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Abstract: The increasing aridity in the Arab region since the mid-Holocene climate change has resulted in
human settlements relying heavily on the available groundwater resources. The exponential population growth
and rapid urbanization in the Arabian Peninsula since the mid-twentieth ceatupuhfurther pressure on

the available deep seated groundwater resources. The need of the hour is tdhetigramater management
practices including artificial groundwater recharge (AGR) to augment the available groundwater reserves.
Identifying potential groundwater recharge zones is a pre-requisite for any artificiatgegbroject. The
present study deals with the identification of the potential AGR sites in north western Saudi Arabiati@

layers of parameters including slope, soil texture, vadose zone thickness, groundwater quality (Tig& and

of water bearing formation were integrated in a GIS environment usingdvolmgic to select the best suitable

sites. The results showed that 17.90 percent of the total investigated area is suitable for AGR. Iraeodtér to

the use of agricultural and built up areas for AGR the identified zones were integrateceviéthdtluse/land

cover map. This reduced the potential AGR area to 14.24 percent. Ghotogigally the wadi beds were found

to be the most suitable for recharge. On the basis of the potential AGR zones priuxtiret available recharge

water supply (rain water, desalinated sea water and treated waste water) the potential zones were further
classified into Category A (high priority) and Category B (low priority).
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INTRODUCTION to 2 percent in the dry regions as opposed to 30 to 50
percent in temperate humid climates [6]. The low rainfall

Over exploitation and mismanagement of the available and high evaporaties masult in a practically
freshwater resources coupled with the advancement in the negligible recharge from precipitattbarea [7].
field of drilling technologies and availability of cheap The ever increasing populatianh is linked with
power have led to condition where aquifers are now being the industeatlogpment, urbanization and food
exploited at rates far in excess of natural recharge. This security, have direcilyutedtto the increasing water
situation is particularly true in the arid and semi-arid areas demands in theegi@b[8]. In the absence of plentiful
of the world. Over-exploitation of the available water surface water supplies, gratandresources form the
resources have already led to rapidly declining single most important source of fresh wglies saop
groundwater levels, saline water intrusions, land these regions [9, 10, 11]. The ratio ciuha@wgter
subsidence and droughts across many regions on the footprint to the treagfiifer which is the means of
planet [1, 2, 3 ]. Global water scarcity studies carried out  assessing the gateindiress in an area is one of the
by different workers indicated that approximately two largest for Saudi Arabia [12]. AccomlitigetSaudi
thirds of the world population will be affected by water Arabia MoWE 203#rgports, approximately 21.1 billion
scarcity in the next few decades [4, 5]. cubic meters of groundwater were extracted in the

The normal groundwater recharge from precipitation kingdom during the year 201 Zbfagiproximately 81
is dependent on the climatic conditions (including the percent of the water wag aggitulture. The situation
amount and intensity of precipitation), geology and land gets more alarming consttierfagt that most of these
use pattern of the area. Natural recharge varies between 0 water resources are derived fiomrdéhewable
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groundwater reserves. At the present abstraction rates
the reserves would be depleted in about 70 years.

Water resource management plans require effective
management of aquifer recharge [14] so as to reduce the
gap between water availability and water demand. This

has re-established the context and relevance of centuries

old practices of aquifer replenishment through artificial
recharge and is gaining significance all over the world
[15, 16, 17, 18]. Artificial recharge of groundwater is an
effective technique of augmenting the available
groundwater resources, thus avoiding the water (from
rain, desalination or treated waste water) to be lost to the
sea or by evaporation [19].

Artificial recharge techniques varies from direct
surface/subsurface recharge to indirect recharge
techniques, however before selecting a given technique
it is necessary to identify the zones which will be most
suitable for artificial recharge. GIS is one very useful
technique where layered information from different
thematic maps can be integrated quickly and can be used
for identifying the potential zones [20, 21, 22, 23, 24, 25].

