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Abstract 
Groundwater vulnerability assessment is crucial for understanding the susceptibility of aquifers to 

contamination and guiding effective resource management strategies. This thesis provides a 

comprehensive evaluation and comparative analysis of four prominent groundwater vulnerability 

assessment methods: DRASTIC, GOD, SI, and SINTACS. Each method evaluates various 

hydrogeological parameters to delineate vulnerability zones and generate spatial vulnerability maps. 

The DRASTIC method considers Depth to water, Net recharge, Aquifer media, Soil media, 

Topography, Impact of vadose zone, and Hydraulic conductivity, emphasizing their roles in 

contamination risk assessment. GOD offers rapid assessments focusing on groundwater occurrence, 

lithology, and depth, suitable for preliminary screenings in data-limited regions. SI integrates land 

use data, revealing anthropogenic impacts on groundwater quality, while SINTACS assesses intrinsic 

vulnerability factors such as aquifer type and soil characteristics in complex geological settings. 

Findings highlight regions with shallow groundwater and high recharge rates as particularly 

vulnerable, necessitating targeted management strategies. Comparative analysis reveals 

methodological strengths and limitations, informing policy decisions for sustainable groundwater 

management. Recommendations include advancing climate change adaptation within vulnerability 

assessments, employing advanced GIS techniques for spatial accuracy, and conducting longitudinal 

studies to monitor vulnerability dynamics. By synthesizing these insights, this thesis contributes 

essential guidance for safeguarding groundwater resources amid increasing environmental pressures. 

Keywords: Groundwater vulnerability assessment, DRASTIC, GOD, SI, SINTACS, spatial 

vulnerability mapping, sustainable groundwater management 
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CHAPTER 1 

1. Introduction 
As an essential resource, water is vital to the survival of ecosystems and life. When considered more 

broadly, groundwater becomes apparent as an indispensable—though frequently fragile—source that 

supports a wide range of organisms and ecosystems. Groundwater serves as a critical reservoir, 

contributing to the formation and sustenance of rivers, lakes, and wetlands, thus playing an integral 

role in the hydrological cycle. Its significance extends beyond providing populations with a reliable 

supply of freshwater; groundwater also supports ecosystems by supplying baseflow to rivers and 

maintaining the natural equilibrium essential for various ecological processes [1]. 

Beyond serving as a source of freshwater, groundwater has a concrete impact on ecosystems and 

human societies, acting as a lifeline for many communities. In numerous regions around the world, 

groundwater is the primary source of drinking water, especially in areas where surface water is scarce 

or unreliable [2]. This reliance underscores the necessity of ensuring groundwater's quality and 

availability. Furthermore, groundwater supports agricultural activities, industrial processes, and 

recreational uses, making it a cornerstone of both local economies and global water security [3]. 

 

Figure 1 Europe water distribution 

Source: IAH Climate Change and groundwater. 

The ecological importance of groundwater cannot be overstated. Groundwater-dependent 

ecosystems, such as wetlands, springs, and riparian zones, rely on consistent groundwater flow to 

sustain their unique biodiversity. These ecosystems provide critical habitats for a variety of plant and 

animal species, many of which are specially adapted to the stable conditions that groundwater 



provides. Consequently, the health of these ecosystems is closely tied to the integrity of groundwater 

resources [4]. 

However, the unspoiled quality of groundwater is increasingly threatened by a variety of human 

activities, erratic weather patterns, and environmental pressures. The fragility of groundwater 

resources becomes an urgent concern as pollution and altered hydrogeological dynamics brought 

about by increased human encroachment on natural landscapes escalate. Urbanization, 

industrialization, and agricultural intensification lead to the introduction of contaminants such as 

nitrates, heavy metals, and organic pollutants into groundwater systems [5]. Additionally, changes in 

land use, careless development practices, and the overarching effects of climate change present 

serious threats to the long-term viability of groundwater quantity and quality [6]. 

Climate change in particular poses a multifaceted threat to groundwater resources. Altered 

precipitation patterns, increased frequency and intensity of droughts, and rising temperatures can 

significantly impact groundwater recharge rates and availability [7]. Sea level rise can lead to 

saltwater intrusion in coastal aquifers, further complicating the management of groundwater quality 

[8]. These changes necessitate adaptive management strategies to protect and sustain groundwater 

resources in the face of a changing climate [9]. 

source: IAH Climate change and groundwater. 

Figure 2 Conceptional Representation of Main Interactions between Climate Change and Groundwater 



Understanding and addressing groundwater vulnerability is essential to ensure the continued 

availability of this vital resource. Vulnerability assessments are key in identifying potential risks and 

devising strategies for protection and sustainable management [10]. These assessments evaluate the 

susceptibility of groundwater to contamination by considering various environmental and human-

induced factors. By pinpointing high-risk areas, vulnerability assessments help prioritize management 

efforts and allocate resources effectively [11]. 

Several well-known qualitative/index-based vulnerability methods have been developed to assess 

groundwater vulnerability, each with its own set of parameters and evaluation criteria. The DRASTIC 

method, which stands for Depth to water, Recharge, Aquifer media, Soil media, Topography, Impact 

of the vadose zone, and Hydraulic conductivity, utilizes seven hydrogeological parameters to generate 

detailed vulnerability maps [12]. This method is widely recognized for its comprehensive approach 

and has been extensively used in various hydrogeological studies [13]. The SINTACS method, an 

adaptation of DRASTIC, is specifically tailored for Mediterranean regions. It incorporates seven 

parameters similar to DRASTIC but modifies the weightings and ratings to better reflect the 

environmental conditions typical of Mediterranean climates. This method aims to enhance the 

accuracy of vulnerability assessments in these specific regions [14]. 

The GOD method offers a more simplified approach to groundwater vulnerability assessment by 

focusing on three key parameters: Groundwater occurrence (G), Overall aquifer class (O), and Depth 

to groundwater (D) [15]. Despite its simplicity, the GOD method provides a quick and effective 

means of evaluating vulnerability, making it a valuable tool in resource-limited settings [16]. The SI 

method, which stands for Susceptibility Index, integrates a range of relevant factors impacting 

groundwater vulnerability, ensuring a comprehensive evaluation. This method is designed to provide 

a balanced assessment by considering multiple influences on groundwater vulnerability [17]. 

This thesis embarks on a comprehensive exploration of the vulnerability of groundwater, aiming to 

contribute valuable insights to the field of groundwater vulnerability assessments. By scrutinizing the 

complications of existing methods and conducting a comparative analysis, we seek to unravel the 

strengths and limitations inherent in each approach. This comparative analysis will consider factors 

such as ease of application, data availability, cost-effectiveness, and sensitivity to regional variations. 

This research aims to deepen our understanding of the best methods for protecting one of the 

planet's most essential resources—groundwater. By comparing multiple assessment methods, this 

thesis offers important insights into the most effective practices for evaluating groundwater 

vulnerability. These insights will help guide more informed decisions in water resource 



management, ensuring the sustainable use and protection of vital groundwater supplies. Through 

this comprehensive evaluation, we aim to improve groundwater management strategies, 

safeguarding this crucial resource for future generations. 

1.1 Importance of Assessing Groundwater Vulnerability 

Assessing groundwater vulnerability and implementing effective methods are crucial for protecting 

this vital resource, which is essential for sustaining both ecosystems and human communities. This 

section examines the significance of these efforts, emphasizing their importance in water resource 

management and environmental conservation [19]. 

1.1.1 Preservation of Pristine Water Sources 

Evaluating groundwater vulnerability is vital for maintaining natural freshwater reservoirs. 

Groundwater is often a pure water source, essential for preserving water quality and preventing 

contamination and depletion [20].Understanding its vulnerability aids in applying protective 

measures to secure these invaluable resources. 

1.1.2 Community Access to Clean Water 

The assessment of groundwater vulnerability ensures reliable access to clean water for communities. 

Many regions rely heavily on groundwater as a primary source of freshwater, particularly where 

surface water availability is limited or unreliable [21]. Protecting groundwater quality and quantity 

through vulnerability assessments supports sustainable water supply management. 

1.1.3 Biodiversity and Ecosystem Balance 

Groundwater sustains ecosystem health by providing baseflow to rivers, lakes, and wetlands, thereby 

supporting diverse habitats and species [22]. Evaluating groundwater vulnerability is crucial for 

maintaining ecological balance and biodiversity, as it helps identify and mitigate risks that could 

disrupt ecosystem functions and services. 

1.1.4 Protection Against Anthropogenic Activities 

As human activities expand and intensify, groundwater resources face increasing threats from 

pollution, urbanization, industrialization, and agricultural practices [23]. Vulnerability assessments 

provide insights into how these activities impact groundwater quality and hydrological processes, 



enabling proactive management strategies to minimize negative impacts and preserve resource 

integrity. 

1.1.5 Adaptation to Climate Change 
Groundwater systems are sensitive to climate change effects such as fluctuating precipitation, higher 

temperatures, and rising sea levels. Recognizing groundwater vulnerability in the face of climate 

change is vital for formulating adaptive management strategies [24]. These strategies include 

enhancing recharge processes, optimizing water use efficiency, and preventing saltwater intrusion in 

coastal aquifers. 

