiures inaquitards.The ajuifers are
rechargedlirectly by rainfall infiltration in permeabl®@utcrops oby runoff waterand by the water inflow
from the CIl.The naturalwateroutlets comefrom springs and wadidrainage gvapotranspiratiofrom the
water tableandfrom the sea.

2.4.3.Grid design and boundary conditions

The model domain overlays a regular grfdl71rowsand 212 columnswith 500-m square cellsJarraya
Horriche 2017. The aquifers are conceptualizefithree layers wittapproximately32,000active cells.

Vertical leakancebetweenthe aquifers occurs through the aquitards and mainly along the fractures.

Boundary conditiongverefixed according to the conceptual model as fodow

- Rechargewvasapplied toall of thetop active cells by rainfall or runoff water infiltration
- Pumpingfrom shallow or deep aquifergasintroduced as outflow fixed fluxasith respecto the first

and secondalyess.

- The groundwater levatasfixed to zero along the coastline for the phreatic aquifer to represent the

sea boundary condition. A variable heads fixed in the northwestern limiof the Cl aquifer to
represent the inflow from tH§WSAS.

- No flux wasfixed in the other boundaries except those indicated above.

- The drainage by wadendsprings(Qq) wasrepresented by draageconditions in respedf the first

and second layesrlt is simulated according to Eq. 2.

0 6 10 0Q (Eq. 2)

Where:h is the hydraulic head in the cell [Ldi the drain elevation [L], an€qy the drain hydraulic

conductance [HT].



166 - An evapotranspiratiogonditionwasintroduced in the phreatic aquifer to simulate the outflow from

167 thewater tableEvapotranspiration (ET) is simulated according toZEg.
168 %4 %4 — (Eq.3)

169 Where ETmax indicates thanaximum evapotranspiratigh./T], h the hydraulic head [L]Z the ground
170 level [L], andp [L] the water tabledepth beyond whicEkT is null.

171 2.4.4.Groundwater recharge

172  Gabes Jeffara is mainly recharged by rainfall infiltration in permeable outcrops or by runoff water. The
173 latterwasassessed by referring to the hydrologic study performed at the level of Gabes Jeffara watershed
174 (Vernoux et al. 20103). The rairdall infiltration in permeable outcrops/as deduced from an overall

175 estimation of infiltration capacity according to the geological formationdrandthefield knowledge of

176  hydrogeologistsThe overall rechargerascomputedto an averageof 16.4 MCMy. In the groundwater

177  flow model, this rechargeasdistributed within the watersheds using the water accumulation ratio deduced
178  from the Digital Elevation Model (DEM) (Jarraya Horriche 20}7The runoff recharge in a ¢elvas

179  calculated according to Eq. Bhus, runoff watewasmainly recharged in the watercourse network of each
180 watershed. In addition to the runoff water infiltration, some avese recognizedas highly permeable

181  outcrops favorable for direct rainfall infifition suchasthe areas of Matmatas, El Hami@aenchou and

182  Oudhref

183 YQ —27 (Eq. 4)

184 Where:RW is the total runoff recharge in the watersheffJlLandA(i) the surface accumulation water in
185  a cell within the watershed][which is calculated by GIS using the DEM.

186  2.4.5 NWSAS groundwater inflow

187  Groundwater inflow from the NWSAS occurs through the CI aquifer in the mathern limit which

188 represerd a principal inflowwater source of the Jeffara aquifers. This infldmownastheA Tuni si a
189 o ut Igees hy vertical leakardo the Jeffara aquifers through several faults maingh&@El Hamma

190 Chenchou areas. According to previous studies, this inflow was asseS8skdrits (0SS 2003) and 3.6

191 m¥/s (Besbes et al2005) in 1950. This last study assessed the inflow to ¥<im2000.n the present

192  groundwater flow modeling, variableeads were fixed in theorthwestern limit of the Cl aquifdry

193 referring to head measurements in the Cl near this limit. Head valuesl tzgtgeeen 140 and 155 m in

194 1970 and decreadéo about 6672 m in 2014The same tendency of measured heads was used in the fixed
195 heads limit.

196  2.46. Hydrodynamic parameters

197 TheGabesleffara aquifer has been investigated by nmrasgarchersincel970,which allowed an overall

198 assessment of the hydraulic transmissivity aodage coefficient in many regioasid for some aquifers



199  (Rouatbi 1967t JNESCO 1972Mekrazi 1974; Abid2004a and 2004bPumping tests in many deep wells
200 alsoallowed the measurement of these parameters. Abidi (2GQ4nmarized these studies ambjated
201 theaverageralues that wee usedfor thefirst calibration ofthe mode[(Tabe 1).

