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1 Chapter 1 

INTRODUCTION 

1.1 General 

Water is one of the most valuable natural resources which supports human health, 

economic development, and ecological diversity. A nation's growth relies on its 

renewable and non-renewable resources like water. Therefore, scientific research and 

effective management are essential for water resource analysis. Increasing agricultural 

and industrial activities coupled with recurrent monsoon vagaries make groundwater 

(GW) a scarce resource, unable to meet even the drinking water requirement. Thus, 

surface water and groundwater are of utmost importance both in quality and quantity. 

From the dawn of the Industrial and Green revolution, the surplus use of groundwater 

has led us to groundwater pollution and depletion.  The leaching of noxious chemicals 

into the subsurface, polluting even the deeper aquifers, has become a point of precarious 

consideration. The Methyl Tertiary Butyl Ether (MTBE) contaminates the 

groundwater, even though it contributes oxygen to the atmosphere. Therefore, Fetter 

(2001) emphasized that "Even the best intentions can have unanticipated and extremely 

undesirable consequences on our limited water resources. "Water resources in India are 

inconsistent in distribution, both spatially and temporally. In recent times, scientific and 

technological innovations have been persuaded. These innovations help us tap the water 

resources available on earth to meet the water needs of humans and many other living 

organisms. Hence, efficient scientific techniques for identifying potential aquifer zones 

for exploitation and recharge are highly essential.  

In India, uneven distribution of water occurs because of diverse physiographic 

conditions and the peculiar mannerism of monsoons. In recent times, the urban lifestyle, 

population boom, unscientific agricultural practices have worsened the situation. Even 

today, most parts of the country are facing severe water scarcity. We should augment 

the planning, utilization, administration, and management of groundwater resources to 

better society and the nation. India has witnessed excess groundwater exploitation in 

the last two to three decades, especially for agricultural and industrial purposes, since 
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accessibility for surface water sources (rivers, lakes, and artificial basins) is less than 

the demand. According to 2015 statistics, India's total geographical area is 329 million 

hectares. Out of this, 195 million hectares is the gross cropped area, and 141 million 

hectares is the net sown area. On the other hand, the net irrigated area is only 65.3 

million hectares. The rest of the land is rain-fed. 

Geospatial technologies describe a set of tools primarily contributing to 

mapping and analysing any statistical data of any field with spatial information. These 

include Geospatial technologies, like Electronic surveying, Geographical Information 

System (GIS), Remote Sensing (RS), Photogrammetry, Light Detection and Ranging 

(LiDAR), Global Navigation Satellite System (GNSS), and Image Processing 

(IP).Geospatial technologies offer a radically different manner of collecting data to 

produce and analyse maps required for different applications. Several geospatial 

applications have emerged with the map as one of the most important end products. 

Electrical resistivity imaging is an indirect method of interpreting the subsurface 

geological conditions, especially the lineaments and weathered rock zone. The most 

significant advantage of using Remote Sensing data for hydrological modelling and 

monitoring is its ability to generate information in as patial and temporal domain. RS 

and GIS techniques are efficient to minimize the time, labor, money to make quick 

decisions for sustainable water resources management (Tiwari & Shukla 2015). 

The geologic features like lithology, thickness, structures, and permeability of 

aquifers play a prominent role in the occurrence, origin, and movement of groundwater. 

The aquifers are confined to fractured or weathered zones. Therefore, extensive 

hydrogeological investigations are often required to understand groundwater conditions 

systematically. A large volume of multidisciplinary data from various sources is 

required for groundwater management and development. The groundwater aquifers are 

a subsurface phenomenon. And there is a need to rely on indirect analysis of features 

like lithology, geology, geomorphology, drainage pattern, soil, land use/land cover 

(lu/lc), and hydrological characteristics, are observed directly. In the last few decades, 

geospatial techniques are extensively used to identify and demarcate groundwater 

resources.  
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In the recent past, Multi Criteria Decision Making (MCDM) has proved as an 

effective tool for resource mapping and management, especially for natural resources 

like water. (Chowdary et al. 2013; Okoli et al. 2017; Okoli et al. 2019) suggested that 

the MCDM technique plays a vital role in water resources quantification and 

management. Senanayake et al. (2016) emphasize that the Multi-Influencing Factor 

(MIF) is a subjective approach, where the accuracy of the final results depends 

significantly on the thematic information and their weightage factor. Several other 

suitability analysis types are available; one of them is the "Weighted Overlay Analysis" 

(WOA), which allows us to combine, weight, and rank several different types of 

thematic information. Integrating Multi-Criteria Evaluation (MCE) techniques with 

GIS allows users to evaluate various alternatives based on multiple and conflicting 

criteria and objectives. The potential use of a combined GIS-MCE approach in the 

development of spatial decision support systems plays an important role (Carver 1991). 

Groundwater potential zonation means using the surface and sub-surface 

indicative parameters either by direct or indirect scientific methods for determining the 

potentiality of the groundwater zones in an area by quantitative and qualitative 

assessment. The surface features or parameters can be easily accessible through remote 

sensing and field verification. In contrast, the sub-surface parameters are possible 

through Observatory (OB) wells, Electrical resistivity (ER) methods, and direct 

observations in the possible exposures. Remotely sensed data is used for lu/lc and 

lineament mapping. Also, the geomorphological mapping and drainage basin analysis 

add up for it. The present work attempts to establish the relation between ER method 

and RS & GIS-based methodology in groundwater potential zone identification and 

mapping. Understanding geological, structural, geomorphological characteristics are 

necessary as it forms the basis for assigning Rank/Weightage.  

Though the water table is almost to the ground level (in some cases overflowing) 

during the monsoon season, the study area suffers water scarcity during the summer 

season. Therefore, there is a need for proper water management studies. The 

construction of small water harvesting structures is gaining importance in recent years 

(Kumar et al. 2008) because they spread across spatially. Thus storage and recharge 

structures should be planned resourcefully so that that water can be utilized efficiently 
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during summer. There is a need for understanding the Runoff for realistic assessment 

and quantification of the surface and groundwater. The complexity of the aquifers and 

subsurface can mislead to propose improper recharge structure (Todd & Mays 2005). 

There are several variables to be considered for accurate results. Therefore, multi-

criteria analysis is constructive in this regard. 

The need for groundwater quality studies (especially for drinking water) is also 

one of the major concerns(Department of Mines and Geology 2011; Central Ground 

Water Board 2015). A close relationship between groundwater quality and industries is 

established by various resources (Asadi et al. 2011; Osibanjo & Majolagbe 2012; 

Basavaraddi et al. 2012; Rao et al. 2013; Nas & Berktay 2014). Also, the leaching of 

heavy metals (toxic metals) from landfills, industrial and biomedical wastes poses a 

severe threat to the groundwater quality (Patel & Devatha 2019). Even though saltwater 

intrusion is a natural phenomenon, it poses a threat to coastal aquifers. Several studies 

are conducted for mapping groundwater vulnerability with the DRASTIC model 

(Rahman 2008; Thapa et al. 2018) and Water Quality Index (WQI) (Shivanna & 

Nagendrappa 2015; Gidey 2018; Mukate et al. 2019; Adimalla & Qian 2019) approach 

using GIS. Checking the Correctness of the Analysis (CCA) with a systematic approach 

increases the confidence in the data generated. Also, several studies are conducted in 

this regard (Karanth 1987; APHA 1999; Rao et al. 2013). The correlation studies reduce 

uncertainty and understand the interrelationship between different variables (Joshi et 

al. 2009). A statistical tool like correlation studies widely used for analysing the 

concentrations, monitoring, and evaluating the water quality (Paudyal et al. 2016; 

Shrestha & Basnet 2018).  