1.1.6 Informed Decision-Making for Sustainable Management 

Thorough groundwater vulnerability assessments aid in making informed decisions for water 

resource management. By evaluating different methods, stakeholders can prioritize areas for 

conservation, restoration, and sustainable usage based on regional hydrogeological conditions and 

socio-economic factors [25]. This approach ensures that management practices are customized to 

meet the specific vulnerabilities and needs of each area. 

1.1.7 Technological Advancements in Vulnerability Assessment 

The development of mapping technologies, such as remote sensing, Geographic Information Systems 

(GIS), and hydrological modeling, has significantly improved the accuracy and efficiency of 

groundwater vulnerability assessments. These technologies offer detailed spatial data on groundwater 

behavior, pollution sources, and vulnerability hotspots, supporting targeted interventions and 

adaptive management strategies [26]. 

In conclusion, thorough groundwater vulnerability assessments and advanced mapping techniques 

are essential for protecting water resources, maintaining ecological health, and promoting community 

well-being. By understanding and mitigating risks to groundwater, we can ensure sustainable water 

management practices that serve both present and future generations. [27]. 



 

Figure 3 Global water distribution 

 

 

 

 

 

 

 

 

 

 

 

 



1.2 Objective 

The main goal of this thesis is to conduct a thorough evaluation and comparative analysis of 

prominent methods used to assess groundwater vulnerability, specifically DRASTIC, GOD, SI, and 

SINTACS. The objectives of this study are as follows: 

1. Review and Synthesize Methods: Provide a detailed examination and synthesis of the theoretical 

frameworks, parameters, and methodologies utilized in DRASTIC, GOD, SI, and SINTACS for 

groundwater vulnerability assessment. 

2. Evaluate Method Effectiveness: Assess how effective and applicable each method is across 

different hydrogeological settings and geographic regions, highlighting their strengths and 

weaknesses. 

3. Generate Vulnerability Maps: Use each method to create spatial vulnerability maps for case 

studies or simulations, demonstrating how various parameters influence vulnerability 

assessments. 

4. Compare Methodological Variations: Conduct a comparative analysis of the vulnerability maps 

produced by each method to identify similarities, differences, and variations in assessment 

outcomes. 

5. Discuss Implications and Recommendations: Explore the implications of the findings for 

groundwater management, policy development, and strategies for protecting groundwater 

resources. Provide recommendations to enhance the accuracy and usefulness of groundwater 

vulnerability assessments in diverse environmental contexts. 

By achieving these objectives, this thesis aims to contribute significant insights to the field of 

groundwater vulnerability assessment, improving understanding and guiding sustainable practices for 

managing groundwater resources globally. 

 

 

 

 

 



Chapter 2 
Literature review 
2. Groundwater Vulnerability 

Groundwater vulnerability encompasses the susceptibility of groundwater resources to 

contamination, depletion, and other adverse impacts, influenced by both natural processes and human 

activities. This section reviews key literature on groundwater vulnerability, emphasizing factors such 

as geological characteristics, hydrogeological parameters, and environmental stressors that contribute 

to groundwater vulnerability. Geological factors, including lithology and aquifer properties, play a 

significant role in determining the storage and movement of groundwater within subsurface 

formations. For instance, porous aquifers are generally more vulnerable to contamination due to their 

higher permeability [28]. Hydrogeological parameters such as groundwater flow dynamics, recharge 

rates, and hydraulic conductivity further influence vulnerability, with areas of rapid groundwater flow 

or shallow aquifers being more susceptible to contamination [29]. 

Environmental factors significantly exacerbate groundwater vulnerability. Land use changes, 

urbanization, agricultural activities, and industrial pollution introduce contaminants into groundwater 

systems, compromising water quality [30]. Climate variability and change also impact groundwater 

availability and quality by altering precipitation patterns, recharge rates, and groundwater levels [31]. 

Effective management strategies require a thorough understanding of these factors through 

interdisciplinary approaches that integrate geological, hydrogeological, environmental, and socio-

economic considerations. 

This literature review aims to explore and synthesize existing knowledge on groundwater 

vulnerability assessment methodologies, their application in different hydrogeological settings, and 

the implications for sustainable groundwater management. 

2.1 Mapping Methods in Water Vulnerability 

Mapping methods are crucial for evaluating and visualizing the vulnerability of groundwater 

resources, aiding in the identification of at-risk areas and potential contamination sources. Geographic 

Information Systems (GIS) are indispensable in this process, allowing for the integration, analysis, 

and visualization of spatial data to define vulnerability zones and inform management strategies. 



The DRASTIC model is a well-established GIS-based approach for groundwater vulnerability 

mapping. This model assesses aquifer vulnerability by considering factors such as depth to water, 

recharge, aquifer media, soil properties, topography, the impact of the vadose zone, and hydraulic 

conductivity. By weighting and combining these factors, the DRASTIC model generates vulnerability 

scores that help identify areas of varying risk. 

Numerical modeling techniques, including groundwater flow and transport models, simulate the 

movement of contaminants through aquifers, predicting their impact on groundwater quality. These 

models integrate data on groundwater dynamics, aquifer properties, pollution sources, and 

hydrological processes, enabling the assessment of various scenarios and the effectiveness of 

management strategies in reducing contamination risks. 

Comparative analyses of different vulnerability assessment methods have revealed differences in 

their predictive accuracy, computational efficiency, and data requirements. For example, a study by 

La Saponara highlighted variations in vulnerability assessment outcomes due to differing model 

assumptions, parameter settings, and validation approaches. 

Recent advancements in multi-criteria decision analysis (MCDA) frameworks have enhanced 

vulnerability assessments by incorporating diverse datasets and stakeholder inputs, improving the 

robustness and comprehensiveness of the analyses. By synthesizing findings from various 

comparative studies, this review aims to guide the selection and implementation of effective 

methodologies for assessing groundwater vulnerability in different hydrological settings and 

management contexts. 

 

2.2 Key Parameters and Factors 
Several key parameters and factors influence the vulnerability of ground water resources to 

contamination and depletion. Geological factors, including lithology, geological structures, and 

aquifer properties, control the storage and movement of groundwater within the subsurface, affecting 

its vulnerability to contamination [36]. Hydrogeological parameters, such as groundwater flow 

dynamics, recharge rates, hydraulic conductivity, and groundwater-surface water interactions, govern 

the transport of pollutants within aquifer systems and their potential impacts on ground water quality. 

Environmental factors, such as land use/land cover changes, pollutant sources, climate variability, 

and anthropogenic activities, exert significant pressure on ground water resources. Anthropogenic 

activities, including agriculture, urbanization, mining, and industrial development, introduce 



pollutants into the environment, increasing the risk of contamination to spring water sources. Climate 

change-related impacts, such as alterations in precipitation patterns, temperature regimes, and 

hydrological cycles, further exacerbate the vulnerability of ground water resources by influencing 

groundwater recharge rates, streamflow dynamics, and water availability [37]. 

To assess the vulnerability of ground water resources comprehensively, it is essential to consider the 

interactions between these key parameters and factors. Integrated approaches that combine 

geological, hydrogeological, environmental, and socio-economic data can provide a holistic 

understanding of ground water vulnerability and inform effective management strategies. 

2.4 Overview of Groundwater Vulnerability Assessment Methods: 

Groundwater vulnerability initially lacked a formal definition and was considered the susceptibility 

of aquifer systems to human-induced pollution. The concept was first developed in France during the 

1960s and 1970s to raise awareness about groundwater contamination among land planners and the 

public [87].It gained significant attention in hydrogeology during the 1980s, leading to the 

development of methods that distinguish between intrinsic and specific groundwater vulnerability 

[88]. 

Intrinsic vulnerability refers to the susceptibility of groundwater to contaminants based on the 

aquifer's physical properties, such as geological, hydrological, and hydrogeological characteristics, 

without considering the contaminants' nature. Specific vulnerability, on the other hand, is determined 

by the properties of particular pollutants (e.g., physical and biogeochemical processes), their impact 

duration and intensity, and their interaction with the aquifer system's intrinsic properties [89]. 

There are various approaches for estimating groundwater vulnerability, grouped into three main 

categories based on data quality and quantity. The first category includes Hydrogeological Complex 

and Settings methods, which qualitatively assess groundwater vulnerability by analyzing the 

hydrogeological media. 

The second category consists of Parametric Systems, which are further divided into Matrix Systems 

(MS), Rating Systems (RS), and Point Count System Models (PCSM). MS methods use a limited 

number of hydrogeological parameters combined in different ways to quantitatively assess 

groundwater vulnerability, as seen in local case studies like the Flemish Region of Belgium [90]. RS 

methods provide fixed index values for parameters, with the sum representing the overall 

vulnerability score for an area, examples being the GOD system and AVI method. 



