Desert
Online at http://desert.ut.ac.ir

Desert 232 (2018)255264

Saltwaterintrusionvulnerability assesmentusing AHP-GALDIT
modelin Kasharplain aquifer ascritical aquifer in asemtarid
region

M. Mirzavand, H. Ghasemieh, S.J.Sadatinejaj R. Baghefi 1.D. Clark

@ Dept. of, Natural Resources and Earth Sciences, University of Kashan, Kashan, Iran
® Dept. of New Sciences and Technologies, Faculty of Renewable Energies and Environment, University diehiesmnan,
Iran
¢ Dept. d Earth Sciences, Shahrood University of Technology, Shahrood, Iran
94 Dept of Earth andEnvironmentalSciences AdvancedResearciComplex(ARC), University of Ottawa, Ottawa, Canada

Received: 22 November 2017; Received in revised form: 26 2pti8; Accepted: 14 July 2018

Abstract

Owing to population growth and water demand, coastal aquifers all over the world dneuoveed, resulting ir
serious probl ems such as sal twater intrusion.
vulnerability and finding areas thi saltwater intrusion potential are vital for the better management of aquife
this study, AHPGALDIT was applied to saltwater intrusion vulnerability assessment in the Kashan plain. Tht
model determines the weight of each indicator in the GALBIddel. The most important indicators of the At
model are distance from shore/high tide, groundwater head, groundwater system hydraulic conductivity, ir
present status of saltwater intrusion, saturated media depth, and groundwater occilitrenéelP-GALDIT
distribution map indicates four different rating areas in the Kashan plain, including: more than 10, 7.5 to 5,
and less than 2.5, which denote high, average, low, and very low vulnerability, which correspond to appro
16.16, 25.5121.26, and 36.05% of the entire area, respectively. The results reveal that the northeastern p:
inland coastal aquifer is currently undergoing saltwater intrusion. But, it is not clear whether the source of s
saltwater intrusion fromh h e fi s a | tmind prokessis, or atlpecsources. This study proves that theaSéd
AHP-GALDIT model is suitable to determingulnerable sites with high accuracy by using the set of indice
affectingthe vulnerability assessment.

Keywords:Inland coastal aquifer; Saltwater intrusion; Vulnerability map; ABWLDIT method

1. Introduction

Groundwater constitutes thdresh water
available for domestic, industrial and
agricultural use (Zehtabian et al, 2013
Mirzavand and Ghazavi, 201.5A wide variety
of materials have been identified as pollutants in
underground waterThe salinization of water
resources is one of the most prominent causes of
groundwater quality degradation, particularly in
arid andsemtarid regions which rendes them
useless fordrinking, irrigation and industrial
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purposes Richter and Kleitler 1993; Fetter,
1999; Vengosh 2005 Kheradpishehet al,
2014, 201% The most common salinity
process, especially in coastal aquifers, is
saltwater intrusion The appropriate way to
prevent thegroundwateipollution is to identify
the vulnerable areas of the aquif@éviirzavand
and Ghazavi, 2015). Groundwater system
vulnerability isthe appetencef contaminants to
stretch on a certain level in aquifels once
introdueed at a specific site overhead the
uppermost groundwater systéiimasri, 2008).
Many techniques have beenintroduced to
investigatethe vulnerability ofa groundwater
system and they can be divided into two
categories the first category includes
overlay/index techniques, processhased
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techniguesand numericaltechniqueswhile the
second consist of only processhased
techniques In these methods, in order to
forecast contaminant transportsimulaion
techniquesare neededhowever the datathat
thesetechniquesequireis not easilyobtainable
however, and must thube predicted using
indirect ways Numerical techniques use
statistics tadefinerelationsbetween thepecific
variables and the actual occurrence of
contaminantdn the aquifer, however they are
concerned with specific ares and not
appropriateor transfer tootherarea (Tesoriero
et al, 1998; Babiker et al, 2005) In the
overlay/index method, indicators that control
the contaminantdlow from the eartté surface
to groundwatennd are mixed with one another
This techniqueis often cited asthe desired
methodsincethe neededinformationis readily
availableeven inlargeareas which makes it an
appropriate technique in order toevaluate
groundwater vulnerabilityon a regional scale
(Jawed et al, 2012). The oerlay/index
techniques consist of DRASTIC, EPIK,
SINTACS and GOD whichvereintroduced by
Aller et al, (1987) Doerfliger et al, (1999),
Vrba and Zaporoze¢1994), and Fostgf1987)
respectively But, one of the new methods
among the overlay/index techniquesthat
assesss the vulnerability of groundwater to
saltwater intrusioms the GALDIT method.This
model evaluatesthe rate of pollution and
saltwater intrusionfrom the sea to coastal
groundwater (Chachadi and Lobo-Ferreira
2001),andis used by many researchemround
the world for important groundwater systems,
such aghe Monte Gordogroundwater systernm
Portugal Greek coastal aquife(Chachadiand
Lobo-Ferreira 2001; Lobo Ferreirat al, 2005
Pedreiraet al, 2019, India (Kallioras et al,
2011, Kanani et al, 2017, Kapas Island in
Malaysia(Kuraet al, 2015), Finland (Luomat
al., 2017), the United State of America
(Tasnim and Tahsin, 2016and the Tunisian
coast Santha Sophiya and Sye2D13;Gontara
et al, 2016:Trabelsiet al, 2016. The GALDIT
model was also usedto assess thealtwater
intrusion from Urmia Lake into the coastal
aquifer in Iran. (Nakhaé et al, 2015
Docheshmeh Gorgij and Asghari moghaddam,
2016. Kardan Moghadamet al, (2017),
compared the DRASTIC and GALDImethods
in the assessment of coastal aquifer

