Can groundwater vulnerability models assess seawater intrusion?
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Abstract

This study examines the uncertainty associated with two commonly used GIS-based groundwater
vulnerability models, DRASTIC and EPIK, in assessing seawater intrusion, a growing threat along
coastal urban areas due to overexploitation of groundwater resources. For this purpose,
concentrations of Total Dissolved Solids (TDS) in groundwater samples at three pilot areas along
the Eastern Mediterranean were compared with mapped vulnerability predictions obtained through
DRASTIC and EPIK. While field measurements demonstrated high levels of groundwater salinity
depending on the density of urbanization, both vulnerability assessment methods exhibited a
limited ability in capturing saltwater intrusion dynamics. In the three pilot areas, DRASTIC was
only able to predict correctly between 8.3 and 55.6 percent of the salinity-based water quality
ranges, while EPIK’s predictions ranged between 11.7 and 77.8 percent. This emphasizing that
conventional vulnerability models perform poorly when anthropogenic impacts induce lateral flow

processes such as seawater intrusion caused primarily by vertical groundwater extraction.
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1 Introduction

The vulnerability of groundwater to seawater intrusion is increasing as a result of unsustainable
extraction practices along coastal urban areas, where population growth and development have
induced groundwater overexploitation exceeding the natural recharge (Chang 2010; Howard 2002;

Tabatabaei et al. 2014). Groundwater vulnerability is further accentuated with the decrease in



infiltration and recharge capacities caused by land use and land cover changes associated with
urbanization (IPCC 2013, Michalopoulos and Dimitriou 2018). It is also expected to exacerbate
with sea level rise under potential future climate change. The latter affects the components of the
water cycle as well (increased temperature and evaporation, change in spatial and temporal
precipitation patterns), which may further increase net water demand and hinder groundwater
recharge (Fetter 2001; Howard 2002; Lodiciga et al. 2012; Ranjan et al. 2006; VVorosmarty et al.
2000; Werner et al. 2012).

Aquifer vulnerability, defined as aquifer sensitivity to various stresses (climatic or anthropogenic),
was first used to evaluate the potential exposure of aquifers to contaminants (Magiera 2000; Vlaicu
et al. 2008). Several groundwater vulnerability assessment (GVA) models have been developed to
provide insight on groundwater conditions based on physical parameters of the medium containing
the groundwater. The medium is usually a static system that varies only over geological time spans.
Assessments using these models are mostly based on the intrinsic characteristics of the
groundwater bearing formations (aquifers), including geology, geomorphology, and hydrogeology
(Fijani et al. 2013; Vlaicu et al. 2008). They also account for the layers that affect these formations
including soil cover, land use, topography, and hydrology (Stigter et al. 2005; Yang et al. 2017).
The models usually adopt an Index and Overlay (10) system to generate scores based on ranks or
weights that are assigned to the intrinsic parameters. Most models produce a dimensionless value
that is referred to as the total vulnerability that can vary spatially in 2D; yet they lack a vertical

component (Elewa et al. 2013; Gogu et al. 2000a; Milnes 2011; Shirazi et al. 2012).

Most GVA models are reportedly suitable for data-scarce regions (Panagopoulos et al. 2006;
Vlaicu et al. 2008) and are invariably coupled with Geographic Information Systems (GIS) to

provide decision makers with informative visualization of complex groundwater systems to aid in



the decision-making process towards protecting aquifers from pollution risk (Kazakis et al. 2015).
Recent attempts have focused on adding to the modeling framework new external factors such as
contaminant source and type, climate change forcings, and/or other regional impacts (Ahmadian
2013; Fijani et al. 2013; Shirazi et al. 2012; Rangel-Medina et al. 2004). While such tools have
often been reported to improve decision-making, they have also been criticized of being unreliable
given their inability to recognize the complexity of the system (Focazio 2002; Neukem et al. 2008)
and their tendency to generalize on assumptions (Gogu et al. 2000a; Doerfliger et al. 1999). As
such, in this study, two commonly used GVA models were tested to evaluate and compare their
ability in assessing groundwater vulnerability to seawater intrusion. Vulnerability maps were
generated and combined with results from a groundwater quality-monitoring program to assess the
ability of the models in identifying the vulnerability of coastal aquifers under the stress of seawater

intrusion induced by groundwater overexploitation (Kaliraj et al. 2015; Tabatabaei et al. 2014).