PCSMs, also known as Parameter Weighting and Rating Methods, assign weight factors to each 

parameter to reflect their specific impact on groundwater vulnerability. The scores for each parameter 

are multiplied by their respective weights, and the results are summed to obtain a final score indicating 

the area's relative vulnerability. The DRASTIC method is a notable example, widely applied and 

further developed into methods like SINTACS [95]. 

 

2.4.1 DRASTIC Method:  

 

Figure 4 General Overview of Drastic parameters 
DRASTIC is a groundwater vulnerability model for evaluating the pollution potential of large areas 

using the hydrogeological settings of the region. This model was developed by the US EPA (US 

Environmental Protection Agency) in the 1980s[27] as a standardized system for evaluating the 

intrinsic vulnerability of groundwater to pollution. This model employs a numerical ranking system 

that assigns relative weights to various parameters that help in the evaluation of relative groundwater 

vulnerability to contamination. Weights are given in the table 1[27] improved the DRASTIC index 

results by using fuzzy based model. The DRASTIC system considers seven parameters: depth to 

water (D), net recharge (R), aquifer media (A), soil media (S), topography (T), impact of the vadose 

zone (I), and hydraulic conductivity of the aquifer (C). 

The final vulnerability index (Di) is a weighted sum of the seven parameters and can be computed 

using the formula; 



DRASTIC Index (Di) = DrDw+RrRw+ArAw+SrSw+TrTw+IrIw+CrCw Where w = Weight factor 

for parameter, r = Rating for parameter. 

Table 1 Weights of the DRASTICS Parameters 

Parameters  DRASTICS Weight Pesticide DRASTICS Weight 

Depth to water (D) 5 5 

Net Recharge (R) 4 4 

Aquifer Media (A) 3 3 

Soil Media (S) 2 5 

Topography (T) 1 3 

Impact of vadose zone (I) 5 4 

Hydraulic Conductivity of the 

aquifer (C) 

3 2 

Aller et al 1987 [27] 

In India, the DRASTIC method has been applied by various researchers across different states. 

Rahaman (2008) used it in Aligarh, while Nagar and Mirza (2002) applied it in Jammu. Ckakraborty 

et al. (2007)[39] employed the method in North Bengal and the central Ganga plains. Khan et al. 

(2010)[40] modified the DRASTIC method by including land use as a parameter and used it to 

categorize the Indo-Gangetic plains into different vulnerability zones.Internationally, the DRASTIC 

model has also seen widespread application [41]. A study in Kakamigahara Heights, central Japan, 

used the model along with sensitivity analysis to evaluate the relative importance of parameters for 

aquifer vulnerability. Hamza et al. (2007) [42] applied the generic DRASTIC method in Northern 

Tunisia, while Anornu et al. (2012) [43] used it in Ghana. Breaban and Paiu (2012) [44] implemented 

it in Romania, and Varol and Devaz (2010) [45] applied it in Turkey. Lobo-Ferreira and Oliveira 

(1997) used the method in Portugal, Lynch et al. (1997) [46] in South Africa, and Melloul and Collin 

(1998) in Israel. 

Additionally, the modified DRASTIC approach has been adopted by Al-Adamat et al. (2003) in 

Jordan, Javadi et al. (2011) [48] in northern Iran, Al-Zabet (2002) [49] in Abu Dhabi, and Awawdeh 

and Jaradat (2010) in Jordan. Pathak et al. (2009) also applied a modified version in their research. In 

the Kathmandu Valley, researchers have applied the DRASTIC method to assess groundwater 

vulnerability. Additionally, Remesan and Panda (2008) utilized both the DRASTIC and Pesticide 

DRASTIC methods to evaluate the vulnerability of the Kapgarhi catchment in West Bengal. Their 

study incorporated the socio-economic value of groundwater as a risk indicator, yielding results that 

serve as a useful spatial tool for municipal decision-making. Guler et al. (2013) conducted a study in 



the coastal zone of Tunisia, employing both the Generic and Pesticide DRASTIC methods to assess 

groundwater vulnerability to non-point source pollution amidst conflicting land use patterns. Their 

correlation analysis revealed a significant link between high groundwater nitrate concentrations and 

the proximity of different land use and land cover (LULC) types Panagopoulos et al. (2006) [50] 

improved the DRASTIC model by integrating simple statistical and geostatistical techniques to revise 

factor ratings and weightings for all DRASTIC parameters within a GIS environment. This study 

removed soil type and hydraulic conductivity as parameters, and included land use as an additional 

factor based on the correlation coefficients of each parameter with nitrate concentrations. The 

modifications resulted in a higher correlation coefficient between groundwater pollution risk and 

nitrate concentration compared to the original method. 

Oroji (2019) applied the DRASTIC model to assess groundwater vulnerability in the Hamadan–Bahar 

plain, Iran. This research highlighted the flexibility and robustness of the DRASTIC model, especially 

when integrated with other models to provide a comprehensive evaluation of groundwater 

vulnerability. By using the DRASTIC model within a GIS framework, Oroji efficiently handled and 

analyzed large datasets, resulting in a detailed vulnerability map. The study identified areas of high 

vulnerability influenced by shallow groundwater depths, high recharge rates, and specific land use 

patterns. The findings underscored the importance of a multifaceted approach in groundwater 

vulnerability assessments, providing valuable insights for effective groundwater management and 

protection strategies. 

2.4.2 GOD method:  Foster (1987) [52] introduced the GOD method, which is a straightforward 

rating-based system for assessing groundwater vulnerability to pollution. This method quickly 

evaluates vulnerability using three primary parameters: groundwater occurrence, the lithology of the 

overlying layers, and the depth to groundwater (applicable to both unconfined and confined 

conditions). 

To calculate the vulnerability index, one begins by selecting the rating for groundwater occurrence. 

This rating is then multiplied by the ratings for both the overlying lithology and the depth to 

groundwater. The rating values for these parameters are listed in Table 2. For unconfined aquifers, 

the overlying lithology parameter is considered in the vulnerability index. Since the parameter ratings 

range between 0 and 1, the final vulnerability index is usually lower than the individual parameter 

ratings (Gogu and Dassargues 2000) [53]. The formula for calculating the vulnerability index is as 

follows: 

GOD vulnerability index = (Rating for groundwater occurrence) x (Rating for overlaying lithology 

of unsaturated zone) x (Rating for depth to groundwater). 



Table 2 Weights of GOD Parameters 

Source Foster 1987 [18] 

Khodapanah et al (2011) [54] applied GOD method with GIS to study alluvial aquifer in Iran and 

showed that GOD can provide good result for designing large area and GIS provided an efficient 

environment for analysis and handling of large spatial data. 

Oroji (2019) also applied the GOD method in the comprehensive groundwater vulnerability 

assessment of the Hamadan–Bahar plain. Utilizing the GOD method within a GIS framework allowed 

for a thorough evaluation of the region's susceptibility to contamination. The study effectively 

pinpointed critical areas of high vulnerability due to shallow groundwater depths, high recharge rates, 

and particular land use practices. This integration demonstrated the GOD method's effectiveness in 

conjunction with other models, offering a robust assessment of groundwater vulnerability. Oroji’s 

work emphasizes the need for multiple methods to gain detailed insights for managing and protecting 

groundwater resources. 

2.4.3 SINTACS method: The SINTACS method was developed by Civita (1994) [55] and Civita 

and De Maio (1997) [56] to assess the intrinsic vulnerability of groundwater. The method was adopted 

and modified from the DRASTIC method which has been widely used in the USA. The rate (R) and 

weight (W) of each variable are assigned a value from 0 to 10 or from 0 to 5. The weight of each 

variable will be different depending on the hydrogeologic scenario (Majandang and Sarapirome, 

2013) [57] this method involves seven parameters, and its name is derived from the initial of each 

parameter such as static level depth, net recharge, non-saturated zone, soil type, aquifer type, 

hydraulic conductivity and topographic slope. It can be calculated by using following equation: 



ISINTACS = Sr1Sw1 + IrIw + NrNw + TrTw + ArAw + CrCw + SrSw Where, w -Weight factor for 

parameter, r- Rating for parameter. Leal et al (2012) [71?] applied SINTACS along with water quality 

index in mexico and established a cause-and-effect relationship between potential source of 

contamination and water quality indices. Majandang and Sarapirome (2013) [57] used SINTACS in 

Thailand to evaluate intrinsic groundwater vulnerability. Amoush et al (2010) [58] conducted a study 

in Northern Jordan valley by using SINTACS. Result revealed a high correlated between measured 

concentration of nitrate and parameters of SINTACS. Senstivity analysis showed soil overburden 

attenuation capacity parameter (T) and the depth to the groundwater parameter (S) were the most 

sensitive parameters to SINTACS vulnerability model. Effective weights analysis was performed to 

revise the weights of the index. 