vulnerability and showed thatthe GALDIT
methodhadbetter result and higher correlation
with TDS based on the Pearson m@inpared to
the DRASTIC method The weight of every
parametelin the aquiferadjacent tothe inland
salinelakes couldbe differentfrom the castal
aquifernear the sea and ocean watdige tothe
different hydrogeological settirg The main
objective of this studyis to use themodified
AHP-GALDIT model to study the intrinsic
vulnerability of saltwaterintrusion(IVSI) in the
Kashan guifer.

2. Materials and M ethods
2.1. Study Area

The Kashan plaiaquifer (KPA)is locatedin
Isfahanprovince in central Iraand occupiesn
area of aboul570.23 kri. Morphologically, it
is composed of a plain surrounded by
mountains. The exposegeological formations
arelistedin descending order of ages follows:
the Eabvt (Andesitic to basaltic volcanic tuff),
E2l (Nummulitic limestone) and Edav (Dacitic
to Andesitic volcanic)from the lower Eoceng
Ekgy (Gypsum)from the upper EoceneOlgy
(Gypsum and OMav (Andesitic volcanic)from
the Oligocene OMql (Massive to thick-
bedded reefal limestone) fronthe upper
Oligocene to lower MioceneMur (Upper red)
(sandstonegypsiferous marl, conglomeratand
Red marl and Murc $andstone andRed
corglomerate) from the upper Mioceng Plc
(sandstone, Polymictic conglomerate and
Rhyolitic to rhyodacitic volcanic)from the
Pliocene and Qft2térrace deposits andow
level piedmonts fan), Qftl (High level piedmont
fan and valley terrace deposits), Q€igy flaf),
Qal (praided channetream channel, and flood
deposits), Qs.d (winlown depositonsist of
sand dunes) and OMqg (QOM FM)ypsiferous
marl, Limestone, sandstone andandy mail
from theQuaternanperiod(Fig. 1).

The KPA is located n the Quaternary
alluvial plain. The deposits in the center of the
area are mainly sandy loam and silt, while the
sediments near the margins are gravel and sand.
Shallow groundwater mainly lies 50m below the
surface, and its flow direction is generallyfro
the west to the east of the plain, but in the
northeast of the aquifer the flow direction
changes from north to south (Fig.2).
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Fig. 2.Groundwatefflow direction with Salt Lake and aquifer boundary
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A salt lake called Aranbidgols, is situated
near the easterrpart of the Kashan plain.
Therefore, this aquifer can be consideredan
inland coastal aquifer. Thsalt lakehas an area
of 2000 knf andaverage depth d50m with a
1-meter drop in average annuagroundwater
that reducesthe annualwater volumeto about
32 Mm®. This negative annual water buddrts
change the hydraulic gradient and
consequently the flovdirection from the slt
laketo the aquiferTherefore, the eastnpart of
the plain is affected bgaltwater intrusiorvia
the salt lake thus decreasing water quality.
Also, due to the occurrencef the Qom salt
formations and the presence ofQomd saline
aquifersnear the plainthe qualiy of the water
is seriously jeopardizedThe mean annual
precipitation is approximatel{t32 mm with a
peak between December and February. The
mean annual temperature and evaporatos
19°C and3000mm, respectively.

