
- 111 - 

 

ASSESSMENT AND MAPPING OF GROUNDWATER 

VULNERABILITY TO POLLUTION: CURRENT STATUS AND 

CHALLENGES 

 

Deepesh Machiwal1*, Madan Kumar Jha2, Vijay P. Singh3 and Chinchu Mohan4 

1ICAR-Central Arid Zone Research Institute, Regional Research Station, Bhuj – 370 105, Gujarat, 

India, E-mail: dmachiwal@rediffmail.com; Deepesh.Machiwal@icar.gov.in 

2AgFE Department, Indian Institute of Technology Kharagpur, West Bengal – 721 302, India, E-mail: 

madan@agfe.iitkgp.ac.in 

3Department of Biological and Agricultural Engineering, and Zachry Department of Civil 

Engineering, 321 Scoates Hall, 2117 TAMU, Texas A & M University, College Station, TX 77843-

2117, U.S.A., E-mail: vsingh@tamu.edu 

4Department of Infrastructure Engineering, University of Melbourne, Parkville 3010 VIC Australia, 

E-mail: mohanc@student.unimelb.edu.au 

*Corresponding Author E-mail: dmachiwal@rediffmail.com 

Tel.: +91-2832-271238; FAX: +91-2832-271238 

 

Abstract 

Increasing groundwater contamination across the globe triggered the concept of “aquifer 

vulnerability”, which has been extensively used worldwide during past three to four decades 

by researchers and policy makers for protecting groundwater from pollution. However, only a 

few recent studies have focused on the performance evaluation of two or more vulnerability 

assessment methods. Some of these studies have resulted in contrasting findings. Given this 

fact and considering growing threat of groundwater contamination due to increasing human 
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activities across the globe, it is necessary to critically review existing methods, understand 

current research trends, and identify major challenges associated with the assessment of 

aquifer vulnerability. Hence, the aim of this study is to present a comprehensive review of the 

methods and approaches used for the evaluation of aquifer vulnerability for ‘resource’ and 

‘source’ protection. First, the concept and types of aquifer vulnerability along with the 

definitions evolved over the years are presented, and then the methods for assessing aquifer 

vulnerability are suitably classified and briefly discussed. Second, the concept of 

vulnerability assessment for ‘source’ protection is highlighted, and the evolution of 

groundwater vulnerability evaluation methods is presented with an enlightening block 

diagram. Third, current research trends and critiques on past studies are discussed. Fourth, the 

major challenges of vulnerability assessment are highlighted and a way forward is suggested. 

It is concluded that the progress of vulnerability evaluation methods has not kept pace with 

the advancement of knowledge and tools/techniques. There is an urgent need for developing a 

scientifically robust and somewhat versatile methodology for the evaluation of ‘intrinsic’ and 

‘specific’ groundwater vulnerability for ‘resource’ and ‘source’ protection under varying 

hydrogeologic and hydro-climatic conditions. It is emphasized that more studies should be 

devoted to vulnerability assessment for ‘source’ protection using ‘Source-Pathway-

Receptor/Target’ approach. Also, spatial decision support systems should be developed using 

modern tools/techniques including artificial intelligence to improve decision-making process 

for protecting vital groundwater resources. 

 

Keywords: Aquifer vulnerability mapping; Vulnerability assessment methods; Protection 

zoning; Intrinsic vulnerability; Specific vulnerability; Resource and Source protection; 

Source-Pathway-Receptor approach.  
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1. Introduction 

Groundwater is a vital source of freshwater for meeting water demands in domestic, 

agricultural, industrial and other sectors as well as sustaining ecosystems in many countries 

across the globe. However, the sustainability of this vital resource is being threatened by 

overexploitation, increasing pollution and mismanagement, and increasing developmental 

activities (Alley et al., 1999; Zektser, 2000; Biswas et al., 2009; UNESCO, 2018). According 

to the UNICEF and WHO (2017), about 2.3 billion people in the world lack adequate 

sanitation, whereas other 844 million people do not have access to safe drinking water. On 

the other hand, half of the population of the developing world is exposed to polluted sources 

of water that endanger human health. An estimate shows that globally about 80% of 

wastewater is released into the environment without adequate treatment (UNESCO, 2018).  

 

Major aquifers throughout the world are being threatened by overexploitation, resulting in the 

doubling of the net global groundwater depletion rate since 1990 (Konikow, 2011). Many of 

the world’s large aquifers that are replenished with negligible recharge are being extensively 

mined. For example, it has been reported that the water level in the Nubian aquifer extending 

into parts of Egypt, Chad, Libya, and Sudan, has declined up to 60 m in Egypt (Puri and 

Aureli, 2009; Gleeson et al., 2012). Also, a drawdown of up to 50 m has occurred in the 

scarcely recharged parts of the High Plains aquifer in Kansas and Texas since the 1940s 

(Konikow, 2013). Similarly, water levels have declined in other regional aquifers ranging 

from 10 to more than 100 m, e.g., 120 m in Houston, Texas; 120 m in North China Plain; 150 

m in south-central Arizona; 270 m in Chicago; 70 m in Sana’s basin, Yemen; 80 m in Bin 

Gahir, Libya; and 220 m in Sierra de Cevillente, Spain (Cao et al., 2013; Konikow, 2013; 

Margat and van der Gun, 2013). Presently, major aquifers of arid and semi-arid regions of the 

world are experiencing rapid rates of groundwater depletion (Table 1). Depletion of 
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groundwater is also linked with the vulnerability of an aquifer to chemical contamination 

(Machiwal et al., 2011; Machiwal and Jha, 2015). For example, groundwater depletion is one 

of the causes for arsenic contamination in some parts of the world (Smedley and Kinniburgh, 

2002; CGWB, 2014). 

 

It is predicted that the demand for groundwater as a reliable and safe water supply source will 

considerably increase in the future which would render aquifers more vulnerable due to 

anthropogenic influences, such as intensification of agriculture, changes in land use/land 

cover, burgeoning population (particularly in the developing world), increasing water use 

with rising prosperity, rapidly growing urbanization and industrialization, inexpensive 

drilling and pumping technology, emission of pollutants, power generation, and institutional 

changes. On top of it, climate change and global warming will have profound repercussions 

for groundwater demands and supplies, and increasing frequency, severity, and duration of 

droughts and/or floods (Molden, 2007; Hetzel et al., 2008; UNESCO, 2009; Green et al., 

2011; Taylor et al., 2013; Foster and Gun, 2016). Future implications of climate change for 

groundwater alterations include changes in runoff particularly in arid and semi-arid regions, 

sea-level rise in coastal regions causing coastal aquifers to be more vulnerable, increased 

groundwater extraction due to heavy pumping, and reduced recharge potential. Owing to their 

large variability, climate change and land use/land cover changes complicate the task of 

reliable groundwater vulnerability assessment (Lapworth et al., 2013; Şen et al., 2013; Stigter 

et al., 2014; Huang et al., 2017). The impact of climate change on groundwater is confounded 

due to their complex relationship (Holman, 2006), and relatively long residence time of 

groundwater (ranging from days to thousands of years) is likely to delay and disperse the 

impacts of climate change (Chen et al., 2004). Mounting groundwater demand and 

continuously degrading groundwater quality in several parts of the world call for an urgent 
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need to strengthen groundwater governance worldwide, which can ensure sustainable 

utilization and protection of available groundwater resources under changing climate and 

socio-economic conditions. 

 

The importance of groundwater protection was recognized several decades ago by the 

European countries. Probably, Germany is the first country where land use patterns around 

municipal wells were restricted in the early 1930s based on the distance and travel time 

criteria (Schleyer et al., 1992). Similarly, in the United States of America (U.S.A.), the U.S. 

Environmental Protection Agency (EPA) developed detailed guidelines for groundwater 

protection (USEPA, 1997). Later on, in Canada, the protection of groundwater was given 

high importance after the occurrence of well-known Walkerton tragedy that caused bacterial 

contamination of drinking water (Walkerton Inquiry, 2002). In addition, the protection of 

groundwater from deterioration and chemical pollution was emphasized in Europe by 

framing a groundwater protection directive (European Commission, 2006). The assessment of 

aquifer vulnerability is essential for the effective planning, policy and decision-making, and 

for the sustainable management of groundwater resources. The assessment of aquifer 

vulnerability helps decision makers adopt efficient management strategies for mitigating 

groundwater pollution, understand the impacts of decision-making, develop a framework for 

groundwater resource allocation, determine appropriate land use patterns and practices, and 

create awareness among the people about the risk of groundwater contamination (National 

Research Council, 1993). 

 

The concept of aquifer vulnerability is used to measure the susceptibility of an aquifer to 

being adversely affected by an imposed contaminant load from the land surface (Foster et al., 

2013). The vulnerability concept abridges the communication gap between the 
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hydrogeologists and the planners and decision-makers, and supports decision-making in 

environmental, land use and water management sectors. This concept aims at identifying and 

prioritizing most vulnerable areas/regions of a basin that can cause groundwater 

contamination, and provides a scientific basis for groundwater protection and land use 

planning. The vulnerability approach of the European Union was developed within the 

framework of a comprehensive European research program (COST Action 620) (European 

Cooperation in the Field of Scientific and Technological Research) on vulnerability and risk 

in karst aquifers (Zwahlen, 2004). The underlying concepts are described separately for 

porous aquifers (Brouyère et al., 2001) and karst aquifers (Daly et al., 2002). The European 

approach is based on an ‘Origin-Pathway-Receptor/Target’ model (Fig. 1), differentiating 

between groundwater as a ‘resource’ (aquifer storage) and groundwater as a ‘source’ (e.g., 

production well or spring). The term Origin defines the location where a contaminant is 

initially released, and receptor/target is the water that needs to be protected. Some 

researchers (mostly European hydrogeologists) prefer to use the term ‘target’ instead of 

‘receptor’. The pathway illustrates the path taken up by a contaminant, while moving from 

the origin to the target. The goal of ‘resource protection’ is to safeguard the entire underlying 

aquifer, while that of the ‘source protection’ is to prevent a production well or spring from 

contamination. In ‘resource’ protection, the groundwater level is defined as the target, and 

the unsaturated zone is treated as pathway. However, for the ‘source’ protection, the 

‘pathway’ also includes groundwater flow in the aquifer towards a production well or spring 

(Goldscheider, 2004). On the quantitative basis, three main aspects of vulnerability 

assessment are: (i) time of travel for a contaminant to reach the target from the origin, (ii) 

contaminant attenuation along the pathway, and (iii) duration of contamination at the target 

(Brouyère, 2004). Most of groundwater vulnerability studies aim at ‘resource’ protection, but 
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this review encompasses all the vulnerability studies dealing with ‘resource’ or ‘source’ 

protection. 

 

Several methods have been proposed for the assessment of groundwater vulnerability over 

the past 25-30 years (e.g., Gogu and Dassargues, 2000a; Ibe et al., 2001; Gogu et al., 2003; 

Civita and De Maio, 2004; Polemio et al., 2009; Shirazi et al., 2012, 2013). Gogu and 

Dassargues (2000a), Kumar et al. (2015), Wachniew et al. (2016), and Iván and Mádl-Szőnyi 

(2017) presented state-of-the-art reviews focusing on the index-based methods of 

vulnerability assessment, whereas Shirazi et al. (2012) presented a review on the applications 

of Geographic Information System (GIS)-based DRASTIC method. It is evident from the 

comprehensive review of literature that none of the past reviews included studies dealing 

with ‘source’ protection considering preferential flow. Thus, the past reviews on groundwater 

vulnerability had a narrow focus and did not cover the complete spectrum of vulnerability 

assessment methods. Consequently, an in-depth review considering all the methods and 

approaches of groundwater vulnerability assessment for ‘resource’ as well as ‘source’ 

protection including preferential flow models is missing. 

 

The main objective of this study, therefore, is to present a comprehensive review of 

groundwater vulnerability to pollution, encompassing the entire gamut of aquifer 

vulnerability assessment framework. To achieve this goal, past studies relevant to this topic 

were critically reviewed in order to understand the current status of vulnerability research, 

identify limitations of existing methods, and highlight future challenges and a way forward. 

The review first elucidates the concept of aquifer vulnerability, approaches for vulnerability 

assessment, methods of vulnerability assessment, and status quo and limitations of each 

group of methods. Thereafter, an overview of vulnerability evaluation for ‘source’ protection, 
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evolution of vulnerability assessment methods, current research trends, and critiques on past 

studies are presented. Finally, it highlights future research challenges and research needs for 

advancing the framework of vulnerability evaluation. 

 

2. Concept of Aquifer Vulnerability 

Initially, there was no formal definition of aquifer vulnerability and it was referred to as the 

relative susceptibility of aquifer systems to anthropogenic pollution. The concept of 

groundwater vulnerability was originally developed in France during 1960-70 for creating an 

awareness of groundwater contamination (Margat, 1968). During the 1980s, the concept of 

aquifer vulnerability gained momentum in the field of hydrogeology (Haertle, 1983; Aller et 

al., 1987). Statistically, it is defined as the probability of contaminants to percolate and 

diffuse from the ground surface into the groundwater system. Vulnerability is a specific 

characteristic of the underlying groundwater system and cannot be directly measured in the 

field. It relates to the hydrogeologic setting only and does not include pollutant attenuation. 

Since the early 1970s, aquifer vulnerability has been defined in different ways (Vrba and 

Zaporozec, 1994), of which salient definitions are summarized in Table 2. The vulnerability 

definition essentially involves keywords or phrases, such as risk/susceptibility, ground-based 

contaminants, natural or artificial (anthropogenic) contaminants, aquifer system, and 

groundwater quality. 

 

2.1 Types of Vulnerability 

Aquifer vulnerability may be distinguished as (Ibe et al., 2001): (a) intrinsic vulnerability, 

and (b) specific vulnerability. Intrinsic vulnerability is defined as the vulnerability of 

groundwater to contaminants generated by anthropogenic activities, taking into account the 
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physical properties of groundwater system, i.e., inherent geological, hydrological, and 

hydrogeological characteristics, but independent of the nature of contaminants (Gogu and 

Dassargues, 2000a). On the other hand, specific vulnerability is defined as the vulnerability of 

groundwater to particular contaminants or a group of contaminants taking into account 

contaminant properties (i.e., physical and biogeochemical attenuation processes) in addition 

to transport characteristics and their relationship with various components of intrinsic 

vulnerability (Doerfliger et al., 1999; Gogu and Dassargues, 2000a). The target of 

groundwater vulnerability assessment for ‘resource’ protection can be located at the water 

table (upper boundary of unconfined aquifers), at the top of confined and leaky confined 

aquifers, or at a particular location in the zone of saturation (Brouyère et al., 2001; Daly et al., 

2002; Voigt et al., 2004). 

 

2.2 Importance of Aquifer Media and Processes 

The significance of groundwater contamination is determined by the natural attenuation 

processes occurring within the zone between the source of contamination (land surface) and 

target (aquifer) (Fig. 1). The attenuation of contaminants is regulated by physical processes 

governed by the physical and hydraulic properties of aquifer media (e.g., thickness, and 

hydraulic parameters that control recharge rate and quantity), chemical reactions that depend 

on soil properties (e.g., microbial activity, organic matter, presence of roots, etc.), vadose-

zone characteristics, aquifer characteristics, and geochemical properties of specific 

contaminants. Processes describing flow and transport in the unsaturated zone are very 

complex, and hence, difficult to measure precisely in the field. Consequently, the actual flow 

and transport processes are usually approximated by considering relatively easily measurable 

soil properties (e.g., bulk density, porosity, soil moisture, infiltration capacity, permeability, 

and soil texture and structure). Further, the amount and rate of recharge occurring through the 
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land surface is another important factor that influences aquifer vulnerability. All the factors 

(surface and subsurface including precipitation intensity) that directly or indirectly affect 

recharge have influence on aquifer vulnerability. A common principle is that the higher the 

net recharge, the higher the aquifer vulnerability (i.e., more likelihood of pollutants, 

especially non-soluble ones, to enter into the aquifer). However, in some cases, greater 

recharge is likely to result in the dilution of water-soluble pollutants, thereby minimizing or 

avoiding the possibility of groundwater contamination (i.e., less or no aquifer vulnerability).  