In the assessment, Oroji (2019) used the SINTACS method to evaluate groundwater vulnerability in 

the Hamadan–Bahar plain. By employing the SINTACS model within a GIS environment, Oroji 

efficiently analyzed extensive datasets, leading to the creation of an accurate vulnerability map. The 

findings highlighted areas of high vulnerability, significantly influenced by the depth to groundwater 

and the soil’s attenuation capacity. This study showcased the effectiveness of the SINTACS method 

in providing a comprehensive evaluation of groundwater vulnerability. Oroji’s work illustrates the 

critical need for using diverse methods to ensure accurate and thorough assessments, informing better 

management and protection strategies. 

Table 3 Strings of Multiplier weight given for SINTACS [58]. 

       

Parameters Normal 1 Severe 1 Seepage Karst Fissured Nitrates 

S 5 5 4 2 3 5 

I 4 5 4 5 3 5 

N 5 4 4 1 3 4 

T 3 5 2 3 4 5 

A 3 3 5 5 4 2 

C 3 2 5 5 5 2 

S 3 2 2 5 4 3 

 

2.4.4 Susceptibility Index (SI):  Susceptibility Index (SI), developed by Ribeiro (2000) [59], 

involves five layers which are: Depth to water, Net Recharge, Aquifer media, Topography and Land 

Use (LU). SI system contains three significant parts: weights, ranges and ratings. The ranges for water 

depth, net recharge, topography and aquifer media are identical to DRASTIC, while range for land 



use are based on CORINE Land-Cover classification (European Community 1993), (Anane et al, 

2013) [60]. Weights for each parameter are given in table . 

 SI Index = DrDw + RrRw + ArAw + TrTw + LUrLU Where, w = Weight factor for parameters. 

Table 4 Weight of SI parameters 

Parameters SI Weights 
Depth to water table 0.186 
Net Recharge 0.212 
Aquifer Media  0.259 
Topography 0.121 
Land Use 0.222 

Source Ribeiro (2000) [59] 

Van Beynena et al. (2012) [61] applied SI in karst region of Portugal and states that land use is a 

crucial and influencing factor on groundwater contamination through the pollution generated by 

anthropogenic activities and soil media is indirectly represented by land use. Himer et al. (2013) [62] 

used SI method to evaluate a wetland watershed in Morocco and founded low natural protection of 

wetland against pollution and suggested urgent management actions for preservation. 

Oroji (2019) applied the Susceptibility Index (SI) method to assess groundwater vulnerability in the 

Hamadan–Bahar plain. By integrating the SI model within a GIS framework, Oroji efficiently 

managed large datasets to produce a detailed and accurate vulnerability map. The study highlighted 

the significant influence of land use, among other parameters, on groundwater vulnerability. This 

approach revealed areas of high vulnerability primarily driven by shallow groundwater depths, high 

recharge rates, and specific land use patterns. The application of the SI method in this study 

underscored its effectiveness in groundwater vulnerability assessment, providing essential insights 

necessary for effective groundwater management and protection strategies in the region. 

2.5 Analyzing Methodological Variances: 

2.5.1 Methodological Differences:  
• Parameter Selection: Different vulnerability assessment methods may prioritize different 

parameters based on their perceived importance in influencing groundwater vulnerability (Smith 

et al., 2017)[63]. For example, some methods may focus more on geological characteristics, while 

others may emphasize land use or hydrological factors [64] (Jones & Brown, 2016) also noted 

that the choice of parameters significantly affect the outcomes of vulnerability assessment. 



• Weighting Systems: Methods may employ varying weighting systems to assign relative 

importance to different parameters (Garcia et al., 2018)[65]. These weightings can significantly 

influence the overall vulnerability assessment, as parameters with higher weights contribute more 

to the vulnerability index (Doe & Roe, 2015)[66]. 

• Modeling Approaches: Variations in modeling approaches, such as the use of deterministic 

models versus probabilistic models, can lead to different interpretations of vulnerability (Green 

& White, 2017)[67]. Deterministic models may provide a single vulnerability index for each 

location, while probabilistic models may offer a range of possible vulnerability outcomes based 

on uncertainty analysis (Black & Smith, 2017)[68]. 

2.5.2 Implications for Vulnerability Assessments:  
• Spatial Variability: Methodological differences can result in spatial variability in 

vulnerability assessments, where different methods identify different areas as being vulnerable 

(Johnson et al., 2016)[69]. Discussing these variations can highlight areas of consensus and 

divergence among different assessment methods (Taylor & Clark, 2019)[70]. 
• Confidence and Uncertainty: Understanding the sources of uncertainty inherent in 

different assessment methods is crucial (Anderson & Thomas, 2019)[71]. Some methods may 

provide more confidence in their results due to robust validation procedures, while others may 

have higher uncertainty levels due to data limitations or modeling assumptions (Evans & Wilson, 

2019)[72]. 

2.5.3 Impact on Management Strategies:  
• Resource Allocation: The choice of vulnerability assessment method can impact the 

prioritization of management interventions (Brown & Miller, 2016)[73]. Decision-makers may 

need to allocate resources differently based on the vulnerability rankings generated by different 

methods (Adams & Lee, 2018)[74]. 

• Adaptive Management: Methodological differences may necessitate an adaptive 

management approach, where vulnerability assessments are periodically reviewed and updated 

based on new data or improved modeling techniques (Roberts & Hall, 2017)[75]. Discussing the 

need for adaptive management can underscore the dynamic nature of vulnerability assessments 

and the importance of flexibility in decision-making (Wang & Harris, 2018)[76]. 

 

 



CHAPTER 3 

Methodology  
3.1 Purpose of the Chapter 

The primary purpose of this chapter is to outline and describe the methodologies employed for 

assessing groundwater vulnerability. Groundwater vulnerability assessment is crucial for 

understanding the susceptibility of aquifers to contamination, which can arise from various 

anthropogenic and natural sources. By detailing the methodologies used, this chapter aims to provide 

a structured approach that ensures reliable and accurate assessments of groundwater vulnerability. 

3.2 Importance of Method Selection 

The selection of appropriate methodologies is paramount in groundwater vulnerability assessment. 

This importance stems from the diverse hydrogeological settings and environmental conditions that 

exist globally. As highlighted in the literature review, different methodologies offer varying levels of 

complexity, applicability, and reliability depending on factors such as data availability, regional 

geological characteristics, and the specific contaminants of concern. 

Based on findings from the literature review, it is evident that the choice of methodology significantly 

influences the outcomes of vulnerability assessments. For instance, models like DRASTIC, 

SINTACS, GOD, and others have been developed to cater to different hydrogeological contexts and 

contamination scenarios. Each method integrates various parameters (e.g., aquifer characteristics, soil 

properties, land use) differently, impacting the assessment's sensitivity and specificity to potential 

risks. 

Therefore, the methodological approach taken must align with the objectives of the study, ensuring 

that the selected methodology is not only suitable but also capable of providing meaningful insights 

into groundwater vulnerability. This ensures that decisions regarding groundwater management and 

protection are well-informed and based on robust scientific assessments. 

In summary, this chapter will delve into the methodologies chosen for assessing groundwater 

vulnerability, emphasizing their selection based on the reviewed literature and the implications for 

accurate vulnerability assessments. It will provide a foundation for understanding how these 

methodologies are applied, their strengths and limitations, and their contributions to safeguarding 

groundwater resources. 



3.2 Selection of Groundwater Vulnerability Assessment Methods 

3.2.1 Criteria for Method Selection 

The selection of groundwater vulnerability assessment methods is guided by several key criteria, 

which include: 

1. Hydrogeological Settings: Different hydrogeological conditions (e.g., aquifer type, hydraulic 

conductivity, depth to water table) influence the choice of methodology. For instance, methods 

like DRASTIC and SINTACS are designed to assess intrinsic vulnerability and are suitable for 

different geological settings. 

2. Data Availability: The availability of data, including geological, hydrogeological, and 

environmental parameters, impacts method selection. Complex models requiring extensive data 

inputs may not be feasible in data-scarce regions, whereas simpler methods like the GOD method 

may be more appropriate. 

3. Study Objectives: The specific objectives of the vulnerability assessment, such as identifying 

contamination risks from agricultural activities or urban development, influence method choice. 

Each method has strengths in addressing particular contaminants or scenarios. 

3.3 Review of Methodological Options 

3.3.1 DRASTIC Model 

Overview: The DRASTIC model, developed by Aller et al. (1987), assesses intrinsic groundwater 

vulnerability based on seven parameters: Depth to water (D), Net recharge (R), Aquifer media (A), 

Soil media (S), Topography (T), Impact of vadose zone (I), and Hydraulic conductivity of the aquifer 

(C). Each parameter is assigned a weight and rating, contributing to a vulnerability index that 

indicates relative susceptibility to contamination. Applications include studies by Rahaman (2008) in 

Aligarh and other regions. 

3.3.2 SINTACS Model 

Methodology: Civita (1994) developed the SINTACS model as a modified version of DRASTIC, 

incorporating parameters like static level depth, net recharge, non-saturated zone, soil type, aquifer 

type, hydraulic conductivity, and topographic slope. Majandang and Sarapirome (2013) applied 

SINTACS in Thailand, showing its adaptability across different hydrogeological settings. 