202  Whenreferring to the groundwater flow modeliognductedor the whole Jeffara aquifer in Tunisia and
203 Libya (Besbes et al. 2005the calibrated transmissivity approximately4x10® m?/s for the phreatic
204  aquifer and ranges between 1 and Za6/s for the deep aquifer. The storage coefficigascalibrated

205 to 0.15 for the phreatic aquifer and 0.03 for the deep aquifer.

206  Table 1. Average measured transmissivityd storage coefficient

Aquifer Transmissivity (m?/s) Storage Coefficient
NorthernGabes (Sand layer) 10x10° 10°%1 5x104
NorthernGabes (Limestone layer) 30x10°

El HammaChenchou 40x10° 3x1057 2x10*
SouthernGabes 40x10° 3x10%7 102
OgletMerteba 5x10°3 -

Phreatic aquifer 9x102 2x1021 9x10?

207
208 2.5Calibration and validation of the groundwater flow model

209 The modelwasfirst calibrated in steady stafer 1970.During this periodthe pumping ratespring flons
210 and groundwater level®mainedrelatively stableconfirming the quasiequilibrium of the groundwater
211  flow regime. In additionmost of the cdécted data starteduring this period which is helpful for model
212  calibration.The modelwasthen calibrated in transient stdte the period 1974199Q i.e, 10 periods of
213 one year eachdnitial conditiord corresponds to the hydraulic head calibrated dusteady stateThe
214  pumpingflow ratesin wells weredistributed iro the active cells of the shallow and deep aquifére
215 groundwater rechargaas computedin transient stateiccording tothe steady stateecharge and the

216  variation of the average annual rainfall.

217  Calibrationwasperformedirom groundwater levels measured in mtran 200 wells and piezometers and

218 fromthe spring flovs (Jarraya Horriche 2017%imulated piezometric maps and water balaneerealso

219 usedto calibrake performance by referring to previous studi@sS 2003) The calibration parameters are

220 related tahe horizontal transmissivities, teorage coefficienishevertical leakance coefficients between

221 layers the drain and ET parametefGroundwater flow ishighlightedin faults by increasingertical

222 leakanceparameteranddecreasindporizontal transmissiviigss The calibration process manual using the

223 trial-anderror method Hydrodynamic parameters are calibrated during steady state except the storage
224  coefficient in transienstate. The recharge in transient state is calculated by using the calibrated recharge

225 in steady state and tla@nual rainfall.

226  Finally, the model was validatddr the period 19912014 by extending the transient state until 2014.

227  Validation was performed usiraiher groundwater level measurements and spring flow for this period.

228 2.6 Simulation of water demand andgroundwater management scenarios
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The analysis of current and future water consumption was carried out with existingpelptacessingf

satellite imagesandfarmersurveys(Vernouxet al.2017a) Procesedsatellite imagesvere usedo assess

the total areas of the different irrigated areas, the areas actually irrigated and the volumes of watel
corsumed, when thestatawere not enabled

Current water requirementgereestimated at 125 Mhin 2014 (baseline year), of which 82%asfor the
irrigated perimeters for a total irrigated area of more than 14,000 haadgtimultural water requirements
wereestimated at 22 M#in 2014, of which 13 Mrhwasdevoted to domestic use. Water requirements for

the industrial and tourism sectavere low and represeatonly 7% of total requirements.

The second step of the process consisfadentifying the main factors of charg#at could inflence

water needs in the futurend then describing their evolution trends by 2040. Three scenaeies
predefined for the future (Fi@). The first scenario A (trend) is based on the continuation of past trends
(continued urbanization of oases, increase in the area of private irrigated areas, etc.). The second scena
B (pessimistic) assumes an aggravatof past trends relative to scenario A. The third scenario C
(optimistic) assumes that current and future pressures on water resources will be lower, compared t

scenario A.

Future irrigation water needsy 2040are estimated @bestcase scenario @15 MCM/y (scenario C) and
ata worstcase scenario &17 MCM/y (scenario B). Considering the assumptions in the trend scenario,
these needs would be 2BBCM/y in 2040.

Studying the functional levels of oasis ecosystems enableditiefirof the links béween the ecosystems
and the groundwater of the Tunisian Jeffara aquifers fanifitated theproposl of a protocol for
monitoring thaelinks, through a humber of indicators and predefined param@bdedaiem 2016)

Finally, an Integrated WatdResources ManagemgitVRM) assessmenwas carried out, with the main
objective of definingwater demandscenarios combined with scenarios ddcreasedgroundwater
withdrawal, reinforcd groundwater recharge and use of alternative water resqitaesa 2Q7). These
scenariosveretested with the hydrodynamic model to see their impact on groundwater levels and spring

flow rates.