 

The groundwater-flow system, defined by the hydrogeologic setting (type of formations, 

depth to groundwater and age of groundwater) and its properties, controls the advective 

transport of contaminants, and determines intrinsic groundwater vulnerability. On the other 

hand, the geochemical system, representing physical and chemical reactions, regulates the 

source, transport and fate of contaminants in an aquifer system. Shallow and young 

groundwater is more vulnerable to anthropogenic contamination sources from land surface 

than deeper and old groundwater, but the latter tends to be more vulnerable to natural 

contamination due to their longer contact time. Hydraulic conductivity regulates the 

movement of flowing water, and determines the direction and rate of advective transport as 

flow occurs preferentially (or at slow rates) in parts of the system with high (or low) 

hydraulic conductivity. The storage of water and pollutants in aquifer systems consisting of 

unconsolidated formations (e.g., sand and gravel) is governed by the primary porosity, 

whereas it is governed by the secondary porosity in the aquifers consisting of semi-

consolidated formations having significant and well-connected fractures/fissures, joints or 

solution cavities/channels. However, kinematic porosity (i.e., effective porosity) of aquifer 

systems is estimated and used for analyzing flow and transport processes. Other factors, like 

hydraulic gradient, recharge rate, and groundwater discharge also govern the flow and 
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transport processes occurring in aquifer systems. Three types of contaminant-specific 

information are vital for assessing specific groundwater vulnerability: (a) identification of 

possible contamination source (point or non-point source) either in space or in time 

(continuous or instantaneous), (b) chemical properties of the targeted contaminants, and (c) 

fate and transport mechanisms involved (geochemical, radiological or microbiological). 

 

Moreover, in karst aquifer systems, duality of vulnerability occurs due to 'conduit flow' in 

pipe-like channels as well as 'diffuse flow' through fractures and pores (Butscher and 

Huggenberger, 2009). Because of this duality, karst aquifers are sensitive to short-lived 

contaminants due to fast travel time and low storage capacity of the conduit, which result in 

little effects of natural attenuation processes like adsorption, degradation, and filtration. On 

the other hand, persistent pollutants can be stored and released from the diffuse source for 

longer time period. Persistent pollutants are toxic chemicals that adversely affect human 

health and environment, and reside for a long period of time in the environment during which 

they can accumulate and pass from one species to the next through the food chain (USEPA, 

2002). A typical example of the short-lived contaminant is 'fecal bacteria', which is a 

common problem for the drinking water quality of many karst springs. Examples of persistent 

contaminants are pesticides, nitrates and salinity which are slowly degradable or completely 

non-biodegradable.  

 

2.3 Approaches for Vulnerability Evaluation 

Three types of generic approaches have been adopted for evaluating the vulnerability of 

groundwater to pollution (Gogu and Dassargues, 2000a). In the first approach, vulnerability 

is evaluated by considering only soil and unsaturated-zone media without taking into account 

transport processes occurring in the saturated zone, i.e., aquifer medium. The second 
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approach considers groundwater flow and transport processes in the aquifer up to a certain 

extent and is based on the delineation of wellhead protection zones for groundwater supply 

systems. The third approach is somewhat a holistic approach for assessing aquifer 

vulnerability, because it considers soil and unsaturated-zone media as well as saturated zone. 

These three approaches have been used in developing methods for assessing aquifer 

vulnerability, which are briefly discussed below along with their modifications. 

 

3. Vulnerability Assessment Methods and Their Applications 

Broadly, there are three types of methods for aquifer vulnerability assessment: (i) GIS-based 

qualitative methods, (ii) process-based methods (quantitative methods), including simulation 

modeling, and (iii) statistical methods, including artificial intelligence (AI) methods. 

Qualitative methods and statistical tools aim at assessing 'intrinsic vulnerability', whereas 

simulation models aim at determining 'specific vulnerability'. The qualitative methods can be 

subdivided into two groups, depending upon their applicability to porous-media or karst 

aquifers. Similarly, simulation modeling tools can be bifurcated into two categories (Gurdak, 

2014): (i) complex simulation models based on the advection-dispersion equation, and (ii) 

simplified conceptual index models. Classification of all the available methods for the 

assessment of groundwater vulnerability into distinct groups and sub-groups is shown in Fig. 

2, and a brief description of the widely-used methods along with their salient applications is 

provided in subsequent sections. 

 

3.1 GIS-based Qualitative Methods 

Two pioneering indices, called DRASTIC (Aller et al., 1987) and GOD (Duijvenbooden and 

Waegeningen, 1987), were developed for aquifer vulnerability assessments. Studies related to 
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the mapping of vulnerability assessment have since been increasingly reported; many new 

techniques have been introduced for vulnerability assessment and their specific applications 

have been tested in different environments (Duijvenbooden and Waegeningen, 1987; 

Secunda et al., 1998; Al-Adamat et al., 2003; Allen and Milenic, 2007; Zhou et al., 2010; 

Kazakis and Voudouris, 2011; Majandang and Sarapirome, 2013; Zhang, 2015). In many 

applications, different scales and sources of information have been utilized (Secunda et al., 

1998; Foster et al., 2002; Civita and De Maio, 2004; Wang et al., 2007; Liggett and Allen, 

2011). 

 

Used in groundwater vulnerability studies since the 1990s, the GIS technology is a cost-

effective technology - it easily accomplishes overlay and index operations in the spatial 

domain (Jha and Pieffer, 2006) and is capable of exchanging spatial data and modeling 

results, particularly between agencies (Kernodle, 1987). Due to the involvement of spatial 

scale, qualitative methods are suitable for use within the GIS framework (Tilahun and 

Merkel, 2010), where the protective effect of overlying layers is expressed in a semi-

quantitative way by assigning weights to various factors based on their relative importance in 

controlling contaminant migration (Frind et al., 2006). The value of vulnerability index is 

computed by spatially aggregating maps of weighted parameters according to certain multi-

criteria rules. The widely-used GIS-based overlay and index methods include DRASTIC 

(Aller et al., 1987), GOD (Duijvenbooden and Waegeningen, 1987), AVI rating system 

(Stempvoort et al., 1993), and SINTACS (Gogu and Dassargues, 2000a), among others. A 

few early studies integrated GIS with the DRASTIC method (Evans and Myers, 1990; 

Rundquist et al., 1991). Gogu and Dassargues (2000a) grouped the overlay and index 

methods into three categories: matrix systems (MS), rating systems (RS), and point count 

system models (PCSM). However, this classification is not distinctive as none of the widely-
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used vulnerability assessment methods can be specified under the MS methods, and the RS 

and PCSM methods are almost the same. 

 

The existing aquifer vulnerability methods like DRASTIC, GOD, AVI, SINTACS, etc. which 

are widely used for porous subsurface formations, do not properly address the vulnerability 

assessment in fractured and karstic (or carbonate) aquifer systems. Therefore, the methods for 

porous-media aquifers like DRASTIC have been modified to take care of vulnerability 

assessment in fractured aquifer systems (e.g., Mendoza and Barmen, 2006; Denny et al., 

2007). On the other hand, a few specific methods, such as EPIK (Doerfliger et al., 1999), 

system approach-based method (Mádl-Szőnyi and Füle, 1998), PI (Goldscheider et al., 2000), 

COP (Vías et al., 2006), and Slovene approach (Ravbar and Goldscheider, 2007), have been 

developed to take into account the peculiar features of karstic aquifers. Thus, the available 

methods (conventional as well as non-conventional) of aquifer vulnerability mapping can be 

classified into three groups: (i) methods for porous-media aquifers, (ii) methods for fractured 

aquifers, and (iii) methods for karst aquifers. The widely-used vulnerability assessment 

methods are briefly discussed below. 

 

3.1.1 Methods for Porous-Media Aquifers 

3.1.1.1 DRASTIC Method 

DRASTIC is one of the most widely-used aquifer vulnerability assessment methods, 

developed under a cooperative agreement between the United States Environmental 

Protection Agency (USEPA) and the National Water Well Association (NWWA) (Aller et al., 

1987; Rundquist et al., 1991). It is designed to calculate vulnerability scores (numerical 

values) for different locations by combining seven thematic layers/factors, i.e., Depth to 
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Water, Net Recharge, Aquifer Media, Soil Media, Topography (Slope), Impact of Vadose 

Zone, and Hydraulic Conductivity of the Aquifer. Details of the DRASTIC vulnerability 

index are summarized in Table 3. Details about the input data and theoretical aspects of this 

method can be found in Aller et al. (1987). 

 

Hypothesis 

It is hypothesized that the mobility of pollutant is similar to that of groundwater and the 

hydrogeologic unit considered has a surface area of more than 40 hectares. It is considered 

that the potential contamination sources exist on the soil surface and contaminants reach the 

aquifer by infiltration. It deals with contamination occurring from anthropogenic sources and 

does not evaluate the geogenic contamination. 

 

Salient Applications 

The major advantage of the DRASTIC method is the flexibility to include/exclude 

parameters/factors from the model depending upon the local conditions of the study area 

and/or data availability. It has been applied from the municipality scale to the national scale. 

Over the last 10-15 years, several researchers have modified the original or generic 

DRASTIC method by changing ranges of ratings, relative weights, and vulnerability classes, 

and adding and/or ignoring some of the factors (Fritch et al., 2000; Babiker et al., 2005; 

Panagopoulos et al., 2006; Antonakos and Lambrakis, 2007; Guo et al., 2007; Liggett and 

Allen, 2011; Singh et al., 2015; Jenifer and Jha, 2018a). The aquifer vulnerability assessed by 

the generic DRASTIC method did not have any significant relationship with nitrate 

concentration in agricultural lands (Almasri, 2008). Therefore, weights of DRASTIC index 

were changed for the conditions of intense agricultural activity, with relatively high weights 
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given to the soil and slope factors. This modified form of DRASTIC is known as Pesticide 

DRASTIC (DRASTIC-P) and represents specific vulnerability of aquifers. The DRASTIC-P 

model has many applications in the recent past (e.g., Ahmed, 2009; Albuquerque et al., 2013; 

Douglas et al., 2018; Jenifer and Jha, 2018a). On the other hand, the generic DRASTIC was 

modified for urban areas (Wang et al., 2007) and it was named DRAMIC wherein the factors 

T (topography) and S (soil media) are ignored as topography remains flat in most cities, and 

built-up land is dominant in cities. Instead of T and S, two new factors aquifer thickness (M) 

and impact of contaminant (C) are added and hence, DRAMIC assesses specific 

vulnerability. This method was originally developed for porous-media aquifers, but its 

successful applications have also been reported for karst aquifers (e.g., Witkowski et al., 

2003). 

 

Secunda et al. (1998) proposed a composite DRASTIC (CD) index in Sharon region of Israel 

by adding a new land use parameter, which is also included in DRASTIC to produce aquifer 

vulnerability and risk maps for other study areas, such as a basin in Jordan (Al-Adamat et al., 

2003), Hajeb-jelma aquifer of central Tunisia (Saidi et al., 2010), Angad transboundary 

aquifer of Morocco (Boughriba et al., 2010), Melaka State of Malaysia (Shirazi et al., 2013), 

and the Saq and overlying aquifers of northwest Saudi Arabia (Ahmed et al., 2015). Mendoza 

and Barmen (2006) modified original/generic DRASTIC by adding lineament influence, and 

applied it to the Río Artiguas basin, Nicaragua. Also, it has been  modified  as DRASTIC-Fm 

for its application to fractured media (Fm) by taking into account three fracture-network 

characteristics (orientation, length, and fracture density) and the methodology is 

demonstrated for the fractured bedrock aquifers of British Columbia, Canada (Denny et al., 

2007). The original DRASTIC has also been modified to account for groundwater nitrate risk 

assessment from diffuse sources (agricultural sources), and is named D-DRASTIC, wherein 
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D stands for ‘dynamic’ nature of soluble contaminants represented by the interactions 

between runoff, soil, vadose zone and groundwater. Application of the D-DRASTIC has been 

demonstrated in Northern Ireland (Wang and Yang, 2008). In Küçük Menderes River basin 

located in western Turkey, scores of original/generic DRASTIC were multiplied with water 

quality index to yield susceptibility index for irrigation water planning and management 

(Pusatli et al., 2009). Pathak et al. (2009) revised the weights of DRASTIC by employing 

map-removal sensitivity analysis for a shallow aquifer in Kathmandu valley, Nepal. 

Martínez-Bastida et al. (2010) evaluated aquifer vulnerability to nitrate pollution in Central 

Spain by two modified DRASTIC indexes, i.e., CD index and Nitrate vulnerability index. 

Also, DRASTIC method has been modified by applying extension theory and Analytic 

Hierarchy Process (Thirumalaivasan et al., 2003; Bai et al., 2012).  

 

In China, Wu et al. (2014) excluded the T and C parameters from DRASTIC because of small 

differences in topography and low hydraulic gradient in the study area, and results were 

validated by correlating with the results of Nemerow’s synthetic pollution index (Nemerow 

and Hisashi, 1971). Likewise, Khan et al. (2014) removed the T parameter and modified 

original DRASTIC to DRASIC, which was then coupled with an information-analytic rough 

sets technique to delineate different zones of aquifer vulnerability. The model has also been 

extended to DRASTIC-Sg for mapping the vulnerability of aquifers having differential land 

subsidence, and was successfully applied in Mexico City Metropolitan Area located within 

the southwestern sector of the Basin of Mexico (Hernández-Espriú et al., 2014). Kazakis and 

Voudouris (2015) eliminated the model subjectivity by replacing qualitative parameters 

(aquifer type, soil, and impact of vadose zone) with quantitative parameters (nitrogen losses, 

aquifer thickness, and hydraulic resistance) in DRASTIC-PA and DRASTIC-PAN, which 

displayed the highest correlations with nitrate concentration. Vaezihir and Tabarmayeh 
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(2015) combined the intrinsic vulnerability map determined by the DRASTIC method with 

the specific vulnerability map derived from the DRAIA (Density of population, Recharge by 

rivers, Agriculture, Industry and Abstraction) method to evaluate the total vulnerability in 

Tabriz aquifer (Iran). 

 

The DRASTIC method has been successfully applied in different parts of the world, such as 

the United States of America (e.g., Merchant, 1994; Loague and Corwin, 1998; Fritch et al., 

2000; Rupert, 2001), Canada (e.g., Murat et al., 2004; Liggett and Allen, 2011), Europe (e.g., 

Stigter et al., 2006), South America (e.g., Tovar and Rodriguez, 2004; Herlinger and Viero, 

2006), Palestine (e.g., Baalousha, 2006; Almasri, 2008), Italy (e.g., Ducci, 1999), South 

Korea (e.g., Kim and Hamm, 1999), Australia (e.g., Piscopo, 2001), New Zealand (e.g., 

McLay et al., 2001), Sweden (e.g., Rosen, 1994), Iran (e.g., Mohammadi et al., 2009), Israel 

(e.g., Melloul and Collin, 1998), China (e.g., Chen and Fu, 2003; Wang et al., 2007; Wang et 

al., 2012; Zhang et al., 2016), Jordan (e.g., El-Naqa, 2004; Awawdeh and Jaradat, 2010), 

Morocco (e.g., Boughriba et al., 2010), India (e.g., Thirumalaivasan et al., 2003; Rahman, 

2008; Brindha and Elango, 2015; Jenifer and Jha, 2018a), and Africa (e.g., Ibe et al., 2001). 

 

3.1.1.2 GOD Scheme 

This scheme considers three parameters, i.e., Groundwater occurrence including recharge, 

Overlying lithology, and Depth to groundwater (Duijvenbooden and Waegeningen, 1987), 

for vulnerability assessment. The vulnerability index (GODindex) is defined in Table 3. 

Procedure for applying this method along with other details can be found in Duijvenbooden 

and Waegeningen (1987). 

 

Hypothesis 
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It is hypothesized that vulnerability can be quickly assessed empirically. The groundwater 

system can be characterized by parameters of three categories: aquifer type (confined, semi-

confined, and unconfined), lithology of the overlying aquitard or aquiclude (for confined or 

semi-confined aquifer) or the aquifer unsaturated zone (for unconfined aquifer), and the depth 

to water, and a rating from 0 (not vulnerable) to 1 (highly vulnerable) can be assigned. 