The objective of the present study was to integrate
the thematic maps of the various factors such as slope
(degree), soil texture, depth of vadose zone (m), type of
water bearing formation, ambient groundwater qualitys
(Total Dissolved Solids) and land use/land cover of the
study area in a GIS environment using Boolean logic to
determine the zones most suitable for AGR.

Study Area Description: The study area is located
between latitudes 24° to 32°N and longitude 36° to 44°E
and covers the Saq Aquifer (Fig. 1) which is one of thes
major groundwater sources located in  thee
northwestern part of the Kingdom of Saudi Arabia,
covering 375, 000 kin [26].

Geology and Hydrogeological Framework: The Arabian
Peninsula can be divided into two main geologic units; a
western part comprising of Pre Cambrian basement rocks
known as the Arabian shield and an eastern part
consisting of gradually thickening Phanerozic
sedimentary sequence from west to east known as the
Arabian Platform [27, 28]. The Saq Sandstone is found at

the base of the sedimentary sequence and crops out in a

strip unconformably overlying the basement and
following the S-shape of the Arabian Shield (Fig. 1).
Moving away from the contact with the basement towards
the east, the overlying formations appear one after the
other in chronological order [29]. The Cambro-Ordovician
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Saq formation comprising mainly of medium to coarse
sandstones and ranging in tirmknd89 meters to
928 meters forms the major aquifernsyteimein
Saudi Arabia [30].
The Saq aquifer receives a recpgexhately
2.5mm/yeantcrdpalong the Eastern margin of the
Arabian shield. The rest of the aquifer isnrfinadcco
state overlain by progregsiveier formations except
for a small area to the NamsttoEBuraidah in Qassim.
At the scale of the entire é&ageoundwater recharge
most probably does not exceed 5 mm/year. The total
volume of groundwatactalish the Saq area in 2005

(8, 727 Mm3/year) equals a water column of 24 mm

covering the entire Saq area (~3KM20rhis is 5 to 10
times higher than the recharge occurring during the same
period and is therefore riodtdasti?6]. There are

seven aquifers or aquifer gralfrem bottom to top

they include:

Sag Sandstone

Kahfah sandstone

Quwarah - Sarah sandstones

Sharawra and Tawil sandstones

Jubah sandstone

Khuff limestone

Secondary (Mesozoic) -Tertiary - Quaternary (STQ)
sandstone and limestone

Two layers act regionally as aquitards but they
contain units that are locally exploited as aquifer:

Jauf limestone and sandstone;
Unayzah and Berwath sandstones.

Topography and Climate: The highest elevations are
encountered
boundary of the study area from the border with Jordan

in the mountains along the western

having elevationsdéaseaf 1800 meters. The terrains
along the westerarpainde Saq Basin are bordered
by valleys with flat topography havaigetearound

800 m. More than 85 percent of tihe atea is
characterized by a flat topography gently dipping
eastward from elevegar 900 m in the west to below
400 m along the eastern boundary.

The climate in the north and northw8atedi

Arabia where the Saq Aquifer is timnadb

groundwater gesguarid with low annual rainfall.
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Fig. 1: Map showing the study area location and geology
Nevertheless some regional differences exist, with the Boolean logical reasosihgdnis probably the

lowest mean annual rainfall (less than 30 mm/year) beingnost common and simplest type of GIS model used for
encountered in the western part of the area (Tabuk regiotipematic layers integration. George Boole, 1854 [31]
and the highest rainfall in the southeastern part (17ntroduced this method for the first time with a binary

mm/year). With such a low rainfall and a potential code classification system i.e. zero (unsatisfactory) and
evapotranspiration of nearly 2, 400 mm/year, groundwate@ne (satisfactory). Boolean logic has its own operators
recharge can only occur where concentration of runoffvhich are AND, OR, NOT and XOR. Since the present
waters coincides with favorable infiltration characteristics'®S€arch deals with integration of different thematic layers
of the surface layers. The temperature ranges from 43°C {§érefore AND Boolean operator was used. First time

48° C during daytime and 32-36° C during night time in300l€an operation was used to prepare geological
summer. In winter, it sometime falls to 0°C. thematic maps by Robinov, 1989 [32]. According to