2 Materials and Methods

2.1 Study area characteristics

The GVA models targeted three pilot areas representing the Lebanese coastal cities of Beirut
(628,000 people and 22 km?), Jal el Dib (40,000 people and 1.5 km?), and Tripoli (400,000 people
and 11 km?) (Figure 1) along the Eastern Mediterranean coastline (Awad and Darwich 2009; El-
Fadel et al. 2003). The three cities experience mild wet winters (less than 1000 ml of precipitation)
and hot dry summers (average 22°C) (Meteorological Center 1977). Similar to many coastal cities
along the Mediterranean (De Filippis et al. 2016; Marin et al. 2010a and b), the three pilot areas
are underlain by karstic and semi-karstic aquifer systems of Jurassic and Cretaceous age up until
quaternary age deposits (Dubertret 1955; Walley 1997). These aquifers constitute the main
groundwater sources and cover more than 70% of the country (Edgell 1997), particularly along the

coast, where nearly 80% of the population resides (Central Administration of Statistics 2009). The



water supply at all pilot aquifers is often complemented with groundwater extracted mostly
through a large number of unlicensed wells pumping at different intensities to alleviate chronic
water shortages, particularly during the dry season. Groundwater sampling campaigns were
conducted towards the end of the summer season to assess the extent of seawater intrusion under
worst-case conditions. Thirty wells were sampled in Jal el Dib, 60 in Tripoli, and 165 in Beirut
(El-Fadel et al. 2014a and b). The samples were transported on ice to the Environmental
Engineering Research Center at the American University of Beirut and analyzed for various
physical and biochemical indicators in accordance with Standard Methods for the Examination of
Water and Wastewater (APHA/AWWA/WEF 2012). In this study, only total dissolved solids

(TDS) levels were used as a salinity indicator.
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Figure 1: General location of the study area with location of sampling wells
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2.2 GVA Model Selection

Common GVA models vary in their ability to account for potential contamination (Chachadi et al.
2001; Elewa et al. 2013; Hao et al.. 2017; Rangel-Medina et al. 2004; Selmi 2013). Models
designed specifically for surface contamination have been equally used for non-vertical
contamination (Chachadi et al. 2005; Elewa et al. 2013; Selmi 2013); sometimes through
modifications to account for non-vertical pollution sources (Jamrah et al. 2008). Table 1 presents
a summary of commonly used intrinsic vulnerability assessment methods and their corresponding
parameters, excluding the models that are specifically designed for agricultural areas such as the
SEEPAGE (Kumar et al. 2015) or DRASTIC-LU/DRASTIC-L (Alam et al. 2014; Sinha et al.
2016; Stigter et al. 2005; Yang et al. 2017) or DRASTIC-FM (Kazakis et al. 2015). DRASTIC
appears as one of the most commonly used GVA. It was designed for large areas and applied over
several aquifer types (porous-karstic-mixed) (e.g. Baalousha 2016; Fijani et al. 2013; Kallioras et
al. 2011; Kazakis et al. 2015; Khan et al. 2010; Michalopoulos and Dimitriou 2018; Metni et al.
2004; Neukum et al. 2015; Panagopoulos et al. 2006; Sadat-Noori and Ebrahimi 2016; Salemi et
al. 2011; Shirazi et al. 2012; Werner et al. 2012). SINTACS and P1 are equally comprehensive with
respect to the number of parameters they include but they are not as commonly used (Kumari et al
2016). WMCDSS is reportedly a highly site-specific model; yet it has been shown to be difficult to
transfer between regions (Elewa et al. 2013). EPIK, COP+K and the Pl models are GVAs that
have been developed to account for Kkarstic aquifers (Baalousha 2016; Gogu et al. 2000b;
Goldscheider 2005; Hamdan et al. 2016; Polemio et al. 2009; Vlaicu et al. 2008, Voigt et al. 2004).
The COP+K is an intrinsic vulnerability mapping used for karstic aquifer catchment areas; it was
approved by the Pan-European COST Action 620. The model is a modification of the COP method
(Vias et al. 2006) for karstic environments (Andreo et al. 2006; Jiménez-Madrid et al. 2010). COP
and COP+K were applied on several Mediterranean karst springs (Hamdan et al. 2016; ELARD

2015; Masoompour Samakosh et al. 2013; Andreo et al. 2006; Vias et al. 2006). Their results were



found to be comparable to those generated by EPIK (Hamdan et al 2016; Loborec et al 2015). The
GOD model is used mostly in regions where vulnerability variations are large within a small area
(Ahmed et al 2018; Polemio et al. 2009). The GALDIT and WMCDSS models have not been
adequately tested in a karstic environment (Allouche et al. 2017; Chachadi et al. 2005; 2002; 2001;
Elewa et al. 2013; Kallioras et al. 2011; Kardan Moghaddam et al. 2017; Kura et al. 2014; Lobo-
Ferreira et al. 2007; Najib et al. 2012; Saidi et al 2014; Selmi 2013). In this study, the performance
of the generalized vulnerability model (DRASTIC) was evaluated along with a karst-specific
vulnerability model (EPIK) (Baalousha 2016; Doerfliger et al. 1999; Hammouri and El-Naga
2008; Kazakis et al 2015; Kumar et al. 2015; Neukum et al 2008) to compare their skill in assessing
groundwater vulnerability to seawater intrusion. The models’ selection criteria focused on
choosing models that have been used in similar geologies, with at least one method developed for
karstic systems, and those that have a limited set of input data requirements since the study area is

characterized with data-scarcity.