Several studies are conducted in the study area concerning different aspects of 

groundwater. The geology, geomorphology, morphometric analysis, and structural 

studies of the area have been carried out (Radhakrishna 1967; John & Cheriyan 1974; 

Balasubrahmanyan 1978; Subrahmanya & Jayappa 1987; Chandrasekharappa 1989; 

Radhakrishna 1989; Subrahmanya & Grangadhara Bhat 1995). Some have studied the 

groundwater quality, pollution, and hazard in and around the study area (Gajendragad 

& Ranganna 1989; Narayana & Suresh 1989; Ranganna et al. 1991). Ion chemistry and 

trace element studies have also been conducted (Gurumurthy et al. 2014). Pumping tests 
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and aquifer parameters were also studied in and around the study area (Reghunath 

1999). The studies on infiltration characteristics of the river and soil types are also 

carried out (Ranganna et al. 1991). 

1.2 Study area description 

The Gurpur watershed covers mainly Dakshina Kannada district and part of the Udupi 

district (Karkala taluk). The study area traverses a short path. It has a dynamic change 

in topography and follows perpendicular flow with respect to the Western Ghats and 

west coast. The terrain features and altitude divides the catchment into three environs: 

high land, midland, and low land (ghats, hinterland, and coastal). 

The study area (Figure 1.1) lies under longitude 74˚ 47ʹ 31ʺ E to 75˚ 17ʹ 28ʺ E 

and 12˚ 50ʹ 02ʺ N to 13˚ 11ʹ 21ʺ N latitudes, and the total area of the catchment is 878 

km2. This river, just like other west-flowing rivers, in its early stage, flows through a 

very steep slope (ghats), but in midland, it loses its effectiveness. When it reaches low 

land, the river traverses the south direction, perpendicular to its earlier flow and 

confluence with Nethravathi River to join the Arabian Sea finally. 

1.2.1 Geology 

The Deccan traps are the basement for the west coast, and most of it is capped by 

Lateritic terrain. The litho-units of the lower catchment belong to the tertiary or 

Quarternary era and of upper catchment belongs to the Archaean gneissic complex. The 

major litho unit is Peninsular Gneiss Complex (PGC). The greenstone-amphibolitic 

facies metamorphic rocks and granulites are in patches. The basin area is lithologically 

composed of about 83% migmatites and granodiorites, 5% of charnockites, about 6% 

metabasalts, and 2% laterites and amphibolites. 
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Figure 1.1 Base map of Gurpur watershed with False Colour Composite (FCC) of satellite 

imagery. 

The weathered zone hosts groundwater in its fissures, fractures, and pore spaces 

of the weathered rocks. Most of the natural recharge occurs during the southwest 

monsoon season and infiltration due to irrigation. The present landscape along the coast 

is the reflectance of extensive Tertiary denudation, which leads to the formation of 

laterites. The Quarternary formations are along the coast, which includes the boulders, 

pebbles, and cobble beds in paleo-river channels (Gurumurthy 2013). The detailed 

geology of the study area is discussed in chapter 3 under the title "Geology and 

Geomorphology." 

1.2.2 Climate 

The climate of the Dakshina Kannada district is similar to other parts of the west coast 

of India. Here four seasons can be experienced. But in the broader picture, the overall 

climate remains the same throughout the year. The months of June, July, August, and 

September are associated with high humidity and rainfall with strong winds with a fall 

in temperature. Two warm and damp months during October and November of 
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southwest monsoon bring little or no rains. The months of December, January, and 

February having a dry and comparatively cool climate. Finally, in March, April and 

May, the humidity is relatively less with high temperatures. However, the climate is 

relatively uniform throughout the coastal stretch while the inland is relatively cooler. 

1.2.3 Rainfall 

The west coast experiences heavy rainfall of about 3000-5000 mm/yr, and most of the 

rainfall is due to Orographic and Convective precipitation.  The tropical climate during 

the monsoon experiences convective winds from the southwest, which are usually local 

and results in high-intensity rainfall. The Western Ghats are the source for Orographic 

rainfall to the high lands making the east side of the rain shadow zone. The annual 

average rainfall over the basin is around4000 mm. The depth of rainfall is more in the 

high land and hinterland near the Western Ghats. The rainfall in the Ghat section ranges 

from 4900mm to 5900mm and in the coastal belt from 3500mm to 4500mm. 

1.2.4 Temperature 

There are few meteorological observatories available with respect to temperature. The 

average temperature throughout the year is around 30°C±5 (http://www.imd.gov.in).  

1.2.5 Humidity 

The relative humidity is high during the southwest monsoon. The Gurpur catchment is 

characterized by high humidity >78% (http://www.imd.gov.in).Over the last 16 years, 

the average runoff is 3500 mm for Gurpur River (Central Water Commission CWC, 

Government of India GOI). The Potential evapotranspiration (PET) estimates around 

1400 mm along the coast. 

1.2.6 Vegetation 

The type of climate is reflected by the type of vegetation grown or vice versa.  The high 

rainfall, humidity, and salinity associated with highly permeable lateritic soil support a 

wide variety of vegetation species, from evergreen forests to coastal mangroves, 

including the sparse vegetation in lateritic soils. The hinterland (midland) is associated 

http://www.imd.gov.in/
http://www.imd.gov.in/
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with densely cultivated Areca nut and Coconut trees along the river flow. Paddy and 

cashew are the other crops grown in the area. 

1.3 Scope of the study 

The earth is heterogeneous in composition and nature. Therefore the sub-surface is 

unknown, which means that the sub-surface shows spatial variation. Also, because of 

the dynamic geological activities of the earth, the nature of sub-surface structures may 

change. These geological structures are the main conduit for groundwater in hard rock 

terrains like the study area. Therefore, scientific understanding requires generating data 

of the sub-surface using cost-effective and reliable methods. The direct method 

(drilling) is too costly to carry out. Thus, there is a need for indirect methods 

(economically feasible) like geophysical methods, RS & GIS, modelling, and 

simulations. Even though water is a natural and renewable resource, much scarcity 

exists concerning groundwater quantity and quality. Thus with regard to water 

management, there is scope for groundwater potentiality, groundwater recharge 

potentiality, and groundwater quality studies. The groundwater quality is dynamically 

changing, and thus temporally, we cannot expect the same groundwater quality at the 

same place throughout the year. The GIS and mapping techniques are highly preferred 

nowadays because, with proper information, the maps provide maximum information 

graphically, spatially, temporally, and with legend information. 