Bonham-Carter, 1994 [33] Boolean modelling technique
involves the logical combination of binary maps resulting
from the application of conditional operators. Boolean
helps to logically integrate various layers of evidence to

There are numerous factors that may influence the . L . .
Support an assumption, or proposition. This technique

AGR such as, geology, f:hmate, morphology, floods, Iandalso holds some drawbacks such as failure to consider
use and socio-economic behaviors [20]. In the Presefome cases including priority of the factors, internal

study six factors including slope, soil texture, vadose Z0N@hanges in each parameter, error in defining the
thickness, ambient groundwater quality (TDS), type Ofconceptual model and the layers-error [34, 35].

water bearing formation and land use of the study area

were used to define the most appropriate sites for AGR. RESULTSAND DISCUSSION

To achieve the desired results, multiple thematic maps

were prepared from available data sets from previous  Six factors were considered for identifying the
studies, remote-sensing images and field investigationgotential artificial recharge zones in the study area based
Thematic layers for the above mentioned parameters weken Boolean logic. The details of the factors and the
generated, classified and combined in a GIS environmerduitable and unsuitable values for each of the factors
by means of Boolean logic. have been discussed in the following sections.

MATERIALSAND METHODS
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Fig. 2: Slope map of the study area

Slope: Slope is one of the major factors to discriminate the Permeability greatly depesd# characteristics, land
surface morphology (Flat lands & High lands) of the area. cover and slope. tbithgs such as land cover and
It directly governs surface water runoff, erosion, material slope being the same soil petyndgyiidinds on the soil
transport and permeability. Water infiltration capacity is  texture and soil stuctwil permeability in the
a function of the slope i.e maximum where the slope is unsaturated zone is depentiensa@htexture and is
minimum and vice versa [36]. Most of the study area  one of the most crucial factors governindywateun
consists of flat land and sand dunes. Digital Elevation recharge [37]. Water Atgdbf8abia, 1984 [38] was
Model (DEM) with 90m resolution acquired from SRTM the source for obtaining the soil texture magoilhe
was used to generate slope map using ArcGIS 10.2. On texture map was divided intasfies based on soil
the slope map, slopes are classified into five broad thickness, soil type, soil use, availebtapacity and
classes. Fig. 2 shows the slope map of the study area. hydraulic conductivity (FBasd8y on this map
For the Boolean calculation areas having a slope of less loamy/rocky and sandy/clay typbeas slassified as
than 2 degrees was considered suitable for artificial unsuitable for groundwater recharge whereas loamy
recharge and areas having slope in excess of 2 degrees loamy/sandy and sandy soil fiedeaslasstable.
was considered unsuitable.

