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a b s t r a c t

Coastal aquifers are increasingly threatened by seawater intrusion due to increased urbanization,
groundwater exploitation, and global sea-level rise. Pattern diagrams, which constitute the outcome of
several hydro-geochemical processes, have traditionally been used to characterize vulnerability to
seawater intrusion. However, the formats of such diagrams do not facilitate the geospatial analysis of
groundwater quality, thus limiting the ability of spatio-temporal mapping and monitoring. This raises the
need to transform the information from current pattern diagrams into a format that can be readily used
under a GIS framework to define vulnerable areas prone to seawater intrusion. In this study, a
groundwater quality index specific to seawater intrusion (GQISWI) was developed for the purpose of
aggregating data into a comprehensible format that allows spatial analysis. The index was evaluated with
data from various coastal regions worldwide and then applied at a pilot karstic aquifer along the eastern
coast of the Mediterranean Sea.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Seawater intrusion threatens coastal freshwater resources
globally, rendering groundwater non-potable and invariably forc-
ing well abandonment or requiring costly treatment systems.
Nearly sixty percent of the world’s population lives in coastal re-
gions (Richter and Kreitler, 1993) vulnerable to seawater intrusion
due to groundwater over-exploitation to meet increasing water
demand associated with population growth. This vulnerability is
also expected to exacerbate by future climate change and associ-
ated sea-level rise (Taylor et al. 2013). Blending these factors give
rise to groundwater management challenges (Melloul and Collin,
1998; Appelo and Postma, 2005).

Seawater and freshwater have differing hydrochemistry, with
the former being characterized by nearly uniform chemistry where
chloride (Cl�) and sodium (Naþ) make up w84% of the total ionic
composition. On the other hand, while freshwater composition
varies widely, calcium (Ca2þ) and bicarbonate (HCO3

�) commonly
dominate (Richter and Kreitler, 1993). Mixing of these waters is
traditionally depicted by increased Cl� concentration within the
aquifer, which is easily traceable due to the conservative nature of
mfadel@aub.edu.lb (M. El-
the anion (Appelo and Postma, 2005; Panteleit et al. 2011). In fact,
the fraction of seawater (fsea) in a water sample can be approxi-
mated from the concentrations of Cl� (mCl) (in meq/l) as expressed
in Equation (1) (Appelo and Postma, 2005):

fsea ¼ mClðsampleÞ �mClðfreshwaterÞ
mClðseawaterÞ �mClðfreshwaterÞ

(1)

Similarly, the increase in total dissolved solids (TDS) or elec-
trical conductivity (EC) is a common simple indicator to identify
an increase in salinity (Singhal and Gupta, 2010; Rhoades et al.
1992). Freshwater, brackish water, and seawater can be catego-
rized by typical ranges of Cl�, TDS, and EC (Table 1) although these
values can vary widely in different aquifers. Groundwater
exceeding chloride concentrations observed in seawater are
considered brine (Hem, 1985), thus rendering seawater intrusion
irrelevant.

While seawater intrusion is recognized as the mixing of
seawater into freshwater aquifers, it is a complex process due to
influences of hydrogeochemical reactions, shoreline geo-
morphology, biological processes, and aquifer flow, amongst others.
Processes indicative of seawater intrusion include cation exchange
reactions, calcite dissolution and carbonate diagenesis, dolomiti-
zation, and sulfate reduction, (Reactions 1e5).
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Table 1
Classification of water based on chloride, total dissolved solids, and electrical
conductivity.

Class Cl� (meq/l) TDS (ppm) EC

Fresh groundwater <2.8 0e500 <700
Slightly saline groundwater 2.8e7.1 500e1500 700e2000
Moderately saline groundwater 7.1e14.1 1500e7000 2000e10,000
Highly saline groundwater 14.1e28.2 7000e15,000 10,000e25,000
Very highly saline groundwater 28.2e282.2 15,000e35,000 25,000e45,000
Seawater >282.2 >35,000 >45,000

Adapted from Konikow and Reilly, 1999; Rhoades et al., 1992.
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2Naþ þ Ca� X2/2Na� Xþ Ca2þ ðcation exchangeÞ
(Reaction 1)

CaCO3 þ H2O/Ca2þ þ HCO�
3 þ OH� ðcalcite dissolutionÞ

(Reaction 2)

CaCO3 þ CH2Oþ O2/Ca2þ þ 2HCO�
3 ðcalcite dissolutionÞ

(Reaction 3)
Fig. 1. Piper diagram illustrating general classifications of waters and seawater intrusion re
Adapted from Appelo and Postma, 2005; Hanshaw and Back, 1979; Singhal and Gupta, 201
2CaCO3 þMg2þ/CaMgðCO3Þ2 þ Ca2þ ðdolomitizationÞ

(Reaction 4)

2CH2Oþ SO2�
4 /2CO2 þ 2H2Oþ S2�/H2S

þ 2HCO�
3 ðsulfate reductionÞ (Reaction 5)

The cation exchange occurs when equilibrium in the ground-
water is disturbed by seawater intrusion. Negatively charged sur-
faces, like sediments, come in contact with seawater and absorb the
Naþ ion and release the Ca2þ ion as expressed in Reaction 1where X
is the sediment exchanger (Appelo and Postma, 2005). The reverse
reaction occurs in freshening aquifers whereby ion exchanger re-
actions also contribute toward the depletion of the Ca2þ cation and
release of the Naþ ion, resulting in NaHCO3 rich water (Reactions 2
and 3) with water becoming undersaturated in calcite and resulting
in dissolution (Appelo and Postma, 2005; Panteleit et al. 2011). In
addition, dolomitization (Reaction 4) can be triggered by calcite
dissolution, particularly in carbonate aquifers, resulting in an in-
crease in the Ca2þ cation over Mg2þ (Jones et al. 1999; Hanshaw &
Back, 1979). Finally, sulfate reduction (Reaction 5) is common in
mixing zones due to conservative mixing as well as decay and
organic matter mineralization (Panteleit et al. 2011; Richter and
Kreitler, 1993).

Seawater intrusion can also be identified using one or more
graphical methods such as pattern diagrams and GIS. Hydro-
chemical pattern diagrams include the Durov (1948), Stiff (1951)
action pathways.
0; Panteleit et al., 2011



Fig. 2. Development of the GQIPiper(mix) and GQIPiper(dom) resultant domains.
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and Schoeller (1964) diagrams among others. The Durov diagram is
similar to the Piper diagram and is also a composite plot of two
ternary diagrams plotting cations against anions. An expanded
version (Burdon and Mazloum, 1958) has also been developed
which adds TDS and pH data. Stiff’s system displays a vertical scale
indicating the depth of aquifers and horizontal axes for ionic con-
centrations. The resultant plot forms unique shapes from which
differing waters can be compared. Schoeller (1964) proposed a
monograph, which can display ionic concentrations as well, in
addition to pH, TDS, alkalinity, acidity, and temperature.