2.2 GALDIT model description

The GALDIT model was developed by
Chachadi and Lob&erreira in 2001 then
revisedin 2005 and isspecializedfor coastal
aquifers. This model is based on six
hydrogeological factors: groundwater
occurrence (G), groundwater system hydraulic
conductivity (A), water table head (L), distance
from shore line (D)jmpact of present status of
saltwater intrusior{Sl) (I), and saturated media
depth (T).

The Remote Sensing (RS) and Geographic
Information System@I|S) methodswvere used to
drawthe vulnerability mamf the Kashan inland
coastal aquiferbased on the Analytic Hierarchy
Process (AHP) techniqguand the GALDIT
model RS tools like aerial photoswere used
for classification of geological features,
topography, and distribution of theydrology
networkin KPA. Themineralogymaps and on
site  exploration were implemented to
qualitatively andquantitativelystudythe hydre
geological situation of the study area. The
essentialmaps including the type of aquifer
system (unconfined, confined, or leaky
confined) aquifer hydraulic conductivity water
table head and aquifer depth generated These
maps contaithe importantparametersffecting
the potential of theSl into the aquifer and
consequently affecting the groundwater
vulnerability map, using GlSools combined
with satellite information and other collateral
data The weighing values of eaclparameter
were allotted based onon-site characteristics
The weight assigned to each indicataich

represents the relative importance of that
indicator inthe Sl procesgGLDIT model) and
the vulnerability map,was calculated based on
the AHP system.

3. Results andDiscussions

The GALDIT model is an Overlay technique
that assesses the vulnerability of groundwater
due to saltwater intrusion using Six
environmental indicators;

3.1. The proposedAHP-GALDIT model for
assessingKPA vulnerability

The main intrinsic  hydrogeological
propertiesof the groundwater systenare the
physical features of the mediahich affectthe
potential of saltwater intrusion and the
vulnerability map (Chachadi and Lolberreira
2001) GALDIT is abbreviated from six
hydrogeological factors groundwater
occurrence(G), groundwater systerhydraulic
conductivity (A), water tablehead(L), distance
from shore ling(D), impact of present status of
saltwater intrusior{Sl) (I), and saturatednedia
depth (T). The mentioned parametersin the
GALDIT model are the most imperative
parameters that influen& in coastal aquifer
The KPA is an inland coastal aquifenear the
Kashan SaltLake therefore due to differen
hydrogeological settingthe weights of the
GALDIT factors should bechangé according
to the importance of the fact@nd saltwater
intrusion potential. The factors in the GALDIT
model were calculated based on the AHP
techniqueaccording to thieweight (Tables 1 to
5).

3.2. Factors influencing the GALDIT model

Mainly six factors influence Sl in the

GALDIT model.
3.2.1. Groundwater occurrence/aquifer type:

Groundwater typically appears in porous
geological formations and can create three types
of aquifers: confined, unconfined, and leaky
confined. Sl is dependentupon the aquifer
systembés c Basedaomwth@ALDIB t i
model, the rating rank for all parameters ranges
from 2.5 to 10, from lowest to highest
vulnerability. The Kashan basin is composed of
an unconfined aquifer system, hence a GALDIT
ranking score of 7.5 was allocated for the
Kashan aquifer (Table 5 and Fig).3
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Tablel. Saatyds rank for weight assignment and its attribution (Saaty, 1980)

Low importance Equally importance High importance
Extremely  Strongpreferences . Equally Very Strong preferences
between intervals Very intensely Intensely Temperately important Temperately Intensely intensely between intervals Extremely
1/9 1/2, 1/4, 1/6, 1/8 1/7 1/5 1/3 1 3 5 7 2,4,6,8 9