Vadose Zone Thickness/Depth to Water Table: The
Soil Texture: Another important factor controlling piezometric map was prepared from the water level
recharge implementation is the surface soil permeability. measurements from 100 wellsudytteeest (Fig. 4a).
Areas of low relief (flat lands) coupled with low  The thickness of the vadose zone whicle Botte
permeability will result in the ponding of water and between the surface tielevand the piezometric
eventually will be lost due to evaporation as a result of elevation was ¢attwad is shown in Fig. 4b. The
the extremely arid conditions prevailing in the region. cross-section along AA’ and BB’ showvesidhion in
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Fig. 4: 4a Vadose zone thickness map 4b Cross- section showing the thicknetsefamme along AA' and BB’
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the vadose zone thickness in the study area. Recharge ease of integration of the TDS atherwidihameters
rates decreases with the increasing depth to water table using Boolean lofi&tdatd were transformed to log
(greater thickness of vadose zone) and the recharge water base 2.
takes a longer time to reach the water table [39]. A shallow
vadose zone without intercalated impermeable layers i$ype of Water Bearing Formation: The characteristic of
ideal for groundwater recharge as it reduces the travel water bearing formation whechainged water will be
time for the percolating recharge water to reach the water stored is an important factocdwosidered in any
table [6]. However some studies have shown that a  artificial recharge feasibility studiethgsgeological
greater vadose zone thickness provides sufficient storage formation does motehamgh permeability and
space and allows the water to move laterally rather than storativitymay lead to ineffective groundwater
vertically after reaching the water table, [40, 41]. A shallow rechawssi@ering this factor the entire study area was
vadose zone if considered for AGR may also result in classified as aquifer, aquitard asiddeguyiig. 6)
water logged conditions [20]. To avoid water logged based on litholog information alfritieel wells from
conditions in areas of shallow water table and at the same earlier studies. The areashyovleeedquifer were
time to reduce the travel time of percolating water to join considered as suitable wherem®abecovered by
the water table at greater depths a thickness of vadose aquiclude and aquitard were considitable dos
zone between 20 meters to 140 meters was considered groundwater recharge.
suitable. Areas having vadose zone thickness of less than
20 meters and in excess of 140 meters were consideréchnd Use/Land Cover: To address the human
unsuitable. intervention related to AGR research, a separate parameter
called Land Use/Land Cover (LU/LC) was investigated.
Groundwater Qualty (TDS): Rainfall is normally Agricultural developments can lead to increased
considered as the major source of recharge for groundwater recharge [44]. Changes in lDUHlt€r ca
groundwater. This water percolates all the way through the recharge rates which caedative nmpacts on
surface soils to the subsurface rocks and finally makes it ~ groundwater quality; especialiiyl iand semi-arid
way to the aquifer. Due to the interaction of the regions [46]. LU/LC map for the study arpeewased
percolating water with the earth material, the water quality from the LandsHitesateagery. Subsequently it was
is likely to change as the water is capable of dissolving divided innt@jbr classes based on the NDVI values
many minerals present in the soils and rocks through (Fig. 7). To avoid the paeificial recharge zones
which it passes. Therefore, the quality of the groundwater from falling withinudtgrigl and urban areas and to
is an essential parameter to be considered for AGR and have a further negative impachdwagevuquality,
was investigated alongside other parameters. To quantify  these zones were classifieguitable. The areas
the nature of groundwater the total dissolved solids occupied by rocky outtrapsn rocks) were also
(TDS) was considered as basic criteria for quality designated as unsuitahde d@@es and barren soils
assessment. TDS distribution maps were prepared from were designated as suitable zones.

TDS measurements taken in 295 wells in the study area. All the above parameters’ themeticwhrge
Fig. 5 shows the location of all the sampled wells and the integrated to geherfitaltpotential zones of artificial
TDS distribution map for the study area. groundwater recharge. Feasibility of thessitk&was

Studies have shown that artificial recharge can further analyzed based on the availalgiéitypypivater
help in improvement of the ambient groundwater quality ~ source. The possitedesources for AGR in the current
[42, 43]. However in the present study, keeping in mind study were identified asl| rettesms, desalination
the limited availability of recharge water (either from rains, plantssawerage treatment plants.
desalination or waste water) the focus was more on
replenishing the groundwater resources rather thaglassificationand Integrationof ThematicL ayersUsing
improving the ambient groundwater quality. To strike aBoolean Logic: There are different methods for logical
balance between the ambient groundwater quality and reasoning, classification and intedratimmatic
aquifer replenishment only those areas showing TDS layers. In current reseateanBlogic is adopted to
concentrations of less than 600 mg/l were designated reclassify the integrated inmaps suitable and
as suitable for artificial recharge whexe those in unsuitable classes for AGR. Zero and unity value was
excess of 600 mg/l were classified as unsuitable. For assigned to unsuitaldeitablé areas, respectively.
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Fig. 5: Groundwater Quality (TDS distribution map) with well location map
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Fig. 6: Map showing the type of water bearing formation in the study area
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Table 1: Thematic layers with their classes used in Boolean logic
Thematic layers Classes Ranges Boolean binary weight
Slope (degree) Suitable 0-2 1
Unsuitable More than 2 0
Soil Texture Suitable Loamy Loamy / Sandy Sandy 1
Unsuitable Loamy / Rocky Sandy / Clay 0
Vadose Zone thickness (m) Suitable 20 - 140 1
Unsuitable 0-20>140 0
Ambient groundwater quality, TDS(mg/l) Suitable Less than 60Q (log transformed value 9.23) 1
Unsuitable More than 600 (log2 transformed value 9.23) 0
Type of water bearing formation Suitable Aquifer 1
Unsuitable Aquiclude Aquitard 0
Land use/Land cover Suitable Sand dune Barren soil 1
Unsuitable Urban Barren rocks Agriculture 0