 

Salient Applications 

This method could not be widely popularized in comparison to DRASTIC, and hence studies 

dealing with this method are limited (e.g., Mendoza and Barmen, 2006; Debernardi et al., 

2008; Polemio et al., 2009; Kazakis and Voudouris, 2011). This method is best suited for 

large spatial scales, and the major limitation is negligence of heterogeneity inherent in 

subsurface systems. 

 

3.1.1.3 AVI Rating System 

This method, originally developed and applied in Canada (Stempvoort et al., 1993), considers 

two physical parameters, i.e., thickness (d) of every sedimentary unit above the uppermost, 

saturated aquifer surface and estimated hydraulic conductivity (K) of each of these 

sedimentary layers. In this method, the hydraulic resistance (c) is first computed (Table 3), 

which is related to the Aquifer Vulnerability Index (AVI) rating system. 

 

Hypothesis 

The resistance of an aquitard to vertical flow can be hypothesized and parameter designated 

as ‘c’ has the dimension of time, but it is not a travel time for water or contaminant. The ‘c’ 
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or ‘log(c)’ values are related to the qualitative AVI and can be used to generate iso-resistance 

map by using GIS and geostatistical techniques. 

 

Salient Applications 

This is a time-scale based method of vulnerability assessment, which has been applied for 

mapping aquifer susceptibility in the Township of Langley in south-west British Columbia 

(Simpson et al., 2014). This method in conjunction with GIS provided a satisfactory 

assessment of groundwater vulnerability in the Anthemountas River basin of North Greece 

(Kazakis et al., 2015). 

  

3.1.1.4 SINTACS Method 

Developed in Italy (Civita and De Maio, 2004), this method evaluates the vertical 

groundwater vulnerability using seven parameters: Soggiacenza (depth to groundwater), 

Infiltrazione (recharge action), Nonsaturo (attenuation potential of the vadose zone), 

Tipologia della copertura (attenuation potential of the soil), Aquifero (hydrogeologic 

characteristics of the aquifer), Conducibilita (hydraulic conductivity), and Superficie 

topografica (topographic slope). The SINTACS vulnerability index (Iv) is defined as a 

weighted sum of seven parameters (Table 3). 

 

Hypothesis 

It is partially derived from DRASTIC, and retains the structure of DRASTIC. The structure 

of SINTACS is complex with three parallel strings defining existing conditions. However, it 

is more flexible to ratings and parameter weights compared to the DRASTIC method (Gogu 

and Dassargues, 2000a). 
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Salient Applications 

This method has been used in Mexico for assessing vulnerability, and then to develop 

pollution source index (Ramos Leal et al., 2010). An application of this method in Thailand 

showed that vulnerability had a significantly positive correlation with groundwater nitrate 

concentration (Majandang and Sarapirome, 2013). This method is applicable for medium to 

large-scale mapping of groundwater vulnerability. 

 

3.1.1.5 ISIS Method 

The ISIS vulnerability index (Iv) is computed by using the expression shown in Table 3 

(Gogu and Dassargues, 2000a). Details of this method can be found in Gogu and Dassargues 

(2000a). 

 

Hypothesis 

This hybrid method, based on comparison of existing hydrogeological situations, is 

developed by blending the results of several studies dealing with the assessment of aquifer 

intrinsic vulnerability (Civita and De Maio, 2004). This method is designed by integrating the 

rating systems and weights of DRASTIC and SINTACS methods and the GOD scheme. It 

considers parameters of the annual mean net recharge (rainfall, temperature and other 

parameters may also be introduced), topography, soil type and thickness, lithology and 

thickness of unsaturated zone, and aquifer medium and thickness. 

 

Salient Applications 
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This method developed for porous-media aquifers has been applied to the karst aquifer of 

Néblon River basin, Belgium (Gogu et al., 2003). It was concluded that too many 

vulnerability classes suggested in the ISIS method reduce its practical value. 

 

3.1.1.6 SEEPAGE Method 

SEEPAGE, a numerical ranking method developed in U.S.A., is an acronym for System for 

Early Evaluation of Pollution potential of Agricultural Groundwater Environments (Moore 

and John, 1990). In this method, six factors are assigned weights ranging from 1 (least 

significant) to 50 (most significant) based on their relative significance for groundwater 

vulnerability. Based on the scores of six factors, SEEPAGE Index Number (SIN) is 

calculated that provides a scientific basis for vulnerability classification. 

 

Hypothesis 

SEEPAGE is based on the hydrological settings and soil physical properties (soil slope and 

depth, depth to water table, materials of the vadose zone and aquifer, and attenuation 

potential) that affect groundwater vulnerability. The attenuation factor is controlled by the 

texture of surface soil and subsoil, pH and organic matter content of the surface soil, and soil 

drainage and permeability. 

 

Salient Applications 

Very limited application of this method has been reported in the literature, e.g., 

Muhammetoglu and Yardimci (2006). 

 

3.1.1.7 GALDIT Method 
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This method is developed in the framework of the EU-India COASTIN project with the aim 

of aquifer vulnerability assessment to seawater intrusion in coastal aquifers (Chachadi and 

Lobo-Ferreira, 2005). The important factors controlling seawater intrusion considered by this 

method are: Groundwater occurrence (aquifer type; unconfined, confined and leaky 

confined), Aquifer hydraulic conductivity, Depth to groundwater Level above the sea, 

Distance inland perpendicular from shoreline, Impact of existing seawater intrusion status, 

and Aquifer Thickness. The aquifer vulnerability to seawater intrusion is assessed based on 

the magnitude of GALDIT index (Table 3). 

 

Hypothesis 

This method considers Ghyben-Herzberg theory of saline water intrusion. It assumes that the 

rise in the sea level in coastal aquifers increases with the thickness of aquifer, which in turn 

enhances the possibility of aquifer vulnerability. 

 

Salient Applications 

This method has been successfully demonstrated for the assessment of saltwater intrusion in 

the coastal aquifers of Greece (Kallioras et al., 2011), Mediterranean basin (Recinos et al., 

2014), Malaysia (Kura et al., 2014), Tunisia (Saidi et al., 2013), and Iran (Moghaddam et al., 

2016). 

 

3.1.2 Methods for Karst Aquifers 

3.1.2.1 EPIK Method 

The EPIK method, developed in Switzerland, was the first suitable tool to quantify the 

vulnerability of karst (carbonate) aquifers (Doerfliger et al., 1999). The karst aquifer’s 
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geological, geomorphological, and hydrogeological characteristics influencing flow and 

transport are represented by four parameters: Epikarst, Protective cover, Infiltration 

condition, and Karst network development (Doerfliger et al., 1999). Details about the 

attribute features for each of the four parameters are given in Barrocu et al. (2007). These 

four parameters constitute a protection factor index, Fp, which is computed by a weighted 

linear combination technique for all the cells of a catchment divided into 'n' number of cells 

(Table 3). The lower the Fpi value, the higher the vulnerability of the karst aquifer. 

 

Salient Applications 

The EPIK method proved to be a suitable tool to quantify the vulnerability of different zones 

of Supramonte karstic system in north-central Sardinia, Italy (Barrocu et al., 2007). In a small 

karstic aquifer of southern Belgium, Gogu and Dassargues (2000b) evaluated vulnerability 

using EPIK, and performed sensitivity analysis to analyze the influence of individual EPIK 

parameters on vulnerability assessment. This method is applicable for large areas up to a 

regional scale, and it has been applied to generate groundwater vulnerability maps for the 

karst aquifer of Tanour and Rasoun springs’ catchment area located in the north-west of 

Jordan (Hamdan et al., 2016). In contrast, many researchers have criticized the capability of 

EPIK in producing reliable and justifiable results (e.g., Gogu et al., 2003; Neukam et al., 

2008; Ravbar and Goldscheider, 2009). This method enables rapid applications and more 

flexibility at the cost of subjectivity and low accuracy (Ravbar and Goldscheider, 2009). 

 

3.1.2.2 GLA Method 

The GLA (Geologisches Landesamt) method, originally developed in Germany by Hötling et 

al. (1995), is based on a point count system similar to the generic DRASTIC method. This 
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method was further revised by Goldscheider et al. (2000) within the framework of the COST 

Action 620 report (Zwahlen, 2004). The degree of vulnerability is specified by the protective 

effectiveness of soil cover (psoil) and unsaturated zone (punsat). Six parameters considered for 

the assessment of overall protective effectiveness (pt) (Hötling et al., 1995) are given in Table 

3. 

 

Hypothesis 

In contrast to the DRASTIC method, the GLA method takes into account the influence of 

unsaturated zone only. It seems that due to the ignorance of attenuation processes of saturated 

zone, this method could not have wide applicability. 

 

3.1.2.3 PI Method 

PI is a time-scale based method, which determines intrinsic aquifer vulnerability in 

conjunction with GIS (Goldscheider et al., 2000; Zwahlen, 2004). It is applicable to all kinds 

of aquifer systems, especially karst aquifers. The aquifer vulnerability defined by protection 

factor (p) is the product of two factors, protective cover (P) and infiltration condition (I), as 

defined in Table 3. The schematic of PI method following European approach is shown in 

Fig. 3. 

 

Hypothesis 

This method is based on the ‘Origin (land surface) – Pathway (geologic layers) – Target 

(unconfined and confined aquifers)’ model of the contaminants as suggested in the COST 

Action 620 report (Zwahlen, 2004). The P factor describes the protective function of all 

subsurface layers that may be present between ground surface and water table, i.e., topsoil, 
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subsoil, non-karst rock, and unsaturated zone of karst rock (Fig. 3). Protectiveness is a 

function of the effective field capacity of soil, grain-size distribution of subsoil, lithology, 

fissuring and karstification of the non-karst and karst rocks, thickness of all strata, mean 

annual recharge, and artesian pressure in the aquifer (Kouli et al., 2008). The I factor is 

important for karst aquifers to describe infiltration conditions. It takes into account the degree 

to which the protective cover is bypassed due to lateral surface and subsurface flows that 

enter into the karst aquifer at some other place (Kouli et al., 2008). 

 

Salient Applications 

This method has been applied in the Swabian Alb area, Germany, and compared with EPIK 

and GLA methods (Goldscheider, 2005). This method has been integrated with GIS for 

vulnerability mapping in Sarida and Natuf catchments of West Bank located within the 

western aquifer basin of Palestine (Ghanem et al., 2017). 

 

3.1.2.4 COP Method 

This method assesses the intrinsic vulnerability of karst aquifers based on three factors: flow 

Concentration, Overlying layers, and Precipitation (Fig. 3). Scores are assigned to C, O and P 

factors according to their relative impact on aquifer vulnerability, and then these scores are 

multiplied (Table 3). In general, the values of COPindex range from 0-15 based on which 

vulnerability is divided into 'very high', 'high', 'moderate', 'low' and 'very low' classes (Vrba 

and Zaporozec, 1994). 

 

Hypothesis 
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According to the European approach (Daly et al., 2002; Goldscheider and Popescu, 2004; 

Zwahlen, 2004), this method determines the natural groundwater protection (O factor) 

according to the properties of overlying soils and unsaturated zone. In addition, the method 

aims at estimating how groundwater protection can be altered by changing infiltration 

conditions, i.e., diffuse or concentrated (C factor) and climatic conditions, e.g., precipitation 

(P factor) (Kouli et al., 2008). Thus, it assumes that contaminant transport mainly depends on 

the ability of water to move through the aquifer and rainfall causes the contaminant to 

infiltrate from the surface. This method is applicable under different climatic conditions and 

for carbonate aquifers having both diffuse and conduit flow systems. It can be successfully 

applied to the local scale (aquifer or basin level) as well as to the regional scale. These 

flexibilities make the method more practical and useful for developing suitable strategies for 

groundwater protection. 

 

Salient Applications 

In southern Spain, the COP method is found to be most effective in comparison to other 

vulnerability assessment methods, such as DRASTIC, GOD, AVI, SINTACS, EPIK, and PI 

(Vías et al., 2006; Andreo et al., 2006). The COP method has also been applied to other 

karstic aquifers of the world, e.g., Khorein aquifer of Kermanshah province in Iran (Entezari 

et al., 2016). This method has been modified depending upon the local conditions and data 

availability in different countries namely Slovenia (Ravbar and Goldscheider, 2007), Vietnam 

(Nguyet and Goldscheider, 2006), and South Africa (Leyland et al., 2008), among others. 

Both the Slovene and Vietnamese approaches have been tested in the similar karstic 

situations of sub-tropical Jiangjia spring area, Chongqing, China (Zhang, 2015). 
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Ravbar and Goldscheider (2007) modified and extended the COP method by proposing 

Slovene approach as the most complete interpretation of the European approach to 

vulnerability mapping in the karst aquifer systems. This approach is applicable for both 

‘resource’ and ‘source’ vulnerability mapping, and it offers a possibility of integrated surface 

water and groundwater protection. It first combines three factors of the COP method to obtain 

a ‘resource’ vulnerability map, which is then superimposed with an additional factor map for 

the karst saturated zone (K-factor). The K-factor, representing lateral groundwater flow in the 

karst aquifer towards the spring or production well, explains the dynamics of groundwater 

flow and degree of karstification. Thus, the K-factor overcomes the difficulty involved in 

evaluating groundwater flow within the saturated zone by considering three sub-factors 

(travel time, connection and contribution of different parts of aquifer to the spring, and 

information about karst conduits with active drainage) (Andreo et al., 2009). The Slovene 

approach also deals with the issue of temporal hydrological variability, which is of paramount 

importance in contaminant transport in karst aquifers through swallow holes. In karst 

formations, swallow holes may be either permanently or frequently active throughout the 

year due to rapid fluctuations of groundwater levels, or they may be less-frequently active for 

only a part of the year during exceptional hydrological events. The contaminant released from 

the permanent swallow hole may rapidly reach groundwater without getting attenuated, 

whereas it might not directly enter the karst groundwater if released from a less-frequently 

active swallow holes (Ravbar and Goldscheider, 2007). The Slovene approach integrates 

hydrological variability in the C factor of the COP method by considering a sub-factor that 

reduces vulnerability according to the frequency and duration of the swallow-hole activity, if 

the swallow holes are not permanently active. The hydrological dynamics of the karst aquifer 

system has been further addressed by adopting numerical modeling approach for 
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vulnerability assessment in Gempen Plateau of the Swiss Tabular Jura in northwest 

Switzerland (e.g., Butscher and Huggenberger, 2008). 

  

3.1.2.5 PaPRIKa Method 

The method means Protection of aquifers from the assessment of four criteria: P for 

protection (considering the most protective aspects among parameters related to soil cover, 

unsaturated zone and epikarst behavior), R for rock type, I for infiltration and Ka for 

karstification degree. This is a GIS-based methodology where the ‘resource’ vulnerability 

map (Vg) is generated from the equation shown in Table 3 (Kavouri et al., 2011). 

 

Hypothesis 

Similar to the PI method, this method is based on the ‘Origin-Pathway-Target’ model 

(Goldscheider, 2005). Initially proposed in France for mapping intrinsic vulnerability 

(Kavouri et al., 2011), it is derived from the RISKE and EPIK methods. 

 

Salient Applications 

The karst aquifers located in Quercy and Western Pyrenees regions have seen applications of 

the PaPRIKa method (Kavouri et al., 2011; Huneau et al., 2013). 

 

3.1.3 Validation of Qualitative Methods 

During past few decades, serious efforts have been made for groundwater vulnerability 

assessment by comprehensive European research programs (Zwahlen, 2004); as a result, 

several qualitative vulnerability assessment methods have been reported in the literature. 

Vulnerability assessments by different qualitative methods depict varying patterns having 
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similarities and/or contradictions, and hence their reliability is strongly declined (Gogu and 

Dassargue, 2000a; Goldscheider, 2005; Andreo et al., 2006). Thus, none of the qualitative 

methods has been found to be robust. As the qualitative methods lack a physical basis and are 

parametric in nature, a general method for validating vulnerability maps is not available 

(Goldscheider et al., 2001). In general, researchers have validated the results of parametric 

vulnerability assessment methods by tracer tests (e.g., Ravbar and Goldscheider, 2009; Jiang 

et al., 2015), by comparing/integrating the results of multiple qualitative or quantitative 

methods (e.g., Kazakis et al., 2015), or by evaluating the relationship between vulnerability 

index and concentration of prominent groundwater-quality parameters using statistical 

techniques, such as correlation coefficient and coefficient of determination (e.g., Almasri, 

2008; Vías et al., 2010). Other methods for validating vulnerability assessment include the 

results of hydrograph and chemograph analysis, isotopic chemistry, and analytical and 

numerical modeling, if these methods are independent of the vulnerability method being used 

(Zwahlen, 2004). Despite the fact that vulnerability maps are difficult to be validated under 

insufficient data conditions prevalent in several parts of the world, they still offer a useful 

management or decision-making tool to formulate efficient strategies for sustainable 

groundwater management and land-use planning at a basin or sub-basin scale. 