Table. 2. A matrix of paiwise evaluations of 6 parameters for the AHP method

Indicators G A (m/day) L (m) D (m) | T(m)
G 1 3 5 7 8 9
A (m/day) 1/3 1 3 5 7 8
L (m) 1/5 1/3 1 3 5 7
D (m) 1/7 1/5 1/3 1 3 5
[ 1/8 1/7 1/5 1/3 1 3
T (m) 1/9 1/8 1/7 1/5 1/3 1
Column total 1.908 4.797 9.672 16.53 24.33 33
Table. 3. Determining the relative criterion weights
Indicators . 1.. .
i =1) i =2) i (=3) i =4) i j=5) i =6) Weights - a Wi
G 0.524 0.627 0.516 0.423 0.328 0.272 0.448
A (m/day) 0.173 0.209 0.310 0.302 0.287 0.242 0.253
L (m) 0.104 0.069 0.103 0.181 0.205 0.212 0.145
D (m) 0.074 0.041 0.034 0.060 0.123 0.151 0.080
| 0.065 0.029 0.020 0.019 0.041 0.090 0.044
T (m) 0.057 0.023 0.014 0.012 0.013 0.030 0.024
Column total 1 1 1 1 1 1 1
Table. 4. Determine the CR
Indicators CVv
G 1 (0.448) + 3 (0.253) + 5 (0.145) + 7 (0.08) + 8 (0.044) + 9 (0.024) = 3.06 3.06/0.448=6.83
A (m/day) 0.33(0.448) + 1(0.253) + 3(0.145)+ 5(0.08) + 7(0.048)3:024) =1.73 1.73/0.253=6.83
L (m) 0.2(0.448) + 0.33(0.253) + 1(0.145)+3(0.08) + 5(0.044) + 7(0.024) = 0.94 0.94/0.145=6.48
D (M) 0.142(0.448) + 0.2(0.253) + 0.33(0.145) + 1(0.08) + 3(0.044)+ 5(0-0249 0.49/0.08=6.12

| 0.125(0.448) 90.142(0.253) + 0.2(0.145) + 0.33(0.08) + 1(0.044) + 3(0.024) = 0.26 0.26/0.044=5.9
T (m) 0.11(0.448) + 0.125(0.253) + 0.142(0.145) + 0.2(0.08) + 0.33(0.044) + 1(0.024) =0, 0.15/0.024=6.25




26(

Mirzavandet al. / Desert 22 (2018)255264

Table. 5. Normalized AHP weigland importance rating for indicators

Indicator variables

Indicators Normalized AHP Weight Rank rating
Category Range
Confined 10
Groundwateroccurrence/aquife 0.024 Unconfined 7.5
type ’ Leaky 5
Bounded aquifer 25
High >40 10
Hydraulic Conductivity 0.145 Medium 1040 7.5
(m/day) ’ Low 5-10 5
Very low <5 25
High 1> 10
Height of ground water level 0.253 Medium 151 7.5
than to Salt lake (m) ’ Low 2-1.5 5
Very low 2< 25
Very small 500> 10
Distance from shore/ high tide 0.448 small 500750 7.5
(m) : Medium 750-1000 5
Far 1000< 25
High >2 10
Impact of present saltwater 0.08 Medium 152 7.5
intrusion ' Low 151 5
Very low <1 2.5
High >10 10
Aquifer thickness (Saturated) 0.044 Medium 7.510 7.5
(m) ’ Low 5-7.5 5
Very low 5> 25
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3.2.2. Groundwater
conductivity(A)

system hydraulic

The ability of water to pass through pores or
fractures in the saqilbased on the hydraulic
gradient, is named hydraulic conductivity
(Chachadi and Lob&erreira 2001) Chachadi
(2005) statesthat the spreadingof the saline
waterfront underconstant hydraulipressures
related tothe hydraulic conductivity ofthe
groundwater systenthereforegreaterhydraulic
conductivity makesfor more extendednland
transportof the saltwaterzone For hydraulic
conductivity, the GALDIT model rating
stretchedrom 2.510, expressinghe lowestto
highest hydraulic conductivityin groundwater
systens (Table 5and Fig. 3;). The southwest
and west sideof the KPA are composed from
gravel and coarse particles, bilte northeast
and east sideare composs from sand, which
translates to a decreas in hydraulic
conductivity toward the east and northeashef
KPA.

3.2.3.Water Tablehead(L)

As mentioned by researclsersuch as
Kallioras et al, (2011); Pedreiraet al, 2015;
Kura et al, (2015); Kananiet al, (2017); and
Luomaet al, (20179, this indicatoris the most
imperative parameter in the evaluation of
saltwater intrusiofinsidea groundwater system
sinceit determines thextent of the boundsas
between salt and fresh watand their shape
(Chachadi 2005). The GhybédrHerzberg
equationassertghat forevery1m of freshwater
storedabovesea levelthe column of freshwater
moves40m downwardtoward the saltvater and
freshwaterboundary The information on water
table levels is categorizedinto ranges and
rankings belonging to indicator L in the
GALDIT model So theranking scores change
from 2.5to0 10, indicatingthe lowestto highest
levels of the water table headTable 5 and
Fig.3,). As shown in Figure (3a), the lowest
water head is in northeast of the KPA, whish
theaquifeb s di scharge zone

3.2.4.Distance from shore/ high tide

The saltwater intrusiomeachests maximum
rate in the aquifer near the coast where the
a q u i fhgdro@eslogical characteristics for
transition are suitable. This indicatorwas
determinedby use ofthe aquifel® $oundary,
pumping well locatioa and the boundaries of
the slt lake. So, in this model, theanking
scores for the distance fromthe shore change

from 2.5 to 10 from highestto lowest distance,
respectively (Table &ndFig.3y).