Table 1: Comparison of commonly used intrinsic vulnerability assessment methods with corresponding parameter

Generic Karst Lateral Site
Aquifers Contaminant  Specific

Included Parameter DRASTIC? SINTACS® GOD® EPIK® COP+K¢ PIf GALDITY WMCDSS"
Precipitation/recharge X X X X X - X
rate / water balance
Vadose (unsaturated) X X X X X X - -
zone
Aquifer/ lithology / X X X X X X - -
Hydrogeological
characteristics
Soil X X X X X X - -
Topography X X - X X X - -
Hydraulic conductivity X X - X X - X X
Land Use - X - X X X - -
Distance from shoreline = - - X -

2 DRASTIC (Depth to Water (D), Recharge (R), Aquifer Media (A), Soil Media (S), Topography (T), Impact of Vadose zone (1), Conductivity
(C)): e.g. Ahirwar and Shukla 2018; Ahmed et al 2018; Aller et al. 1987; Allouche et al 2017; Al-Rawabdeh et al 2014; Baalousha 2016; Bartzas
et al 2017; Boufekane and Saighi 2018; Colins et al 2016; Ghazavi and Ebrahimi 2015; Hammouri and EI-Naga 2008; Haque et al 2018; Jamrah
et al. 2008; Jarray et al 2012; Kaliraj et al 2015; Kaliraj et al 2015; Kardan et al 2017; Kazakis et al 2015; Khakhar et al 2017; Kumar et al 2014;
Kumar et al 2017; Kura et al 2014; Lasagna et al 2018; Mahmoudzadeh et al 2013; Michalopoulos and Dimitrious 2018; Nadiri et al 2017; Nadjai
et al 2017; Neukum et al 2008; Oroji and Karimi 2018; Panagopoulos et al. 2006; Sadat-Noori and Ebrahimi 2016; Saidi et al 2014; Shirazi et al
2012; Sinha et al 2016; Tabatabaei et al 2014; Tiwari et al 2016; Neh et al 2015; Vlaicu et al. 2008; Yang et al 2017; Yin et al 2013



 SINTACS (Water table depth (S), Effective infiltration (1), Unsaturated zone (N), Soil media (T), Aquifer media (A), Hydraulic conductivity
zone (C), Topographic slope (S)): e.g. Gogu et al. 2003;Kumari et al 2016; Loborec et al 2015; Polemio et al. 2009; Rangel-Medina et al. 2004;
Vlaicu et al. 2008

CEPIK (Epikarst (E) Protective Cover (P), Infiltration condition (1), Karst network development (K)): e.g. Awawdeh and Nawafleh 2008;
Baalousha 2016; Barrocu et al. 2006; Doerfliger 1996; Doerfliger et al. 1999; Gogu et al. 2000b; Hamdan et al 2016; Hammouri and El-Naga
2008; Kazakis et al 2015; Loborec et al 2015; Neukum et al 2008; Pera et al. 2009; Polemio et al. 2009; Rangel-Medina et al. 2004; Ravbar and
Goldscheider 2009; SAEFL 1998; Vlaicu et al. 2008

4COP or COP+K (Control the flow concentration (C), protective capacity of the Overlying layers by means of soils (O), Precipitation (P), the
groundwater travel time, the connection and contribution to the source, as well as the active conduit network (K)): e.g. Hamdan et al 2016;
Loborec et al 2015; Marin et al. 2010; Michaelopoulos and Dimitriou 2018; Polemio et al. 2009; Rangel-Medina et al. 2004; Vlaicu et al. 2008
¢GOD (groundwater occurrence (G). overall aquifer class (0), depth to groundwater (D)): Ghazavi and Ebrahimi 2015; Gogu et al. 2003;Lasagna
et al 2018; Mahmoudzadeh et al 2013; Polemio et al. 2009; Rangel-Medina et al. 2004; Vlaicu et al. 2008

fPI (protective cover (P), infiltration conditions (1)): e.g. Goldscheider 2005; Neukum et al 2008; Polemio et al. 2009; Rangel-Medina et al. 2004;
Ravbar Goldscheider 2009; Vlaicu et al. 2008

9GALDIT (Groundwater occurrence (G), Aquifer hydraulic conductivity (A), Depth to groundwater level above sea (L), Distance from the shore
(D), Impact of existing status of seawater intrusion in the area (1), Thickness of the aquifer which is being mapped (T)): Allouche et al 2017;
Chachadi et al. 2005; Chachadi et al. 2001; Kardan Moghaddam et al 2017; Kura et al 2014; Saidi et al 2014

" WMCDSS (weighted (W) multi-criteria (MC) decision (D) support (S) system (S)): Elewa et al. 2013

DRASTIC is an intrinsic GVA model that uses 10 of seven parameters (Figure 2) to assess the
vulnerability of an aquifer to groundwater contamination. It was developed for the US
Environmental Protection Agency (EPA) and is reportedly suitable for porous/granular aquifers at
a large scale (Aller et al. 1987). Each parameter is assigned a weight (W=1 to 5) relative to its
impact on the aquifer vulnerability and each sub-category within one parameter is rated (R=1 to
10) based on its influence on the parent parameter. The model generated a DRASTIC Index (DI)
which is calculated using Equation (1), where D=Depth to water; R=Recharge; A=Aquifer media,
S=Soil media; I=Impact of the Vadose zone; T=Transmissivity; C=Hydraulic conductivity;
r=Rating, and w=Weight. Note that the rankings and weights are able to differ from one area to

another (Aller et al. 1987; Fijani et al. 2013; Metni et al. 2004; Oroji and Karimi 2018).