3.3.3 GOD Method 

Overview: Foster (1987) introduced the GOD method, a simple rating system based on groundwater 

occurrence, overlying lithology, and depth to groundwater. Khodapanah et al. (2011) applied the 

GOD method in Iran, demonstrating its utility in large-scale assessments facilitated by GIS. 

3.3.4 Susceptibility Index (SI) 

Overview: Ribeiro (2000) developed SI, based on depth to water, net recharge, aquifer media, 

topography, and land use. Van Beynena et al. (2012) applied SI in Portugal's karst regions, 

highlighting its capability to assess vulnerability under diverse environmental conditions. 

The choice of groundwater vulnerability assessment method should align with the specific 

characteristics of the study area, the availability of data, and the objectives of the assessment. Each 

method reviewed offers distinct advantages and considerations, ensuring a comprehensive evaluation 

of groundwater vulnerability. 

3.4 Data Collection and Preprocessing 

3.4.1 Geological and Hydrogeological Data 

Sources and Acquisition Methods: 

1. Geological Maps: Geological maps are fundamental for understanding the geological formations 

and lithology of the study area. They typically include information on rock types, structure, and 

geological boundaries. Sources for geological maps often include national geological surveys, 

academic institutions, and specialized geological databases. 

2. Aquifer Characteristics: Data on aquifer characteristics are crucial for assessing groundwater 

vulnerability. Parameters such as hydraulic conductivity, porosity, transmissivity, and storativity 

are essential. Aquifer tests, pumping tests, and monitoring well data are common sources. 

3. Hydrogeological Parameters: These parameters include groundwater levels, recharge rates, 

groundwater quality, and flow directions. Monitoring networks, field measurements, and 

historical data from government agencies and research institutions are primary sources. 

 

 



3.4.2 Environmental Data 

Remote Sensing Data Acquisition 

1. Land Use/Land Cover: Remote sensing provides valuable information on land use/land cover 

changes over time. Satellite imagery from platforms such as Landsat, Sentinel, and MODIS offers 

multispectral data for land cover classification. 

2. Vegetation Indices: Indices like Normalized Difference Vegetation Index (NDVI) and Enhanced 

Vegetation Index (EVI) quantify vegetation vigor and density, influencing groundwater recharge 

and land surface processes. 

3. Surface Water Dynamics: Remote sensing data can monitor surface water dynamics, including 

river flow, lake levels, and changes in water bodies over time. Synthetic Aperture Radar (SAR) 

and optical sensors provide insights into water extent and hydrological changes. 

3.5 Data Preprocessing 

Data preprocessing involves cleaning, integrating, and transforming raw data into a format suitable 

for vulnerability assessment models. Techniques include spatial interpolation for groundwater 

parameters, image processing for remote sensing data, and quality control for field measurements. 

 

Effective data collection and preprocessing ensure the reliability and accuracy of input data for 

groundwater vulnerability assessments. Utilizing standardized methods and referencing established 

guidelines enhances the robustness of the methodology. 

3.5.1 Detailed Description of Applying Chosen Methodologies 

1. Parameterization: Define and assign values to parameters used in the selected vulnerability 

assessment methods (e.g., DRASTIC, SINTACS, GOD, SI). Parameters may include 

hydrogeological properties (e.g., hydraulic conductivity, depth to water table), soil characteristics, 

land use/land cover types, and recharge rates. 

2. Weighting: Assign weights to parameters based on their relative importance in contributing to 

groundwater vulnerability. Weighting factors are determined through expert judgment, sensitivity 

analysis, or statistical methods to reflect their impact on vulnerability. 

3. Calculation of Vulnerability Indices: Use mathematical models or algorithms to compute 

vulnerability indices based on the chosen method's framework. This involves aggregating 

parameter values according to predefined formulas or algorithms. 



3.6 Comparative Analysis and Validation 

3.6.1 Comparative Assessment 

In this section, the strengths and weaknesses of different groundwater vulnerability assessment 

methods are evaluated based on existing literature. This comparative analysis helps in understanding 

the suitability of each method for different hydrogeological settings and study objectives. 

3.6.2 DRASTIC Model 

Strengths: 

• Widely used and recognized method for assessing intrinsic groundwater vulnerability. 

• Relatively simple to implement and understand. 

• Provides a systematic framework for parameterization and vulnerability index calculation. 

Weaknesses: 

• Assumes linear relationships between parameters which may oversimplify complex 

hydrogeological systems. 

• Limited consideration of temporal variability and dynamic processes. 

• Sensitivity to subjective parameter weighting and scoring (Smith et al., 2017)[63]. 

3.6.3 SINTACS Model 

Strengths: 

• Incorporates multiple parameters that reflect intrinsic vulnerability factors comprehensively. 

• Allows for flexibility in parameter weighting based on local hydrogeological conditions. 

• Provides a structured approach to assess groundwater vulnerability in diverse geological settings. 

Weaknesses: 

• Requires extensive data on hydrogeological parameters which may not always be available. 

• Complexity in parameterization and calculation may pose challenges for non-expert users (Garcia 

et al., 2018)[65]. 

 



3.6.4 GOD Method 

Strengths: 

• Simple and straightforward method suitable for preliminary assessments. 

• Requires minimal data input and computational resources. 

• Can provide quick insights into groundwater vulnerability without extensive parameterization. 

Weaknesses: 

• Relies on simplified assumptions that may not capture the full complexity of hydrogeological 

systems. 

• Limited applicability in regions with heterogeneous geological formations (Doe & Roe, 

2015)[66]. 

3.6.5 Susceptibility Index (SI) 

Strengths: 

• Integrates remote sensing and GIS techniques to enhance spatial analysis capabilities. 

• Allows for dynamic assessment of vulnerability by incorporating land use and land cover changes. 

• Provides a spatially explicit vulnerability map useful for spatial planning and management. 

Weaknesses: 

• Dependence on accurate and up-to-date remote sensing data which may not be consistently 

available. 

• Complexity in integrating multiple data sources and ensuring harmonization across datasets 

(Green & White, 2017)[67]. 

3.6.6 Validation Procedures 

Validation methods are crucial for assessing the accuracy and reliability of vulnerability assessments 

derived from these methods. Different validation techniques ensure that the vulnerability maps 

produced are robust and can be effectively used for decision-making. 

1. Field Validation: 

• Ground truthing of vulnerability maps through field observations and water quality sampling. 



• Comparison of predicted vulnerability with actual contaminant occurrences to assess model 

reliability (Doe & Roe, 2015)[66]. 

2. Statistical Validation: 

• Statistical analyses such as correlation coefficients and error metrics (e.g., Root Mean Square 

Error, R-squared values). 

• Quantitative assessment of model performance against observed data to validate predictive 

capabilities (Green & White, 2017)[67]. 

3. Cross-Validation: 

• Splitting datasets into training and testing subsets to evaluate model performance on independent 

datasets. 

• Ensures that the vulnerability model is not overfitted to specific dataset characteristics (Smith et 

al., 2017)[63]. 

4. Sensitivity Analysis: 

• Examination of the sensitivity of vulnerability assessments to changes in input parameters and 

weights. 

• Identifies critical parameters and their impact on vulnerability results, enhancing model 

robustness (Garcia et al., 2018)[65]. 

Validation procedures provide confidence in the reliability of vulnerability assessments and highlight 

areas where improvements or adjustments may be necessary to enhance the accuracy of predictions. 

 

 

 

 

 

 



CHAPTER 4 
Result and Discussion 
4.1 Purpose and Scope 

Groundwater vulnerability assessment is crucial for understanding the susceptibility of aquifers to 

contamination, thereby informing sustainable water resource management practices. This chapter 

aims to present findings and discuss the application of four prominent groundwater vulnerability 

assessment methods: DRASTIC, GOD, SI, and SINTACS. Through a comprehensive review and 

synthesis of literature, this chapter explores how these methods have been utilized across diverse 

geographic contexts to assess groundwater vulnerability. 

4.2 Overview of Methods 

The methods reviewed in this chapter—DRASTIC, GOD, SI, and SINTACS—are widely recognized 

and applied for groundwater vulnerability assessment: 

• DRASTIC (Depth to water, Net recharge, Aquifer media, Soil media, Topography, Impact of 

vadose zone, Hydraulic conductivity): Developed by the US EPA, DRASTIC assigns weights 

and ratings to seven parameters to compute a vulnerability index. 

• GOD (Groundwater occurrence, Overlaying lithology in unconfined conditions, Depth to 

groundwater): A simplified method focusing on three main parameters to assess vulnerability 

quickly. 

• SI (Susceptibility Index): Developed by Ribeiro, SI integrates five parameters (Depth to water, 

Net recharge, Aquifer media, Topography, Land Use) to compute vulnerability using weights, 

ranges, and ratings. 

• SINTACS:  SINTACS is derived from DRASTIC and uses a rating and weight system for 

parameters tailored to specific hydrogeological scenarios.developed from DRASTIC, SINTACS 

uses a rating and weight system for seven parameters to assess groundwater vulnerability, adapted 

for specific hydrogeological scenarios. 