 

In Nebraska, Kalinski et al. (1994) showed the adequacy of generic DRASTIC method by 

observing a significant positive correlation between vulnerability and incidents of volatile 

organic chemical contamination of groundwater supplied through community water systems.  

A comparison of the observed nitrate concentrations with the vulnerability maps generated by 

the DRASTIC method revealed contrasting results (Evans and Maidment, 1995). The 

vulnerability was then calculated based on the nitrate concentration in groundwater, which 

was found significantly correlated to rainfall. Goldscheider et al. (2001) validated 
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vulnerability maps by introducing tracers on land surface and by measuring the breakthrough 

at a target (i.e., spring), travel time, concentration, and the tracer recovery rate. McLay et al. 

(2001) explored the possibility of predicting nitrate contamination in groundwater by relating 

to land use, soil properties, and DRASTIC index. The results indicated a good correlation 

with the DRASTIC index and poor or no relation with the land use or soil properties. 

 

In another study, five vulnerability methods (generic DRASTIC, EPIK, German method, 

GOD and ISIS) were comparatively evaluated in the karstic Néblon River basin of Belgium 

(Gogu et al., 2003). The dissimilar results of the five methods emphasized the use of 

physically-based methods. Perrin et al. (2004) conducted several tests at test-sites in 

Switzerland by injecting natural and artificial tracers for validating the EPIK method. Two 

artificial tracers, i.e., sulforhodamine G and uranine were injected at the first test-site to test 

the intrinsic vulnerability, and three tracers, i.e., iodide, lithium, rhodamine were sprinkled at 

the second test-site to test the specific vulnerability. On the contrary, two natural tracers 

(nitrates and oxygen 18/16 stable isotopes) were used at the third test-site to investigate 

contamination scenarios. Nitrate databases at the national level have also been used to 

validate an intrinsic vulnerability method by computing co-variances and variances (Holman 

et al., 2005). Neukum and Hötzl (2007) compared four parametric methods, namely generic 

DRASTIC, PI, GLA and EPIK, in a karst aquifer of southern Germany by reclassifying the 

vulnerability maps by means of quantile-quantile plot in order to increase coherence among 

the vulnerability maps obtained from different methods. In Portugal, Stigter et al. (2006) 

evaluated generic DRASTIC and Susceptibility Index (SI) for assessing diffuse nitrate 

contamination and groundwater salinization induced by agricultural practices. The SI is an 

adaptation of DRASTIC with the removal of three parameters viz., soil media (S), 

unsaturated zone (I) and aquifer hydraulic conductivity (C), and incorporating an additional 
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parameter of land use. A comparative study, involving generic DRASTIC, GOD, AVI, and 

SINTACS methods revealed that the generic DRASTIC appears most suitable for mapping 

vulnerability to contamination in the Mediterranean coastal detritic aquifer of the Martil-Alila 

plain, situated in the province of Tetouan, NW Morocco (Draoui et al., 2008). Neukum et al. 

(2008) validated four qualitative vulnerability methods, i.e., generic DRASTIC, GLA, PI and 

EPIK in southern Germany by numerical modeling, based on the data 'mean transit time' 

through the unsaturated zone. The study reported that the greatest accuracy was achieved 

with the GLA and PI methods. Croskrey and Groves (2008) developed digitally vectorized 

geologic quadrangles (DVGQs) combined with elevation data to identify groundwater 

sensitivity regions and zones of high runoff risk. The results indicated that DVGQs allowed 

for the rapid assessment of aquifer vulnerability at a more useful scale than DRASTIC and 

DIVERSITY methods. Ravbar and Goldscheider (2009) applied four vulnerability 

assessment methods, namely EPIK, PI, simplified version of COST Action 620 framework 

(Nguyet and Goldscheider, 2006), and Slovene approach (Ravbar and Goldscheider, 2007) in 

the Slovene karst catchment and validated them by tracer tests. The results revealed 

overestimation of vulnerability by the EPIK and simplified method based on COST Action 

620 framework, whereas realistic vulnerability was obtained by the PI and Slovene approach. 

Polemio et al. (2009) compared six parametric methods, i.e., generic DRASTIC, GOD, 

SINTACS, EPIK, PI and COP by applying them in the Apulia region of southern Italy. The 

vulnerability indices of the five methods were normalized in order to make them compatible 

to each other, and the protection index values in the COP method were computed by 

linearly/logarithmically transforming the original index values and then subtracting them 

from 100. The results indicated that the EPIK, PI and COP methods performed better than 

other methods due to the consideration of specific karst features in these methods. Among the 

karst methods, results of PI and COP were found more realistic and reliable. Boughriba et al. 
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(2010) used nitrate concentration to validate the generic DRASTIC vulnerability in the 

Angad transboundary aquifer of Morocco. Vías et al. (2010) validated COP-based 

vulnerability maps of four carbonate aquifers  in Europe by employing the results of artificial 

tracer tests (Andreo et al., 2006; Ravbar and Goldscheider, 2009), natural tracer data (Andreo 

et al., 1997), and field investigations such as hand-auger drilling, interpretation of borehole 

data, geoelectric soundings and soil thickness estimation (Neukum et al., 2008).  Moratalla et 

al. (2011) applied GIS-based generic DRASTIC and DRASTIC-P (Agricultural DRASTIC) 

methods to evaluate vulnerability in the Mancha Oriental System (southeast Spain), and 

tested the vulnerability maps by nitrate, sulfate, and chloride concentration data. The results 

indicated poor statistical correspondence between DRASTIC maps and the spatial 

distribution of chemical parameters. Güler et al. (2013) validated the outcomes of generic 

DRASTIC and DRASTIC-P through pair-wise comparison in the Mediterranean coastal zone 

of Mersin, Turkey by using land use data and chloride and nitrate data. 

 

Furthermore, Brindha and Elango (2015) evaluated the applicability of generic DRASTIC 

method in a weathered hard-rock aquifer system of forming a part of Nalgonda district of 

Telangana, India by comparing its results with DRASTIC-P, modified DRASTIC, modified 

DRASTIC-P, and SI methods. The groundwater vulnerability maps obtained by these 

methods were validated using nitrate concentration data. In a recent study (Jenifer and Jha, 

2018a), the performances of the generic DRASTIC and DRASTIC-P models and six 

modified forms of these models by adding two exogenous factors [‘land use/land cover’ (LU) 

and ‘lineament density’ (LD)] were compared for assessing the vulnerability of weathered 

hard-rock aquifer systems of Tiruchirappalli district, Tamil Nadu, India. The results of these 

models were validated following two approaches: (a) using the single water-quality 

parameter as a source of groundwater contamination, and (b) using multi-water quality 
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parameters causing groundwater contamination. Both the validation approaches indicated 

suitability of the modified DRASTIC-P (DRASTIC-P-LDLU) and modified DRASTIC 

(DRASTIC-LDLU) models for the study area. In some studies, some parameters of the 

existing methods were considered together to form a new model with the addition of a new 

parameter. For example, Lubianetzky et al. (2015) proposed a method incorporating 

quantitative portions of the available methods with the fracture characteristics of rocks, and 

compared this method with DRASTIC and AVI methods. The results were found to be 

significantly different for every individual method, which emphasized the need for the 

consideration of specific fractured-rock factors. 

 

3.1.4 Status Quo and Limitations 

At present, a wide array of qualitative methods for groundwater vulnerability assessment is 

available, which are easy to apply with well-defined methodologies that require information 

about hydrology and/or hydrogeology of an aquifer system. The overlay and index-based 

methods with GIS integration are economic, less time consuming and most common 

qualitative methods to assess intrinsic vulnerability of an aquifer (Jha and Peiffer, 2006). 

Thus, the GIS-based integration opened doors for wider popularity and application of 

qualitative methods. However, the accuracy of such vulnerability assessments has been 

debatable due to the lack of a physical basis in their formulation and uncertainty in the 

hypotheses or assumptions involved. Many factors, which are important from a groundwater 

vulnerability viewpoint, have not been added in the generic DRASTIC model. Some 

researchers have suggested modifications by adding location-specific new factors which have 

led to improved performance in most cases. Major limitations of the qualitative methods are: 

(i) aquifer vulnerability may be opposed by quantitative terms (Gogu et al., 2003; Frind et al., 

2006), (ii) difficulty in quantifying uncertainty associated with vulnerability assessments in 
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order to handle inaccuracies (Gogu and Dassargues, 2000a), and (iii) homogeneous results 

observed over certain spatial scales in many parts of the world, which restrict discrimination 

and delimitation of areas of different vulnerability to pollution. Of the above-mentioned three 

limitations, the last one is addressed in Massone et al. (2010) by considering different units 

and categories of vulnerability in the geologically homogenous environment, and by avoiding 

qualitative adjectives such as ‘low’ or ‘moderate’ due to their subjective meaning. 

 

3.2 Processes-based Methods  

Some studies have emphasized that aquifer vulnerability to groundwater contamination can 

hardly be predicted precisely with key factors considered by overlay and index methods (e.g., 

Rupert, 2001). Hence, the need for a physically-based method for vulnerability assessment 

has been highlighted (Gogu and Dassargues, 2000a). In contrast to the qualitative methods, 

the quantitative methods (physically-based methods) for aquifer vulnerability assessment 

utilize natural processes occurring within the hydrogeologic settings of underlying vadose-

zone and aquifer systems, and therefore, they are also called 'process-based methods'. These 

methods, mainly involving simulation models, usually determine specific (or pollutant-

specific) vulnerability for diffuse pollution sources. The process-based methods emphasize 

the protection of both ‘source’ and ‘resource’, whereas overlay and index methods focus on 

the protection of ‘resource’. The process-based simulation models incorporate various 

physical, chemical, and biological (microbial) processes dictating the fate and transport of 

contaminants in unsaturated and saturated zones. Being distinctive from other models, these 

simulation models predict contaminant transport at both spatial and temporal scales. 

Typically, these models vary in data requirements and the level of complexity from fairly 

simple functional models to more complex models solving governing equations for flow and 



- 146 - 

 

transport processes in unsaturated and/or saturated porous media, and may also consider the 

stochastic nature of system parameters (Jarvis et al., 1995). 

 

3.2.1 Methods for Uniform Water Flow (Advection-Dispersion Equation) 

The intrinsic vulnerability depends on geological, hydrological, and hydrogeological 

characteristics, but is independent of the nature of contaminants (Zwahlen, 2004). This 

concept may be applied to solute transport in a variable saturated medium, where the intrinsic 

vulnerability is represented by transport processes, such as advection, dispersion, diffusion, 

and chemical kinetics. However, the assessment of intrinsic vulnerability does not consider 

contaminant-specific transport characteristics, such as sorption, degradation, or decay. Hence, 

a model of unsaturated flow and solute transport, which considers the distribution of variable-

saturated media in unsaturated zone and media-specific thickness, and site-specific 

hydrological regime, can be used for the assessment of intrinsic vulnerability. The basic aim 

of this model is to determine a point in time when a certain amount of contaminant reaches 

the water table. Also, the model intends to identify the temporal extent of groundwater 

polluted by the total mass of contaminant, and the level up to which the contaminant gets 

diluted with respect to the initial input concentration. One-dimensional simulation model 

results in the realization of solute transit time with vertical flow in the unsaturated zone for 

each hydrogeological layer represented by the hydraulic conductivity and model parameters 

for variable-saturated flow conditions. The transit time and dilution of solute are dependent 

on the functions of groundwater recharge and one-dimensional or vertical flow length. Both 

functions are derived by performing simulations after defining hydraulic boundary conditions 

and considering the transport of conservative solute (intrinsic vulnerability) under variable 

conditions for flow length and annual recharge (Neukum and Azzam, 2009). 
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Many simulation models employ the advection-dispersion solute transport equation along 

with different chemical reaction models exemplifying contaminant dynamics. In the 

literature, many physical models exist, e.g., Aerial Non-point Source Watershed 

Environment Response Simulation (ANSWERS) (Beasley et al., 1980), Chemicals, Runoff 

and Erosion from Agricultural Management Systems (CREAMS) (Knisel, 1980; Knisel and 

Williams, 1995), Pesticide Analytical (PESTANS) (Enfield et al., 1982), Saturated-

Unsaturated Transport (SUTRA) (Voss, 1984), Pesticide Root Zone Model (PRZM) (Carsel 

et al., 1985), Leaching Estimation And CHemistry Model – Pesticide version (LEACHP) 

(Wagenet and Hutson, 1986), Heat- and Soil-Transport Program in 3-Dimension (HST3D) 

(Kipp, 1987), Groundwater Loading Effects of Agricultural Management Systems 

(GLEAMS) (Leonard et al., 1987), Simulator for Water Resources in Rural Basins 

(SWRRB) (Arnold and Wiliams, 1995; Arnold et al., 1990), Agricultural Nonpoint Source 

model (AGNPS) (Young et al., 1995), Vulnerability to Pesticides (VULPEST) (Villeneuve et 

al., 1990), Finite Element Model of Waste through saturated-unsaturated porous media 

(FEMWASTE) (Yeh and Tripathi, 1991), HYDRUS-1D (Šimůnek and van Genuchten, 

2008), and HYDRUS-2D/3D (Šejna et al., 2018). The most common physically-based 

models are one-dimensional leaching models, e.g., Root Zone Water Quality Model 

(RZWQM) (DeCoursey et al., 1992), which describe root zone processes only, whereas the 

realistic and spatially distributed catchment models describing a comprehensive process as 

the coupled MIKE SHE (Styczen and Storm, 1993; Refsgaard et al., 1999) are seldom 

reported. However, it is found that both development and application of quantitative 

vulnerability assessment methods for ‘resource’ protection based on the transit time of 

percolating water is highly limited (e.g., Connell and van den Daele, 2003; Voigt et al., 

2004). For example, the mean transit time was used in concert with the analytical solute 

transport Vulnerability and Karst (VULK) model to estimate saturated hydraulic 



- 148 - 

 

conductivity, thicknesses of geological layers, and dilution ratio (Jeannin et al., 2001). 

Brouyère et al. (2001) defined vulnerability by combining three parameters: (i) mean transit 

time of the contaminant to reach the target from the source, (ii) variance of the contaminant's 

breakthrough curve at target, and (iii) ratio between the maximum concentration at the target 

to the released concentration at the source. The mean transit time was also considered as a 

validation parameter for numerical simulation incorporating measured hydraulic and 

transport parameters of the geological sequence, which was used for validating four 

qualitative methods (DRASTIC, EPIK, PI, and GLA) in the karst aquifers of southern 

Germany (Neukum et al., 2008). Neukum and Azzam (2009) simulated water flow and solute 

transport with transient boundary conditions using HYDRUS-1D (a one-dimensional finite 

element method), where the van Genuchten-Mualem hydraulic model (van Genuchten, 1980) 

was adopted for modeling water flow, and a general form of the advection-dispersion 

equation was used for modeling solute transport in the uniform domain of soil and sand. In 

other studies, Type Transfer Functions (TTFs) were used for assessing aquifer vulnerability 

without considering transient recharge conditions, rather than basing the analysis on steady-

state boundary conditions (Stewart and Loague, 2004), and therefore, the modeling did not 

properly reflect the hydrological regime of the area. The TTFs were also employed to 

estimate the impact of non-point source groundwater contamination from agricultural 

chemicals at a regional scale in Fresno County, California (Stewart and Loague, 1999). A 

physically-based three-dimensional finite element groundwater flow and transport model was 

used to compute salinization risk index in southern Cyprus (Milnes, 2011). The model was 

first calibrated by using the measured bulk salinity distribution representing all salinization 

processes, and was later on decomposed into different components of salinity by adopting 

boundary conditions, and simulating each salinization process separately. The model 

simulated the essential salinity components required to compute the salinization risk index 
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indicating the future potential of increasing salinity. Using three numerical water balance 

models, i.e., UNSAT-H (Fayer, 2000), HELP3 (Schroeder et al., 1994) and MACRO4.3 

(Jarvis, 2002), Schwartz (2006) simulated net infiltration in fractured rocks of Namibia and 

compared with net recharge. Results indicated that the net infiltration value predicted from 

the dual-porosity MACRO4.3 model was more realistic than the UNSAT-H and HELP3 

models. The intrinsic aquifer vulnerability was defined in terms of residence time (R) in years 

for the water present in the unsaturated zone (Table 3). 