The most popular pattern diagram is the Piper (Piper, 1944)
diagramwhereby water analysis results are presented on a trilinear
plot consisting of cation and anion triangles, which extend to a two-
coordinate diamond diagram. Results from multiple analyses, such
as several groundwater wells in a region, can be plotted on the
same diagram and then interpreted to identify the chemical char-
acter, or hydrochemical facies, in defined domains (Back, 1961) as
well as possible mixing of fresh water with seawater (Fig. 1), key in
seawater intrusion studies (Arslan et al. 2012; Singhal and Gupta,
2010). In addition, hydrochemical facies suggest the effects of
chemical properties within the lithological environment as well as
the prevailing groundwater flow patterns which can define the
origin and distribution of chemical parameters in groundwater
Table 2
GQIPiper(mix) and GQIPiper(dom) to determine hydrogeochemical domains.

Domain GQIPiper(mix) GQIPiper(dom)

I 50e100 25e75
II 0e50 25e75
III 25e75 50e75
IV 25e75 25e50
V 25e75 0e25
VI 25e75 75e100
(Back, 1966; Back and Hanshaw, 1965). This would allow a better
spatial understanding of flow mixing patterns and delineate hot
spots or active zones. However, the manner in which the Piper
diagram is constructed, spatial cross-referencing of different Piper
diagrams are necessary to develop a spatial understanding of the
area. This deficiency calls for a newmethodology that can translate
information from the Piper diagram into a format that can be
mapped spatially. For this purpose, the development of a ground-
water quality index (GQI) specific to seawater intrusion is necessary
similar to various numerical indices that have been developed to
assess aquifers for drinking water purposes (Babiker et al. 2007;
Melloul and Collin, 1998; Saeedi et al. 2010). While indispensable
to aggregate water quality data into an easily usable scale, such
GQIs have not been reported to date. Those GQIs can also be
spatially analyzed under a Geographic Information System (GIS)
framework to create a powerful visual and communication tool for
spatiotemporal representation and distribution. This study uses
common water quality parameters indicative of seawater intrusion
to develop a representative index for seawater intrusion, GQISWI.
This index translates information from the Piper diagram and the
fraction of seawater (fsea) to develop a new two-stage numerical
indicator for seawater intrusion.

Insert Fig. 1. Piper diagram illustrating general classifications of
water and seawater intrusion reaction pathways.

2. Methodology

2.1. Piper diagram groundwater quality indices

The diamond field of the Piper diagram can be divided into six differing do-
mains: I, II, III, IV, V, VI, representing CaHCO3, NaCl, mixed CaNaHCO3, mixed CaMgCl,
CaCl, and NaHCO3 type waters, respectively (Fig. 2) (Subramani et al. 2005; Sarath
Prasanth et al. 2012). Freshwater is generally represented in domain I whereas sa-
line water, including seawater, is in domain II. Simple mixing of freshwater and
seawater is denoted by a horizontal line across the center of the diagram repre-
sented numerically by GQIPiper(mix) as expressed in Equation (2):

GQIPiperðmixÞ ¼
2
4
�
Ca2þ þMg2þ

�
Total cations

þ
�
HCO�

3

�

Total anions

3
5� 50 ðin meq=lÞ (2)

The resulting index GQIPiper(mix) can range from 0, representing highly saline
water (domain II), to 100, representing highly fresh water (domain I). Further
definition of the other domains in Fig. 2 can be accomplished when GQIPiper(mix) is
used concurrently with another index, GQIPiper(dom) (Equation (3)), that equally
ranges from 0, representing CaeCl water (domain V), to 100, representing NaHCO3

type waters (domain VI).

GQIPiperðdomÞ ¼
2
4

�
Naþ þ Kþ�

Total cations
þ

�
HCO�

3

�

Total anions

3
5� 50 ðin meq=lÞ (3)

The ranges of GQIPiper(mix) and GQIPiper(dom) and the corresponding hydro-
geochemical domains are presented in Table 2. An Excel-based algorithm utilizing
both indices (Fig. 3) was developed to automatically define hydrogeochemical water
domains based on measured water quality data.

While the Piper diagram is an effective tool in seawater intrusion studies, it is
reportedly associated with several shortcomings because 1) plot points are based on
milliequivalent percentages of major ions rather than total concentrations (Singhal
and Gupta, 2010), 2) water with low ionic content can have identical plot location as
water with high ionic content if the milliequivalent percentages are the same
causing difficulties in quantifying increased salinity, and 3) several minor ions such
as boron (B), bromide (Br�), lithium (Liþ), and strontium (Sr2þ) with potential sig-
nificance in seawater intrusion cannot be accommodated (Pulido-Leboeuf et al.
2003), and 4) cross-referencing is necessary to spatially assess differing hydro-
chemical facies.

2.2. Seawater fraction as a groundwater quality index

Another common and simple tool to identify seawater intrusion is the seawater
fraction (fsea) with values ranging from 0 to 100 by definition, easily lending itself
toward an index (GQIfsea), with fresher waters possessing a lower fsea (Equation (4)).
Locally measured Cl� concentrations are invariably used to estimate fsea to minimize
the effects of background Cl�. When the latter is not available, it can be assumed to
be equal to 0e566 meq/l for freshwater or seawater, respectively (Appelo and
Postma, 2005).



Fig. 3. GQIPiper(mix) and GQIPiper(dom) analysis flow chart.
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GQIfsea ¼ ð1� fseaÞ � 100 (4)

Similar to the Piper diagram, the fsea has weaknesses and may not be a suitable
index independently. It fails to recognize most hydrogeochemical reactions associ-
ated with seawater intrusion, such as cation exchanges, that can affect the final
composition of aquifers subject to seawater encroachment more than the Cl� con-
centrations uponwhich the fsea is based (Appelo,1996). Additionally, a 1% increase in
Cl� can nearly triple the salinity of groundwater, particularly if the background
concentration is low, indicating a high sensitivity to the parameter (Jones et al.
1999). Furthermore, alkaline waters can be less saline, even with a higher fsea
(Bakari et al. 2012; Lu et al. 2008).

2.3. A new seawater intrusion groundwater quality index (GQISWI)

In this study, we demonstrate that combining fsea and GQIPiper(mix) results can be
a more representative index for seawater mixing. The newly proposed index is
designated as GQISWI (Equation (5)) and is derived equally from values of GQIPi-
per(mix) (Equation (2)) and GQIfsea (Equation (4)) to ensure that theweaknesses in one
index are compensated by the strengths of the other (Fig. 4).