The thematic layers are classified and their binary logical parameters by application aBuiakery logic (O for
map was developed using Boolean logic in GIS unsuitable zones and lt&nesziones) and operator
environment (Table 1). Slope (degree), soil texture, vadose  was used toeaththiematic layers to render the final
zone thickness, ambient groundwater quality (TDS) and potential AGR sites.

type of water bearing formation were used as the basic

input for Boolean operations. The land use/land coveBoolean Result Discussion: Thematic layers given in
map was used as a filter map to avoid urban and the Table 1 were coroBingdthe AND operator
agricultural area. After producing layers of individual  and finally a map of potential fmes\GR obtained.
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Fig. 8: AGR suitable sites without land use/land cover layer obtained by using AND Bopkzator
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Initially, 5 thematic layers were combined without the  total 17.90% area suitable for3AG&%6 is restricted by
LU/LC layer (Fig. 8) which resulted in the suitability of  the LU/LC (Fig. 10). W&o of the geomorphologic units
17.90 percent of the total area under study as potential in the study areal(Figasl superimposed on the
zones for AGR, (Fig. 10). Next the LU/LC thematic layer identified potential AGR zone (witlbonsidering
was integrated with the other 5 layers and the identified LU/LC). The graphicedeapation (Fig. 12) shows that
potential zones for AGR is given in Fig. 9. Due to addition the wadi bedspy the maximum share of AGR
of land use/land cover filter the final AGR suitable area potential sites followed by tHartdghlow lands and
decreased to 14.24%. Therefore, it is concluded that of the sand dunes.
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Fig. 13: AGR sites' selection based on the proximity analysis

Finally a proximity analysis was carried out based on In the present study detection of siteg duitabl
the proximity of the identified potential AGR zone effective groundwater rgehaas carried out for North
(considering LU/LC) to the drainage network, desalination western part Safidi Arabia, a region which
plants and sewage treatment plants. Base on this map the hydrogeologically compris8agftingifer. Thematic
AGR potential sites were further classified into categories maps of the varramsgters such as slope, soil texture,
“A” & “B”. Category “A” refers to first priority sites for vadose zone thickness, ambignoundwater quality
artificial recharge based on their proximity to available (TDS) and type of waténdpémmation were integrated
water sources (Stream network, Desalination & Sewage in GIS using Boolean logic to classify theudtaaeas s
Plants), while category “B” refers to second priority sites or unsuitable for AGR.

for artificial recharge (Fig. 13). The innovation in the present study was to integrate
the land use pattern with the other parameters so as to
CONCLUSION filter out the agricultural and urban areas in the final

consideration of the suitable sites. The study reveals that
Artificial groundwater recharge is considered as one 17.90 percent of the total study area was swuitable fo

of the simplest ways of reducing the water demand and recharge without taking in considieeathind use/land
supply gap as it results in augmenting the available cover pattern. However integration ol theelén the
groundwater resources and is practiced in many regions final result rede@edas suitable for recharge to 14.24
across the world. In arid countries like Saudi Arabia where percekingramto account the geomorphic units it was
there is very limited availability of surface water and found that the wadi beds e smitable for AGR
heavy dependence on groundwater AGR becomes even whereas the sand dunes have the minitialfiorpoten
more important, however the success of any AGR project  AGR. Since the rainfall in the region isnited li
depends upon the precise selection of the AGR sites. artificial rechagreuoidwater cannot be restricted
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only to rainwater recharge. Other sources such as treated