 

Similar to overlay and index methods, process-based models have also been linked with GIS. 

For example, the NLEAP (Nitrate Leaching and Economic Analysis Package) model 

(Shaffer et al., 1991) was used with the GIS framework to predict the spatial distribution of 

nitrate leaching (Pierce et al., 1991; Shaffer et al., 1995; Ersahin and Karaman, 2001). Also, 

the GLEAMS model was combined with GIS for the regional scale assessment of nitrate 

leaching (de Paz and Ramos, 2002). In a recent study, the residence time distribution model 

was linked with GIS to estimate lumped parameters for vulnerability assessment (Dedewanou 

et al., 2015). 

 

The simulation models, based on analytical solutions of the advection-dispersion equation, 

range from one-dimensional transport through the unsaturated zone to coupled, unsaturated-

saturated, two-dimensional or three-dimensional models. These models estimate pollutant 

concentration with reference to depth and time, and hence, they are capable of accurately 

simulating the physical process with consideration of soil heterogeneity and recharge 

variability. However, their major drawback is the requirement of extensive field data. 

Therefore, conceptually-simplified index models have been developed, which are relatively 

simple and require less data, although they are typically valid only under steady-state flow 
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within uniform homogeneous ideal media. These index-based models are mostly used as 

screening tools to evaluate and compare the contaminant behaviour under limited data 

availability. For example, Duijvenbooden and Waegeningen (1987) used the simple 

groundwater susceptibility (GWs) model of concentration to derive four important factors: (i) 

pollutant travel time from the surface to groundwater, (ii) elapsed time since application, (iii) 

mixing depth in the groundwater, and (iv) degradation rate in the soil (Table 3). 

 

Sensitivity analysis of parameters in other studies dealing with leaching models (e.g., Dean et 

al., 1984) also identified almost a similar set of factors as derived by Duijvenbooden and 

Waegeningen (1987), including water quantity, retardation factor, and chemical decay rate in 

the root zone, which are most important in determining the quantity of pesticide leaching 

from the root zone and ultimately reaching the groundwater. Rao et al. (1985) determined 

aquifer vulnerability to pesticide leaching by deriving an attenuation factor (AF) on a 

quantitative scale, which considered three key parameters viz., velocity of solute, degradation 

of solute in the vadose zone, and thickness of the vadose zone. This AF scale was later used 

to delineate groundwater contamination potential, based on the pesticide use (Khan and 

Liang, 1989; Loague et al., 1990; Loague, 1991). The AF factor was also used to investigate 

the uncertainty in vulnerability assessment due to uncertain recharge estimation (Giambelluca 

et al., 1996).  

 

Rao et al. (1985) reviewed several indices to quantify aquifer susceptibility to chemical 

contamination resulting from leaching through the vadose zone. Duijvenbooden and 

Waegeningen (1987) developed a methodology for assessing the vulnerability by using 

several variables, such as thicknesses of soil and unsaturated zone, quantities of carbonate, 

clay and organic matter, cation exchange capacity of soil and unsaturated zone, and travel 
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time of percolating water. At the same time, a vulnerability scale was defined by using three 

factors, namely type of aquifer system, soil characteristics, and unsaturated zone 

characteristics (Duijvenbooden and Waegeningen, 1987). Meeks and Dean (1990) 

determined aquifer susceptibility by developing a leaching potential index (LPI) using the 

advection-dispersion equation to explain chemical transport in soils (Table 3).  

 

The LPI incorporates the effect of depth to groundwater, natural and irrigation recharge rates, 

absorption, and chemical decay, with higher values indicating a greater susceptibility of 

groundwater to contamination. Tim et al. (1996) implemented modules of three vulnerability 

assessment methodologies, i.e., ranking index proposed by Britt et al. (1992), AF, and LPI 

into GIS framework for interactive modeling. Schlosser et al. (2002) modified LPI into a 

vulnerability index (VI) with consideration of leachability ratio defined as the ratio of half-

life of pesticide to organic carbon partition coefficient. The VI was used to assess aquifer 

vulnerability at a sub-regional scale. Maxe and Johansson (1998) developed a quantitative 

method to assess aquifer vulnerability in Sweden by employing specific surface areas for 

different grain deposits in the unsaturated zone and travel time taken by the contaminant to 

reach a particular depth from the surface. Sophocleous and Ma (1998) combined numerical 

modeling with sensitivity analysis, multiple regression analysis and classification procedures 

to develop a decision support system for assessing spatial vulnerability to groundwater 

salinization in the Great Bend Prairie aquifer of Kansas.   

 

3.2.2 Methods for Non-Uniform Flow (Preferential Flow) 

Most of the physical methods used transit time as a major parameter to assess intrinsic 

vulnerability. These process-based mechanistic models of vulnerability evaluation were 

generally applied at a single point of the landscape by guessing that the contaminant leaching 
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through the unsaturated zone was accurately described by the advection-dispersion equation. 

However, the mean transit time may not always correctly measure the distribution of  transit 

time under the presence of preferential flow, even if relevant processes are related to the 

mean transit time of water in the unsaturated zone, e.g., physical attenuation, bio-degradation, 

radioactive decay, sorption, etc. This was clarified in the early 1980s in the Long Island 

aquifers of New York, that aquifer contamination by toxic chemicals may not be adequately 

characterized by the advection-dispersion equation, relying on the assumption of uniform 

water flow through the soil matrix (Parlange et al., 1988). This finding motivated studies to 

understand preferential flow processes, and hence many studies dealing with the occurrence 

and influence of preferred flow paths on water quality were reported (e.g., Steenhuis et al., 

1994; Pivetz and Steenhuis, 1995; Logsdon, 2002; Gazis and Feng, 2004).  

 

Three main types of preferential flow mechanisms can be identified: (i) macro-pore flow that 

commonly occurs in a well-structured soil media (Beven and Germann, 1982), (ii) fingered 

flow, which is usually seen in unstructured and water-repellent soils due to unstable wetting 

fronts (Bauters et al., 1998), and (iii) funnel flow that occurs at some texture-interfaces within 

the soil column (Walter et al., 2000; Heilig et al., 2003). Preferential flow may possibly be a 

vital transport process that needs to be incorporated in groundwater vulnerability assessment. 

It causes a rapid non-uniform transport of solutes, which can result in contaminants fast 

reaching the groundwater without their degradation or adsorption by the soil (Camobreco et 

al., 1996). Thus, preferential flow may not be neglected especially in karst aquifers where 

large numbers of flow paths exist.   

 

Considering preferential flow, many studies developed reliable physically-based models to 

predict contamination occurring from the chemicals applied at the land surface (e.g., Wagenet 
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and Hutson, 1986; Steenhuis et al., 1987; Ramos and Carbonell, 1991; Kim et al., 2005). 

Some popular preferential flow models include RZWQM98 (Ma et al., 2000), MACRO4.3 

(Jarvis, 2002), CALF (Hutson, 2003; Nolan et al., 2005), and HYDRUS-1D (Šimůnek et al., 

2005). Recently, an advanced version of HYDRUS (HYDRUS-2D/3D) has the capability of 

simulating two and three-dimensional movement of water and solute in variably-saturated 

media including dual porosity system, thus allowing for preferential flow in fractures or 

macro-pores while storing water in the matrix (Šejna et al., 2018). It is suggested to consider 

preferential flow as a rule rather than as an exception when studying solute transport through 

unsaturated soils (Dekker and Ritsema, 1994). Hence, preferential flow needs greater 

attention to accurately predict the distribution of well water contamination (Sinkevich Jr. et 

al., 2005). Sinkevich Jr. et al. (2005) modified a process-based general preferential flow 

transport model originating from the works of Darnault et al. (2004) by including chemical 

degradation appropriate for the deeper soil profile. The model was applied to Cortland 

County, New York, by implementing in GIS, and model-generated risk predictions were 

compared to field observations of atrazine and nitrate.  

 

3.2.3 Comparison of Qualitative and Process-based Methods 

Coupling of qualitative and quantitative methods (process-based methods) has produced 

promising results (Yu et al., 2010, 2012; Abbasi et al., 2013). Banton and Villeneuve (1989) 

evaluated groundwater vulnerability to pesticide by comparing the DRASTIC-P and PRZM 

leaching quantities. Poor correlation between the results of two methods suggested that 

DRASTIC did not consider important chemical properties of the contaminant when 

evaluating the contamination of groundwater from agricultural chemicals. Yu et al. (2010) 

used the DRASTIC method and a transport simulation approach to assess aquifer 

vulnerability in Huangshuihe catchment, China, and comparison between the index and 



- 154 - 

 

process-based methods partially validated the DRASTIC output. Recently, a methodology 

coupling the physically-based travel time and quantitative rating methods has been proposed 

by Pisinaras et al. (2016) to determine intrinsic groundwater vulnerability at the aquifer scale, 

which is applied to the Neon Sidirochorion aquifer, Northeastern Greece.  

 

3.2.4 Current Status and Limitations 

Over the past 3-4 decades, many physical-based quantitative methods for groundwater 

vulnerability assessment have been developed by solving advection-dispersion equations 

analytically under the hypothesis of uniform flow conditions. The developed methods, 

ranging from one- to three-dimensional considering unsaturated and unsaturated-saturated 

zones, have been employed for simulating contaminant transport through subsurface. The 

main limitation of the methods is the difficulty in acquiring extensive field data. This 

limitation is overcome to a limited extent by developing index-based simplified models, e.g., 

LPI, AF, VI, and others, under the assumption of steady-state flow and uniform 

homogeneous ideal medium. The advection-dispersion simulation models cannot be utilized 

for non-uniform flow conditions due to the erroneous computation of mean transit times 

under the presence of preferential flow paths. This led to incorporating preferential flow 

models, which involves the dual-porosity concept. Such models are considered more accurate 

than the index-based qualitative methods. However, index-based qualitative methods have 

been preferred over quantitative simulation methods in the past, because the latter require a 

large amount of field data, and it is difficult to obtain reliable data for a complex subsurface 

process especially in the resource-poor developing countries. Moreover, physical 

vulnerability assessment models with consideration of preferential flow were not 

satisfactorily incorporated in the GIS framework to assess contamination hazards at the 

spatial scale. The GIS cannot adequately perform the functions of process-based simulation 
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models of subsurface flow and transport processes (Jha and Pieffer, 2006). In addition, 

plentiful input data required for GIS application may not be easily available for quantitative 

assessment. In contrast to the qualitative overlay and index methods that have been 

exhaustively utilized in vulnerability assessment over large areas, the studies dealing with 

quantitative simulation models were only undertaken for very small areas, for example, part 

of an aquifer system, watershed/catchment, agricultural fields, etc. 

 

3.3 Statistical Methods for Vulnerability Assessment 

Statistical methods offer a feasible means to aquifer vulnerability assessment when the 

groundwater quality data are coupled to hydrogeological data, land use, etc. (Schleyer, 1994). 

These methods may be either simple descriptive statistics or sophisticated multivariate 

statistical analyses incorporating explanatory variables. Focazio et al. (2002) argued that 

statistical and physical process-based methods as individual or in combination were preferred 

over subjective index and overlay methods. Of the various statistical techniques, logistic 

regression (Tesoriero and Voss, 1997; Nolan, 2001; Liu et al., 2005; Lindsay et al., 2006; 

Frans et al., 2012), multiple linear regression (Steichen et al., 1988), fuzzy-logic (Wang et al., 

1990), discriminant analysis (Teso et al., 1988), Bayesian-based weights of evidence (Worral 

and Besien, 2005; Masetti et al., 2007), and multi-criteria decision-making (Gemitzi et al., 

2006) techniques are mostly used in vulnerability assessment. 

 

3.3.1 Logistic Regression (LR) 

‘Binary Logistic Regression’ or ‘Logistic Regression (LR)’ method has been successfully 

applied for assessment of aquifer vulnerability to contamination caused by various pollutants, 

such as pesticides, chloride, and nitrate, among others (Teso et al., 1996; Tesoriero and Voss, 
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1997; Nolan et al., 2002; Liu et al., 2005; Frans et al., 2012). The important advantages of LR 

include its potential to determine adequate weights, avoid statistically insignificant variables, 

and select significant variables (Focazio et al., 2002). This method computes weights based 

on observed data, and thus, removes subjectivity from the analysis. The studies, employing 

LR, are mostly undertaken in the U.S.A. to predict the probability of pollutant concentration 

in groundwater exceeding a certain threshold. For example, Tesoriero and Voss (1997) used 

LR to evaluate aquifer susceptibility and groundwater vulnerability in the Puget Sound basin, 

Washington, U.S.A. Nolan (2001) and Nolan et al. (2002) used LR to predict the nitrate 

probability of exceedance in shallow and recently recharged groundwater. Combining soil, 

land use and aquifer properties with molecular parameters, e.g., connectivity parameter, 

solubility, sorption, degradation, molecular weight, Worrall and Kolpin (2004) predicted 

aquifer vulnerability to pesticide contamination in the mid-west U.S.A. using LR. In the Mid-

Atlantic region of the U.S.A., LR was applied to evaluate the nitrate contamination at 

multiple thresholds (Greene et al., 2005). LR has also been applied to determine the 

probability of other contaminants, such as atrazine/DEA in groundwater in Colorado (Rupert, 

2003), and pesticides, VOCs, and radon in the piedmont aquifer system of the eastern U.S.A. 

(Lindsay et al., 2006). Gurdak et al. (2007) discuss the use of Latin hypercube sampling in 

explaining the uncertainty in vulnerability assessment through GIS-coupled LR modeling. 

Frans et al. (2012) used LR to generate spatial maps of probability of detecting elevated 

atrazine and nitrate in groundwater by analyzing anthropogenic, hydrogeologic, and water 

quality data from basaltic aquifers in the central Columbia plateau, upper Snake River plain, 

and Oahu island of Hawaii in the Pacific northwestern U.S.A. Mair and El-Kadi (2013) 

developed a vulnerability model to predict contamination of drinking water sources in 

Hawaii, U.S.A. by combining capture zones with LR. Integration of LR with indicator 

kriging with local prior means yielded robust results in establishing groundwater protection 
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zones in Taiwan (Jang and Chen, 2015). A few studies employed LR for assessing aquifer 

vulnerability to heavy metals (e.g., Twarakavi and Kaluarachchi, 2005). 

 

3.3.2 Multiple Linear Regression (MLR) 

The MLR method predicts concentration rather than probability, and is useful especially 

when compared with drinking water standards. Similar to the LR method, this method 

conceptually evaluates relations between a dependent and a number of independent factors. 

This method has been used to develop the relationship of nine variables to triazine 

concentration in groundwater in Nebraska (Chen and Druliner, 1988). Steichen et al. (1988) 

applied MLR to correlate pesticide concentration in groundwater to well’s age, its 

surrounding land use, and distance to the nearest potential contamination source. Stackelberg 

et al. (2012) used MLR to predict atrazine frequency for shallow groundwater in the U.S.A. 

MLR has also been adopted for predicting nitrate contamination in shallow groundwater and 

deeper drinking water wells (Nolan and Hitt, 2006). In southern Portugal, factorial regression 

analysis and correspondence analysis were used to determine nitrate contamination in 

groundwater underlying an agricultural land (Stigter et al., 2008), and for portraying spatio-

temporal distribution of arsenic concentration (Andrade and Stigter, 2013). 

 

3.3.3 Artificial Intelligence Methods 

Artificial Intelligence (AI) models, such as fuzzy logic, artificial neural networks, and neuro-

fuzzy, have been applied for aquifer vulnerability assessment (Dixon, 2005a,b, 2009). Fuzzy 

logic and fuzzy set theory are widely-used in modeling fuzzy inputs as they explain 

imprecision and uncertainty, and reduce the loss of information when combined with GIS 

(Wang et al., 1990; Burrough et al., 1992; Burrough and McDonnell, 1998). Several methods 
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of fuzzy set theory, such as fuzzy pattern recognition and optimization technique (Zhou et al., 

1999; Chen and Fu, 2003), fuzzy rule-based system (Dou et al., 1999; Dixon, 2005a; Gemitzi 

et al., 2006; Afshar et al., 2007), and fuzzy hierarchy model (Nobre et al., 2007) have been 

used for modeling aquifer contamination. 