These methods vary in complexity and parameterization but collectively offer a robust toolkit for 

assessing groundwater vulnerability across different hydrogeological and environmental settings. The 

following sections will delve into the findings and implications derived from the application of these 

methods in various studies, highlighting their strengths, limitations, and contributions to groundwater 

management practices. 



4.2 DRASTIC Method 
Key Findings 

The DRASTIC method is extensively used in groundwater vulnerability assessments, providing 

significant insights across various geographic regions and hydrogeological settings. The primary 

parameters evaluated in the DRASTIC method include Depth to water, Net recharge, Aquifer 

media, Soil media, Topography, Impact of the vadose zone, and Hydraulic conductivity. The key 

findings from studies utilizing the DRASTIC method are summarized as follows: 

• Depth to Water: Studies consistently reveal that shallow groundwater depths increase 

vulnerability to contamination, as pollutants have less distance to travel through soil and 

geological layers for attenuation [16][48]. 

• Net Recharge: High recharge rates are a crucial factor contributing to increased vulnerability, 

as they enable rapid contaminant movement towards groundwater [99]. 

• Aquifer Media: The characteristics and type of aquifer materials greatly influence 

vulnerability. For example, highly permeable materials allow contaminants to reach 

groundwater more quickly [42]. 

• Soil Media: Soil properties affect the attenuation capacity of pollutants before reaching 

groundwater. Fine-grained soils typically offer greater protection compared to coarse-grained 

materials [96]. 

• Topography: Topographic relief impacts the movement of water and contaminants. Areas with 

steep slopes may experience quicker runoff and infiltration, potentially increasing vulnerability 

[97]. 

• Impact of Vadose Zone: The vadose zone, or unsaturated zone, is critical in filtering and 

attenuating contaminants before they reach groundwater. Its thickness and characteristics are 

essential parameters [98]. 

• Hydraulic Conductivity of the Aquifer: Hydraulic conductivity determines how easily 

groundwater flows through the aquifer. High conductivity can enhance vulnerability by 

facilitating rapid contaminant transport [78]. 

These parameters collectively determine the DRASTIC vulnerability index, integrating weighted 

values assigned to each parameter based on their relative importance in the vulnerability assessment 

process. Studies applying the DRASTIC method consistently identify high vulnerability areas 

characterized by specific parameter combinations [16][99]. The spatial distribution of vulnerability 

zones offers valuable insights for groundwater management and protection strategies, highlighting 

the need for targeted monitoring and mitigation efforts in vulnerable areas [42][48]. 



4.2.1 Vulnerability Maps for DRASTIC Parameters 

The following maps illustrate the spatial distribution of each parameter used in the DRASTIC method, 

providing a visual representation of their contribution to groundwater vulnerability (Oroji, 

2019)[100]. 

• Depth to Water: 

 

Figure 5 Depth to Water Vulnerability Map (Oroji, 2019) 

This map shows areas with varying depths to groundwater, highlighting zones where the shallow 

depth increases vulnerability to contamination. 

• Net Recharge 

:  

Figure 6 Net Recharge Vulnerability Map (Oroji, 2019) 

This map illustrates regions with different recharge rates, indicating areas where high recharge rates 
contribute to higher vulnerability. 

 

• Aquifer Media: 



 

Figure 7 Aquifer Media Vulnerability Map (Oroji, 2019) 

The map presents the spatial variation in aquifer material permeability, affecting the speed at which 
contaminants can reach groundwater. 

• Soil Media: 

 

Figure 8 Soil Media Vulnerability Map (Oroji, 2019) 

This map indicates the types of soil and their effectiveness in attenuating pollutants before they reach 
groundwater. 

• Topography: 

 

Figure 9 Topography Vulnerability Map (Oroji, 2019) 

The topographic map shows areas with different slopes and reliefs, influencing water movement and 
contaminant infiltration rates. 

• Impact of Vadose Zone: 



 

Figure 10  Impact of Vadose Zone Vulnerability Map (Oroji, 2019) 

This map highlights the characteristics of the vadose zone, crucial for filtering and attenuating 
contaminants. 

• Hydraulic Conductivity: 

 

Figure 11 Hydraulic Conductivity Vulnerability Map (Oroji, 2019) 

The map shows the variability in hydraulic conductivity across the study area, affecting groundwater 
flow and contaminant transport. 

Analyzing the presented vulnerability maps, several patterns and trends emerge: 

• Areas with shallow groundwater depths consistently show higher vulnerability across the maps, 

suggesting a need for stringent pollution control measures in these zones. 

• High recharge areas are prominent in regions where the aquifer media and soil media maps also 

indicate high permeability, compounding the vulnerability. 

• Topographical influences are evident, with steep slope areas aligning with high vulnerability 

zones due to increased runoff and infiltration rates. 

• The vadose zone and hydraulic conductivity maps further refine the understanding of 

vulnerability, pinpointing specific areas where groundwater is at greater risk. 



These maps, combined with the overall DRASTIC vulnerability index, provide a robust framework 

for assessing groundwater vulnerability, offering valuable insights for effective groundwater 

management and protection strategies. 

4.3 GOD Method 
Key Findings 

The GOD method, created by Foster in 1987, is a simple rating system used to evaluate 

groundwater vulnerability to pollution. It considers three main parameters: 

• Groundwater Occurrence: Research shows that unconfined aquifers are more vulnerable to 

contamination due to the lack of a protective confining layer [18]. 

• Overlying Lithology: Regions with fine-grained overlying materials, like clay, have lower 

vulnerability, whereas areas with sandy or gravelly materials are more prone to contamination 

[18]. 

• Depth to Groundwater: Shallow groundwater depths are consistently linked to higher 

vulnerability since contaminants can more easily reach the water table [18]. 

 

4.3.2 Vulnerability Maps for GOD Parameters: 

The following maps illustrate the spatial distribution of each parameter used in the GOD method, 
providing a visual representation of their contribution to groundwater vulnerability (Oroji, 2019) 
[100]. 

• Groundwater Occurrence: 

 

Figure 12 Groundwater Occurrence Vulnerability Map (Oroji, 2019) 

This map shows the distribution of confined, unconfined, and perched aquifers, highlighting zones 
where groundwater is more exposed to potential contaminants. 

 

 



 

• Overlying Lithology: 

 

Figure 13 Overlying Lithology Vulnerability Map (Oroji, 2019) 

This map illustrates regions with different lithological characteristics of the overlying materials, 
indicating areas where coarse-grained materials contribute to higher vulnerability. 

 

• Depth to Groundwater: 

 

Figure 14 Depth to Groundwater Vulnerability Map (Oroji, 2019) 

The map presents the spatial variation in groundwater depth, with shallow areas marked as having 

higher vulnerability. 

These maps, combined with the overall GOD vulnerability index, provide a robust framework for 

assessing groundwater vulnerability, offering valuable insights for effective groundwater 

management and protection strategies. 

4.4 SI Method 
Key Findings 

The Susceptibility Index (SI) method, developed by Ribeiro (2000), is utilized to evaluate 

groundwater vulnerability by incorporating five key parameters: Depth to water, Net recharge, 

Aquifer media, Topography, and Land Use. This method has been applied in various studies to assess 

how these parameters contribute to groundwater susceptibility to contamination. 



• Depth to Water: Shallow groundwater depths are consistently linked to higher vulnerability, as 

contaminants have a shorter path to travel to reach the groundwater [59]. 

• Net Recharge: High recharge rates are identified as contributing to increased vulnerability 

because they facilitate the movement of contaminants from the surface to the groundwater [59]. 

• Aquifer Media: The type and characteristics of the aquifer materials play a significant role in 

vulnerability. More permeable materials allow for faster contaminant penetration [59]. 

• Topography: The slope of the land influences water and contaminant movement. Steeper slopes 

can lead to quicker runoff and infiltration, potentially increasing vulnerability [59]. 

• Land Use: This parameter, unique to the SI method, considers the impact of human activities on 

groundwater vulnerability. Different land use types, such as urban, agricultural, or industrial 

areas, have varying levels of impact on groundwater contamination [59]. 

4.4.1 Vulnerability Maps for SI Parameters 

The following maps illustrate the spatial distribution of each parameter used in the SI method, 

providing a visual representation of their contribution to groundwater vulnerability (Oroji, 2019) 

[100]. 

• Depth to Water: 

 

Figure 15 Depth to Water Vulnerability Map (Oroji, 2019) 

This map shows areas with varying depths to groundwater, highlighting zones where shallow depths 
increase vulnerability. 

 

 

 

 

 

 



• Net Recharge: 

 

Figure 16 Net Recharge Vulnerability Map (Oroji, 2019) 

The map illustrates regions with different recharge rates, indicating areas where high recharge rates 
contribute to higher vulnerability.  

• Aquifer Media: 

 

 

Figure 17 Aquifer Media Vulnerability Map (Oroji, 2019) 

This map presents the distribution of different aquifer materials, showing how permeability influences 
vulnerability. 