The artificial recharge structures can be suggested for targeted sites to improve 

groundwater quality and quantity (GW). This research work attempts to furnish first-

hand information to local authorities and planners about suitable places for groundwater 

exploitation, type of the wells and bore wells required, depth of wells required, quality 

of the groundwater, site suitability for GW recharge structures, and type of recharge 

structures to be constructed. This type of work can be replicated in other river 

basins/catchments, especially in hard rock terrain. 

1.4 Objectives 

This study aims to use multi-disciplinary approaches like electrical resistivity, RS, GIS, 

groundwater quality parameters for identifying and mapping the groundwater 
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potentiality, groundwater recharge potentiality, and water quality index of Gurpur 

watershed Karnataka, India. The main objectives of the research work carried out are,  

a) To identify the Groundwater Potential Zones (GWPZ). 

b) To study the groundwater quality using the Water Quality Index of the study area. 

c) To identify suitable sites for Artificial Recharge Structures (ARS) based on 

groundwater recharge potentiality index. 

1.5 Organization of thesis 

Chapter 1 covers the general introduction to water resources, especially groundwater 

exploration. It also covers the study area description and location, scope, objectives of 

the study, and the thesis outlay. 

Chapter 2 is the review of the literature regarding all the aspects of the research 

work carried out. It begins with a general introduction to water resources and multi-

disciplinary applications in groundwater studies. This chapter links the geology, 

geomorphology, hydrogeology of the study area to the groundwater exploration studies.  

Chapter 3 is the geology and geomorphology, which outlines a great deal of 

information about the surface and subsurface lithology, the geological structures, and 

their relationship with groundwater exploration in the study area. Geomorphology is an 

essential parameter for understanding groundwater exploration. The surface shape and 

deformation taking place give much information regarding its relationship with 

groundwater. Also, detailed morphometric analysis is carried out to understand the 

study area's geomorphology better. 

Chapter 4 deals with groundwater exploration studies. In this chapter, the 

electrical resistivity method (a geophysical method) is used as an indirect means of 

collecting the sub-surface data. Later the resistivity data is interpreted using two of the 

most used interpretation techniques. The weathered zone or depth to bedrock (DBR) is 

identified using the resistivity data. This method is also used for finding the aquifer 

dimensions and aquifer parameters. The resultant thematic information is used for 

spatial distribution studies and their relationship with groundwater exploration studies. 

Also, multiple thematic information which is interrelated with respect to groundwater 

is used for multi-criteria analysis. And the resultant is the GWPZ thematic map.  
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Chapter 5 deals with the groundwater quality aspects, which is also an essential 

factor for the potential use of groundwater. In this chapter, a detailed study of drinking 

water quality is conducted for the study area. Also, the quality assurance practices or 

checking the correctness of analysis (APHA et al. 2012) is employed to improve the 

quality of the data used in water quality analysis. The correlation studies are conducted 

to understand the inter-relationship between the water quality parameters. 

Chapter 6 discusses the groundwater recharge studies conducted in the study 

area. It includes the multi-criteria analysis methodology for identifying the groundwater 

recharge potentiality zones. Later the site suitability analysis for the selected artificial 

recharge structures is carried out. As a result, the best possible locations and ideal 

recharge methods can be employed for attaining the maximum recharge possible. The 

groundwater recharge estimation methods are employed for studying the amount of 

recharge possible. 

The major conclusions of the investigations are summarised in Chapter 7 of 

the thesis. Also, the scope for future work or the recommendations are given in this 

chapter. 

After all the major chapters, the additional data, which is not much needed in 

the thesis but required for detailed studies, are references. All the cited literature is 

presented in the form of a bibliography. The references are ordered in research papers, 

books, reports, internet material, and websites. The sorting is carried out based on the 

author's names in alphabetical order. 

An appendix follows references. Appendix A consists of the electrical 

resistivity raw data, data plots of Curve Matching Technique (CMT) and Inverse Slope 

Method (ISM) of all the 35 VES locations. Appendix B consists of the water quality 

data for all three phases of the study. Appendix C consists of plates of field and 

laboratory work photographs. Appendix D consists of a brief resume and the 

publication details. 
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2 Chapter 2 

 REVIEW OF LITERATURE  

2.1 General 

Writing the review of literature is an integral part of any thesis. The literature review is 

a "legitimate and publishable scholarly document." (LeCompte et al. 2003) with some 

modifications. It provides a solid basement or structure for conducting any research 

work, and it facilitates the valid reasons for the methodology adopted. Also, it gives an 

insight into the previous research before proposing the improved methodology or new 

findings (Randolph 2009). This chapter intends to provide an overview of the work 

done on groundwater. It provides an insight into the groundwater scenario, especially 

the groundwater exploration, quality, and recharge aspects. It discusses several types of 

methodologies adopted by the research community concerning those as mentioned 

above. It tries to emphasize the importance of electrical resistivity and geoinformatics 

in groundwater studies. Finally, this review chapter concludes with a discussion on 

suitable artificial recharge structures and recharge estimation methods for better 

groundwater resource management. 

Jha et al. (2007) suggested that groundwater is one of the most valuable natural 

resources which supports human health, economic development, and ecological 

diversity. But, the understanding of the earth's sub-surface is a complex task because of 

the earth's heterogeneous composition and dynamic nature. Therefore, the economic 

exploration and exploitation of groundwater are challenging. Groundwater is contained 

in what is called 'aquifers.' An aquifer is a geological formation or part of it, consisting 

of permeable material capable of storing/yield a significant quantity of water. A fair 

understanding of the groundwater status must include scientific studies on groundwater 

exploration, recharge, water quality, and management aspects (Karanth 1987). The 

scientific studies of groundwater are essential in the present scenario, where the demand 

for groundwater is increasing day by day (Oseji 2010; Majumdar et al. 2016; 

Virupaksha & Lokesh 2019). 
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The dynamic geological activities of the earth may cause changes in the 

structures (folds, faults, joints, fissures & cracks). These geological structures are the 

main conduit for groundwater in hard rock terrains such as the Gurpur watershed (study 

area). Therefore, scientific understanding requires generating data of the sub-surface 

using cost-effective and reliable methods. The direct interpretation (drilling) is too 

costly to carry out. Thus, there is a need for indirect methods (economically feasible) 

like geophysical methods, Geographic Information System, Remote Sensing, 

modelling, etc. Water is a natural and renewable resource, but the qualitative and 

quantitative water scarcity is immense. The groundwater Quality is dynamically 

changing, and thus, temporally, we cannot expect the same groundwater quality at the 

same place throughout the year. Therefore, spatial and temporal mapping of GW is of 

great importance. And thus, the GIS mapping is highly desirable. The maps provide 

complete information graphically, spatially, temporally, and with proper legend 

information with accurate data. In this regard, there is much scope for groundwater 

potentiality, groundwater recharge potentiality, and groundwater quality studies. 

Nowadays, groundwater exploration using multi-disciplinary fields like RS & 

GIS, geophysics, geology, geomorphology is getting wide recognition. Remote sensing 

and GIS techniques efficiently minimize the time, labour, and money and make quick, 

sustainable water resource management(Tiwari & Shukla 2015).In the recent past, the 

MCDM, WOA, MIF, and several other integration techniques prove effective for 

resource mapping and management, especially natural resources like water. The 

MCDM technique plays a vital role in water resource quantification and management. 