DI =DrDw + RrRw + Ar Aw + Sr Sw + Tr Tw + It lw + Cr Cuw (1)
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Figure 2: DRASTIC with weights and ranks for model parameters.
Based on relative importance (Aller et al. 1987; Metni et al. 2004)
SS = Sandstone, LS = Limestone, weathrd = weathered, Meta. & metamor. = metamorphic, ign. = igneous
Note that the depth to groundwater at the three pilot areas exhibit minimal fluctuations due to limited topographic changes
coupled with coastal proximity inducing seawater-freshwater interaction that maintain a relatively constant groundwater level
Units: Depth to Water (1 foot = 0.3048 meter); Net Recharge (1 inch = 25.4 millimeter);
Hydraulic Conductivity (1 GDP/ft? = 0.0408 meter/day)

While DRASTIC offers the flexibility in adjusting ratings and weights to fit the specifications of a
study area (Kumar et al 2017; Oroji and Karimi 2018; Shirazi et al. 2012), it does not differentiate

between porous and fractured media nor account for structural geology such as faults or folds



(Aller et al. 1987; Fijani et al. 2013; Panagopoulos et al. 2006; Sener et al. 2012). Nevertheless, it
has been tested in densely populated areas and in semi-arid zones (Kumar et al. 2015). Its
assessment is based on the shallowest aquifer and assumes that contamination is introduced evenly
over the study area. The model parameters are often chosen based mostly on a qualitative judgment
and its results have mostly not been calibrated or validated by the level of contaminants measured
in the field (Kumar et al 2017; Kura et al. 2014). DRASTIC has been reported as a good approach
for tracking seawater intrusion or monitoring the process (Allouche et al. 2017; Kaliraj et al. 2015;

Kardan Moghaddam et al. 2017; Zghibi et al. 2016).

EPIK is also an intrinsic GVA model developed by the Swiss Agency for the Environment, Forests
and Landscape for karstic environments, spring catchment areas, and well radius of influence
(Baalousha 2016; Hamdan et al. 2016; Kumar et al. 2015; SAEFL 1998). It has four parameters
with weights depending on corresponding impacts and relative importance, with E (Epikarst) and
| (Infiltration condition) reported as the most important contributors (SAEFL 1998). While the K
(Karstic Network) is an important parameter (Hamdan et al. 2016), its weight is less than the E
parameter (SAEFL 1998). In the study area, the protective cover (represented by the P parameter)
is very thin to non-existent and hence it has the lowest weight. All parameters were divided into
sub-categories, each with a specific rating (Figure 3) (Barrocu et al. 2006; SAEFL 1998). A
Protection Factor (PF) or EPIK Index (EI) is then calculated using Equation (2), where
E=Epikarst; P=Protective Cover; I=Infiltration Condition; K=Karst Network, and the numbers on

the left of the parameters are the suggested weights (SAEFL 1998).

PF (orEl) =3E + 1P + 31 + 2K (2)

10



P2 P3 1
3
Pl I
P Infiltration
Protective Condition:
Cover: The soil diffusedinfiltration
Lanzr & concentrated

. K K2
Karst Network
Development:

fractored, karstic K3

~ LS & porous media
. EPIK

Protection Factor (PF)
EPIK Index (EI)
=3E+ 1P+ 31+ 2K

Figure 3: EPIK with weights and ranks for model parameters.
Detailed description presented in Table 2

Three versions of the EPIK model (EPIKV1, V2, and V3) were examined to assess its applicability
in an urban context (Table 2). In its original form, EPIK V2 considers the outcrops as the protective
cover (P) and thus fails to account for urban areas despite the ability of asphalted areas or concrete
structures to create an impermeable surface for the downward percolation of contaminants. To
correct for that, EPIK V1 assumes that urbanization prohibits vertical contamination from
infiltration due to its impermeable urban surface thus providing a protective cover resulting in
lower vulnerability. This results in urban areas having a lower vulnerable for pollution. On the
other hand, EPIK V3 assumes that urbanization enhances lateral flow due to associated
unsustainable abstraction and groundwater overexploitation in highly urbanized zones. The
Protection Factor (PF) or EPIK Index (EI) is defined whereby higher scores reflect lower

vulnerability areas, and lower scores reflect higher vulnerability areas.
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Table 2: Definitions and scoring system for the three tested EPIK modifications with urban areas factor as main variation
E (EpiKarst), P (Protective Cover), | (Infiltration Condition), K (Karst network development)