During modelnhg simulationsrainfall and runoffrechargewere maintained constant and equal to the
averagevalue of the transient period (1972D14).The fixed head boundary for the phreatic aquifers

the same afor the steady and transient states. For the NWSABoundaryvariable fixed headwere
consideredby extrapolatinghe tendency of measured heads dgrihe transient state for the simulation
period as a first stegn a second step, variable fixed fluxesre appliedy extrapolating the tendency of
calculated values by the model. All the parametersh as transmissivity, vertical leakance, storage
coefficient, drainage and evapotranspiratiefated parametersvere maintained the samas for the

transient statdnitial condition corresporetito the hydraulic head calculated in 2014.
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3. Results and Discussion
3.1. Model performance assessment

The assessment of the modmlibrationwas first based on the comparison of simulatet
measuredyroundwater levelsThe meansquareerror (MSE) for the steady state calibratiovas

equal to18 m2for the shallow aquifeand 21 mZor the deep aquifer (Fgg7b and7d). The
piezometric mapssimulated by the model confirm the hydrodynamic functioning of the
groundwater and the drainage of the groundwater downstream of the wadis, at the level of th
wetlands and the springBigs. 7aand7 c). The variation othe simulated heads and spring flow

areshown to beclose to the measutevaluesor mostpiezometersind springgFigs. 8 and9).

The water balance computed in steady and transient states that the total inflowwas
approximatelyt.9 nt/sin 1970, shared between rainfall recharge and inflow fronintieecalary
Continental(Cl) (Tab.2). Duringthis period, thevell pumpingratewas 1.9 n¥s and computed
drainage flow mainlyrom springs was 1 ffs. Theremainingoutflow wasthe evapotranspiration
from thewater tablén the wetland areasn 2014, the Cl inflow decreaséo 0.7 n¥/s because of
the decreasén the Clhydraulic heads in theorthwesternboundary limits.Consequetly, a
depletion of the springs arah increase ahe well pumpingrateto 3.9 ni/s were noticed This
situation inducd a decreasén hydraulic heads and evapotranspiration flux from the water table.
At the same timea decreasén wetland areasas observed;omparedo the1970scenarioThe

overall water balance she@aa contribution of 3.2n%s from the groundwater storage.

The modelresultsconfirm thoseof previous studiesespecially thgroundwater inflow from the
Cl aquifet The inflow was computeds3.1 n¥/s and 3.5 rifis in 1950according to OSS (2003)
and Besbes et al. (2005), respectivBly2000,this inflow had decreaséto 1.5 n¥/s and 1.4 rfis

in the same studies.

Table 2 Water balancgesimulated by the model

1970 2014
Parameter Inflow Outflow Inflow Outflow
(m¥/s) (m¥/s) (m¥/s) (m¥/s)
Inflow from CI 2.93 - 0.74 -
Exchange with theea - 0.19 0.00 0.13
Pumpingtotal: - 1.88 - 3.93
Pumping from ballow wells - 0.20 - 0.69
Pumping from dep wells - 1.68 - 3.24
Drainagetotal: - 1.00 - 0.04
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Drainage from wadis - 0.04 - 0.02
Drainage from grings - 0.96 - 0.02
Recharge 1.96 - 1.14 -
Evapotranspiration frorthe water
table - 1.82 - 0.99
Groundwatestorage - - 3.20 -
TOTAL 4.89 4.89 5.09 5.09

3.2 Simulation of groundwater management scenarios

The calibrated modetasused to simulate the impact of groundwater exploitaticgheriuture according

to several management scenarios by referring to the water dentae@Gabes region (Bouzit et al., 2017).
Six scenarios were tested with the modedrathe period 20122040 (Jarraya Horriche 2017; Chaif et al.
2017). For all simulations, fixed heagdaskeptthe same along the coast for the phreatic aquifer. For rainfall
and runoff recharge, constant valwesre consideredn the base of an average falhfor 19702040.
Parameters for evapotranspiration and drainage boundary condidogthe same as those of the transient

State.

For scenario 1, the pumping ratesrekept constant throughout the period. The inflow from the CI (the
Tunisian outletwill be equal to 0.15 s in 2040. The overall water balance deficit will lretioe order

of 2 m¥/s. The groundwater level will be affected by a drawdown ranging between 5 m and 15 m, mainly
near the spring areas of HammaAlso noteal is ashrinkageof the salty wetlandss¢bkhas) following the
decreasén evapotranspiration frorthe water table. For scenario 2, a linear increase in the pumping rates
of all the deep wellg/as consideredyhile keeping their number constant. Thus, the total pumping rthte w
be equal to 5.2 s in 2040. The results of this simulation show thatersalinization could take place
after the higher groundwater level decihand consequentfythe inversion of the hydraulic gradient
occurs mainly innorthernGabes. The ovall areas will be affected dditionaldecreasgingroundwater
levels, drainage and spring fleand evapotranspiration frothewater table, compared to scenario 1. The
water balance deficit will be equal to 3/min 2040 and the drainage flow throhgvadis and springs will

be almost zero. The inflow from the Cl wilecreaséo 0.37 n¥/s in 2040 following the piezometric drops

in El Hamma.