GQISWI ¼ GQIPiperðmixÞ þ GQIfsea
2

(5)
Fig. 4. Strengths and weaknesses of the Piper diagram and the sea
The Excel-based algorithm mentioned above was further developed to include
the GQIfsea, and GQISWI (See Supplemental Material). Users simply input individual
chemical parameters (in mg/l) at each location while calculations are made
concurrently which can then be readily transferred under a GIS framework for
further processing and spatial analysis.
2.4. GQISWI validation

Water quality datasets fromworldwide seawater intrusion studies were used to
test the reliability of the proposed GQISWI (Table 3). Each study represents hydro-
geochemical data from differing geological conditions where results have been
categorized by increasing salinity as reported by the corresponding study.
2.5. Pilot study

Following its validation, the proposed GQISWI was used to assess seawater
intrusion in a pilot study area consisting of a coastal karstic aquifer underlying the
city of Tripoli, Lebanon located along the eastern Mediterranean coast (Fig. 5). The
area is characterized by a semi-arid climate with mild wet winters (average daily
temperatures ranging from 13 to 26 �C with 636 mm of precipitation from October
through March) and moderately hot dry summers (average daily temperatures
ranging from 21 to 30 �C with 75 mm of precipitation from April to September).
water fraction (common tools to identify seawater intrusion).



Table 3
Hydrochemical analysis from worldwide seawater intrusion studies.

Country Salinity source Water type fsea (%) TDS (ppm) EC (mS/cm) Hydrochemical analysis (meq/l) Reference

Ca2þ Mg2þ Naþ Kþ Cl� SO4
2- HCO3

�

United States
(Florida)

Atlantic Ocean FGW 0.0 200 516 3.8 0.6 1.5 0.1 1.4 0.1 4.9 Price and Swart (2006)
MGW 17 2150 3565 8.1 5.5 24.0 0.6 30.6 2.4 5.3
SW 100 11,460 17,136 21.9 35.2 143.7 4.5 171.2 15.4 5.7

Mexico Pacific Ocean MGW 0.1 671 961 2.8 2.8 3.5 0.1 3.2 0.6 5.6 Cardona et al. (2004)
MGW 1.0 1094 1570 4.3 4.9 6.0 0.1 8.6 1.1 4.7
MGW 2.2 1740 2477 8.4 9.1 8.5 0.2 16.0 3.1 4.5
MGW 4.8 2875 4118 9.8 16.1 16.9 0.3 31.2 4.9 4.5

Spain Mediterranean Sea FGW 0.0 e 643 4.4 3.5 1.0 0.0 0.7 2.2 5.6 Pulido-Leboeuf (2004)
MGW 1.0 e 1496 4.6 4.1 9.5 1.0 6.7 3.9 5.8
SW 100 e e 24.2 111.4 511.4 2.0 600.0 61.6 2.6

France Mediterranean Sea FGW 0.1 e 7,89 6.5 0.9 0.8 0.1 1.3 2.4 1.3 de Montety et al. (2008)
MGW 10 e 7100 14.8 13.0 37.0 0.6 59.0 2.3 5.5
SGW 100 e 57,900 12.2 93.0 501.0 8.9 600.0 13.7 13.6

Denmark Isefjord Bay FGW 0.0 e 494 1.0 0.3 1.7 0.1 1.7 0.0 3.5 Andersen et al. (2005)
MGW 10 e 4580 1.6 3.5 29.3 1.0 32.6 0.1 12.8
SGW 95 e 30,800 7.8 26.3 237.9 5.3 286.6 3.6 42.3
SW 100 e 31,796 6.7 28.2 262.6 5.8 300.7 14.1 2.8

Germany North Sea FGW 0.0 e e 0.8 3.4 0.7 0.3 1.3 2.8 9.4 Panteleit et al. (2011)
MGW 6.8 e e 3.2 5.4 23.8 0.1 13.0 0.6 21.6
SW 100 e e 10.0 32.6 143.5 3.4 173.5 18.0 3.9

Turkey Black Sea MGW 1.9 1367 1940 3.3 4.4 12.7 e 11.0 1.8 7.8 Arslan (2013)
MGW 3.2 2537 3490 2.9 11.6 23.5 e 17.8 6.5 13.9
MGW 5.0 4319 5490 2.9 13.8 42.6 e 28.1 8.7 26.4
SGW 16 8132 10,540 4.4 15.0 109.4 e 91.9 14.3 22.8

Nigeria Atlantic Ocean FGW 0.2 79.5 48.3 1.0 0.2 0.3 0.0 0.6 0.0 0.6 Edet and Okereke (2001)
MGW 12 1052 673 2.1 4.2 21.3 0.3 29.5 0.1 1.0
SGW 24 1250 800 7.0 13.1 31.5 0.8 58.1 0.0 2.0

Egypt Mediterranean Sea FGW 0.3 560 717 1.8 1.3 4.5 0.2 1.8 1.2 4.5 Elewa et al. (2013)
MGW 25 9081 15,908 38.4 22.5 95.6 2.0 142.9 7.8 5.2
SGW 60 22,067 36,467 25.8 67.3 287.1 3.7 339.8 35.9 2.7

Tanzania Indian Ocean MGW 1.1 e 1319 1.8 0.6 9.8 0.2 6.4 0.8 4.6 Bakari et al. (2012)
MGW 0.8 e 855 1.2 1.2 5.7 0.2 4.9 0.7 1.5
MGW 6.8 e 5033 17.2 6.4 26.5 0.2 35.4 10.9 4.6
SW 100 e 49,000 18.9 97.1 408.9 7.4 507.0 52.9 3.0

Syria Mediterranean Sea FGW 0.0 e 783 5.6 1.4 0.9 0.0 1.7 0.4 5.4 Abou Zakhem and Hafez (2007)
MGW 2.0 e 2119 6.0 3.8 14.8 0.2 16.3 1.8 5.3
MGW 4.0 e 3456 6.5 6.2 28.7 0.5 31.0 3.3 5.3
MGW 6.0 e 4792 6.9 8.7 42.6 0.7 45.6 4.7 5.2
MGW 8.0 e 6128 7.4 11.1 56.5 0.9 60.3 6.1 5.2
MGW 10.0 e 7465 7.8 13.5 70.4 1.1 74.9 7.5 5.1
SW 100 e 67,600 27.9 122.4 696.0 11.0 733.8 70.8 2.8