V1: Version one; V2: Version two; V3; Version three

Parameter V1 V2 V3 Weight/
Rank

Epikarst 3
El Fractures, developed faults, current/paleo channels/Rivers, Same as V1 Same as V1 2

flood plains + Buffer (500m) around faults + Buffer 500m

around Rivers
E2 Karst outcropping formations Same as V1 Same as V1 3
E3 The rest of the area with absent karstic morphology Same as V1 Same as V1 4
Protective Cover 1
P1 No protective cover Same as V1 No protective cover +urban 1
P2 Quaternary cover + dynamic buffer to an elevation of 100m  Same as V1 Same as V1 2

asl on the coastline”
P3 500m buffer around rivers channels Same as V1 Same as V1 3
P4 Aquicludes + urban Aquicludes Aquicludes 4
Infiltration 3
11 Slopes > 10% in Karstic area Same as V1 Slopes > 10% in Karstic area +urban 2
12 Slopes less than 25% around the coast Same as V1 Same as V1 3
13 Rest of the area Same as V1 Same as V1 4
Karst network development 2
K1 Well-developed karst formation Same as V1 Well-developed karst formation +urban 1
K2 Poorly developed karst or aquifers Same as V1 Same as V1 2
K3 Rest of the area + urban areas Same as V1 Same as V1 3

" The buffering was delineated based on the topography.

The measured well with the highest elevation is at 99m asl, thus that was considered the boundary of the coast in the study areas.
Accordingly the maximum distance from the coast to build the buffer was set at 100m asl

12



2.3 Validation of Effectiveness of GVA Models

Typically, GVA models do not include a validation step, and when they do, it is usually by
qualitative comparison of different GVA results for the same location (Ahmed et al 2018;
Bartzas etal 2017; Hamdan et al. 2016; Loborec et al. 2015; Michaelopous and Dimitriou 2018;
Neukum et al 2015; Ravbar and Goldscheider 2009). While vulnerability is only a measure of
potential or sensitivity to pollution and an area with high vulnerability may not necessarily be
polluted at the time of conducting a vulnerability assessment, many studies compared model
results with field-measured water quality data (Ahirwar and Shukla 2018; Ahmed et al 2018;
Allouche et al 2017; Al-Rawabdeh et al 2014; Awawdeh and Nawafleh 2008; Boufekane and
Saighi 2018; Hammouri and EI-Naga 2008; Haque et al 2018; Kaliraj et al 2015; Kardan
Moghaddam et al 2017; Khakhar et al. 2017; Kumar et al. 2016; Kura et al. 2014; Lasagna et
al 2018; Nadiri et al 2017; Nadjai et al. 2017; Sadat-Noori and Ebrahimi 2016; Saida et al.
2017; Tiwari et al. 2016; Yang et al 2017). In this study, an attempt was equally made to assess
whether GVA models can provide knowledge on the contamination distribution in coastal
aquifers that are experiencing unsustainable groundwater abstraction inducing seawater
intrusion. Therefore, an examination was carried out whether areas of high vulnerability should
be associated with high groundwater salinity (in the form of TDS as a surrogate) and areas of
low vulnerability should be associated with relatively fresh groundwater (assuming uniform
spatial abstraction rates), while recognizing that this applies only in regions where saltwater
intrusion is the only means of groundwater salinization (Kaliraj et al. 2015; Kardan
Moghaddam et al. 2017; Kura et al. 2014; Tabatabaei et al. 2014). Validation is therefore
implemented by following a mapping process that links the DRASTIC Index (DI) or the EPIK
PF (or EPIK Index) with standardized water quality categories obtained from the water quality
measurements. As such, groundwater quality was divided into five categories based on TDS
concentrations. Those categories, ranging from freshwater to seawater, were assigned
corresponding ranges of DI and PF (or EI) scores based on their qualitative description (Table

3). If DRASTIC and EPIK can provide knowledge on contamination distribution, then low

13



vulnerability zones would be less likely to have deteriorated groundwater quality. In contrast,
zones categorized as high vulnerability would be more likely to have deteriorated groundwater
quality as a result of saltwater intrusion. Thus, the groundwater that qualifies to be of the
“Drinking Water” category Is expected to be more commonly encountered in areas with low
vulnerability zones and the “Sea Water” category is more probable in areas falling within high
vulnerability zones. Evidently this assessment is not meant to evaluate DRASTIC and EPIK s
ability to simulate groundwater quality, but rather to check if water quality distributes itself
following trends predicted by vulnerability maps. This assumption is evaluated under the
condition that the entire study area is experiencing unsustainable abstraction practices causing
seawater intrusion. The categories of DI and PF (or EI) were divided equally between the low
and high vulnerability thresholds, where higher DI values show higher vulnerability and more
deteriorated groundwater quality, and lower PF (or EI) values show higher vulnerability and
more deteriorated water quality. Figure 4 summarizes the adopted approach towards linking

the vulnerability assessment of the aquifer with the status of the groundwater quality.