waste water and excess desalinated sea water are also

considered as the potential sources of recharging
groundwater. This will not only help in replenishing the
groundwater reserves but also prevent evaporation losses
if they otherwise they are discharged in the open valleys.
The final output map of the suitable recharge sites were
further categorized into Priority A and Priority B areas
depending on the proximity of the recharge sites to stream
networks, sewage treatment plants and desalination
plants. The type of recharge methodology to be adopted
is beyond the scope of this work and requires site specific
investigations on the identified potential AGR zones in
this study.

10.

ACKNOWLEDGMENTS

This work is financially supported by the National
Plan for Science, Technology and Innovation (NPST)
program, King Saud University, Saudi Arabia (Project No.
12-WAT 2453-02).

REFERENCES
1. Falkenmark, M. and J. Lundqvist, 1997.
Comprehensive assessment of the freshwater

resources of the world. World freshwater problems--
call for a new realism. Stockholm Environment
Institute, viii, pp: 53.

2. Tsakiris, G., 2004. Meteorological Drought
Assessment. Paper prepared for the needs of the
European Research Program MEDROPLAN
(Mediterranean  Drought  Preparedness  and
Mitigation Planning), Zaragoza, Spain.

3. Qi,S.Z. and F. Luo, 2006. Hydrological indicators of
desertification in the Heihe River Basin of arid
northwest China. Journal of Human Environment
35(6): 319-321.

4. Alcamo, J., T. Henrichs and T. Rosch, 2000. World
Water in 2025: Global Modeling and Scenario
Analysis, in: Rijsberman (ed), World Water Scenarios
Analyses, (World Water Council, Marseille).

5. Wallace, J.S. and P.J. Gregory, 2002. Water resources
and their use in food production. Aquatic Sciences,
64: 363-375.

6. Bouwer, H., 2002. Artificial recharge of groundwater:
hydrogeology and engineering. Hydrogeology
Journal, 10: 121-142.

142

7. Qin, D., Y. Qian, . Wiang, C. Li and Z. Zhao,
2011. Assessing impact of issigiEio on
groundwater recharge and quality in
environment using CFCs, tritidrstable isotopes,
in the Zhangye Basin, NorthwegboQimahof
Hydrology, 405: 194-208.
8. Khouri, J., 2003. Sistadevelopment and
management of water resdurtte Arab region.
Developments in Water Science, 80: 199-2
9. Scanlon, B.R., K.EE. Keese, A.L. FlirintL.E. F
C.B. Gaye, W.M. Edmunds and I. Simmers, 2006.
Global synthesis of wgrindrecharge in
semi-arid and arid regigdsolétical Processes,
20: 3335-3370.
Zaidi, F.K. and O.M.K. Kassem, 2012. Use of
electrical resistivity tomography in delineating zones
of groundwater potential in arid regions: a case study
from Diriyah region of Barabia. Arabian Journal
of Geosciences, 5: 327-333.
11. Kolsi, S.H., S. Bourijakhicha and H.B. Dhia,
2013. Implementation and evaluation of multivariate
analysis for groundwater hydrochemistry assessment
in arid environments: a case study of Hajeb Elyoun-
Jelma, Central Tunisia. Environmental Earth Sciences,
pp: 1-10.
12. Gleeson T., Y. Wada, M.F. Bierkens and L.P. Van
Beek, 2012. Water balance ohglafek revealed
by groundwater footprint. Nature, 488: 197-200.

arid

13. MoWE, 2014. National Water Strategy: To Supp

and Protect the Kingdom’s Most PreciousalNatur
Resource, Ministry of Water and Electricity,
Kingdom of Saudi Arabia, Unpublished report.
14. Gale, ., 2005. Strategies for Managed Aquifer
Recharge (MAR) in semi-arid areas. UNESZO
http://www.iah.org/recharge.