India Arabian Sea FGW 0.4 e 1083 4.7 7.4 8.6 0.3 6.2 0.3 3.9 Pujari and Soni (2009)
MGW 1.1 e 2096 6.0 10.8 15.3 0.3 14.1 1.4 5.9
SGW 4.7 e 6149 12.7 15.2 54.1 2.1 51.9 2.0 6.8
SW 100 e 108,509 128.7 444.5 965.5 31.5 1063 29.3 3.0

Taiwan Taiwan Straight FGW 0.1 e 692 1.5 2.0 1.0 0.1 0.6 1.0 4.7 Lu et al. (2008)
FGW 0.0 e 396 0.7 0.7 1.2 0.5 0.2 0.1 3.3
MGW 0.9 e 11,188 4.9 3.5 4.2 0.3 5.4 1.4 6.1
SGW 47 e 25,755 9.8 28.7 147.1 5.0 263.9 6.5 4.2
SGW 91 e 51,138 10.1 90.7 412.7 16.1 512.7 34.6 5.6

South Korea Yellow Sea FGW 0.0 e 257 1.4 0.5 0.7 0.0 0.4 0.1 1.4 Jeen et al. (2001)
MGW 2.8 e 1499 9.6 5.4 1.9 0.1 15.9 0.1 1.0
SW 100 e 52,500 19.0 104.5 406.7 17.6 544.7 51.0 2.3

New Zealand Bay of Plenty MGW 0.2 e e 0.3 0.3 6.8 5.0 1.4 0.3 5.6 Simpson and Stewart (1987)
MGW 2.0 e e 5.7 4.8 8.6 3.0 11.6 2.3 3.3
SGW 87 e e 37.6 7.0 400.8 4.0 489.7 27.4 1.4

* Naþ þ Kþ.
FGW- fresh groundwater, MGW- mixed groundwater, SGW e saline groundwater, SW- seawater.

1 pH; Temperature; Calcium, Ca2þ; Magnesium, Mg2þ; Sodium, Naþ; Potassium,
Kþ; Chloride, Cl�; Bicarbonate, HCO3

�; Sulfate, SO4
2�; Nitrate, NO3

�, Total Dissolved
Solids, TDS; Electrical Conductivity, EC.
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Hydrogeology in the region consists of a highly karstified Miocene limestone
aquifer which overlays a massive Eocene limestone aquiclude (Khayat, 2001) and
shallow Quaternary clays (<40 m in depth). The area is characterized by high
transmissivity values (up to 5460 m2/day) as indicated by the rapid decline in flow
rate during the dry season as well as rapid recharge during the wet season (Khayat,
2001; Edgell, 1997). Extraction rates are estimated at 3.8 Mm3/year (Khayat, 2001),
which contributes toward seawater intrusion and land subsidence vulnerability.

In the pilot area, groundwater quality sampling campaigns were conducted in
September 2006 and June 2007 to assess the seasonal variability in water quality by
testing for various indicators in water samples from 60 wells during late and early
summer. Well depths typically exceed 150 m in the Miocene aquifer, whereas wells
are shallow (<40 m) at all other sampling locations within the Quaternary aquifer
corresponding to the clay’s thickness (Fig. 5). At each location, wells were sampled
from the tap, testing only locations which connect directly to the well to limit po-
tential cross-contamination from the existing public water supply system and
building storage tanks. Temperature, pH, and TDS were measured on site, then the
samples were transported on ice to the Environmental Engineering Research Center
at the American University of Beirut and analyzed for physical and chemical in-
dicators1 in accordance with Standard Methods for the Examination of Water and
Wastewater (Eaton et al. 2005).



Fig. 5. Pilot study area with distribution of groundwater wells and geological features.
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2.6. Geostastical analysis

Groundwater contamination is often largely random in space, resulting in
weak spatial autocorrelation or near complete spatial randomness (Babiker et al.,
2007; Cooper and Istok, 1988). Geostatistical analysis, particularly kriging, has
emerged as a highly operative method to analyze geodata in several engineering
and scientific applications including groundwater quality (Cooper and Istok,
1988; Kitanidis, 1997). Because it is impractical and costly to obtain sufficient
water quality samples that are densely distributed across a study area, kriging
interpolates data at unmeasured locations with superior results compared to
other interpolation methods. Several kriging methodologies have been devel-
oped and applied in groundwater contamination studies, including ordinary
kriging (OK) and indicator kriging (IK). OK is suitable for estimating the
magnitude, z(x), at any unmeasured location (x), from the unknown constant
mean (m) and the stochastic residual, 3(x). On the other hand, IK was utilized
successfully in karstic media (Cherubini, 2008; Shuang-hua et al., 2011) as it
calculates the probability values exceeding a defined threshold rather than
estimating the values themselves.
Fig. 6. Piper diagram for worldwide studies and
2.7. Method evaluation, assumptions, and limitations

Characterizing model performance consists of reassessing its intent, checking
the data, visually judging performance, selecting performance metrics, and evalu-
ating the model (Bennett et al. 2013). The aim of the GQISWI was to simulate
seawater intrusion in coastal aquifers and is best suited to assess aggregate behavior
occurring over a period of time (e.g. season, year). The GQISWI results were compared
to traditional methods that assess seawater intrusion (e.g. TDS, EC, fsea). For this
purpose, data from worldwide literature (Table 3) were used to demonstrate its
effectiveness in a variety of coastal aquifers in differing geological media. The model
is not intended to simulate groundwater salinity originating from other sources such
as paleo-hydrogeological conditions, evaporate rock dissolution, or anthropogenic
pollution (Custodio, 1987).

The GQISWI was used to develop seawater intrusion vulnerability maps in GIS
using a multistep process (Babiker et al. 2007) capturing the spatial variability of
seawater intrusion through multiple observed contaminant concentrations. For
performance assessment in the geostatistical component (kriging) and prior to using
any interpolation model that considers spatial auto-correlation, tests were
corresponding GQIPiper(mix) and GQIPiper(dom).



Fig. 7. GQISWI for worldwide studies.
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performed to confirmwhether or not spatial auto-correlationwill impact the results
(Dormann et al. 2007). In this context, Moran’s interpretation (I) of statistical maps
(Moran, 1948) are commonly used for spatial statistics analysis to assess whether
point pairs have negative or positive correlation, or have a random distribution of
values. Geospatial data were considered to have a positive or negative auto-
correlation for Moran’s I values ranging between 0 and 1 or �1 and 0,
Table 4
GQISWI ranges.