3.2.5. Theimpact of present status of saltwater
intrusion (1)

Thisindicatorrepresents theccurrence ofl
in a specific area which is determinedfrom
field information In the GALDIT model, this
indicator is known as the Revelle ratio
Cl/(HCO;+CGQs). Therefore, thechange in the
ranking scores occurs by tiebangeof Sl from
2.5 to 10, for lowest to highest chloride
concentrationrespectivelyTable 5andFig.3,).
It should be not that by moving to the
discharge zone and shoreline of the coastal
aquifer, the Revelle ratio should increase, but
the source of this salinity may bdue to
upconing, and not saltwater intrusion frahe
salt lake,as both would increase theevelle
ratio when neang the discharge zoneThus,
hydrogeochemical and isotopic investigation is
necessary for more accuracy fact not
mentioned by Chachadi and Lob&erreira,
(200)) and other researcteesuch asTasnim
and Tahsin, (2016); Kanamit al, (2017); and
Luomaet al, (2017).

3.2.6.Saturatednedia deptiT)

In coastal groundwater systems this
indicator is essentiain the transferof Sl into
ground water (ChachadR005). Thus, in this
model, the ranking scores change with the
thickness of the aquifefrom 2.5t010 (Table 5
andFig.3,).

3.3. AHP-GALDIT Vulnerability Model

The AHP-GALDIT modelis determined by
addingand multiplying each indicatdr sveight
with its site rating as demonstrated by the
following equation:

- T
4 (-8 WiR) Eq.(4)

AHP- GALDIT =2

6

o1l
a;aWu

wherela wij is the weight of theijj"
n

parameteiin table (3)and R is theprominent

score of the i" parameter The weights and
ranking scores of the effective factors inthe
GALDIT modelfor the KPA are given in Table
5.
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The Consistencyindicator (Cl), which is the
amount of departure from stability, was
measuredia the equation (1):

ci=l-n @)

Where nanda-arethe number ofparameters
(i.e. 6) andmeanrate of the consistencyector
(CV), respectively.

Based on equation (2)he consistencyratio
(CR) is equal to consistencyindicator (CI)
divided by therandom indicator (RI):

cr=" (2
RI

In equation (2)the RI valueis related tothe
number (n) ofparameterdeing comparedThe
normalized AHP weiglstof 0.448, 0.253, 0.145,
0.08, 0.044 and 0.024 (i.e. 44.8%, 25.3%,
14.5%, 8%, 4.4% and 2.4% respectively) can be
assigned tdhe following factorsdistancefrom
shoreline (m), height of graund water level (m),
hydraulic  conductivity (m/day), cuifer
saturated thickness (m) and goundwater
occurrence/aquifeit should be noted tha¢ach
aquifer has it®wn condition and sahe priority

of the parameters ithe GALDIT model could
be different for each area. But general in
most aquifersnvestigatedby researchers such
as Lobo Ferreiraet al, 2005; Kallioraset al,
2011; Pedreirat al, 2015; Kuraet al, (2015);
Kananiet al, (2017); and Luomeat al, (2017),
the most important parameter wihe height of
groundwater level, whiclhas proven to be the
second most important factor in this study.

Fig. 4 illustratesthe vulnerability map othe
Kashan plain generated based on the AHP
GALDIT model, demonstrating saltwater
intrusionto theKPA from the adjacensalt lake
This modeldividesthe KPA into four different
areaswith the following ratings: more thanl0,
7.5t0 5, 5 to 2.5and lower than 2.5lenoting
high, average low and very low vulnerability,
respectively. These four areasorrespond to
approximately 16.186, 25.51%, 21.26% and
36.05% of the entireKPA, respectively.The
groundwater table idower in the northwest,
west andthe centerof the plain due to high
groundwater extractiormherefore this factoris
the determining cause for the change in
groundwater directiorin these areas and the
resulting saltwater intrusionBut the source of
this salinity is not cleaand further tests are
recommended

Fig. 4. Intrinsic vulnerability to salt water intrusionap of Kashan plain using AHBALDIT model