15. Al-Assa’d, T.A. and F.A. AbdR04p. Artificial

groundwater recharge to a semi-arid basin: case
study of Mujib aquifer, Jordan. Environmental Earth
Sciences, 60: 845-859.

16. Sargaonkar, A.P., B. Rathi and A. BAilk, 2

Identifying potesitie for artificial groundwater
recharge in sub-watershed of River Kamkén
Environmental Earth Scied€99-6208.

17. Rahimi, S., M.S. RoodposiRifandbbaspour,

2014. Using combined AHP—genetic algorithm in
artificial groundwateharge site selection of Gareh
Bygone Plain, Iran. Environmental Earth Sciences,

72:1979-1992.



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

7" International Conference on Water Resources and Arid Environments (ICWRAE 7): 131-144

Massuel, S., J. Perrin, C. Mascre, W. Mohamed,
A. Boisson and S. Ahmed, 2014. Managed aquifer
recharge in South India: What to expect from small
percolation tanks in hard rock? Journal of Hydrology,
512: 157-167.

Bouri, S. and H.B. Dhia, 2010. A thirty-year artificial
recharge experiment in a coastal aquifer in an arid
zone: the Teboulba aquifer system (Tunisian Sahel).
Comptes Rendus Geoscience, 342: 60-74.
Ghayoumian, J., B. Ghermezcheshmeh, S. Feiznia and
A.A. Noroozi, 2005. Integrating GIS and DSS for
identification of suitable areas for artificial recharge,
case study Meimeh Basin, Isfahan, Iran.
Environmental Geology, 47: 493-500.

Al Saud, M., 2010. Mapping potential areas for
groundwater storage in Wadi Aurnah Basin, western
Arabian Peninsula, using remote sensing and
geographic  information  system  techniques.
Hydrogeology Journal, 18: 1481-1495.

Chenini, 1., A.B. Mammou and M. El May, 2010.
Groundwater recharge zone mapping using GIS-
based multi-criteria analysis: a case study in Central
Tunisia (Maknassy Basin). Water Resources
Management, 24: 921-939

Machiwal, D., M.K. Jha and B.C. Mal, 2011.
Assessment of groundwater potential in a semi-arid
region of India using remote sensing, GIS and
MCDM techniques. Water Resources Management,
25:1359-1386.

Malekmohammadi, B., M.R. Mehrian and H.R. Jafari,
2012. Site selection for managed aquifer recharge
using fuzzy rules: integrating geographical
information system (GIS) tools and multi-criteria
decision making. Hydrogeology J., 20: 1393-1405.
Hammouri, N., H. Al-Amoush, M. Al-Raggad and
S. Harahsheh, 2013. Groundwater recharge zones
mapping using GIS: a case study in Southern part of

Jordan Valley, Jordan. Arabian Journal of
Geosciences, 7: 2815-2829.
MoWE, 2008. Investigations for updating the

groundwater mathematical models of the Saq and
overlying aquifers. Unpublished report on file,
Ministry of Water and Electricity, Kingdom of Saudi
Arabia, Ministry of Water and Electricity, Kingdom
of Saudi Arabia.

Seber, D. and B.J. Mitchell, 1992. Attenuation of
surface waves across the Arabian Peninsula.
Tectonophysics, 204: 137-150.

143

35. MahdaviJ.AS.H. Mahdavi,

28. Rodgers, A., W. Walter, R. Mellors, A. Al-Amri and
Y. Zhang, 1999. Lithospheric stnfdtue Arabian
shield and platform from completetegaveform
modeling and surface wave grouptiegloc

Geophysical Journal International, 138: 871-878.
29. Powers, R.W., L.fmifea, C.D. Redmond and

E.L. Elberg, 1966. Sedimentary Geofmydof
Arabia. US GalBgivey Professional Paper 560-
D. US Government Printing Office.
30. AlsharhanZASRizk, A.E.M. Nairn, D.W.
Bakhit and S.A. Alhajari, 2001. &hdptAquifer
and aquiclude systems, In Hydgpgeblan Arid
Region: The Arabian Gulf and Adjoining Areas,
edited by A.S. Alsharhan, Z.A. Rizk, A.E.M. Nairn,
D.W. Bakhit and S.A. Alhajari, Elseigec8 B.V.,
Amsterdam, Pages 79-99, ISBN 972284450
31. George Boole, 1854 eAtidation of the Laws of
Thought on Which are Founded the Mathematical
Theories of Logic and Probabilitiexmiflan.
Reprinted with corrections, Dover Publicatens, N
York, NY, 1958. (reissued by dgenbriiversity
Press, 2009; ISBN 978-1-108-00153-3).