Water type GQISWI based on worldwide
literature

Typical GQISWI

Min Max Mean Min Max

Freshwater 73.5 90.1 82.7 75 100
Mixed groundwater 47.8 79.9 63.4 50 75
Saline groundwater 4.8 58.8 27.5 10 50
Seawater 3.1 9.2 5.8 0 10
respectively. Complete spatial randomness is characterized by a Moran’s I equal to 0.
Although kriging assigns weights to nearest neighbors, rather than using an arbi-
trary function, it is still fundamentally an interpolation algorithm. As such, all
interpolation methods have a tendency to underestimate high values and over-
estimate low values to generally average all data (Isaaks and Srivastava, 2011). In the
case of groundwater sampling, the number of observations is constrained by cost
and well access among other reasons.

Furthermore, spatial structure and observationweights in geostatistical analysis
are based on an experimental semivariogram, g(h), which is a function of the lag
distance (h) between two observation points and fitted to a mathematical model.
The commonly used spherical and exponential models were evaluated by deter-
mining several parameters including the nugget (c0), the semivariance at h ¼ 0, the
range (a0), the lag distance where the semivariance becomes constant, known as the
sill (c). After that, individual concentration maps were developed using ArcMap 10
for each parameter using OK and IK. Cross-validation of results to assess model
performance was evaluated using the root mean square standardized error (RMSE),
which should be nearly equal to 1 because the average difference between the actual
and estimated values should be approximately 1 standard error. Predicted values
were then assigned to pixels organized in a 20� 20-m grid before calculating the
indices (GQIPiper(mix), GQIPiper(dom), GQIfsea, and GQISWI) for each pixel which resulted
in a raster surface for vulnerability maps.



Table 5
Results of groundwater quality analysis for pilot study area.

Well ID Date Location pH TDS (ppm) Ca (meq/l) Mg (meq/l) Na (meq/l) K (meq/l) Cl (meq/l) SO4 (meq/l) HCO3 (meq/l) NO3 (meq/l) SAR

A1 Sep 2006 Abou Ali River 7.16 337 3.8 1.2 2.3 0.1 2.0 0.3 5.3 0.5 1.4
Jun 2007 7.36 403 3.3 2.7 1.6 0.1 3.4 0.2 6.8 0.5 0.9

A2 Sep 2006 6.76 867 9.5 1.9 5.8 0.1 9.9 2.6 7.8 0.3 2.4
Jun 2007 6.78 750 9.7 3.6 6.2 0.1 10.2 2.7 8.0 0.5 2.4

A3 Sep 2006 6.90 462 6.7 0.8 1.5 0.1 1.6 1.8 8.6 0.4 0.8
Jun 2007 6.43 394 7.0 3.1 1.3 0.1 1.6 1.3 8.0 0.4 0.6

D1 Sep 2006 Dam & Farez 7.02 545 5.2 0.8 5.4 0.1 4.5 0.7 6.6 0.3 3.1
Jun 2007 7.14 674 5.1 2.9 2.6 0.4 6.2 1.5 5.2 0.4 1.3

D2 Sep 2006 7.25 476 7.0 0.9 2.6 0.2 1.8 0.3 7.0 1.1 1.3
Jun 2007 7.46 251 4.4 1.2 0.7 0.1 2.3 0.1 5.2 0.3 0.4

D3 Sep 2006 6.6 3460 23.6 11.0 47.8 1.0 3.7 6.7 8.6 0.5 11.5
Jun 2007 7.16 3420 21.2 12.2 7.2 0.7 45.4 4.8 6.0 0.2 1.8

D4 Sep 2006 6.69 437 6.4 1.3 1.7 0.1 2.3 0.8 7.4 0.7 0.8
Jun 2007 7.75 540 4.4 4.3 1.6 0.2 3.1 0.7 8.0 1.0 0.8

D5 Sep 2006 6.85 466 4.9 2.5 1.9 0.1 2.7 1.3 7.2 0.6 1.0
Jun 2007 7.61 533 5.0 4.5 1.3 0.1 3.1 1.2 7.2 0.7 0.6

D6 Sep 2006 6.82 499 8.0 1.5 1.7 0.0 1.9 0.8 8.7 1.0 0.8
Jun 2007 7.13 546 6.5 2.7 1.6 0.1 3.4 0.8 7.6 0.4 0.7

D7 Sep 2006 6.86 408 6.0 1.2 1.7 0.1 2.4 0.5 7.5 0.5 0.9
Jun 2007 7.30 512 3.8 4.5 1.3 0.2 3.7 0.2 7.6 0.7 0.6

D9 Sep 2006 6.80 658 7.7 1.2 1.7 0.1 6.3 0.9 6.9 1.1 0.8
Jun 2007 7.33 700 6.4 3.2 1.7 0.2 5.9 1.0 5.6 1.0 0.8

D10 Sep 2006 6.93 584 7.0 1.6 4.6 0.2 3.6 1.2 8.3 0.6 2.2
Jun 2007 7.08 1500 12.2 5.0 3.8 0.5 11.6 7.7 6.4 1.4 1.3

D11 Sep 2006 6.94 459 5.3 2.3 2.1 0.1 2.6 1.0 7.4 0.7 1.1
Jun 2007 7.07 946 8.5 6.6 2.6 0.2 11.0 0.8 7.6 0.6 0.9

D12 Sep 2006 Dam & Farez 6.85 520 7.4 1.7 1.6 0.1 2.8 1.2 9.0 1.1 0.7
Jun 2007 7.13 601 6.5 4.0 1.4 0.1 3.4 0.7 8.8 0.9 0.6

D13 Sep 2006 6.75 486 7.0 0.5 2.5 0.2 8.6 0.8 8.9 0.4 1.3
Jun 2007 6.93 585 7.5 1.3 1.9 0.3 3.1 0.3 9.2 0.5 0.9

D14 Sep 2006 6.86 400 6.1 1.1 1.4 0.1 2.0 0.5 7.4 0.6 0.7
Jun 2007 7.05 477 6.4 2.5 1.3 0.2 2.8 0.2 7.6 0.5 0.6

D15 Sep 2006 6.66 449 5.9 0.4 1.3 0.1 1.8 0.9 7.4 0.6 0.7
Jun 2007 7.31 564 6.3 3.5 1.3 0.2 3.1 0.2 7.6 1.3 0.6

D16 Sep 2006 6.86 663 7.8 0.4 2.0 0.1 5.5 3.7 6.6 0.4 1.0
Jun 2007 7.17 786 5.5 6.5 2.9 0.2 7.9 2.3 7.2 0.2 1.2

D17 Sep 2006 6.81 469 6.0 1.5 1.5 0.1 1.9 0.3 6.6 0.9 0.8
Jun 2007 7.27 511 5.4 2.9 1.6 0.2 2.8 0.1 6.8 0.9 0.8