More emphasis is to be given initially, as the weightage is given for better and more 

accurate results (Chowdary et al. 2013; Okoli et al. 2017; Okoli et al. 2019). 

Senanayake et al. (2016)emphasize that a Multi-Influencing Factor is a subjective 

approach, where the accuracy of the final results depends significantly on the thematic 

information and their weightage factor. The potential use of a combined GIS-MCE 

approach for developing spatial decision support systems plays a vital role in GW 

resource mapping (Carver 1991; Carver 2017). 

The quality of the groundwater is important for the existence of life. Most living 

organisms, including humans, use GW directly for drinking and domestic 
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purposes(Anwar & Aggarwal 2015). Therefore, the need for groundwater quality 

studies (especially for drinking water) is also one of the major concerns(Department of 

Mines and Geology 2011; Central Ground Water Board 2015).  

Groundwater management is always considered to be the balance between 

withdrawing and recovering the aquifers. Kumar et al. (2008) emphasize that the 

construction of small water harvesting structures is gaining importance in recent years 

as they can be spatially distributed and cover maximum area. Todd & Mays (2005) 

noticed the complexity of the aquifers and subsurface, which may mislead to propose 

improper recharge structure. There are several variables to be considered for accurate 

results. Therefore, multi-criteria analysis is constructive in this regard. The ARS can be 

suggested for targeted sites for improvement of both quality and quantity of the 

groundwater. 

2.2 Electrical Resistivity technique for mapping sub-surface 

Electricity is the phenomenon associated with the flow of electrons (the negatively 

charged particles) and is best explained in "Electron Theory" (Partridge 1908). This 

phenomenon is always associated with the terms conductivity and resistivity. Electrical 

conductivity is the measure of a material's ability to allow the transfer of electricity 

through it. At the same time, electrical resistivity measures a material's ability to restrict 

the transfer of electricity through it. Therefore, their relationship is inversely 

proportional to each other. The electrical resistivity varies significantly for different 

materials of different compositions (Herman 2001). The electrical resistivity method is 

based on Ohm's law, coupled with equations for apparent resistivity calculation. The 

variables in Ohm's law are voltage (V) or the potential difference between electrodes, 

current (I), and resistance (R).  

The electrical resistivity method is employed so that the only variable is R. That 

is, a known amount of current is used with a known amount of electrode spacing 

(because the potential difference is the factor of the length of the conductor). The 

potential difference (voltage) measurement at the potential electrodes is used to obtain 

the apparent resistivity. 
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This wide range of resistivities is greatly helpful in groundwater studies. The 

thickness of the material, composition, aquifer parameters (porosity, permeability), and 

associated structures play a significant role in electrical resistivity measurement. Water 

is a good conductor of electricity. So the presence of water gives less resistance 

relatively, which will give out the possibility of the water source. 

The electrical resistivity method is one of the geophysical methods utilized to 

explore the sub-surface using physics laws indirectly. The working principle of the 

electrical resistivity method is to measure apparent resistivity at different depths. There 

are several geophysical methods available based on the physical law applied. The 

seismic prospecting involves recording the time intervals and intensity of the earth's 

elastic wave energy (seismic waves), reflected from a targeted depth (Dobrin & Savit 

1988). On the contrary, gravity and magnetic method involve measurement of the 

natural force field of the earth. The electrical and electromagnetic methods involve 

reflection and refraction principles, and the source can be either natural or artificial. 

The gravity or magnetic methods measure the combined contribution of all the levels 

of depth. 

In contrast, the seismic and electrical methods can give detailed and precise 

information of different depths. The seismic methods are beneficial in probing greater 

depths. Therefore, a seismic method is widely applicable in oil and natural gas 

exploration. Whereas the electrical resistivity method is widely applicable in 

groundwater exploration, and thus it is utilized in this study. 

Our earth is heterogeneous in composition and thus shows a different range of 

electrical properties. Vertical Electrical Sounding (VES) is the method that is based on 

the electrical conductivity or resistivity of the sub-surface materials. This method is 

widely used for 1-dimensional depth probing. Other methods like electrical imaging for 

2-D and electrical tomography for 3-D studies are gaining recognition nowadays. The 

four-electrode VES method with Schlumberger electrode configuration is still the 

favoured method for groundwater studies.  

The formula for calculating apparent resistivity (𝜌𝑎) of Schlumberger array can 

be seen in equation 2.1. 
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equation 2.1The formula for calculating apparent resis tivi ty  using Schlumberger's equation 

𝜌𝑎 = [
𝜋 [(

𝐴𝐵

2
)

2

− (
𝑀𝑁

2
)

2

]

2 (
𝑀𝑁

2
)

] ∗ 𝑅 (equation 2.1) 

Where AB is the distance between current electrodes, MN is the distance 

between potential electrodes, and R is the resistance. 

The 𝜌𝑎for each current electrode separation is calculated by multiplying the 

resistance value by Schlumberger configuration factor (Ramanuja 2012; Poongothai & 

Sridhar 2017). In 1934, the VES was first presented by Schlumberger for 1-dimensional 

work. Later on, a wide variety of VES systems was presented, but the Schlumberger 

method is still accepted as the best for depth probing (sounding) and depth profiling. 

Different electrical resistivity methods like Wenner array, Schlumberger, Pole-Pole, 

dipole-dipole, pole dipole, half Schlumberger method are available. These could be 

utilized based on the type of work be conducted. The Schlumberger method is suitable 

for depth probing, while the Wenner method is suitable for lateral variations at the same 

depths (Loke 2001).  

There are different methods of analysing resistivity-sounding data, like 

qualitative and quantitative methods. Again, there are several methods in quantitative 

as well as qualitative interpretation methods. However, VES data can be interpreted by 

different techniques to get the subsurface profile, layer thickness, and true resistivity. 

The confusion occurs during the selection of suitable methods of interpretation, as the 

accuracy of the result largely depends on the interpretation technique (Asije & Igwe 

2014; Prabhu & Sivakumar 2018). The CMT and ISM are widely utilized for 

interpretation.  

The ISM is a direct method suggested by (Narayan & Ramanujachary 1967; 

Ramanuja 2012). The Quantitative analysis technique, which is popularly known as the 

"Curve matching technique" can interpret the results by comparing them to the standard 

curve types. Once the graph plots are ready, both qualitative and quantitative analysis 

can be done. There are standard curves like H-type, A-type, K-type, and Q-type, along 

with the combinations of those for the number of earth's layered subsurface. These 

standard curves and set of curves provides the basic understanding of the curve 
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matching technique. The ISM is simple to operate and gives good results (Narayan & 

Ramanujachary 1967).  

The quantitate interpretation provides the details of the number of layers and 

their true resistivity, the thickness of the layer, and the depth encountered. In 

comparison, the qualitative interpretation is made using the curve matching technique 

(Barseem et al. 2015), which gives information about the curve type and several layered 

formations. Based on these curve types, the lithology and groundwater potential is 

interpreted. Generally, lineaments are associated with weathering and therefore 

increases porosity and permeability. Hence, lineament density and groundwater 

potential have a direct relationship  (Hardcastle et al. 1995). The weathered zone hosts 

groundwater in its fissures, fractures, and pore spaces of the weathered rocks 

(Gurumurthy 2013). 