 

There is an increasing practice to apply fuzzy logic to address uncertainty in the weights of 

the DRASTIC method (Zhou et al., 1999; Dixon et al., 2002). Fuzzy rule-based methods 

yield adequate results under data scarce conditions, and also improve vulnerability prediction 

using the DRASTIC method (Dixon, 2004, 2005a). Rahman (2008) reported that the 

application of fuzzy rules and neural network with the DRASTIC method improved pesticide 

vulnerability predictions. The neuro-fuzzy model for an Illinois watershed in Arkansas 

predicted aquifer vulnerability at a regional scale with imprecise data (Dixon, 2004). Pathak 

and Hiratsuka (2011) developed an integrated GIS-based fuzzy pattern recognition model to 

generate a continuous vulnerability function using generic DRASTIC method in a shallow 

aquifer of Kathmandu, Nepal. Recently, Supervised Committee Machine AI technique was 

used to improve the performance of generic DRASTIC to assess groundwater vulnerability in 

Maragheh-Bonab plain aquifer, Iran (Fijani et al., 2013). Random Forest (RF) AI technique 

has also been employed for intrinsic and specific vulnerability assessment of the Vega de 

Granada aquifer in southern Spain (Rodriguez-Galiano et al., 2013). In addition to 

DRASTIC, a few other overlay and index-based methods (e.g., SINTACS, GALDIT, 

PaPRIKa, etc.) have been modified by using AI methods for improved vulnerability 

assessment, and a succinct review of such studies is provided in Machiwal et al. (2018). 

 

3.3.4 Other Statistical Techniques 
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There are other statistical techniques, such as Multi-Criteria Decision Making (MCDM), 

Discriminant Analysis, Analysis of Variance (ANOVA), Bayesian Probabilistic method, and 

Weight of Evidence (WOE), which have also been used for aquifer vulnerability assessment 

(Teso et al., 1988; Worrall et al., 2002; Gemitzi et al., 2006; Zabeo et al., 2011; Li et al., 

2015; Guo et al., 2016). Teso et al. (1988) applied Discriminant Analysis to contaminant 

concentration and soil taxonomy data to classify susceptible soils in Fresno, California. 

Gemitzi et al. (2006) presented an overlay index method of assessing groundwater 

vulnerability to pollution using GIS-coupled fuzzy logic and MCDM techniques. Twelve 

factors, including the presence of salt intrusion zones, were subjected to weighting using 

Analytic Hierarchy Process (AHP)-MCDM technique. The factors were then combined by 

applying an aggregation procedure (Weighted Linear Combination method) to yield 

vulnerability scores. The method was applied over Eastern Macedonia and Thrace in northern 

Greece. The AHP-MCDM technique has been used to assign relative weights to five factors 

viz., water Abundance, Protective cover, types of Land use, Infiltration amount of 

precipitation, and groundwater Exploitation of APLIE index method for characterizing 

hydrogeology and environmental geology setting and evaluating aquifer vulnerability in a 

karst-phreatic aquifer, Shandong Province, China (Guo et al., 2016). Worrall et al. (2002) 

used ANOVA to test the relative importance of sites (e.g., land-use, soil and aquifer type) and 

chemical factors (e.g., solubility in water) and between and within year variations for 

controlling groundwater contamination by pesticides using datasets from the U.K. and 

Midwestern U.S.A. The Bayesian methodology has been also used to compute aquifer 

vulnerability to pesticide contamination directly from monitoring data. In this method, the 

vulnerability measure continuously ranges from 0-1 on a probabilistic scale, and the 

methodology is applied to develop a vulnerability map for major aquifer systems of southern 

England (Worrall and Besien, 2005). Pizzol et al. (2011) employed MCDM for the 
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assessment of receptor vulnerability to contamination, and vulnerability estimates were 

further utilized for developing the Spatial decision support sYstem for Regional rIsk 

Assessment of DEgraded land (SYRIADE) in Poland. This study utilized a five-step MCDM 

methodology presented by Zabeo et al. (2011), i.e., identifying regional receptors, deciding 

attributes for estimating the receptor vulnerability, assigning attribute values to receptors 

through spatial analysis, normalizing vulnerability attribute values, and aggregating 

vulnerability attribute values. Statistical methods, such as WOE technique, have also been 

used to evaluate DRASTIC’s reliability in conjunction with an analytical element method 

(Abbasi et al., 2013). Also, Sorichetta et al. (2011, 2013) and Stevenazzi et al. (2015) used 

the WOE modeling technique for the assessment of aquifer vulnerability to nitrate 

contamination in the shallow aquifer located in Milan, Italy. 

 

Recently, geostatistical modeling has been used to address uncertainty associated with the 

ratings of the DRASTIC’s parameters (e.g., Baalousha, 2010; Chen et al., 2013; Armengol et 

al., 2014). Chen et al. (2013) developed a probability-based DRASTIC model using indicator 

kriging in the Choushui River alluvial fan, Taiwan. The model provided insights about the 

uncertainty of parameters under data scarce conditions, and results indicated anthropogenic 

contamination upon comparison with nitrate concentration. Armengol et al. (2014) suggested 

different methods from kriging family (ordinary, universal, and indicator kriging), and 

cokriging with secondary variables, as the best alternatives to map the DRASTIC parameters, 

depending on the amount and type of data. The methodology was demonstrated in northeast 

Spain, and results indicated that vulnerability maps generated from stochastic or geostatistical 

modeling included essential information that is ignored by a deterministic approach.  

 

3.3.5 Status Quo and Limitations 
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The use of statistical tools for groundwater vulnerability assessment began after the 

development of computer technology. A variety of statistical techniques ranging from the 

simplest LR (linear regression) to multifaceted AI (artificial intelligence) techniques have 

been utilized to determine groundwater vulnerability. Statistical techniques have facilitated 

the determination of uncertainties of contamination levels in terms of probability levels. This 

review shows that applications of regression techniques have been mainly limited, dealing 

with pesticides, chloride, and nitrate contaminations in the U.S.A. There is an extensive 

library of the AI techniques, but only a few of them including fuzzy logic, artificial neural 

networks, neuro-fuzzy, RF, etc. have been applied for vulnerability assessment. A large 

number of studies have addressed the uncertainty involved in the weights of DRASTIC 

parameters by applying statistical methods such as fuzzy logic and geostatistics. In addition, 

WOE, ANOVA, MCDM and other statistical techniques have also been applied to 

vulnerability assessment. Therefore, there is a great scope for exploring the potential of 

statistical techniques to deal with uncertainties in the weights and ratings of other index-

based qualitative methods.  Given the growing importance of AI techniques worldwide, their 

potential can be explored to advance the science behind groundwater vulnerability 

assessment. 

 

4. Groundwater Vulnerability Assessment for Source Protection: An Overview 

Of the three vulnerability approaches discussed earlier, groundwater vulnerability assessment 

for ‘source’ protection constitutes the second approach. The importance of ‘source’ 

protection was first realized in the early 1930s in Germany (Schleyer et al., 1992). These 

types of groundwater protection programs in Europe significantly predated the European 

Community (EC) directive issued in 1979 on the protection of groundwater against pollution 

caused by certain dangerous substances. However, the concept of ‘source’ protection gained 
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wider popularity after the 1986 Amendments to the Safe Drinking Water Act (SDWA) in 

U.S.A. with a provision of wellhead protection (WHP) program (USEPA, 1993). The 

wellhead protection area (WHPA) is defined as (USEPA, 1993):  “The surface and 

subsurface area surrounding a water well or wellfield, supplying a public water system, 

through which contaminants are reasonably likely to move toward and reach such water well 

or wellfield”. The delineation of WHPA is based on five criteria namely distance, drawdown, 

travel time, flow system boundaries, and aquifer capacity to assimilate contaminants 

(USEPA, 1993). According to USEPA (1993), the methods for WHPA delineation can be 

classified into six categories in the ascending order of their complexity and cost: (a) arbitrary 

radii, (b) fixed calculated radii, (c) simplified variable shapes, (d) analytical methods, (e) 

hydrogeological mapping, and (f) numerical flow and transport models. 

 

Among the different WHPA delineation methods, numerical groundwater flow and transport 

simulation models are viable quantitative methods that can serve as useful tools for 

understanding the mechanisms of complex processes occurring in groundwater systems. 

Currently, several simulation models are available for tackling WHPA delineation problems. 

Sixty four of such models are documented by USEPA (1993), of which 27 are flow models 

and 37 are solute transport models. In the early 1990s, researchers started integrating WHPA 

models with GIS. Adams et al. (1993) developed an interactive GIS-integrated relational data 

model called WELLHEAD that represented relations and data dictionary for WELLHEAD as 

well as the construction of WELLHEAD as a feature-based system using object-oriented data 

modeling. They further reported that the model could be used for borehole log management 

system by making it more natural object-oriented with the use of abstraction mechanisms. 

Similarly, GIS was integrated by Rhode Island Department of Environmental Management 

(RIDEM) to compute input variables for uniform-flow analytical models in conjunction with 
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hydrogeological mapping for delineating WHPA (Baker et al., 1993). Four modules of the 

proposed model, i.e., RESSOC, MWCAP, GPTRAC, and MONTEC independently calculate 

“capture zone”. It was found that the integration of GIS and WHPA flow model proved to be 

a valuable tool in the state wellhead protection program, and highlighted model limitations. 

Barber et al. (1996) integrated FEFLOW with GIS to illustrate the transient character of 

capture-zone boundaries of production wells due to seasonal changes in recharge and water 

demand, and its relation to the areas of different land uses in Perth, Western Australia. The 

groundwater in production wells was found to be contaminated by nitrate and volatile organic 

compounds (VOCs) from urban and industrial development. The particle-tracking modeling 

predicted that the full impact of unsewered urban expansion would occur in the next 15-20 

years. Conceptually similar to the ‘backward particle tracking’ is backward transport 

modeling that has been used in groundwater protection to delineate well capture zones in the 

Salinas Valley, California (Fogg et al., 1999). The same principle along with the first-order 

second moment method has been used to delineate stochastic wellhead protection zones for 

an aquifer in Germany (Kunstmann and Kinzelbach, 2000). Both backward transport 

modeling and particle tracking have also been utilized to delineate 3-D capture zone for the 

Greenbrook wellfield, Ontario (Frind et al., 2002). Moreover, an approach integrating 

forward- and backward-in-time transport modeling based on the adjoint theory has been 

developed by Frind et al. (2006) to delineate areas within the capture zone where a potential 

source of contaminant would lead to the highest (or lowest) impact on the production well. 

The strength of the combined use of forward and backward modeling is that it avoids the 

need of running an advection-dispersion transport model several times for different potential 

contaminant sources in order to map intrinsic well vulnerability over the entire capture zone. 

The application of this approach is demonstrated through a case study in the Greenbrook 
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wellfield, Ontario, Canada by using 3-D transport model WATFLOW-WTC (Frind et al., 

2006).  

 

The GIS capabilities for source protection planning were examined by Flockhart et al. (1993) 

for three cases: (a) Wellfleet, Massachusetts, (b) Hadley, Massachussets, and (c) Cortland 

County, New York, each with different approaches. It was concluded that with the 

availability of powerful and inexpensive computer technology and the increasing availability 

of GIS data, communities and County governments were turning to GIS for developing 

comprehensive ‘source’ protection plans. Griner (1993) developed a water-supply protection 

model using the Southwest Florida Water Management District's GIS. Several hydrologic and 

hydrogeologic data layers were overlaid to generate maps of groundwater-supply suitability, 

protection areas for surface-water supply, protection areas for major public supply wells, and 

prioritization of protection areas for water supply. Rifai et al. (1993) developed a wellhead 

modeling user interface (WMUI) for linking SYSTEM 9 GIS package and the EPA 

groundwater-flow model, WHPA for state/local governments and regulatory agencies to 

implement groundwater protection strategies. Further, they conducted a pilot study to 

demonstrate the efficiency of WMUI in the city of Houston and surrounding Harris County 

wherein WHPAs for 202 active water supply wells were delineated. They also performed 

sensitivity analysis to evaluate the effect of uncertain model parameters on the delineated 

WHPAs. They reported that GIS was advantageous in enhancing users’ ability for spatial data 

analysis, although substantial investment in financial and human resources for system 

hardware and software was required. Hammen and Gerla (1994) applied common GIS 

functionality in facilitating a comprehensive WHP scheme for an agricultural municipality in 

North Dakota. They demonstrated the usefulness of GIS both as a research tool and as a 

decision support system in addressing technical, administrative, and educational issues 
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involved in the multifaceted approach to WHP. Laurent et al. (1998) utilized GIS-integrated 

spatial analysis tools for ‘source’ protection in an area of Massif Central, France through 

spatial modeling by estimating travel time between any point of catchment and a source (river 

or well). Results were found similar to those of classical methods for the estimation of travel 

time with improved mapping of spatial vulnerability. 

 

Additional models developed or used in the early 1990s and the mid-2000s include 

MODFLOW/MODPATH (McDonald and Harbaugh, 1988), CAPZONE/GWPATH (Shafer, 

1990), WELLHEAD (Adams et al., 1993), WhAEM (Haitjema et al., 1994), WATFLOW-

WTC/3D (Molson et al., 2005), HYBRID (Paradis et al., 2007), etc.  

 

Apart from the methods mentioned above, researchers have attempted to translate 

vulnerability indices into groundwater protection zoning in some countries, such as 

Switzerland, Ireland, etc. where vulnerability methods provide a scientific basis for the 

delineation of protection zones. For instance, Turpaud et al. (2018) developed a protocol for 

‘source’ protection zoning in the karst plateau of Classical Karst Region of northeast Italy 

and southwest Slovenia based on the vulnerability assessment by Slovene approach and 

isochrones map by travel-time criteria. The delineated ‘source’ protection zones were 

classified into three levels of protection, which need to be further generalized, validated and 

adjusted to the land use plans. Recently, Vižintin et al. (2018) integrated different models 

(i.e., results of numerical hydrological modeling, vulnerability assessments and tracer tests) 

in the complex GIS framework for karst and intergranular aquifers in conjunction with 

surface flow to determine water travel time from the point of contamination to water (as a 

‘resource’) to water source. This advanced approach of coupling different models and using 

the capability of GIS could improve the protocol of groundwater vulnerability assessment for 
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‘source’ protection, which in turn can result in efficient protection strategies for aquifer 

systems. 

 

5. Evolution of Groundwater Vulnerability Assessment Methods 

Evolution of groundwater vulnerability assessment methods over the past 35 years is shown 

in Fig. 4, which reveals that the two index-based qualitative methods, DRASTIC and GOD 

that evolved during late-1980s are the pioneering qualitative methods for groundwater 

vulnerability assessment. Research and development of qualitative methods and their 

application with GIS integration increased considerably during early to mid-1990, and hence, 

a few widely-applicable methods, such as AVI and SINTACS emerged along with other 

methods viz., color code method, ISIS and SEEPAGE (Fig. 4). Towards the end of the 2000s, 

the sphere of qualitative methods for porous-media aquifer systems was at its full expansion, 

and thereafter no fundamental change in the basic structure of the methods could be 

observed. The qualitative methods developed in the subsequent years were either suitable for 

some particular conditions, such as the GALDIT method considering seawater intrusion in 

coastal aquifers, or they were framed based on the combinations of parameters taken from 

existing methods, for example, VLDA and RDSS methods reported in the 2010s. On the 

other hand, karst aquifers attracted the attention of researchers from the late 1990s to the 

early 2000s and a variety of vulnerability indices like EPIK, GLA, PI and COP were 

developed (Fig. 4). The qualitative methods for karst groundwater vulnerability assessment 

are still progressing, and two recent examples are PaPRIKa and KAVI methods evolved 

during the early 2010s. It is observed that the integration of GIS with qualitative methods 

began in the 1990s, and presently, it is a customary practice for groundwater vulnerability 

assessment due to rapid advancement in GIS capabilities and computer technology.  
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The first two process-based simulation models, i.e., ANSWERS and CREAMS, were 

developed in 1980 (Fig. 4); although they were initially employed for simulating fate and 

transport of contaminants rather than for vulnerability evaluation. Later on, significant 

growth of simulation models during the 1980s led to the development and successful 

demonstration of a large number of complex models worldwide, viz., PESTANS, SUTRA, 

PRZM, LEACHP, HST3D, GLEAMS, AGNPS, RZWQM, and VULPEST, among others. 