• Topography: 

 

Figure 18 Topography Vulnerability Map (Oroji, 2019) 

The map highlights areas with varying slopes, indicating how topography affects vulnerability. 

 



• Land Use: 

 

Figure 19 Land Use Vulnerability Map (Oroji, 2019) 

This map shows the impact of different land use types on groundwater vulnerability, with urban and 

agricultural areas typically showing higher susceptibility. 

4.4.2 Analysis of Land Use and Other Parameters 

Land use plays a critical role in the SI method, reflecting the impact of human activities on 

groundwater vulnerability. Urban areas, with their impermeable surfaces, often lead to higher 

contamination risks due to reduced natural filtration and increased pollutant runoff. Agricultural areas 

may also show higher vulnerability due to the use of fertilizers and pesticides that can leach into 

groundwater. 

The combination of these parameters allows the SI method to provide a comprehensive evaluation of 

groundwater vulnerability. For example, a region with shallow groundwater, high recharge rates, and 

urban land use will typically exhibit high vulnerability. By incorporating land use into the assessment, 

the SI method offers a nuanced understanding of how human activities and natural factors interact to 

influence groundwater susceptibility to contamination. 

4.5 SINTACS Method 
Key Findings 

The SINTACS method, developed by Civita (1994) and Civita and De Maio (1997), is an adaptation 

of the DRASTIC method tailored for the hydrogeological contexts of Mediterranean regions. 

SINTACS stands for the parameters it considers: Depth to water (S), Net recharge (I), Non-saturated 

zone (N), Soil media (T), Aquifer media (A), Hydraulic conductivity (C), and Topographic slope (S). 

This method has been applied in various studies to assess groundwater vulnerability, and key findings 

from these applications are summarized below: 



• Depth to Water: Shallow depths to groundwater increase vulnerability, as contaminants can more 

easily reach the groundwater table [55]. 

• Net Recharge: High recharge rates contribute to greater vulnerability by facilitating the 

movement of contaminants through the soil and into the groundwater [55]. 

• Non-Saturated Zone (Vadose Zone): The characteristics of the vadose zone, including its 

thickness and composition, significantly influence the attenuation of contaminants [55]. 

• Soil Media: The type of soil affects its ability to filter and retain contaminants. Fine-grained soils 

generally provide better protection compared to coarse-grained soils [55]. 

• Aquifer Media: The permeability of the aquifer media is crucial; highly permeable media allow 

contaminants to move more quickly into the groundwater [55]. 

• Hydraulic Conductivity: This parameter determines how easily groundwater can flow through 

the aquifer, with higher conductivity indicating a higher risk of contaminant transport [55]. 

• Topographic Slope: Steeper slopes can lead to faster runoff and increased infiltration, affecting 

the movement of contaminants into the groundwater [55]. 

4.5.1 Vulnerability Maps for SINTACS Parameters 

The following maps illustrate the spatial distribution of each parameter used in the SINTACS method, 

providing a visual representation of their contribution to groundwater vulnerability (Oroji, 2019) 

[100]. 

• Depth to Water: 

 

Figure 20 Depth to Water Vulnerability Map (Oroji, 2019) 

This map shows the depth to groundwater across the study area, highlighting zones where shallow 

depths increase vulnerability. 

 

 



• Net Recharge: 

 

Figure 21 Net Recharge Vulnerability Map (Oroji, 2019) 

The map illustrates regions with different recharge rates, indicating areas where high recharge rates 

contribute to higher vulnerability. 

• Non-Saturated Zone: 

 

Figure 22 Non-Saturated Zone Vulnerability Map (Oroji, 2019) 

This map presents the characteristics of the vadose zone, showing its impact on groundwater 

vulnerability. 

• Soil Media: 

 

Figure 23 Soil Media Vulnerability Map (Oroji, 2019) 

The map highlights the distribution of different soil types and their effect on groundwater protection. 

 



• Aquifer Media: 

 

Figure 20 Aquifer Media Vulnerability Map (Oroji, 2019) 

This map shows the distribution of aquifer materials, indicating how permeability influences 

vulnerability. 

• Hydraulic Conductivity: 

 

Figure 21 Hydraulic Conductivity Vulnerability Map (Oroji, 2019) 

This map illustrates the hydraulic conductivity across the study area, highlighting areas where high 

conductivity increases vulnerability. 

• Topographic Slope: 

 

Figure 22 Topographic Slope Vulnerability Map (Oroji, 2019) 

The map shows the influence of topographic relief on groundwater vulnerability. 



4.5.3 Effectiveness and Application 

The SINTACS method's effectiveness lies in its ability to capture a wide range of hydrogeological 

conditions, making it particularly suitable for diverse regions. By incorporating parameters like the 

non-saturated zone and hydraulic conductivity, SINTACS provides a detailed assessment of 

groundwater vulnerability. 

Studies using the SINTACS method have identified areas of high vulnerability primarily influenced 

by shallow groundwater depths, high recharge rates, and specific soil and aquifer media 

characteristics. These findings are essential for developing targeted groundwater management 

strategies, particularly in regions with complex hydrogeological settings [55]. 

4.6 Comparative Analysis 

4.6.1 Cross-Method Comparison 

The application of various groundwater vulnerability assessment methods such as DRASTIC, GOD, 

SI, and SINTACS has provided comprehensive insights into groundwater vulnerability in diverse 

geographic contexts. This section compares the findings and vulnerability maps generated by these 

methods, highlighting commonalities, discrepancies, and methodological variations. 

4.6.2 Commonalities in Vulnerability Assessments 

Despite differences in their approaches, the DRASTIC, GOD, SI, and SINTACS methods share 
several commonalities in their assessments: 

1. Identification of High-Risk Zones: All methods consistently identify zones of high vulnerability 

where shallow groundwater depths, high recharge rates, and permeable aquifer materials are 

prevalent. 

2. Influence of Hydrogeological Parameters: Parameters such as depth to groundwater, aquifer 

media, and net recharge are universally recognized as significant contributors to groundwater 

vulnerability. 

3. Utility of GIS Integration: The integration of these methods within a GIS framework has been 

critical in managing and analyzing large spatial datasets, thereby enhancing the accuracy and 

detail of vulnerability maps. 



4.6.3 Discrepancies in Vulnerability Assessments 

Differences in the methodologies and parameter weightings lead to variations in the vulnerability 

maps produced by each method: 

1. Parameter Weighting and Rating: The DRASTIC method employs a detailed weighting system 

for seven parameters, which may result in different vulnerability zones compared to the simpler 

rating system of the GOD method. SINTACS and SI methods include unique parameters like the 

non-saturated zone (SINTACS) and land use (SI), influencing the final vulnerability assessment. 

2. Sensitivity to Specific Factors: The GOD method, with its focus on groundwater occurrence, 

overlying lithology, and depth to groundwater, may emphasize different vulnerability aspects 

compared to the comprehensive seven-parameter approach of DRASTIC. SI's inclusion of land 

use as a parameter can highlight anthropogenic impacts on groundwater vulnerability, which may 

not be as prominent in other methods [63][64][65[66][68]. 

4.6.4 Methodological Variations and Impact on Vulnerability Mapping 

The methodological differences between these assessment methods significantly affect the resulting 

vulnerability maps: 

• DRASTIC Method: Offers a detailed and nuanced assessment by incorporating a wide range of 

hydrogeological factors.  Its comprehensive parameter set makes it more suitable for regions with 

diverse hydrogeological settings. 

 

•  

Figure 24 The Drastic vulnerability map along with distribution of Nitrate concentration (oroji 2019) 



1. GOD Method: 

• Provides a simpler and faster assessment, making it useful for preliminary studies or regions with 
limited data. 

• May not offer the same depth of analysis as more complex methods like DRASTIC or SINTACS. 

 

Figure 25 GOD vulnerability map along with distribution of Nitrate concentration ( Oroji 2019) 

2. SI Method: 

• Includes land use, making it especially effective in areas where human activities greatly affect 

groundwater vulnerability. 

• Emphasizing fewer parameters can simplify the assessment process while still delivering 

important insights. 

 

Figure 26 SI vulnerability map along with distribution of Nitrate concentration ( Oroji 2019) 



3. SINTACS Method: 

• Specifically designed for Mediterranean and similar environments, capturing the unique 

hydrogeological characteristics of these regions 

• Offers a thorough vulnerability assessment by giving detailed attention to parameters like the 

unsaturated zone. 

 

Figure 27 Sintacs Vulnerability map along with distribution of Nitrate concentration ( Oroji 2019) 

4.6.5 Evaluation of Strengths and Limitations 
Each method has distinct strengths and limitations that are important to consider when choosing an 
appropriate assessment approach: 

• DRASTIC Method: 

Strengths: Offers a comprehensive, detailed, and widely applicable assessment. 

Limitations: Complex and data-intensive, which can result in longer assessment times [27]. 

• GOD Method: 

Strengths: Simple and easy to use, making it suitable for preliminary assessments. 

Limitations: Less detailed and may overlook some critical vulnerability factors [18]. 

• SI Method: 

Strengths: Effectively integrates land use with a streamlined parameter set. 

