
XIV | P a g e  

 

 

ASSESSMENT OF GROUND WATER VULNERABILITY IN 

THE ALLUVIAL REGION BETWEEN MAHI AND NARMADA 

RIVERS OF GUJARAT 

Submitted by: Mukesh A. Modi              Guided by: Dr. N. J. Shrimali 

 

TABLE OF CONTENT 

AKNOWLEDGEMENT ......................................................................................... V 

EXECUTIVE SUMMARY ................................................................................. VII 

ABBREVIATION ................................................................................................. IX 

TABLE OF CONTENT ..................................................................................... XIV 

LIST OF FIGURES ........................................................................................... XIX 

LIST OF TABLES .......................................................................................... XXIV 

CHAPTER 1 INTRODUCTION ............................................................................ 1 

1.1 General .................................................................................................................................. 1 

1.2 Classification of Contamination Sources .............................................................................. 2 

1.3 Groundwater quality issues in Indian/Gujarat Context ......................................................... 4 

1.4 Groundwater Quality and Contamination ............................................................................. 9 

1.5 Concept of Groundwater Vulnerability .............................................................................. 10 

1.6 Rationale of Present Study .................................................................................................. 11 

1.7 Aim and Objectives of study............................................................................................... 14 

1.8 Organization of Thesis ........................................................................................................ 14 

CHAPTER 2 LITERATURE REVIEW .............................................................. 15 

2.1 Basics of Groundwater Contamination ............................................................................... 15 

2.2 Groundwater Contamination Source Identification ............................................................ 15 



XV | P a g e  

 

 

2.3 Approaches for Groundwater Vulnerability Assessment ................................................... 19 

2.4 Limitations and Upgradation of DRASTIC Analysis ......................................................... 22 

2.5 Groundwater Quality Assessment/Correlation Analysis .................................................... 26 

2.6 Public Health Risk Assessment .......................................................................................... 30 

2.7 Groundwater Management Strategies ................................................................................. 33 

CHAPTER 3 STUDY AREA AND DATA COLLECTION .............................. 37 

3.1 General ................................................................................................................................ 37 

3.2 Hydro-meteorology of Study area ...................................................................................... 38 

3.3 Surface Water Sources ........................................................................................................ 39 

3.3.1 Narmada river .............................................................................................................. 40 

3.3.2 Mahisagar river ............................................................................................................ 40 

3.3.3 Narmada canal Details between Mahisagar and Narmada area ................................... 41 

3.4 Geohydrology of study area ................................................................................................ 42 

3.4.1 Geohydrology of Vadodara District ............................................................................. 42 

3.4.2 Geohydrology of Bharuch District............................................................................... 43 

3.5 Population census data ........................................................................................................ 43 

3.5.1 Geohydrology of Panchmahal District......................................................................... 44 

3.6 Area Specific Anthropogenic Activities ............................................................................. 44 

3.6.1 Anthropogenic Activities in Bharuch district .............................................................. 44 

3.6.2 Anthropogenic Activities in Vadodara district ............................................................ 45 

3.6.3 Anthropogenic Activities in Panchmahal district ........................................................ 45 

3.7 DATA COLLECTION ....................................................................................................... 46 

CHAPTER 4 METHODOLOGY ......................................................................... 78 

4.1 Comprehensive Research Action Plan ................................................................................ 78 



XVI | P a g e  

 

 

4.2 Source Identification of Groundwater Contamination ........................................................ 82 

4.3 Assessment of Groundwater Vulnerability ......................................................................... 83 

4.4 Groundwater Quality Index and Correlation Analysis ....................................................... 86 

4.5 Strategy for reduction of Nitrate concentration to minimize the health risk ...................... 86 

CHAPTER 5 GROUNDWATER CONTAMINATION SOURCE 

IDENTIFICATION ............................................................................................... 88 

5.1 General ................................................................................................................................ 88 

5.1.1 Multivariate Statistical Analysis .................................................................................. 88 

5.1.2 Z-Score for Data standardization ................................................................................. 88 

5.1.3 Principal Component Analysis (PCA) ......................................................................... 89 

5.1.4 Hierarchical Cluster Analysis (HCA) .......................................................................... 89 

5.2 Methodology for Identification of Groundwater Contamination Sources .......................... 90 

5.3 Principal Components Analysis Outcomes ......................................................................... 91 

5.4 Hierarchical Cluster Analysis (HCA) Outcomes ................................................................ 97 

5.3 Results and Discussion ....................................................................................................... 98 

CHAPTER 6 ASSESSMENT OF GROUNDWATER VULNERABILITY .. 102 

6.1 Groundwater Vulnerability Assessment ........................................................................... 102 

6.2 DRASTIC approach .......................................................................................................... 102 

6.2.1 Ratings of various Parameters ................................................................................... 103 

6.2.2 Weights of various Parameters (Delphi Committee) ................................................. 107 

6.2.3 Conventional DRASTIC Analysis ............................................................................. 108 

6.2.4 DRASTIC Model Validation and Outcome ............................................................... 109 

6.3 Limitations and Upgradation of Conventional DRASTIC Model .................................... 112 

6.3.1 Scope of Upgradation of Conventional DRASTIC Model ........................................ 112 



XVII | P a g e  

 

 

6.3.2 ANN Optimized Weights of Parameters .................................................................... 113 

6.4 DRASTIC-FS Model (Modified Approach) ..................................................................... 116 

6.4.1 Rating of New Parameter (FS) ................................................................................... 117 

6.4.2 DRASTIC-FS Analysis .............................................................................................. 118 

6.4.3 DRASTIC-FS Model Validation and Outcome ......................................................... 121 

6.5 DRASTIC-EI Model (Modified Approach)...................................................................... 124 

6.5.1 Rating of New Parameter (EI) ................................................................................... 125 

6.5.2 DRASTIC-EI Analysis .............................................................................................. 135 

6.5.3 DRASTIC-EI Model Validation and Outcome.......................................................... 137 

6.6 Correlation Analysis ......................................................................................................... 141 

6.6.1 Groundwater Quality Index ....................................................................................... 141 

6.6.2 Correlation between Vulnerability Parameters and Groundwater Quality ................ 147 

CHAPTER 7 SUITABLE METHOD FOR REDUCTION OF 

CONTAMINANT TO MINIMIZE HEALTH RISK ....................................... 153 

7.1 General .............................................................................................................................. 153 

7.2 Flow chart to suggest suitable method to reduce Nitrate in groundwater ......................... 153 

7.3 Health Risk Assessment .................................................................................................... 154 

7.3.1 Hazard Quotient ......................................................................................................... 155 

7.3.2 LULC map, Water Use Scenario and Population Distribution for HRA ................... 158 

7.3.3 HRA Index ................................................................................................................. 160 

7.4 Identification of Critical Area ........................................................................................... 161 

7.4.1 Ground Truth Study (GTS) ........................................................................................ 162 

7.5 Suitable method to reduce Nitrate in groundwater with AHP .......................................... 164 

7.6 Outcome of AHP analysis ................................................................................................. 168 



XVIII | P a g e  

 

 

CHAPTER 8 CONCLUSIONS ........................................................................... 170 

8.1 Conclusion ........................................................................................................................ 170 

8.2 Future Scope ..................................................................................................................... 173 

REFERENCES ..................................................................................................... 174 

ANNEXURE I ...................................................................................................... 182 

ANNEXURE II ..................................................................................................... 196 

ANNEXURE III ................................................................................................... 203 

ANNEXURE IV .................................................................................................... 209 

ANNEXURE-V ..................................................................................................... 223 

 

 

 

 

 

 

 

 

 

 

 

 

 