Table 3: Water Quality categories with equivalent DI and PF (or El) ranges 2

Range
Water Types TDS (ppm)® DI¢ Modified EPIK PF (or EI)¢  Vulnerability
Drinking water 0-500 27-85 32-34 Low
Fresh Water 500-1,000 86-106 28-31
Brackish 1,000-5,000  107-127 24-27 Moderate
Highly Brackish ~ 5,000-15,000 128-148 21-23
Saline Water 15,000-30,000 149-169 18-20 High
Sea Water 30,000-40,000 170-236 15-17

2used for assessing the performance of DRASTIC and EPIK in providing knowledge on contamination
distribution in regions known to have unsustainable abstraction leading to seawater intrusion

P Brian 2012; Costello 2008
¢Higher DI values show higher vulnerability and higher salinity levels (Aller et al. 1987; Brian. 2012;
SAEFL 1998; USGS 2000; Costello 2008; WHO 2003)

dLower PF (or El) values show higher vulnerability and higher salinity levels

14
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Figure 4: GVA validation framework

3 Results and Discussion

3.1 DRASTIC

Figure 5 presents the groundwater vulnerbaility based on the DRASTIC Index values. It is
evident that karstification regions in the high land, marked with red, have a high vulnerability
whereas the plains with soil cover and recent less-permeable outcrops are designated with blue
to green indicating lower vulnerability. The coast varies from low to moderate to high
vulnerability in the south, north, and midland areas, respectively. The vulnerability is based on
1:200,000 geologic map, which highlights the focus of this methodology on the outcropping
lithology and not necessarily the underlying aquifers (Table SP-1). The overall map also shows
how the anthropogenic factor is left uncounted for when analyzing the vulnerability of the

system.
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Figure 5: Groundwater Vulnerbaility based on DRASTIC Index

The analysis for the percent match between water quality categories forecasted by DRASTIC
and those obtained from field groundwater quality analysis in the three pilot areas was
conducted to verify the extent of the match between the ranges based on field measured data
and the ranges predicted by DRASTIC (Table 4). Ideally, elements would fall along the
diagonals. Off-diagonal elements can provide an idea on the tendency of DRASTIC to over-
estimate or under-estimate groundwater quality vulnerability. Values in the upper triangle

indicate over-estimation, while the lower triangle values reflect under-estimation.
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Table 4: Measured Total Dissolved Solids (WQFrieid) and DRASTIC (WQprasTic) ranges
Highly Saline

WOrield Drinking Fresh Brackish . Sea Water
T
: : 15,000 30,000 :
Beirut
Drinking water (27-85) 0 0 0 0 0 0
Fresh Water (86-106) 5 43 26 22 6 0
Brackish (107-127) 0 1 0 0
Highly Brackish (128-148) 2 5 0 0
Saline Water (149-169) 0 0 0 0
Sea Water (170-236) 1 2 36 10 4 0
Jal el Dib
Drinking water (27-85) 2 5 0 0 0
Fresh Water (86-106) 0 1 0 0 0 0
Brackish (107-127) 0 4 14 0 0 0
Highly Brackish (128-148) 0 0 0 0 0 0
Saline Water (149-169) 0 1 0 0 0 0
Sea Water (170-236) 0 0 0 0 0 0
Tripoli
Drinking water (27-85) 3 1 0 0 0 0
Fresh Water (86-106) 0 0 0 0
Brackish (107-127) 18 17 2 0 0 0
Highly Brackish (128-148) 5 4 5 0 0 0
Saline Water (149-169) 0 0 0 0
Sea Water (170-236) 0 0 0 0 0 0

DRASTIC’s ability to correctly predict the extent of pollution from saltwater intrusion ranged
from 8.3 percent (5 wells out of 60) in Tripoli to 55.6 percent (15 wells out of 27) in Jal el Dib,
with Beirut in the middle at 27.3 percent (47 wells out of 165). Furthermore, DRASTIC’s ability
to predict within +1 water quality category ranged from 49.1 percent in Beirut to 77.8 percent
in Jal el Dib with Tripoli at 55 percent (Table 5). While the performance of DRASTIC in Jal el
Dib was good, in Beirut was poor, where nearly one third (28.5%) of the water quality
predictions were off by 3 or more water quality categories. In order to ensure that these
diversions within categories are not based on errors in measuring the water quality, an error
estimation of +3% (Wagner et al. 2006) of water quality readings was added on TDS
measurements, and the number of points which crossed categories due to this error were
counted. No significant changes were observed. Table 5 summarizes the crosscheck results for

DRASTIC for the three pilot areas using TDS as a proxy indicator. The Match column shows
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when DRASTIC Index results which perfectly matched with the water quality categories defines
by the field measurements. The remaining columns highlight the over and under estimation
issues of the model in the three study sites.

Table 5: Cumulative percent match for DRASTIC Index score and the defined water quality categories.