D18 Sep 2006 6.91 1980 16.8 1.8 6.0 0.2 33.3 2.4 6.3 0.7 2.0
Jun 2007 7.21 2130 15.3 6.1 7.2 0.3 26.8 3.4 6.4 0.7 2.2

D20 Sep 2006 6.85 454 6.1 0.4 1.4 0.1 1.8 1.6 7.3 1.0 0.8
Jun 2007 7.22 490 5.4 2.2 1.7 0.3 3.4 0.2 6.8 0.7 0.9

D21 Sep 2006 6.71 992 8.7 1.3 5.8 0.2 11.9 2.6 7.9 1.4 2.6
Jun 2007 7.29 1350 8.0 7.1 3.6 0.3 9.3 3.4 8.4 1.2 1.3

H1 Sep 2006 Haykalieh 7.06 380 5.9 0.0 1.7 0.1 1.9 0.4 6.4 0.7 1.0
Jun 2007 7.77 393 2.4 3.7 1.3 0.1 3.1 0.4 5.6 0.5 0.8

H2 Sep 2006 7.59 285 4.4 0.6 1.3 0.1 1.6 0.5 5.7 0.4 0.8
Jun 2007 7.13 352 3.3 2.9 1.0 0.1 2.3 0.1 6.0 0.4 0.5

K1 Sep 2006 Kobbe 7.01 453 4.2 0.3 1.9 0.1 4.3 0.5 5.6 0.4 1.2
Jun 2007 7.15 400 4.3 2.9 2.3 0.1 5.6 0.6 5.6 0.5 1.2

K2 Sep 2006 6.93 381 3.9 0.1 1.4 0.1 3.3 0.1 5.1 0.5 1.0
Jun 2007 6.97 244 3.1 2.7 1.0 0.2 2.5 0.0 5.2 0.3 0.6

K3 Sep 2006 6.95 291 3.3 0.1 1.2 0.1 1.5 0.1 5.1 0.3 0.9
Jun 2007 7.05 209 3.1 3.2 1.2 0.2 2.8 0.0 5.2 0.4 0.7

K4 Sep 2006 Kobbe 6.98 274 3.2 0.3 1.2 0.1 1.6 0.1 5.7 0.4 0.9
Jun 2007 7.09 301 3.9 5.4 1.7 0.1 4.2 0.5 5.2 0.6 0.8

K5 Sep 2006 7.09 415 4.1 0.0 2.1 0.1 3.2 0.7 5.7 0.3 1.5
Jun 2007 7.08 442 3.9 2.7 2.8 0.1 4.8 0.5 5.6 0.5 1.5

K6 Sep 2006 7.03 377 3.7 1.0 2.0 0.1 2.7 0.3 5.0 0.3 1.3
Jun 2007 7.12 271 3.8 3.5 1.7 0.1 3.7 0.5 4.8 0.8 0.9

M1 Sep 2006 Mina 6.87 270 4.3 0.2 1.8 0.1 0.9 0.5 4.8 0.3 1.2
Jun 2007 6.70 228 4.3 2.2 0.8 0.1 0.8 0.3 5.2 0.3 0.5

M2 Sep 2006 7.02 752 9.9 1.3 5.2 0.1 4.5 12.1 4.6 0.6 2.2
Jun 2007 6.67 820 11.5 8.8 5.5 0.1 11.6 5.6 6.8 0.4 1.7

M3 Sep 2006 6.98 965 4.7 3.0 16.3 0.7 13.2 2.2 7.6 0.5 8.3
Jun 2007 7.12 631 5.6 2.3 2.9 0.7 5.1 0.5 7.2 0.6 1.5

M4 Sep 2006 6.63 511 7.7 0.4 2.8 0.1 1.4 0.7 9.8 0.3 1.4
Jun 2007 6.81 746 10.3 5.2 2.1 0.1 11.6 2.3 6.8 0.3 0.7

M5 Sep 2006 6.52 980 13.4 1.1 7.0 0.3 16.4 2.5 8.2 0.4 2.6
Jun 2007 6.82 874 10.0 4.6 2.3 0.2 9.0 1.1 9.6 0.4 0.9

M6 Sep 2006 7.11 521 2.3 2.4 9.7 0.7 4.6 0.5 6.0 0.2 6.3
Jun 2007 7.04 468 2.4 2.9 7.0 1.5 5.6 0.2 8.0 0.2 4.3

M8 Sep 2006 6.86 1050 7.8 1.5 11.9 0.4 15.5 2.5 6.5 1.2 5.5
Jun 2007 6.73 343 6.3 2.1 4.0 0.9 3.4 0.9 7.2 0.8 2.0
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Table 5 (continued )

Well ID Date Location pH TDS (ppm) Ca (meq/l) Mg (meq/l) Na (meq/l) K (meq/l) Cl (meq/l) SO4 (meq/l) HCO3 (meq/l) NO3 (meq/l) SAR

M9 Sep 2006 6.56 1040 10.4 1.4 10.8 0.4 16.9 3.2 9.1 1.6 4.4
Jun 2007 7.11 210 4.3 2.2 1.0 0.1 2.3 0.3 6.0 0.3 0.6

M10 Sep 2006 6.61 2210 18.4 5.8 11.9 0.2 45.2 3.9 6.7 0.4 3.4
Jun 2007 6.81 1490 8.8 4.0 4.0 0.4 13.8 1.8 7.6 0.6 1.6

M11 Sep 2006 6.66 1250 18.8 1.4 10.8 0.2 21.2 3.0 7.5 1.1 3.4
Jun 2007 7.51 885 4.5 3.5 5.3 0.6 9.3 1.6 8.0 0.8 2.7

M12 Sep 2006 7.09 288 4.5 0.4 1.1 0.1 1.1 0.1 5.8 0.2 0.7
Jun 2007 6.95 264 4.4 1.8 1.2 0.1 2.5 0.3 6.0 0.4 0.7

M13 Sep 2006 Mina 7.83 444 3.4 0.3 3.0 0.2 2.9 0.2 6.1 0.5 2.2
Jun 2007 6.78 1500 9.2 2.7 5.3 0.6 13.3 2.0 8.4 0.7 2.2

M14 Sep 2006 7.65 750 2.9 0.6 3.9 0.2 8.7 2.2 9.6 0.2 2.9
Jun 2007 7.56 908 2.7 1.8 6.2 0.5 8.5 2.6 10.0 0.1 4.1

R1 Sep 2006 Mina Road 6.80 349 4.7 0.9 1.3 0.1 1.0 0.3 6.6 0.4 0.8
Jun 2007 7.21 429 4.8 2.6 1.2 0.2 2.5 0.2 4.8 0.5 0.6