Limitations: May not capture all hydrogeological factors as thoroughly as DRASTIC or 

SINTACS[57]. 



• SINTACS Method: 

Strengths: Tailored to specific regions with detailed parameter consideration.. 

Limitations: May be less applicable outside Mediterranean or similar environments [13]. 

The comparative analysis underscores the importance of selecting the appropriate groundwater 

vulnerability assessment method based on the specific context and available data. DRASTIC provides 

a detailed and comprehensive evaluation, while methods like GOD and SI offer quicker, more 

streamlined assessments. SINTACS is particularly effective in region-specific settings. Incorporating 

these methods into a GIS framework enhances their utility, offering valuable insights for groundwater 

management and protection strategies. 

4.7 Discussion of Findings 

4.7.1 Interpretation and Implications 

The vulnerability maps generated through various methods provide crucial insights into groundwater 

vulnerability, aligning spatial patterns with hydrogeological conditions and anthropogenic influences. 

4.7.2 Alignment with Hydrogeological Conditions 

The spatial correlation of vulnerability zones identified by the DRASTIC, GOD, SI, and SINTACS 

methods correlates closely with underlying hydrogeological factors: 

• Depth to Water and Vulnerability: Areas with shallow depths to groundwater, as identified in 

the vulnerability maps, exhibit higher susceptibility to contamination. This aligns with the 

understanding that shallow aquifers are more vulnerable due to reduced attenuation times for 

contaminants. 

• Impact of Aquifer Media: Vulnerability maps highlight regions where permeable aquifer 

materials dominate, emphasizing increased vulnerability. Such areas facilitate rapid transport of 

pollutants into groundwater, posing significant risks. 

• Role of Recharge Rates: High recharge areas, depicted in vulnerability maps, coincide with 

zones of elevated vulnerability. This underscores the importance of recharge rates in influencing 

groundwater vulnerability, as higher rates accelerate contaminant transport. 

• Influence of Soil Media and Topography: Maps illustrate how soil characteristics and 

topographic relief affect vulnerability. Areas with coarse-grained soils and steep slopes are prone 

to higher vulnerability, as these conditions hinder natural filtration and promote runoff. 



• Vadose Zone Dynamics: The thickness and characteristics of the vadose zone, as depicted in 

vulnerability maps, influence contaminant attenuation. Thicker vadose zones provide greater 

protection by slowing contaminant migration. 

• Hydraulic Conductivity: Vulnerability maps indicate how variations in hydraulic conductivity 

impact groundwater vulnerability. High conductivity facilitates rapid groundwater flow, 

potentially leading to faster contaminant transport. 

4.7.3 Relevance for Policy-Making and Resource Management 

The identified vulnerability zones hold significant implications for policy-making and groundwater 

resource management: 

• Targeted Monitoring and Protection: Areas classified as highly vulnerable, based on 

vulnerability maps, warrant prioritized monitoring and protection measures. This targeted 

approach ensures efficient allocation of resources for mitigating contamination risks. 

• Land Use Planning: Vulnerability maps integrating land use data, as seen in the SI method, 

provide insights into anthropogenic impacts on groundwater. This informs land use planning 

strategies aimed at minimizing contaminant inputs. 

• Emergency Response Preparedness: Knowledge of vulnerability zones facilitates proactive 

emergency response planning. Timely interventions in high-risk areas can mitigate potential 

contamination events and safeguard water quality. 

4.7.4 Insights from Comparative Analysis 

The comparative analysis of DRASTIC, GOD, SI, and SINTACS methods reveals methodological 

strengths and implications for groundwater vulnerability assessment: 

• Methodological Strengths: 

DRASTIC: Offers a comprehensive assessment integrating multiple parameters. 

GOD: Provides a quick and straightforward evaluation suitable for initial assessments. 

SI: Incorporates land use data, enhancing the assessment of anthropogenic impacts. 

SINTACS: Tailored for specific regional conditions, capturing unique hydrogeological nuances. 



• Implications for Assessment Accuracy: Variations in parameter weighting and data inputs 

across methods influence vulnerability map outcomes. The selection of an appropriate method 

hinges on the specific hydrogeological context and data availability. 

• Policy and Management Recommendations: Based on the findings, recommendations include: 

Enhancing data collection and integration capabilities to refine vulnerability assessments. 

Integrating GIS technologies for real-time monitoring and adaptive management strategies. 

Collaborative efforts among stakeholders to implement targeted groundwater protection measures. 

The findings discussed underscore the critical importance of employing robust groundwater 

vulnerability assessment methods tailored to local hydrogeological conditions. By aligning spatial 

vulnerability patterns with anthropogenic influences, vulnerability maps serve as essential tools for 

informed decision-making in groundwater management and policy development. 

4.8 Synthesis with Existing Literature 

4.8.1 Integration with Literature 

The reviewed studies on groundwater vulnerability assessment using DRASTIC, GOD, SI, and 

SINTACS methods contribute significantly to the existing literature, offering both advancements and 

areas for further exploration. 

4.8.2 Contributions to Knowledge 

DRASTIC Method: The DRASTIC method has been extensively applied globally, providing a 

standardized approach to assessing groundwater vulnerability. Studies reviewed confirm its efficacy 

in identifying vulnerable areas based on hydrogeological parameters. Findings highlight its 

adaptability across diverse geographic regions, filling critical gaps in understanding how parameters 

like Depth to water, Net recharge, and Soil media influence vulnerability. 

GOD Method: Research employing the GOD method emphasizes its utility as a preliminary 

screening tool, particularly suitable for regions where lithological characteristics play a decisive role 

in vulnerability. This method contributes to literature by offering a rapid assessment option that 

complements more detailed methodologies like DRASTIC. 

SI Method: Integration of land use data in vulnerability assessments using the SI method enhances 

spatial accuracy and relevance in urban and agricultural settings. Reviewed studies underscore its 



contribution to understanding anthropogenic impacts on groundwater quality, bridging gaps in 

literature on the relationship between land use and vulnerability. 

SINTACS Method: The SINTACS method enriches literature by focusing on intrinsic vulnerability 

factors such as aquifer type and soil characteristics. Its application in diverse hydrogeological settings 

provides nuanced insights into contamination risks, supporting tailored management strategies. 

Studies reviewed demonstrate its effectiveness in regions with varying geological complexities. 

[13][15][59] 

4.8.3 Applicability in Different Settings 

The applicability of these methods varies based on regional hydrogeological conditions: 

• DRASTIC is widely applicable across different geological settings due to its parameter-based 

approach, suitable for initial vulnerability assessments. 

• GOD method's simplicity makes it ideal for regions where lithology predominates as a 

vulnerability factor. 

• SI method's integration of land use data enhances its relevance in urban and agricultural 

landscapes. 

• SINTACS method's focus on intrinsic vulnerability factors makes it suitable for regions with 

diverse aquifer and soil types. 

The synthesis of findings from DRASTIC, GOD, SI, and SINTACS methods underscores their 

collective contribution to groundwater vulnerability assessment. By addressing specific 

methodological gaps and enhancing applicability across diverse settings, these studies inform 

sustainable groundwater management practices and highlight areas for future research. 

 

 

 

 

 

 



CHAPTER 5  
Conclusion:  

This thesis presents a comprehensive evaluation and comparative analysis of four prominent 
groundwater vulnerability assessment methods: DRASTIC, GOD, SI, and SINTACS, applied across 
diverse hydrogeological settings globally. The DRASTIC method, widely recognized for its 
robustness, evaluates Depth to water, Net recharge, Aquifer media, Soil media, Topography, Impact 
of vadose zone, and Hydraulic conductivity as critical parameters influencing groundwater 
vulnerability. Studies employing DRASTIC consistently reveal that regions with shallow Depth to 
water and high Net recharge rates are particularly vulnerable to contamination, underscoring the 
significance of hydrological conditions in vulnerability assessments. The GOD method, known for 
its simplicity and efficiency, provides rapid insights into groundwater occurrence, lithology, and 
depth, making it suitable for initial screenings in data-limited regions. Meanwhile, the SI method 
integrates detailed land use data into vulnerability assessments, illustrating significant anthropogenic 
impacts on groundwater quality and emphasizing the necessity of managing human activities in 
vulnerable areas to prevent contamination. The SINTACS method assesses intrinsic vulnerability 
factors such as aquifer type and soil characteristics, offering nuanced spatial analyses of 
contamination risks in complex geological settings. These methods collectively generate vulnerability 
maps essential for guiding policy decisions, identifying priority areas for management interventions, 
and implementing effective monitoring strategies to safeguard groundwater resources from pollution 
and depletion. Recommendations stemming from this study include advancing climate change 
adaptation strategies within vulnerability assessments, leveraging advanced GIS techniques for 
enhanced spatial accuracy, and conducting longitudinal studies to monitor vulnerability dynamics 
over time. By synthesizing these insights, this study provides critical guidance for sustainable 
groundwater management, highlighting the urgent need to preserve and protect water resources for 
future generations. 
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