+n indicates the range by which the DI was over- or under- estimating the water quality categories
n represents the number of categories

ID Match (%) +1 (%) +2 (%) +3 (%) +4/5 (%)
BEY_DR_TDS 273 49.1 715 98.2 100
JD_DR_TDS 55.6 7738 96.3 100 100
TRP_DR_TDS 8.3 55 91.7 100 100

Pilot areas: BEY = Beirut; JD = Jal el Dib; TRP = Tripoli
DR = DRASTIC; TDS = Total Dissolved Solids (ppm)

3.2 EPIK

A comparison between the three versions of EPIK along the coastline covering the three cities
is shown in Figure 6 and Table SP-2. The comparison shows a similarity between the three
approaches except in highly urbanized regions along the coast. EPIK V1 included urbanization
as a surface of protection, which may be true in surface-induced-contamination, but not
necessarily so for many coastal cities in developing countries, where urbanization is adding on
the vulnerability because of increased abstraction inducing seawater intrusion laterally. While
EPIK V1 showed that the coastline is mainly of moderate vulnerability, in EPIK V2,
urbanization is not considered, and the vulnerability is taken solely based on the geological
outcrops. In contrast, EPIK V3 assigns higher vulnerability to coastal urban areas to emphasize
the anthropogenic impact of groundwater extraction resulting in a noticeable increase in

vulnerability along the coastal areas under EPIK V3.
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Figure 6: Right: Groundwater vulnerability based on the 3 versions of EPIK Protection Factors or EPIK Indices
Center: EPIK results at the regional scale for the three versions
Left: EPIK results for Tripoli, Jal el Dib, and Beirut using the three versions of EPIK

A similar validation procedure for the three cities was tested using the three versions EPIK V1,

EPIK V2, and EPIK V3 with the results presented in Tables 6, 7, and 8, respectively. Once

again, values in the diagonal cells indicate the level of match between the water quality classes

and the classes produced based on the PF (or El) results of the EPIK vulnerability assessment.

In EPIK V1, where urbanization means low impact zone, measurements in Beirut correlated by
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about 23% with PF (or EI) values, whereas in Tripoli and Jal el Dib the correlation reached
only 11% and 78%, respectively. In EPIK V2, where there is no urbanization factor, over 70%
correlation was observed for Jal el Dib measurements; whereas, Beirut and Tripoli had similar
correlation values as the previous version, 24% and 11%, respectively. In EPIK V3, where
urbanization is a high impact zone, there is no correlation in water quality measurements and
vulnerability assessment in Tripoli, whereas in Beirut and Jal el Dib, the match is around 10%

and 11%, respectively (Tables 6-8)

Table 6: Measured Total Dissolved Solids (WQrieiq) and EPIK V1 (WQegpik v1)

Wores  Dfitking  Fresh Braosh il L
WQepik v 0-500  500-1000  1000-5000 155?880 13%%%% i%%%%
Beirut
Drinking water (32-34) 0 0 0
Fresh Water (28-31) 0 0 0
Brackish (24-27) 2 12 24 18 6 0
Highly Brackish (21-23) 4 11 21 4 1 0
Saline Water (18-20) 2 20 13 10 3 0
Sea Water (15-17) 0 0 0 0 0 0
Jal el Dib
Drinking water (32-34) 0 0 0 0 0
Fresh Water (28-31) 0 3 1 0 0 0
Brackish (24-27) 0 5 18 0 0 0
Highly Brackish (21-23) 0 0 0 0 0 0
Saline Water (18-20) 0 0 0 0 0 0
Sea Water (15-17) 0 0 0 0 0 0
Tripoli
Drinking water (32-34) 0 0 0 0 0 0
Fresh Water (28-31) 1 0 0 0 0
Brackish (24-27) 24 22 7 0 0 0
Highly Brackish (21-23) 6 0 0 0 0 0
Saline Water (18-20) 0 0 0 0 0
Sea Water (15-17) 0 0 0 0 0 0
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Table 7: Measured Total Dissolved Solids (WQFrieis) and EPIK V2 (WQegpik v2) ranges

Wres  Dfitking  Fresh mraosh iRl W
WQepikva 1-500 500-1000  1000-5000 1550 880 13%'%%% i%%%%
Beirut
Drinking water (32-34) 0 0 0 0 0 0
Fresh Water (28-31) 0 8 6 0 0 0
Brackish (24-27) 2 14 25 19 7 0
Highly Brackish (21-23) 4 12 23 5 1 0
Saline Water (18-20) 2 17 10 8 2 0
Sea Water (15-17) 0 0 0 0 0 0
Jal el Dib
Drinking water (32-34) 0 0 0 0 0 0
Fresh Water (28-31) 0 3 1 0 0 0
Brackish (24-27) 0 5 18 0 0 0
Highly Brackish (21-23) 0 0 0 0 0 0
Saline Water (18-20) 0 0 0 0 0 0
Sea Water (15-17) 0 0 0 0 0 0
Tripoli
Drinking water (32-34) 0 0 0 0 0 0
Fresh Water (28-31) 1 0 0 0 0 0
Brackish (24-27) 25 22 7 0 0 0
Highly Brackish (21-23) 5 0 0 0 0 0
Saline Water (18-20) 0 0 0 0 0 0
Sea Water (15-17) 0 0 0 0 0 0
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Table 8: Measured Total Dissolved Solids (WQFrieiq) and EPIK V3 (WQepik v3) ranges