The VES data can also be utilized to calculate the aquifer parameters, Dar-

Zarrouk (D-Z)parameters like hydraulic conductivity, transmissivity, porosity, aquifer 

thickness (Singhal et al. 1998; Ekwe et al. 2006; Mahajan et al. 2015; Asfahani 2016). 

Niwas & Singhal (1981) found an analytical relationship associated with hydraulic 

parameters and D-Z parameters, i.e., an analytical relationship between aquifer 

transmissivity (T) and transverse unit resistance (TR) methodology for calculating 

aquifer parameters. The following methodology can achieve this well-established 

relationship.  

The highly resistive subsurface medium shows an inverse relationship with the 

hydraulic conductivity (K) and resistivity (ρ) passing horizontally in a typical unit 

column of an aquifer. The electric current in the highly conductive medium exhibits 

vertical flow. However, hydraulic conductivity exhibits horizontal flow, indicating the 

direct relationship between 𝜌0and K. Consider the unit cross-section of an aquifer 

medium from top to bottom in the vertical prism form; the K obeys Darcy's law and 𝜌 

in the aquifer medium obeys Ohm's law. These two laws are combined using prism 

form (Niwas & Singhal 1981). Also, the Transmissivity is proportional to the transverse 

unit resistance (Niwas et al. 2011). The hydraulic and geoelectric parameters of an 

aquifer and their relationship are controlled by the composition and subsurface 

lithology of the aquifers (Niwas & Lima 2003). If the aquifers transmit the maximum 
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amount of water, it indicates the possibility for recharge potential, especially in humid 

regions. Lessor no transmissivity of the aquifers below the groundwater table indicates 

either the poor hydraulic conductivity or the lack of potential recharge zone.  

Maillet (1947) suggested that the average geoelectrical properties of the 

subsurface formations can be outlined by parameters known as D-Z parameters. The 

surface resistivity and the thickness of different geoelectrical layers help obtain D-Z 

parameters. Several studies have been conducted on D-Z parameters and their 

relationship with aquifer parameters (Henriet 1976; Reghunath 1999; Utom et al. 2012; 

Batayneh 2013). The D-Z parameters coupled with pumping test results help establish 

empirical relationships and the hydraulic behaviour of the aquifers (Arétouyap et al. 

2019).The layer resistivity and layer thickness (h) are the crucial components of 

geoelectric layers. The different types of D-Z parameters are Longitudinal Unit 

Conductance (S), Transverse unit Resistance (TR), and Aquifer Anisotropy (λ) 

The variation of the S value of each layer can be utilized qualitatively to identify 

the low resistivity materials and their thickness (Zohdy, 1969). Large values interpret 

the high thickness of the layers. In contrast, the lesser thickness of shallow basement is 

interpreted by smaller values of S. Usually, λ will be near to unity and exceeds for the 

rocks having high resistivity, indicating that lesser the λ greater will be the Porosity and 

permeability (Keller & Frischknecht 1966).  

Consider the unit cross-section of an aquifer medium from top to bottom in the 

vertical prism form; the K obeys Darcy's law, and 𝜌 in the aquifer medium obeys Ohm's 

law. These two laws are combined using prism form (Niwas and Singhal, 1981). The 

aquifer medium with uniform resistivity and saturated with water will be constant for 

either TR or S.  

For the highly resistive aquifer medium, the transmissivity will be proportional 

to longitudinal unit conductance. Also, for a highly conductive medium, the 

transmissivity is proportional to the transverse unit resistance (Niwas, et al., 2011). 

All the minerals and rocks have high resistivity except a few. Therefore the 

electric current passing through water-saturated pore spaces will exhibit less resistivity. 

From Archie's law (Archie, 1942), the resistivity of the saturated clay-free material can 

be expressed. 
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Humble Oil Company first postulated the relationship between the Formation 

factor (F) and Porosity (∅). The constants a and m are empirical with values 1 and 2, 

respectively, for a general average of typical reservoir rocks (Winsauer & Shearin 

1952). 

Once the hydraulic conductivity, transmissivity, and porosity are calculated, the 

thematic information is generated using Inverse Distance Weighted (IDW) method in 

the ArcGIS environment. This thematic information is integrated along with other 

thematic layers (Virupaksha & Lokesh 2019). 

2.3 Geology and geomorphology 

The geology and geomorphology of any basin are essential to understand the subsurface 

dynamics as the aquifers are composed of different rock types. The majority of the 

world's aquifer systems are made up of hard rocks. And therefore, groundwater is found 

only in rocks with secondary porosity like folds, faults, unconformity, fissures & 

cracks. In any hard rock terrain, the thickness of the soil and weathered zone together 

plays a vital role in groundwater availability. The weathered zone hosts groundwater in 

its fissures, fractures, and pore spaces of the weathered rocks. Geomorphology is the 

study of landforms (surface features) and their formation or evolution process. 

Geomorphology provides scientific evidence about the topographic and bathymetric 

features at or near the earth's surface. Therefore, by understanding the mechanisms and 

forces that happened in the past, the future could be extrapolated. 

Morphometric studies of a river basin comprise discrete morphologic regions 

and have particular relevance to drainage patterns and geomorphology (Strahler 1957; 

Dornkamp & King 1971; Krishnamurthy et al. 1996). Drainage basins are the 

fundamental units to understand geometric characteristics of a fluvial landscape such 

as topology of stream networks, quantitative description of drainage texture, pattern, 

shape, and relief characteristics(Abrahams 1984). The coastal region possesses a 

specific set of geomorphological landforms. The west coast extends as a narrow stretch 

(about 10 km to 80 km) along the Arabian Sea in the west, to the Western Ghats in the 

east, and extends towards the north-south. The Karnataka state comes in the peninsular 

region of India in the Asian continent. Karnataka is classified into two geomorphic 
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zones - Coastal landform terrain and Karnataka Plateau terrain, the two zones being 

separated by Western Ghats scarp (Sreedhara Murthy & Raghavan 1994; Ranganathan 

& Jayaram 2006). The orientation of the peninsular west coast of India is towards the 

NNW-SSE direction (Raghavan 1988).  

The Gurpur watershed is associated with the Nethravathi watershed in coastal 

Karnataka. Previously, many studies were carried out in and around this location. The 

geology, geomorphology, morphometric analysis, and structural studies have already 

been conducted (Radhakrishna 1967; John & Cheriyan 1974; Balasubrahmanyan 1978; 

Subrahmanya & Jayappa 1987; Chandrasekharappa 1989; Radhakrishna 1989; 

Subrahmanya & Grangadhara Bhat 1995). The groundwater quality, pollution, and 

hazard studies have also been carried out in the study area (Gajendragad & Ranganna 

1989; Narayana & Suresh 1989; Ranganna et al. 1991). Ion chemistry and trace 

elements study have been conducted (Gurumurthy et al. 2014). Pumping tests and 

aquifer parameters were studied in and around the study area (Reghunath 1999). The 

studies on infiltration properties of the river and soil types are also conducted 

(Ranganna et al. 1991). 