Scenarios 3 and 4 are based on water demand scenarios, as defineddio@nomic analysis (scenarios

A ard Cin Fig. 6) without water resource management measurege sdenarios 5 and 6 are based on the
same water demand scenarios but with water resource management measures (Hamz&ah&017).
management measures tested in scenarios 5 and 6 can be gnoupgeee classes: reducing withdrawals,
enhancing rechargend using alternative water resources, in particular seawater desalination. These
measures have been spatialized according to their nature, the targeted water tableca@amckthed

administrdive delegations.

For scenario 3, the total pumping rates will be equal to 89im2040Qinducinga more critical situation

for the water balance (TaB) andfor groundwater level drawdown (Fi@0g. Therefore, we considered
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scenario 6 with water regrces management measuwsich (i) limit the evolution of irrigated areas, (ii)
redue abstractions by better valorization of pumped water, both by promoting-seielg crops and by
improving the efficiency of distribution networks, (iii) reinforceharge and (iv) use unconventional water
resources (desalinatipfor example). These measures can reduce groundwater abstraction by 2g¢o 3 m
and reach in 2040 the same total pumping rate as in 20142)Talhe results of this simulation show that
thewater balance in 2040 will be similar to that of 2014 #rad thegroundwater levedlrawdownwill be
reduced (Figl0b).

Table 3 Water balancgsimulated by the model in 2040 for scenarios 3 and 6

204071 Scenario 3 204071 Scenario 6
(water demand scenario A| (water demand scenario C
Parameter without water resource with water resource
management measujes management measujes
Inflow Outflow Inflow Outflow
(m3/s) (md/s) (m3/s) (m3/s)
Inflow from CI 0.32 - 0.32 -
Exchange with theea 0.08 0.04 0.003 0.169
Pumpingtotal: - 8.91 - 4.00
Pumping from Ballow wells - 0.876 - 0.08
Pumping from éep wellg - 8.037 - 3.92
Drainagetotal: - 0.002 - 0.02
Drainage from \adis - 0.002 - 0.020
Drainage from grings - 0.000 - 0.006
Recharge 2.47 - 2.47 -
Evapotranspiration frorthe water i
table 0.36 - 0.95
Groundwatestorage 6.45 - 2.83 -
TOTAL 9.32 9.32 5.63 5.63

4. Conclusions

The Gabesleffaraaquifersystem in soutlkern Tunisia, is very important fothe regional water supply.
Increasing water demand, mainly for irrigation, has led to a need for better management of this crucia
resource to prevent groundwater depletion and deteriorating effactsasaltwater intrusiorfirom over
pumping in this coastl region.A groundwater flow model was developed to simulate different scenarios
of water demand ano be used as a tool for groundwater resource controlcareélp in planning further

exploitation of the system, includirigeuse ofnon®mnventional weer resources.

The groundwater flowmodel is basedon a 3D geological modelLasseur and Abbes 2014nd
approximately50 years of monitoring data: withdrawals, piezometric levaslspring water flow. The

model was calibrated in steady state with reference to the piezometric measurements measured in 197
The piezometric maps plotted by the model confirm the hydrodynamic functioning of the groundwater and
the drainage of the groundwater downstream efwadis, at the level of the wetlands and springs. The

model was calibrated in transient sthiethe period 19722014, usingecords frommore than 200 wells



344
345

346
347
348
349
350
351
352
353

354
355
356

357

358
359
360

361
362
363

364
365

366
367

368
369

370
371
372

373
374
375
376

377
378

and piezometersThe model confirms the importance thle groundwater inflow from the @htinenta
Intercalary(Besbes et al. 2005) and dscline (from 3 rfis in 1970 to 0.75 #'s in 2014).

The tested scenarios show that the dedfigeoundwatetevels of theleffaraaquifers is likely to continue,
with theinduced effects of reded exploitableresources, deterioed groundwater quality and increake
operating costs. Even with an unrealistic assumption of maintaining water withdrawals at théave014
(Scenario 1), water table decline will continue, under the double effedthafrawalsexceeding aquifer
recharge andhe inexorable decline othe Continental Intercaly water suppl. Neverthelessthe
simultaneous implementation of management measutids the aim of improvinghe use of existing
resourcesreinforcing recharge andringing new resourcescan however enable avery significant

redudion inthe decline ofjroundwatefevels.
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