WO Drinking Fresh Brackish High_ly Saline Sea
S A L
e 1-500 — 500-1000  ghop 15000 30000 40,000
Beirut
Drinking water (32-34) 0 0 0
Fresh Water (28-31) 0 0 0
Brackish (24-27) 0 0 0
Highly Brackish (21-23) 2 18 29 17 6 0
Saline Water (18-20) 4 10 22 5 1 0
Sea Water (15-17) 2 23 13 10 3 0
Jal el Dib
Drinking water (32-34) 0 0 0 0 0
Fresh Water (28-31) 0 1 0 0 0
Brackish (24-27) 0 1 2 0 0 0
Highly Brackish (21-23) 0 6 17 0 0 0
Saline Water (18-20) 0 0 0 0 0 0
Sea Water (15-17) 0 0 0 0 0 0
Tripoli
Drinking water (32-34) 0 0 0 0 0 0
Fresh Water (28-31) 1 0 0 0 0 0
Brackish (24-27) 4 0 0 0 0
Highly Brackish (21-23) 22 13 7 0 0 0
Saline Water (18-20) 2 0 0 0 0
Sea Water (15-17) 2 0 0 0 0

A summary of the adequacy of the three versions across the three cities is presented in Tables
9. EPIK V3 (with urbanization causing a larger impact that should produce higher
vulnerabilities) did not prove to generate an improvement when compared to the other two
versions, indicating the inability of EPIK to account for urbanization and predict the variability
of saltwater intrusion in coastal urban areas. This is also an indication that while EPIK can
reflect on the physical characteristics of an aquifer, it can’t account for the anthropogenic

impacts.
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Table 9: Cumulative Percent of match for the three EPIK versions scores and defined water quality categories.
+n indicates the range by which the score was over or under estimating the water quality categories.
n represents the number of categories

ID Match (%) +1 (%) +2 (%) +3 (%) +4/5 (%)
EPIK V1

BEY_EP1 TDS 236 64.8 84.2 98.8 100

JD_EP1_TDS 778 100 100 100 100

TRP_EP1 TDS 11.7 50 9 100 100
EPIK V2

BEY_EP2 _TDS 242 67.2 86 98.7 100

JD_EP2_TDS 778 100 100 100 100

TRP_EP2_TDS 11.7 50 91.7 100 100
EPIK V3

BEY_EP3 TDS 10.9 37 67.3 825 100

JD_EP3_TDS 11.1 778 100 100 100

TRP_EP3_TDS 0 26.7 55 91.7 100

BEY = Beirut; JD = Jal el Dib; TRP = Tripoli
EPIK V1 (EP1): urbanization low impact; EPIK V2 (EP2): no urbanization; EPIK V3 (EP3): urban areas high vulnerability
TDS = Total Dissolved Solids (ppm)

3.3 EPIK versus DRASTIC for water quality assessment

EPIK and DRASTIC are vulnerability assessment models and were not designed to predict
water quality measurements taken from the field. However, since this comparison is a practice
that is common in some of the existing literature (Elewa et al. 2013; Selmi 2013; Jamrah et al.
2008; Chachadi et al. 2005; 2001), this study targeted a cross-validation to test the validity of
this practice. Overall, DRASTIC and EPIK performed poorly indicating that utilizing
vulnerability assessment models for inferring patterns of water quality affected by
anthropogenic stresses like over-abstraction is not recommended. The EPIK V3 (urbanization
as higher vulnerability) exhibited the weakest performance, with the other two versions
performing relatively better than DRASTIC (Tables 5 and 9), with EPIK V2 (no urbanization)
performing the best among the GVA models. Nevertheless, both models use physical

characteristics which correlated well with the geology of the study area (Figure 7).
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Figure 7. Comparison between EPIK and DRASTIC

4 Concluding remarks

DRASTIC and EPIK were tested for their ability to evaluate the vulnerability of coastal aquifers
under anthropogenic interventions in the form of overexploitation of groundwater to meet
chronic water shortages associated with population growth, increased urbanization and
development, as well as potential climate change impacts. An attempt was made to examine
the ability of these models to assess groundwater quality distribution in coastal urban Kkarstic
areas experiencing seawater intrusion. While the vulnerability mapping can be helpful for water
and land use policy planning for protection before the occurrence of a polluting event, the
model simulations exhibited weak correlation with field measurements of saltwater intrusion
induced by anthropogenic activities emphasizing their limited abilities in defining quality

conditions / patterns after the occurrence of a polluting event.
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