There are various hypotheses regarding the origin of western ghats and can be 

grouped as escarpment hypothesis; erosional origin; hypothesis of the dead cliff, etc., 

(Dikshit 1981). Based on the geological, geomorphological, and geophysical evidence, 

it is stated that the western ghats represent the edge of the disrupted continental block 

during the early Miocene (Radhakrishna 1967). Subramanya (1987) argued that the 

Western Ghats is the fault that receded due to marine erosion forming cliff.  

The Indian peninsula dates back to the Precambrian era, and the oldest rocks are 

identified in this region. Geologically, Karnataka comprises the rock formations of 

diverse types from Archaean to Quarternary age. The plateau is the largest 

physiographical division of Karnataka. Radhakrishna and Vaidyanathan (1994) have 

opined that the ages of most landforms in Karnataka perhaps range from Eocene to 

Recent. However, they have formed rock formations ranging from Archaean to 

Quarternary. A large portion of the Darwar craton is made up of pre-cambrian rocks. 

The Karnataka coast is a linear belt traversing from Karwar, north to Mangaluru in the 

south (about 400 km). The coastline of Karnataka is associated with rocky coast and 
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barrier (Radhakrishna 1993). The present landscape along the coast is the reflectance 

of extensive Tertiary denudation, which leads to the formation of laterites. The 

Quarternary formations are found along the coast, which includes boulders, pebbles, 

and cobble beds in paleo-river channels (Gurumurthy 2013).  

The morphological parameters can be extracted from the CartoSAT-1 or Shuttle 

Radar Topographic Mission (SRTM) or Advanced Spaceborne Thermal Emission and 

Reflection Radiometer (ASTER) Digital Elevation Model (DEM)data. Each data have 

its intrinsic errors due to data acquisition from satellite sensors. Das & Pardeshi (2018) 

suggested that CartoSAT DEM is most suitable for the Indian Territory than ASTER 

and SRTM. Mukherjee et al. (2012) found that the vertical accuracy of ASTER and 

SRTM data was having Root Mean Square (RMS) error of 12.62m and 1.6m, 

respectively. Rawat et al. (2013)revealed that relative RMS error of horizontal accuracy 

was about 2.17 for SRTM and 2.817 for ASTER DEM with respect to CartoSAT DEM. 

Several researchers have accomplished this methodology over the years and 

provided a firm basement for this methodology (Agarwal 1998; Avinash et al. 2011; 

Joseph Markose et al. 2014; Sarkar et al. 2020; Oyedotun 2020). The contributing basin 

area can be extracted with the help of various geoprocessing techniques in ArcGIS 10.2. 

Flow direction data can be extracted from the subset DEM file, and it can also be used 

for delineating the basins. The various hydrological processing of spatial analyst tool 

helps in demarcating watershed boundary. For defining watershed boundary flow 

direction, raster data is being used as a base map. DEM derivatives that can be extracted 

are drainage, slope, hill shade, and contour. The output of this method is the basis for 

creating a stream/drainage network grid with stream order. As pointed out, Strahler's 

classification system designates a segment with no tributaries as a first-order stream. 

Whenever two same stream order joins, it will form a higher stream order and so on 

(Strahler 1964). 

The contour interval of a contour map is the difference in elevation between 

successive contour lines. These lines help to deduce the slope direction and angle. Slope 

provides a basis so that by successive combination into layer units, general 

geomorphology could be constructed. A slope grid is identified as "the maximum rate 

of change in value from each cell to its neighbours" in DEM data (Burrough 1986).The 
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slope is a necessary terrain parameter for land utilization, land availability, and land 

capability assessment rather than aspect and altitude. The All India Soil and Land Use 

Survey guidelines on slope categories are followed for slope classification. The hill 

shade tool provides the hypothetical illumination values for each cell in raster data. It 

does this by setting a position for a hypothetical light source and calculating the 

illumination values of each cell in relation to neighbouring cells. It enhances the 

visualization effects by using transparency and overlaying on other thematic layers. It 

gives the 3D impression depending upon the angle of illumination. 

Magesh et al. (2012) emphasized that the geomorphology of any drainage basin 

can be quantitatively explained using morphodynamic evaluation of drainage data. In 

the extraction of the drainage system, the flow direction and flow accumulation data 

are to be extracted first using various geoprocessing tools. It will be followed by stream 

ordering based on Horton's law. According to this law un-branched stream is termed a 

first-order stream. When two first-order streams join, it is designated as second-order, 

followed by two second-order streams joining to form third-order and so on (Horton 

1932). 

Morphometric parameters under linear, aerial, and relief features can be 

computed using standard methods and formulae. The fundamental parameter, namely, 

stream length, area, perimeter, number of streams, stream length, and basin length, are 

to be derived from the drainage layer. The values of morphometric parameters, namely; 

bifurcation ratio (Rb), drainage density (Dd), stream frequency, form factor, texture 

ratio, elongation ratio, circularity ratio (Rc), are prepared based on the formulae 

suggested (Horton 1945; Miller 1953; Schumm 1956). 

The drainage density is the ratio of total stream length to the basin's total area 

(Horton 1932).The density factor is related to climate, type of rocks, relief, infiltration 

capacity, vegetation cover, surface roughness, and runoff intensity index. The lower 

drainage density of any watershed indicates that it has permeable subsurface material, 

good vegetation cover, and low relief, and vice versa. Drainage density is calculated as 

the "ratio of the total length of streams of all orders within the basin to the basin area" 

(Reddy 2004) and expressed as km/km2. The orientation and style of the drainages have 

a relationship with lineaments as they are associated with structural complexity 
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(Shahzad et al. 2009). The total number of drainages of all orders per unit area is called 

stream frequency(Horton 1932). Stream frequency is inversely related to permeability, 

infiltration capacity and directly related to the relief of watersheds. The Rc is the ratio 

of the area of the basins to the area of the circle having the same circumference as the 

perimeter of the basin(Miller 1953). It is mainly concerned with the length and 

frequency of streams, geological structures, land use/land cover, climate, relief, and 

slope of the basin. Higher Rc indicates the circular shape of the watershed and the 

moderate to high relief and permeable surface.  

The form factor is the ratio between basin area and the square of basin length 

(Horton 1932).  The value of Ff should always be less than 0.78 in a perfectly circular 

basin.  The higher values of form factors have high peak flows of shorter duration, and 

low values of form factors have lower peak flow for a shorter duration.  

Elongation ratio is defined as the ratio of the diameter of a circle having the 

same area as the basin and maximum basin length.  The watershed shows lower 

elongation ratio values that are highly susceptible to erosion, and the higher values 

indicate high infiltration capacity and low runoff.  

The drainage texture is the total number of drainages of all orders per perimeter 

of that watershed (Horton 1945). The drainage texture depends on the climate, rainfall, 

vegetation, rock and soil type, infiltration capacity, relief, and stage of development of 

a basin(Smith 1950). The dt < 2 indicates very coarse, between 2 and 4 is related to 

coarse, between 4 and 6 is moderate, between 6 and 8 is fine, and >8 is very fine 

drainage texture.  