These complex models include analytical solutions to advection-dispersion equations for 1D 

transport through unsaturated zone and coupled, unsaturated-saturated 2D or 3D numerical 

models. The intricacy of models further increased with the development of two generic 

computer codes, namely HYDRUS-1D and MODFLOW, developed during the mid-2000s 

for simulating flow and contaminant transport. The process-based models were conceptually 

simplified by index models, such as AF, LPI, susceptibility model, vulnerability scale, etc. 

that evolved during the late 1980s by assuming steady-state flow conditions within a uniform 

homogenous medium (ideal case). Both analytical and conceptual simulation models were 

coupled with GIS during early to mid-1990s. In the 2010s, vulnerability assessments by 

qualitative methods started to be validated by quantitative methods. Despite the knowledge of 

preferential flow in fractured and karst formations since the late 1970s, the models with 

double-porosity concept were not adequately incorporated in groundwater vulnerability 

assessment until the early 2000s (Fig. 4). 

 

Application of statistical methods in groundwater vulnerability assessment started during the 

1990s, with a wider use of multiple linear regression, logistic regression, and artificial 

intelligence techniques (Fig. 4). Both the statistical and GIS-based qualitative methods gained 

a wide popularity during the 1990s mainly due to the advancement and rapid growth of 

computer technology, and hybrid approaches in the GIS framework emerged in 2010. Still 
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there is a scope for exploring the full potential of statistical methods as well as hybrid 

approaches for assessing groundwater vulnerability. 

 

In contrast to the vulnerability assessment methods for ‘resource’ protection, the methods for 

‘source’ protection were mostly developed during the 1990s, with an emphasis on delineating 

wellhead protection areas by using a variety of methods, such as simple methods (e.g., 

arbitrary and calculated fixed radius of influence), methods involving time of travel and 

uniform flow equations, analytical models (e.g., HYBRID), semi-analytical models (e.g., 

CAPZONE/GWPATH, WhAEM), and numerical models (e.g., MODFLOW-MODPATH). 

In addition, EPIK method has been used for spring catchment protection in karst aquifer 

regions. 

 

6. Current Research Trends 

The review of literature revealed that the methods used for assessing aquifer vulnerability up 

to 1990 were limited to two qualitative methods (DRASTIC and GOD) only. During that 

period, a few quantitative methods (e.g., ANSWERS, CREAMS, SUTRA, LEACHP, etc.) 

came into existence, but they were mainly used for simulating contaminant transport. During 

1990-2000, groundwater vulnerability methods flourished and their GIS-integration started. 

However, the methods for karst aquifers were not adequately known even until late-1990s. 

During the 1990s, studies on ‘source’ protection were undertaken, utilizing methods of 

wellhead protection, and statistical methods were increasingly applied to groundwater 

vulnerability assessment. 

 

Since 2000, GIS-based qualitative methods (also called ‘overlay-index’ methods or simply 

‘index-based’ methods) have been preferred to quantitative methods for mapping aquifer 
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vulnerability, with or without statistical methods, e.g., fuzzy logic and neural network. In 

recent years, the reliability of qualitative methods has been better understood, and 

consequently, it is emphasized to validate the qualitative methods by comparing their results 

with those of quantitative methods, if possible. Also, qualitative and quantitative methods 

have been coupled to enhance the accuracy of qualitative methods. It is apparent from the 

review that the development of new methods for aquifer vulnerability assessment has been 

slow since 2010. Current research trends reveal that the science-based formulation of new 

vulnerability methods has not been ground-breaking, as the present studies focus more on 

improving the existing methods by integrating them with emerging tools and techniques, viz., 

GIS, advanced statistical methods, neural network, etc. 

 

Recently, some researchers (e.g., Simpson et al., 2014; Shreshtha et al., 2017; Jenifer and Jha, 

2018b) have highlighted the importance of assessing risk to groundwater quality for 

formulating efficient measures for risk reduction. Wherever aquifer vulnerability assessments 

are made, attempts should be made to conduct a follow-up study on groundwater risk 

assessment by considering suitable criteria, such as hazard, vulnerability, exposure 

(consequence), and pollution loading. On the other hand, for coastal fractured aquifers, 

Klassen and Allen (2017) developed an approach to assess the risk of saltwater intrusion 

under anthropogenic (pumping) and natural (i.e., climatic) stresses. They reported that risk 

maps in conjunction with chemical indicators of saltwater serve as improved decision-making 

tools for land-use planning, developing guidelines for monitoring and well drilling as well as 

for building community preparedness. 

 

7. Critique on Past Studies 

7.1 Whether GIS integration with vulnerability assessments enabled wide applicability? 
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The task of groundwater vulnerability assessment substantially reformed with the advent of 

GIS. The qualitative overlay and index methods with their simple algorithms were 

appropriately integrated with the GIS technology for vulnerability assessment/mapping over 

large areas even at the regional scale. This review has also highlighted that the GIS-integrated 

DRASTIC method, having the flexibility of including or excluding factors according to the 

data availability and/or location-specific requirement, has been widely used in different parts 

of the world. In many studies, a land-use parameter has been added to the original DRASTIC, 

because land-use significantly governs groundwater susceptibility to pollution. 

 

7.2 Does the reliability of vulnerability assessment remain similar for porous-media 

aquifers and karst aquifers? 

Karst aquifers are very different from porous-media aquifers, and there are even transitions 

between purely fissured and karstified carbonate aquifers. Compared to porous-media 

aquifers, reliable assessment of vulnerability to contamination is difficult for karst aquifers 

due to: (i) problems in the generalization of different karst systems; (ii) greater heterogeneity 

and anisotropy of karst formations, rendering spatial interpolation of data difficult; (iii) 

duality of groundwater recharge (autogenic and allogenic), infiltration (point as well as 

diffuse) and porosity (conduits and fissured matrix); (iv) epikarst, if present, controls the 

infiltration into the aquifer (Ford and Williams, 1989; Drew and Hötzl, 1999; Bakalowicz, 

2005); and (v) the presence of preferential flow that bypasses the protective cover of the 

vadose zone and leads to reduced transit time (Neukum and Azzam, 2009). Thus, the 

reliability of vulnerability assessment is somewhat greater in porous-media aquifers 

compared to karst aquifers. 

 

7.3 Why are the methods of vulnerability evaluation less for semi-consolidated aquifers? 
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This review reveals that a variety of well-proven qualitative methods with ease of application 

are available for groundwater vulnerability assessment of porous-media aquifers 

(unconsolidated subsurface formations). In contrast, fewer methods exist for the vulnerability 

evaluation of semi-consolidated aquifers, i.e., fractured/fissured formations and karst 

formations. Furthermore, quantitative methods (process-based numerical models) dealing 

with advection-dispersion transport process have been mainly applied to porous-media 

aquifers (alluvial aquifers). However, none of process-based models have been employed so 

far specifically for vulnerability assessment of semi-consolidated aquifers due to their 

complex geological structures coupled with the irregularity and discontinuity of 

fractures/fissures and solution cavities/channels. Compared to porous formations, it is 

difficult to understand the geometry of fractures and solution cavities present in semi-

consolidated formations, which is exacerbated with an increase in the thickness of aquifers. 

 

7.4 Whether vulnerability assessments are certain and precise? 

In fact, none of the vulnerability assessment methods is free from uncertainties and robust 

enough to deal with varying hydrogeologic and hydrologic conditions. Besides the inherent 

uncertainties associated with natural systems, due to limited knowledge and imprecise 

measurement techniques, the uncertainties in qualitative methods are due to the subjectivity 

in the assignment of factors’ weights and ratings, and due to errors involved in interpolation 

techniques used for mapping. Quantitative methods are also prone to errors owing to several 

assumptions made for simplifying natural/real-world systems as well as other errors. Thus, all 

vulnerability assessments are subject to uncertainties. 

 

7.5 Is validation an essential step in vulnerability assessment? 
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The results of some studies using overlay and index methods could not be properly verified 

based on the available water-quality data due to poor or missing linkages with physical and 

chemical processes. A few studies that evaluated two or more qualitative methods found 

dissimilar/contrasting results with similar input data due to subjectivity and unreliability in 

the assessment procedure of the methods. In addition, the quality of available data and their 

interpretation often influence vulnerability assessments. Also, some studies reported 

problems in interpreting vulnerability maps yielded by overlay and index methods due to 

subjective classification of vulnerability classes. Tracer tests may be considered as a holistic 

approach for validating vulnerability maps of karst aquifers (Ravbar and Goldscheider, 

2009), though these tests are able to validate certain properties only, and mostly for ‘source’ 

vulnerability because tracer monitoring at the top of saturated zone is generally not possible 

(Iván and Mádl-Szőnyi, 2017). For the comparative evaluation of different vulnerability 

assessment methods, Vías et al. (2010) introduced a new global vulnerability parameter. 

However, this has a restriction that vulnerability should be divided into five classes only for 

all the methods considered for evaluation. These findings indicate that robust criteria and/or 

technically sound framework do not exist for the comparative evaluation of vulnerability 

assessment methods. Therefore, the validation of vulnerability maps is an indispensable step 

in vulnerability assessment. 

 

7.6 Do vulnerability assessment methods adequately consider vadose-zone heterogeneity 

and well integrate with GIS? 

The review of different vulnerability assessment methods revealed that the process-based 

models simulating flow and solute transport in the vadose zone and aquifer formations 

customarily use single-porosity models without taking into account the role of macro-pores 

often present in vadose zone and aquifer formations. The application of dual-porosity concept 
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in vulnerability assessment is very limited. As a vadose-zone characterization is tedious, 

time-consuming and laborious, especially at a larger scale, the vadose-zone heterogeneity is 

usually poorly addressed in vulnerability assessments. Though qualitative methods are fully 

integrated with GIS, the integration of process-based models with GIS is still in its infancy. 

 

7.7 Is the conventional WHPA approach rational to assess vulnerability for source 

protection? 

The conventional WHPA (Well-Head Protection Area) approach based on the travel time of 

contaminant does not consider the effects of dispersion, chemical reactions, heterogeneities, 

and dilution at the well. Also, it considers two-dimensional solute transport in an aquifer 

system and neglects the inherent third dimension of complex interactions (flow and 

contaminant exchanges) between the aquifer and the aquitard. Thus, the conventional WHPA 

approach fails to provide a rational and technically sound protocol for protecting vital 

groundwater (‘source’ and ‘resource’), which has a direct repercussion on human health. 

Further advancements in the knowledge and modeling technique are essential in the future to 

address the current limitations of WHP approach. 

 

8. Future Challenges and Research Needs 

Aquifer and vadose-zone processes, being hidden and complex, pose several challenges for 

evaluating aquifer vulnerability to pollution. It is well known fact that the monitoring and 

evaluation of groundwater is much more difficult and challenging compared to surface water, 

and so is with vadose-zone systems. Despite significant progress in the development of 

vulnerability assessment methods, there exist salient research gaps in this field. Future 

challenges and research needs for groundwater vulnerability and risk assessment are 
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succinctly highlighted in this section. Based on this review, salient challenges of groundwater 

vulnerability assessment are: complexity of land use/cover and vadose-zone systems, 

complex groundwater-surface water interaction processes, complexity of hyporheic zones 

that control biogeochemical processes, adequate and good-quality field data, robust criteria 

for assigning weight and rating to model parameters, development of contaminant-specific 

methods for assessing ‘specific vulnerability’, and the development of scientifically sound 

methodology for ‘source protection’ at larger scales. 

 

Given the above broad challenges, one of the most challenging tasks for vulnerability 

assessment in future would be to accurately characterize vadose zones that constitute 

pathways for land-based pollutants to reach underlying aquifers. The characteristics and the 

extent of vadose zones vary significantly within a basin and they often have a complex 

composition of micro-pores and macro-pores that greatly influence physico-chemical and 

biological processes. These processes are also highly variable in time and space. A better 

estimate of the mean travel (residence) time taken by a contaminant through the vadose zone 

requires consideration of preferential flow paths that are difficult to be correctly delineated in 

the field. Thus, future research endeavors should focus on the development of improved 

vulnerability assessment methods considering dual-porosity (preferential or fracture flow) or 

triple porosity (karst systems) and other shortcomings of the existing methods. Fractured and 

karst aquifer systems pose unique challenges because of pronounced heterogeneity and 

anisotropy even at a smaller scale. Hence, it is difficult to accurately quantify groundwater 

flow and contaminant flux in fractured and karst hydrogelogic settings. 

 

Surface water bodies are also important sources of recharge as well as pollution to aquifers. 

Better understanding of groundwater-surface water interaction processes is critical for 
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evaluating intrinsic and/or specific vulnerability as well as for maintaining the health of 

ecosystems. The interactions may be due to indirect and direct hydraulic connections between 

surface water bodies and groundwater. It is tedious to properly address the spatio-temporal 

dynamics of stream-aquifer exchange due to subsurface heterogeneity and scale problems. 

There is an urgent need for improved understanding of hyporheic zones where the water and 

contaminant exchanges occur between surface water bodies and underlying aquifers, 

transmitting through a physical, chemical and biological filter (Hancock, 2002; Hancock et 

al., 2005). These zones are very vulnerable and are highly impacted by natural factors and 

human activities, which in turn significantly affect exchange processes. When surface water 

bodies like stream/river is in direct hydraulic connection with an aquifer, it acts as a fast 

conduit to transfer contaminants from the source and spread them to other areas far from the 

source of pollution. In addition, studies on contaminant transport through hyporheic zones are 

mostly conducted at a smaller scale using analytical models and/or field investigations (e.g., 

Smedt, 2007), but there is an urgent need for large-scale models that can take care of 

contaminant transport between lakes/streams/rivers and aquifer at a larger scale (e.g., basin or 

catchment). The development of an operational framework and the upscaling from reaches to 

basins/catchments are major research challenges. A fundamental impediment to the 

application of process-based and statistical methods is limited data availability and poor 

quality of available data. Therefore, there is a need for more and more in-depth field 

investigations in different hydrogeologic and hydro-climatic settings to improve the 

understanding of physical, chemical and biological processes, and develop adequate and 

good-quality databases. Indeed, improved modeling techniques, in-depth knowledge of 

natural systems, updated adequate and quality databases, and enhanced application of modern 

tools and techniques are imperative for the sustainable management of water, land and 

ecosystems. 
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Uncertainties associated with the qualitative (overlay-index) methods can be addressed by 

adopting multiple techniques coupled with geospatial and soft-computing tools and 

techniques. In addition, proper validation and sensitivity analysis need to be treated as 

essential steps for all vulnerability assessment studies. As the current research trend is to 

evaluate intrinsic aquifer vulnerability using existing or improved overlay-index methods, 

there is a need for developing robust frameworks for assessing ‘specific vulnerability’ under 

varying hydrogeologic and hydro-climatic conditions. The research on ‘source protection’ 

has not matured as yet, and hence, further research should focus on this topic considering 

three-dimensional nature of the problem so as to realistically simulate real-world conditions. 

 

In view of the above-mentioned challenges of aquifer vulnerability assessment, it is 

emphasized that concerted efforts are needed to improve both adequacy and quality of field 

databases at a watershed or basin scale, which can ensure more reliable evaluation of aquifer 

vulnerability. There is also a need to develop a comprehensive framework considering 

heterogeneity (spatial variability), temporal variability, and characteristics of contaminants 

for the evaluation of aquifer vulnerability under different hydrogeologic and hydro-climatic 

conditions. A scientifically sound and robust framework coupled with improved knowledge 

about the systems will ensure proper application of vulnerability methods as well as will 

avoid the misuse of concepts and tools/techniques used for groundwater vulnerability studies. 