R2 Sep 2006 7.05 404 5.4 0.6 2.3 0.2 1.4 0.6 7.6 0.6 1.4
Jun 2007 7.09 259 4.0 4.5 7.2 0.4 2.5 0.3 6.8 0.6 3.5

R3 Sep 2006 7.09 345 5.1 0.8 2.6 0.1 1.2 0.4 7.4 0.4 1.5
Jun 2007 7.36 434 4.5 2.7 1.5 0.2 2.8 0.5 5.2 0.4 0.8

R4 Sep 2006 6.62 2750 21.0 6.0 25.9 0.2 55.0 2.3 6.0 0.3 7.1
Jun 2007 6.86 1360 12.6 7.9 7.2 0.1 22.0 1.5 6.4 0.4 2.3

R5 Sep 2006 7.01 456 5.8 0.8 2.1 0.0 2.2 0.6 7.2 0.3 1.2
Jun 2007 7.16 496 5.4 2.8 1.3 0.2 3.1 0.5 7.2 0.6 0.7

R6 Sep 2006 6.88 484 6.1 1.1 2.8 0.1 2.1 1.1 7.8 0.4 1.5
Jun 2007 7.43 540 5.6 3.1 1.7 0.3 3.1 1.5 5.6 0.4 0.8

R7 Sep 2006 6.69 412 5.2 1.6 3.0 0.2 1.8 2.7 6.7 0.2 1.7
Jun 2007 6.99 566 6.3 2.8 1.5 0.2 3.4 0.6 6.8 0.4 0.7

R8 Sep 2006 6.82 541 6.9 1.7 3.3 0.1 4.3 0.7 7.2 0.3 1.6
Jun 2007 6.55 440 6.5 3.7 1.7 0.1 3.7 1.3 6.8 0.4 0.8

R9 Sep 2006 6.84 412 5.3 1.8 2.3 0.1 1.7 0.3 7.4 0.3 1.2
Jun 2007 7.05 241 4.3 1.9 0.9 0.1 2.3 0.1 5.6 0.4 0.5

R10 Sep 2006 7.06 406 5.2 1.3 2.3 0.1 1.6 0.2 7.5 0.7 1.3
Jun 2007 6.87 328 5.6 2.9 1.5 0.2 2.8 0.0 6.8 0.7 0.7

R11 Sep 2006 7.04 408 5.0 1.4 2.3 0.1 1.7 0.6 8.0 0.4 1.3
Jun 2007 7.17 490 3.9 4.6 1.4 0.2 3.1 0.8 6.0 0.7 0.7

R12 Sep 2006 6.97 742 8.9 0.3 28.3 0.1 8.7 1.7 7.7 0.4 13.2
Jun 2007 6.95 275 4.5 1.5 0.9 0.1 2.0 0.2 6.8 0.3 0.5

R13 Sep 2006 Mina Road 6.73 490 6.2 0.6 1.4 0.1 2.3 0.2 7.8 0.4 0.8
Jun 2007 7.15 218 4.7 2.9 1.8 0.4 2.8 0.6 8.0 0.6 0.9

R14 Sep 2006 6.95 422 5.9 1.4 1.6 0.1 2.0 0.4 7.1 0.6 0.8
Jun 2007 7.23 525 4.2 4.0 1.4 0.2 3.1 1.0 5.2 0.6 0.7

S1 Sep 2006 Abou Samra 7.17 360 4.8 0.9 1.4 0.0 2.4 0.1 5.5 0.3 0.8
Jun 2007 7.66 409 4.1 2.4 1.1 0.1 3.4 0.4 8.0 0.3 0.6

S2 Sep 2006 7.10 288 3.5 1.2 1.3 0.0 1.5 0.0 5.3 0.2 0.8
Jun 2007 7.55 336 3.5 3.2 0.8 0.1 2.5 0.2 6.8 0.1 0.5

S3 Sep 2006 7.05 344 4.4 0.9 1.9 0.0 1.9 0.2 5.2 0.4 1.1
Jun 2007 7.29 365 4.0 1.9 1.0 0.1 2.3 0.1 5.6 0.4 0.6

Fig. 8. Piper diagram for pilot study area for September 2006 (a) and June 2007 (b).

M. Tomaszkiewicz et al. / Environmental Modelling & Software 57 (2014) 13e26 21



Table 6
Moran’s I spatial statistics for measured parameters for varying lag distances.

Parameter Morans’s I

Sep 2006 (Late Summer) Jun 2007 (Early Summer)

0e0.85 km 0.85e1.9 km 1.9e3.8 km 0e0.85 km 0.85e1.9 km 1.9e3.8 km

Ca2þ 0.03 0.04 0.02 0.24 0.15 0.10
Mg2þ 0.02 0.01 0.01 0.22 0.13 0.09
Naþ 0.02 0.01 0.01 0.03 0.02 0.01
Kþ 0.17 0.11 0.09 0.15 0.09 0.07
Cl� 0.02 0.03 0.01 0.16 0.09 0.06
SO4

2� 0.05 0.04 0.02 0.34 0.21 0.15
HCO3

� 0.05 0.06 0.02 0.15 0.07 0.07
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3. Results and discussion

3.1. Validated GQISWI

The water quality results from worldwide literature (Table 3)
reflect differing hydrogeochemical facies as indicated on the Piper
diagram (Fig. 6). The corresponding GQIPiper(mix) and GQIPiper(dom)
indices confirm that the values fall within designated ranges for
each domain. In general, the GQISWI and GQIPiper(mix) increases with
a decrease in fsea, TDS, andEC (Fig. 7). There are exceptions, however.
For example, in the Tanzania and Taiwan studies, a decrease in fsea
and EC (indicating less saline) was found in slightly more saline
waters. In contrast, these samewaters reflected a decrease in GQISWI
indicating more saline water thus reflecting the right trend and
demonstrating the effectiveness of theGQISWI over theGQIfsea alone.

The GQISWI can range between 0 and 100, where 0 is indicative
of seawater and 100 represents freshwater. Although specific
ranges for each water type can vary (Table 4), in general, index
values are above 75 for freshwater and below 50 for saline
groundwater and seawater based on comparison with the litera-
ture. Mixed groundwater has a GQISWI between 50 and 75.
3.2. GQISWI Pilot study

Results of the water quality analysis (Table 5) and the corre-
sponding Piper diagram (Fig. 8) indicate similarities in late
(September 2006) and early summer (June 2007). The majority of
wells are generally fresh in late and early summer as most wells are
Fig. 9. Chloride semivariograms for Sep
of a CaHCO3 (domain I) (70% and 67%, respectively). These same
wells measured an average TDS, Cl�, and a SodiumAdsorption Ratio
(SAR e defined in Equation (6) (Richards, 1954)) of 416 ppm, 2.2
meq/l, and 1.2, respectively in late summer, and 411 ppm, 3.0 meq/l,
and 0.8 in early summer.