According to (Gravelius 1914), the compactness coefficient of a watershed is 

the ratio of the perimeter of a watershed to the circumference of the circular area, which 

equals the watershed area. The Compactness Coefficient of a watershed is directly 

related to the infiltration capacity of the watershed.  

The shape factor provides a measurement of basin shape irregularity. The basin 

would be a perfect circle if the shape factor = 1, successively, lower factors represent a 

more convoluted flow, and close to 0 = approaching a line. 

The constant of channel maintenance (C) is the inverse of drainage density 

(Schumm 1956), which depends on the rock type, permeability, climatic regime, 
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vegetation cover, relief, and the duration of erosion. It is also the area required to 

maintain one linear kilometre of the stream channel. Generally, the higher the C values 

of the basin, the higher the permeability of the rocks of that basin and vice-versa (Rao 

2009).  

2.4 Geoinformatics and groundwater exploration 

The Multi-spectral and Hyper-spectral imageries provide data in many bands of the 

electromagnetic spectrum. These unique band data can be used to analyse the same 

features at a different wavelength, thus uniquely responding to it. As a result, the 

spatial-temporal information of large and even inaccessible locations can be utilized 

efficiently and thus forms the baseline information  (Jha & Peiffer 2006; Jha et al. 2007; 

Kumar & Kumar 2010; Yousef et al. 2015). The GIS is a practical framework for easing 

and efficiently handling large and complex spatial data, integration, and analysis 

(Becker 2006; Thapa et al. 2017). The GWPZ studies integrate several surfaces and 

sub-surface indicative features (thematic information), either by direct or indirect 

scientific methods. 

The land use/land cover analysis is essential to know the spatial distribution of 

land resources. In this study, Level-I classification of the National Remote Sensing 

Centre (NRSC) for lu/lc is used. The orientation and style of the drainages have a 

relationship with lineaments as they are associated with structural complexity  (Shahzad 

et al. 2009). Generally, lineaments are associated with weathering and therefore 

increases porosity and permeability. Hence, lineament density and groundwater 

potential have a direct relationship (Hardcastle et al. 1995). 

2.5 Groundwater exploration studies 

Various works by researchers have established a close relationship between 

groundwater study, Remote Sensing, and GIS (Solomon & Quiel 2006; Babiker et al. 

2007; Balakrishnan et al. 2011; Shekhar & Pandey 2015).The merit and demerit of the 

features and their influence over groundwater occurrence are precisely the points of 

consideration for assigning suitable weights (Jaiswal et al. 2003). Saaty (1980)  

developed the "Analytic Hierarchy Process (AHP)," which is a widely accepted and 

used MCDM technique in the field of Hydrogeology. In the MCDM technique, the 
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eigenvector of the square reciprocal matrix used to compare all possible pairs of criteria, 

which is possible, will be utilized for assigning Weights (Chowdary et al. 2013). Since 

then, the international scientific community has accepted AHP for the analysis of 

complex decision problems. Saaty emphasized that the AHP method has numerous 

applications in natural resources, environmental, hydrogeological planning & 

management.  

There are several other suitability analysis types available. One of them is the 

"Weighted Overlay Analysis" which will allow us to combine, weight, and rank several 

different types of thematic information (Waikar & Nilawar 2014; Acharya et al. 2019; 

Das et al. 2019; Gyeltshen et al. 2020). The potential use of a combined GIS-MCE 

approach in the development of spatial decision support systems plays an important 

role (Carver 1991). 

The rainfall data is collected from the India Meteorological Department (IMD) 

stations, Department of Mines and Geology (DMG), Central Groundwater Board 

(CGWB), , and Statistical Department, Mangaluru. Groundwater contour (GWC) map 

of the Gurpur catchment is prepared using the observatory wells data of the 

groundwater level obtained from DMG and CGWB. 

2.5.1 Integrated approach for GW exploration 

The integration of several methodologies for obtaining better results is a trending 

development in recent studies. Several studies are carried out using the integrated 

approach (Khan & Moharana 2002; Anomohanran 2011; Bhattacharya et al. 

2020;Warsi et al. 2020). The geospatial studies integrated with geophysical, geological, 

geomorphological, hydrological, socio-economical, geochemical can be used for 

integrated studies. 

The weighted overlay index (or the weighted index overlay) is an important 

technique used in the integrated approach for modelling suitability (Gyeltshen et al. 

2020). The WOA is used to solve multi-criteria problems such as site selection and 

suitability models (How Weighted Overlay works-ArcGIS Help). Venkateswara Rao 

& Briz-Kishore (1991)suggested that sum of the product of normalized weights 

(subscript w) of the thematic layers with their respective ranks (subscript r) of the classes 
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forms the Groundwater Potential Index (GWPI) as given in equation 2.2. The thematic 

information that needs to be integrated varies depending upon the data available for the 

researchers. Thematic information from 6 to 8 layers is most common (Venkateswara 

Rao & Briz-Kishore 1991; Kumar et al. 2009; Kumar & Kumar 2010; Srivastava et al. 

2012; Shekhar & Pandey 2015; Bhattacharya et al. 2020). Therefore, it is suggested that 

more thematic information may yield more accurate results. 
equation 2.2Equation for Groundwater potential index  

GWPI =  [(Lw) ∗ (Lr)] + [(LULCw) ∗ (LULCr)] + [(Gmw)

∗ (Gmr)] + [(STw) ∗ (STr)] + [(Slw) ∗ (Slr)]  

+ [(DDw) ∗ (DDr)] + [(GWCw) ∗ (GWCr)]

+ [(RDw) ∗ (RDr)] + [(LDw) ∗ (LDr)]  + [(DBRw)

∗ (DBRr)] + [(Φw) ∗ (Φr)] + [(Kw) ∗ (Kr)]

+ [(Tw) ∗ (Tr)] 

(equation 2.2) 

Where, L-Lithology, LULC-Land Use & Land Cover, Gm-Geomorphology, 

ST-Soil types, Sl-Slope, DD-Drainage density, GWC-Groundwater contours, RD-

Rainfall distribution, LD-Lineament density, DBR-Depth to bedrock, Φ – Porosity, K-

Hydraulic Conductivity, and T-Transmissivity 

A few of the primary thematic information used for integration of GWPZ are 

lithology, lu/lc, geomorphology, soil types, lineament density, slope, contours, and 

groundwater contours (groundwater level). Other than these thematic layers, few others 

can also be utilized. Thematic layers like hydraulic conductivity, porosity, 

transmissivity, rainfall distribution, drainage density, depth to bedrock, soil depth can 

also be utilized along with several others depending upon the necessity. This thematic 

information is either directly or indirectly related to groundwater potentiality. The 

relationship of each thematic layer with respect to groundwater potentiality is explained 

below. 

The transmissivity can also be calculated using electrical resistivity data. 

Therefore, if the aquifers transmit the maximum amount of water, it indicates that 

recharge potential is high, especially in humid regions. Less or no transmissivity of the 

aquifers below the groundwater table indicates either the poor hydraulic conductivity 

or the lack of potential recharge zone.  