Under existing circumstances, hybrid approaches for vulnerability assessment in conjunction 

with artificial intelligence and other emerging techniques need to be adopted to overcome the 

shortcomings of existing methods. Such research strategies will ensure more reliable 

assessment of groundwater vulnerability and improved plans/strategies for efficient 

groundwater (both quality and quantity) management. 
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Precise delineation of catchment areas of springs is another challenge in karst aquifer 

systems, where large groundwater fluctuations in response to hydrologic conditions result in 

variable catchment boundaries. The exact catchment-delineation issue arising from variable 

flow rates and drainage divides could be addressed by introducing the K-factor (Ravbar and 

Goldscheider, 2007). Also, three-dimensional modeling following KARSYS approach, 

proposed by Jeannin et al. (2013), has been successfully applied to tackle catchment- 

delineation issue in Kanin Massif (a trans-boundary karst aquifer) located along the border 

between Slovenia and Italy (Turk et al., 2015). Nevertheless, appropriate GIS-based spatial 

analysis tools need to be developed for properly addressing the issue of catchment-

delineation (e.g., Živanović et al., 2016). 

 

More future studies should be carried out focusing on ‘source protection’ by using ‘Source-

Pathway-Receptor’ modeling approach (USEPA, 1989), where ‘source’ indicates potential 

contamination due to land-use activities and polluted surface water bodies such as 

lakes/streams. The ‘pathway’ is defined by the fate and transport of contaminants from the 

‘source’ to the ‘receptor’, and the ‘receptor’ is the well or wellfield. The main factor deciding 

vulnerability to contamination is not the time taken by the contaminant to reach the 

‘receptor’, rather it is the concentration of contaminant at the ‘receptor’; the latter depends 

upon the characteristics of the ‘source’, source loading and duration, characteristics of the 

‘pathway’ causing dispersion or attenuation, and the interaction of groundwater with the 

well/wellfield (receptor) causing dilution by the mixing of contaminated water with the clean 

water. 
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Concerted efforts should be made in the future to develop a comprehensive approach for 

vulnerability assessment considering integrated ‘resource’ and ‘source’ protection. Also, 

there is a need for evolving a more pragmatic framework for risk assessment, together with a 

spatial decision support system (SDSS) or expert system (ES) for groundwater vulnerability 

and risk assessment that can ensure efficient decision-making for groundwater protection. 

 

Finally, emerging contaminants due to improper handling of wastes such as e-wastes, 

biomedical wastes, nuclear wastes, and other organic wastes are posing a bigger threat to 

groundwater and surface water systems. There is an urgent need to advance our 

understanding about the types of contaminants emerging from these high-tech wastes, and 

their nature in surface and subsurface environments for the protection of both groundwater 

and surface water resources. Furthermore, it is also necessary to address the challenge of 

assessing groundwater vulnerability and risk under changing climate and socio-economic 

conditions so as to develop improved (i.e., adaptive, robust and resilient) policies and 

management strategies for the effective protection and sustainable utilization of treasured 

groundwater resources. 

 

9. Conclusions 

This study presents a comprehensive review of the methods and approaches used for the 

assessment of aquifer vulnerability. The unique aspect of this review is the consideration of 

entire spectrum of vulnerability assessment framework including both ‘resource’ and ‘source’ 

protection. Additionally, it succinctly describes evolution of groundwater vulnerability 

assessment methods with time along with an informative block diagram. Aquifer 

vulnerability concept, first developed during the 1960-70, has been widely applied for 

assessing aquifer vulnerability in many countries across the world. Over the past 25-30 years, 
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several qualitative, quantitative, and statistical methods have been proposed for vulnerability 

assessment. Qualitative methods (mainly overlay-index methods) are based on subjective 

weighting and rating of the relevant factors. The index-based methods developed for porous-

media aquifers were not found suitable for semi-consolidated aquifer systems (i.e., 

fractured/fissured, and karst aquifers). Therefore, special/modified methods such as EPIK, PI, 

COP, Slovene approach, DRASTIC-Fm, etc. have been suggested for karst and fractured 

aquifer systems. Of the existing qualitative methods, generic DRASTIC or its modified 

version is the most widely used method across the globe. Many process-based methods have 

also been employed to assess aquifer vulnerability in different hydrogeologic settings. 

Among the statistical methods, the logistic regression has largely been employed for 

vulnerability assessment. The use of fuzzy logic, neural network, support vector machine and 

other soft-computing techniques is highly limited. It is evident from this review that the basic 

reasons behind the development of new methods or alteration in the existing methods for 

vulnerability assessment are: (a) flaws in some of the existing methods (e.g., land use/cover 

and lineament parameters are not considered in the generic DRASTIC), (b) scope of 

improvement in the existing method due to better understanding of natural processes (i.e., 

improved knowledge about natural systems), and (c) existence of varying hydrogeologic and 

land-use conditions in different parts of the world. 

 

All the methods for aquifer vulnerability evaluation have certain advantages and drawbacks 

regardless of their complexity. The primary limitation of process-based methods to date has 

been the complexity of methods and limited availability of necessary spatio-temporal 

datasets. The issue of data scarcity is complicated by the heterogeneity and scale problems 

inherent in natural systems and the negligence of decision makers and water managers. On 

the other hand, the main drawback of qualitative methods is the subjectivity in assigning 
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weights/ratings and the lack of robust criteria for vulnerability classification. Although the 

validation of the results of qualitative methods is a somewhat challenging task, it should 

constitute an indispensable step in the framework of vulnerability assessment. Attempts 

should be made to evolve technically sound and pragmatic approaches for improving 

validation. The coupling of soft-computing techniques with qualitative and/or quantitative 

methods of vulnerability assessment and the adoption of hybrid approaches are more likely to 

enhance the accuracy of vulnerability assessment. With the advancement in field-monitoring 

techniques and numerical methods, more and more process-based models need to be applied 

for the reliable simulation/prediction of groundwater vulnerability and risk under diverse 

hydrogeologic and agro-climatic conditions. Such studies are the need of the hour to tackle 

growing water quantity and quality problems over the globe, particularly in developing 

nations. Vulnerability for the ‘source’ protection should be evaluated by following ‘Source-

Pathway-Receptor’ modeling approach. The potential of remote sensing (RS), GIS, and 

emerging information and communication technologies (ICTs) should be adequately utilized 

for vulnerability/risk assessment. Also, emerging tools and techniques should be employed 

for developing proficient spatial decision support or expert systems to improve decision-

making in water management and land-use planning. In view of inadequate field data, in-

depth field investigations at a catchment/basin scale need to be carried out across the globe to 

properly address the problems of heterogeneity, and scale in hydrology as well as the 

catchment delineation issue for karst aquifers. Efforts should be made to develop an adequate 

and efficient monitoring network at a basin scale for groundwater level and quality, and the 

regular monitoring of groundwater (both level and quality) should be an integral part of basin 

management strategies. 
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Finally, it is concluded that the methods for assessing aquifer vulnerability are still in infancy, 

and there is a vast scope for improving vulnerability assessment approaches using location-

specific in-depth knowledge and modern tools/techniques in order to ensure sustainable land 

and water resources management. Efficient management strategies for the protection of 

groundwater quality should be formulated by carrying out vulnerability and integrated risk 

assessments at a larger scale (e.g., province and nation) following a holistic approach so as to 

protect vital groundwater resources under changing environment and uncertain future 

conditions. Groundwater and surface water need to be considered as a single resource during 

land and water management planning as well as field investigations and research. The hidden 

threat of groundwater pollution due to polluted stream/lake water must not be ignored, and a 

scientific framework needs to be developed to address this aspect of groundwater 

vulnerability at a basin scale. 
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Table 1. Annual groundwater depletion rates in the major aquifer systems of arid and semi-

arid regions of the world (Famiglietti, 2014) 

 

Aquifer System Country 

Estimated 

Groundwater 

Depletion Rate 
Time Period 

km3 year-1 

Northwest Sahara Algeria, Libya, and Tunisia 2.69±0.8 2003-2013 

California Central 

Valley 
U.S.A. 3.1±0.60 2003-2010 

High Plains (Ogallala) U.S.A. 12.5±0.61 2003-2013 

Guarani 
Argentina, Brazil, Paraguay, 

and Uruguay 
1.04±1.68 2003-2009 

Northern Middle East Iran, Iraq, Syria, and Turkey 13.0±1.58 2003-2009 

Arabian 

Iraq, Jordon, Oman, Qatar, 

Saudi Arabia, U.A.E., and 

Yemen 

15.5±1.53 2003-2013 

Northwestern India India and Pakistan 17.7±4.5 2003-2008 

North China Plain China 8.3±1.1 2003-2010 

Canning Basin Australia 3.60±0.51 2003-2013 



- 223 - 

 

Table 2. Salient definitions of groundwater vulnerability (Vrba and Zaporozec, 1994) 

Sl. No. Definition Source 

1 “Aquifer vulnerability is the possibility of percolation and 

diffusion of contaminants from the ground surface into natural 

water-table reservoirs, under natural conditions”. 

Margat (1968) 

2 “Vulnerability is the degree of endangerment, determined by 

natural conditions and independent of present source of 

pollution”. 

Olmer and Rezac 

(1974) 

3 “Vulnerability is the risk of chemical substances – used or 

disposed of on or near the ground surface – to influence 

groundwater quality”. 

Villumsen et al. 

(1983) 

4 “Aquifer pollution vulnerability as the intrinsic character of the 

strata separating the saturated aquifer from the immediately 

overlying land surface which determines its sensitivity to being 

adversely affected by a surface applied (anthropogenic) 

contaminated load”. 

Foster (1987) 

5 “Groundwater vulnerability is the sensitivity of groundwater 

quality to anthropogenic activities which may prove detrimental to 

the present and/or intended usage-value of the resource”. 

Bachmat and 

Collin (1987) 

6 “Vulnerability of a hydrological system is the ability of this 

system to cope with external, natural and anthropogenic impacts 

that affect its state and character in time and space”. 

Sotornikova and 

Vrba (1987) 

7 “Groundwater vulnerability is a measure of the risk placed upon 

the groundwater by human activities and the presence of 

contaminants … Without the presence of contaminants, even the 

most susceptible groundwater is not at risk, and thus, is not 

vulnerable”. 

Palmquist (1991) 

8 “Groundwater vulnerability is the tendency of or likelihood for 

contaminants to reach a specified position in the groundwater 

system after introduction at some location above the uppermost 

aquifer”. 

National 

Research Council 

(1993) 

9 “Vulnerability is an intrinsic property of a groundwater system 

that depends on the sensitivity of that system to human and/or 

natural impacts”. 

Vrba and 

Zoporozec 

(1994) 

10 “Groundwater vulnerability is defined as the tendency or 

likelihood of contaminants reaching the groundwater system after 

introduction at the surface and is based on the fundamental 

concept that some land areas are more vulnerable to groundwater 

contamination than others”. 

Majandang and 

Sarapirome 

(2013) 
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Table 3. Summary of the methods for the assessment of groundwater vulnerability to contamination 1 

Sl. 

No. 

Vulnerability 

Assessment 

Method 

Equation Parameters Source 

1 DRASTIC 

=

=
7

1i

iiIndex RWDRASTIC  
Ri = weight and rating for the ith parameter, respectively. Aller et al. (1987) 

2 GOD Scheme 
RRRindex DOGGOD =  G = groundwater occurrence including recharge, O = overlying 

lithology, and D = depth to groundwater of the method explained 

ahead, and subscript R = rating of the parameters. 

Duijvenbooden and 

Waegeningen (1987) 

3 AVI Rating 

System 
=

=
n

1i i

i

k

d
c  

n = number of sedimentary units above the aquifer; d = thickness 

of each sedimentary unit, and k = estimated hydraulic 

conductivity of each sedimentary unit. 

Stempvoort et al. 

(1993) 

4 SINTACS 


= =

=
7

1i

ji

n

1j

v )WP(I  
Pi = rating of the ith parameter, and Wj = associated weight of the 

jth weight classification. 

Civita and De Maio 

(2004) 

5 ISIS ++= )()( infinf susussuv CCRCRI  

)()( satsssatinssiins CCRCCR +  

Rinf = rating values for ranges of the net recharge; Cinf = 

infiltration coefficient dependent on land use; Rsu =  rating values 

for the soil media; Csus = soil coefficient dependent on land use; 

Csu = weighting coefficient dependent on soil thickness; Rins =  

rating values assigned to the vadose zone; Csi = weighting 

coefficient dependent on the unsaturated-zone lithology and 

thickness; Cins = vadose zone coefficient dependent on land use; 

Rsat = rating values assigned to aquifer media; Css = weighting 

coefficient dependent on the aquifer thickness; and Csat = aquifer 

coefficient dependent on land use. 

Gogu and 

Dassargues (2000a) 

6 GALDIT 
( )





=

=



=
6

1i

i

6

1i

ii

W

RW

IndexGALDIT  

Wi = weight of the ith indicator, and Ri = rating of the ith 

indicator. 

Chachadi and 

Lobo-Ferreira 

(2005) 
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7 EPIK 
iiiii KdIcPbEaFp +++=  Fpi = protection factor pertaining to the ith cell; Ei, Pi, Ii, Ki = 

weights considered for the ith cell (range of parameters 

depending upon their impact on the pollution potential are 

given in Doerfliger et al., 1999); a, b, c, d = attribute relative 

weights having values of 3, 1, 3 and 2, respectively; and i = 

1, .., n (grid cell number). 

Doerfliger et al. 

(1999) 

8 GLA 
punsatsoilt hqppp +++=  

wspsoil =  

)TrTrTr(wp nn2211unsat +++=   

pt = overall protective effectiveness, psoil = protective 

effectiveness of the soil, punsat = protective effectiveness of 

the unsaturated zone, s = rating for effective field capacity 

in mm down to 1 m depth of the soil, w = percolation rate,   

r = rock type, T = thickness of the soil and rock cover above 

the aquifer, q = bonus points for perched aquifer systems, 

and hp = bonus points for hydraulic pressure conditions or 

artesian conditions. 

Hötling et al. 

(1995) 

9 PI IPp =  p = protection factor, P = protective cover, and I = 

infiltration conditions. 

Goldscheider et al. 

(2000) 

10 COP POCCOPindex =  COPindex = intrinsic vulnerability of the karst aquifer, C = 

concentration, O = overlying layers, and P = precipitation. 

Daly et al. (2002) 

11 Slovene 

Approach 

IV = (O × C × P) + K IV = intrinsic vulnerability of the source (e.g., spring) of the karst 

aquifer, O = overlaying layers, C = concentration of flow, P = 

precipitation regime, and K = karst saturated zone. 

Ravbar and 

Goldscheider (2007) 

12 PaPRIKa )Kak()Pp()Rr()Ii(Vg +++=  Vg = resource vulnerability map, P = protection factor, R = 

reservoir factor, I = infiltration factor, and Ka = 

karstification factor, and i, r, p and k are affecting weights 

with their sum equal to 1. 

Kavouri et al. 

(2011) 
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13 Dual-porosity 

MACRO 100N

MD
R

i

i
=  

R = residence time, D = depth of groundwater (mm), Mi = 

average moisture content (volume %) in the unsaturated 

zone for lithological unit i, and Ni = average net infiltration 

(mm year-1) for lithological unit i. 

Schwartz (2006) 

14 Groundwater 

Susceptibility 
a

c
s

I

I
GW =  

Ic = increment of the concentration of the substance in 

groundwater, and Ia = measure of the increment of 

anthropogenic activity at the surface. 

Duijvenbooden and 

Waegeningen 

(1987) 

15 LPI 
1000

zR

V
LPI 


=  

LPI = Leaching potential index, V = solute velocity, R = 

retardation factor, λ = chemical decay rate, and z = 

groundwater depth. 

Meeks and Dean 

(1990) 

 2 
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Figure Captions 

 

Fig. 1. Schematic of ‘Origin-Pathway-Target’ model along with the concept of ‘resource’ and ‘source’ 

protection in vulnerability assessment (modified from Goldscheider, 2005). 

 

Fig. 2. Classification of methods for the groundwater vulnerability assessment 

 

Fig. 3. Schematic of European approach with four layers of the protective cover: (a) topsoil, (b) 

subsoil, (c) non-karst rock, and (d) unsaturated karst rock. The ‘I’ factor shows the degree to 

which the protective cover is bypassed by lateral surface and subsurface flow that occurs in 

the catchment of sinking streams (modified from Goldscheider, 2005). 

 

Fig. 4. Block diagram showing evolution of groundwater vulnerability assessment methods 
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