32. Robinov, C.J., 1989. Principles ahthgfie use of
digital geographic information systems. In: W.J.
Ripple, ed. Fundamentals of geogirdphication

systems compendium. Bethesda, MD:ammeric
Society f or Photogrammetry andeR#ameing,
pp: 61-80.

33. Bonham-Carter, G., 1994. Geographic information

systems for geossientisbdelling with GIS
(No. 13). Elsevier.

34. Alimohammadi, S.H., 2006. Locating of urban parks

using GIS, case study Isfahan, Iran. Thegi}, (MS
Isfahan University of Technology.

R. Nouri and
M.R. Emamzadei, 2011. Applidatchgitad
techniques to identify aqififdal recharge sites

in GIS environment. Internatiomadal®f Digital

Earth, 6: 589-609.

36. Daher, W., S. Pistknejpers, M. Bakalowicz and

W. Najem, 2011. Karst and lamédidiarge:
Theoretical and practical problems: A prelimina
approach to artificial rechagesament. Journal of
Hydrology, 408(3): 189-202.

37. Jang, C.S., S.K. Chen and Y.M. Kuo, 2013. Applying

indicator-based  geostatistical roaapps  to
determine potential zones of groundwater recharge
based on borehole data. Catena, 101: 178-187.



38.

39.

40.

41.

42.

7" International Conference on Water Resources and Arid Environments (ICWRAE 7): 131-144

Water Atlas of Saudi Arabia, 1984. Ministry of
Agriculture and Water in cooperation with the Saudi
Arabian-United States Joint Commission on
Economic Cooperation, Ministry of Agriculture and
Water, pp: 112

Healy, R.W., 2010. Estimating groundwater recharge
(Vol. 237). Cambridge: Cambridge University Press.
ISBN 9780521863964.

Flint, A.L. and K.M. Ellett, 2004. The role of the
unsaturated zone in artificial recharge at San
Gorgonio Pass, California. Vadose Zone Journal,
3:763-774.

Izbicki, J.A., A.L. Flint and C.L. Stamos, 2008.
Artificial recharge through a thick, heterogeneous
unsaturated zone. Ground Water, 46: 475-488.
Szucs, P., T. Madarasz and F. Civan, 2009.
Remediating over-produced and contaminated
aquifers by artificial recharge from surface waters.
Environmental Modeling & Assessment, 14: 511-520.

144

43. Andrade, R., 2012. Integradfugeophysical,
hydrological and geographic itiformsystem
(GIS) methods in enhancing the groemguadity
in a fluoride-endemic terraidtffa Pradesh, India).
Hydrogeology Journal, 20: 1589-1597.
44. Allison, G.B., P.G. Cook, S.R. Barnett, G.R. Walker,
I.D. Jolly and M.W. Hughes, 1990. Land clearance
and river salinisation in the western Murray Basin,
Australia. Journal of Hydrolb@9; 1-20.
45. Walvoord, M.A., F.M. Phillips, BbAesBrom,
R.D. Evans, P.C. ldartddilb. Newman and
R.G. Striegl, 2003. A reservoir of nitrate beneath
desert soils. Science, 302: 1021-1024.
46. Scanlon, B.R., R.C.y,RE&eA. Stonestrom,
D.E. Prudic and K.F. Dennehying@4. of land
use and land cover change on groundwater recharge
and quality in the southwestern US. Global Change
Biology, 11: 1577-1593.