SAR ¼ Naþffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=2

��
Ca2þ

�þ �
Mg2þ

��q (6)

Early signs of seawater intrusion are evident, however, in the
remainder of the study area, particularly along its western sector.
These wells measured an average increase in TDS (1229 ppm and
1096 ppm in late and early summer, respectively) as well as a
general increase in ionic concentrations including Cl� (16.1 meq/l
and 12.4 meq/l in late and early summer, respectively). Likewise,
the corresponding SAR was an average 4.5 in late summer and 1.8
in early summer. The spatial autocorrelation of well observations
which was calculated on a global scale using Moran’s I statistic for
all parameters (Table 6), indicates weak positive autocorrelation
(I > 0) but is approaching complete spatial randomness, particu-
larly at greater lag distances and in late summer. Therefore,
contaminant concentrations were estimated from observed lo-
cations within 850 m, the minimum distance between all point
pairs.

Ordinary kriging was used to estimate contaminant levels at
unmeasured locations and results were compared to indicator
kriging using both the spherical and exponential semivariogram
models. The selected model was based on fit (Fig. 9) and cross-
tember 2006 (a) and June 2007 (b).



Table 7
Semivariogram model parameters for OK and IK (Exp designates exponential and Sph designates spherical).

Ca2þ Mg2þ Naþ Kþ Cl� SO4
2- HCO3

�

Sep 2006 Jun 2007 Sep 2006 Jun 2007 Sep 2006 Jun 2007 Sep 2006 Jun 2007 Sep 2006 Jun 2007 Sep 2006 Jun 2007 Sep 2006 Jun 2007

Ordinary Kriging
Semivariogram Exp Exp Exp Sph Exp Exp Sph Exp Exp Exp Sph Sph Sph Sph
Nugget (co) 0.00 0.03 0.48 0.11 0.00 0.30 0.11 0.05 0.00 0.00 0.65 0.23 0.02 0.01
Sill (c) 0.25 0.19 0.73 0.25 0.79 0.15 0.49 0.50 1.17 0.48 1.35 1.56 0.05 0.03
Range (a0), m 415.6 988.1 582.4 1103.6 512.8 2584.9 270.9 539.0 429.0 369.7 2304.1 1200.0 6467.2 1077.1
RMSE 1.10 0.94 0.99 0.93 1.74 1.15 0.93 1.42 1.50 1.23 1.01 0.75 1.06 1.00
Indicator Kriging
Semivariogram Sph Exp Sph Sph Exp Exp Sph Sph Exp Exp Exp Sph Sph Sph
Nugget (co) 0.10 0.15 0.00 0.15 0.14 0.16 0.00 0.13 0.13 0.09 0.13 0.16 0.10 0.16
Sill (c) 0.31 0.27 0.07 0.22 0.26 0.25 0.08 0.20 0.25 0.26 0.29 0.19 0.32 0.23
Range (a0), m 3970.3 1736.4 300.0 965.4 2185.8 2754.9 502.0 1067.7 1376.0 2003.6 2108.3 503.1 4152.0 270.9
RMSE 1.06 0.97 0.90 0.87 0.95 0.97 0.96 0.93 0.98 1.07 0.97 0.95 1.00 0.93

Fig. 10. Chloride concentration maps (from OK) for September 2006 (a) and June 2007 (b) and probability of exceeding threshold for salinity (from IK) for September 2006 (c) and
June 2007 (d).
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Fig. 11. Hydrogeochemical domains for (a) late summer and (b) early summer. Reds indicate more saline and blues indicate more fresh aquifers. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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validation (Table 7), which entails removing one data observation
at a time and predicts its value. Results were generally better for IK,
such as the example of chloride. In addition, areas which likely
exceed the threshold for minimal salinity (2.8 meq/l) are more
evident when using IK (Fig. 10). However, IK has an inherent
weakness by applying a single threshold, since areas with signifi-
cantly higher or lower concentrations may be lost (Adhikary et al.
2010; Marinoni, 2003).
Fig. 12. Seawater vulnerability map for (a) late summer and (b) early summer. Reds indicate
to color in this figure legend, the reader is referred to the web version of this article.)
Vulnerability maps were developed based solely upon the Piper
diagram hydrogeochemcial facies (Fig. 11) and the GQISWI (Fig. 12).
Fig. 11 was developed by pixilizing the area of interest and calcu-
lating the GQIPiper(mix) and GQIPiper(dom) for each pixel using geo-
statistical kriging methods and the water quality data, then
obtaining the water domain using the Excel-based algorithm of
Fig. 3. Hydrogeochemical facies include CaMgCl (domain IV) (15%
and 20% in late and early summer, respectively), CaCl (domain V)
more saline and blues indicate more fresh aquifers. (For interpretation of the references
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(3% and 10% in late and early summer, respectively). The seawater
intrusion vulnerability map confirms that the study area has
generally freshwater in both late (mean GQISWI ¼ 79.1) and early
summer (mean GQISWI ¼ 82.8). However, early signs of seawater
intrusion are evident, particularly in late summer when ground-
water recharge is low, along the western coastline due to shallow
aquifers, high population density in the northwest corner, and its
proximity to the sea. In addition, indications of seawater intrusion
can be discerned in the eastern half of the study area, near the Abou
Ali River as seawater may be conveyed in the riverbed during late
summer in particular due to minimal discharge.

4. Concluding remarks

This study demonstrated a newly proposed Groundwater
Quality Index for Seawater Intrusion (GQISWI) derived by combining
the seawater fraction index (GQIfsea) and the freshwater e seawater
mixing index (GQIPiper(mix)) of the Piper diagram, showing a more
representative performance over each factor alone. The GQISWI, like
other water quality indices, has advantages and limitations. The
primary goal of the GIS-based index is to rapidly aggregate chem-
ical data into a quantifiable value that can be spatially and
temporally mapped. Care should be taken during geostatistical
analysis to best estimate contamination levels across the study
area. The resulting maps provide a helpful and robust visual tool for
researchers and policy makers towards defining corrective or
adaptive measures. The fact that early seawater intrusion is evident
in the highly populated northwest quadrant of the study area is
alarming, as households depend upon groundwater for domestic
use. However, seawater intrusion entails complex hydro-
geochemical processes that cannot be fully captured through use of
the GQISWI. It is therefore recommended that the GQISWI be used for
preliminary assessments, followed bymore detailed study such as a
continual monitoring program or groundwater modeling to further
assess the extent of seawater intrusion.
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