Poor hydraulic conductivity indicates a lack of potential aquifer zones. 

Therefore ranking of 3 is given to the high K class. The porosity is having a direct 
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relationship with groundwater potentiality. An increase in porosity, especially effective 

porosity, increases the groundwater potentiality. 

2.6 Groundwater quality studies 

Several studies are conducted for mapping groundwater vulnerability with the 

DRASTIC model (Rahman 2008; Thapa et al. 2018) and WQI approach using 

Geoinformatics (Shivanna & Nagendrappa 2015; Gidey 2018; Mukate et al. 2019; 

Adimalla & Qian 2019). A close relationship between groundwater quality and 

industrial pollution (point source) is established as per various literature (Asadi et al. 

2011; Osibanjo & Majolagbe 2012; Basavaraddi et al. 2012; Rao et al. 2013; Nas & 

Berktay 2014). The leaching of heavy metals (toxic metals) from landfills, industrial 

and biomedical wastes from solid waste dump sites pose a serious threat to the 

groundwater quality (Patel & Devatha 2019).Even though saltwater intrusion is a 

natural phenomenon, it poses a threat to coastal aquifers in water quality. The leaching 

of noxious chemicals into the subsurface, which has been polluting the deeper aquifers, 

has become a point of precarious consideration. The reliable and accurate results 

depend on reliable and accurate initial data used in the research. Therefore, verifying 

the accuracy of the data is vital in any research work, and hence the systematic approach 

of CCA can be employed. The CCA method will boost the confidence in the data 

generated, and several studies are conducted in this regard (Friedman & Erdmann 1982; 

APHA 1999; Rao et al. 2013). Also, correlation studies can be conducted. A statistical 

tool like correlation studies is widely used for analysing the concentrations, monitoring 

and evaluating the water quality (Paudyal et al. 2016; Shrestha & Basnet 2018).The 

correlation studies reduce uncertainty and understand the interrelationship between 

different variables (Joshi et al. 2009). 

The groundwater samples can be collected and analysed with respect to drinking 

water standards (Bureau of Indian Standards 2012). The groundwater samples are to be 

analysed for ionic and non-ionic constituents. 

2.6.1 Quality Assurance Practices (QAP) for water quality analysis 

The QAP or CCA constitutes the GW quality parameters like Potential of hydrogen 

(pH), electrical conductivity (EC), Total Dissolved Solids (TDS), Major cations, and 
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anions. The following procedures for CCA  are considered for general and drinking 

water quality (APHA 1999). 

2.6.1.1 Anion – Cation Balance (ACB) 

ACB is one of the most utilized CCA methods (equation 2.3). The sums of anion and 

cation should be balanced and expressed in mill equivalents per litre (meq/l). The 

potable water is electrically neutral; thus, the anions and cations should be balanced.  
equation 2.3Equation for anion-cation balance 

Percentage difference =  100 ∗ (
∑ 𝑐𝑎𝑡𝑖𝑜𝑛𝑠 −  ∑  𝑎𝑛𝑖𝑜𝑛𝑠

∑ 𝑐𝑎𝑡𝑖𝑜𝑛𝑠 +  ∑ 𝑎𝑛𝑖𝑜𝑛𝑠
) (equation 2.3) 

The criteria of acceptance (Table 2.1) considered for the present work is ± 0.2 

meq/l as the Total Anions (TAn) or the Total cations (TCat) are well within the range 

of 0-3 meq/l. 

Table 2.1 Typical criteria for acceptance of percentage difference of ACB 

Anion sum Acceptable difference 

0 – 3.0 ±0.2 meq/l 

3.0 – 10.0 ±2 meq/l 

10.0 – 800 ±5 meq/l 

2.6.1.2 Total Dissolved Solids (TDS) 

The Calculated Total Dissolved Solids (CTDS) can be tabulated for all the groundwater 

samples. Later the results can be considered for correlation studies. The analysis for 

Measured Total Dissolved Solids (MTDS) was conducted in the laboratory. The MTDS 

must always be equal to CTDS, provided analysis is done without any error. The 

concentration of MTDS should always be higher than that of CTDS because a 

significant contribution may not have been considered for calculation. The acceptable 

ratio for TDS is considered for checking the correctness of the analysis. 
equation 2.4The acceptable ratio for TDS 

1.0 <
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑𝑇𝐷𝑆

𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑𝑇𝐷𝑆
< 1.2 

(equation 2.4) 
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2.6.1.3 Measured EC and Ion sums 

The total anions or the total cations should be 1
100𝑡ℎ⁄  of the measured electrical 

conductivity (MEC) value. The acceptable criteria give the relationship of MEC with 

the TAn or TCat.  
equation 2.5Equation for measured EC 

100 ∗  𝑇𝐴𝑛 (𝑜𝑟 𝑇𝐶𝑎𝑡)    =   (0.9 − 1.1) ∗ 𝐸𝐶 (equation 2.5) 

The equation 2.5can be re-written in a simpler notation as, 
equation 2.6Acceptable criteria for measured EC 

(0.9 ∗ 𝐸𝐶)  ≤  100 ∗  𝑇𝐴𝑛 ≤ (1.1 ∗ 𝐸𝐶) (equation 2.6) 

Where TAn (or TCat) is in meq/l 

2.6.1.4 Calculated TDS to EC ratio 

The ratio of CTDS to conductivity should always fall under the range of 0.55 to 0.7 

(equation 2.7). The acceptable criteria are as follows, 
equation 2.7The acceptable criteria for calculated TDS 

0.5 <
𝐶𝑇𝐷𝑆

𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦
<  0.7 (equation 2.7) 

2.6.1.5 Total Hardness (TH) 

The hardness is one of the important Groundwater Quality (GWQ) parameters helpful 

in detecting pollution. The Sulphates and Chlorides together constitute Permanent 

Hardness (PeH), also known as non-carbonate hardness. The carbonates and 

bicarbonates together cause Temporary Hardness (TeH). The TH expresses a direct 

relationship with Ca and Mg. The equation for Calculated TH (Sawyer 1959; Karanth 

2008) is as follows, 
equation 2.8The equation for calculated TH  

𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑇𝐻 = (2.497 ∗ 𝐶𝑎) + (4.115 ∗ 𝑀𝑔) (equation 2.8) 

There must be a direct relationship between Bicarbonates (TeH) and (Ca+Mg) 

ions (Prasad & Saxena 1980). TH must also be equal to the sum of total alkalinity (TA), 

Sulphate, and Nitrate. 
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equation 2.9Relationship between TH with respect to TA, SO4, and NO3  

𝑇𝐻 =  (𝑇𝐴 + 𝑆𝑂4  +  𝑁𝑂3)  (equation 2.9) 

The equation 2.9 gives the relationship between the TA, Sulphate, and Nitrate 

(values are in meq/l) which can be utilized to correlate the Ca and Mg values using 

equation 2.8. 

2.6.1.6 Chloride’s relationship with Na and K 

The total chloride present in the water sample taken for analysis must be equal to the 

sum of total Sodium and Potassium. 
equation 2.10T he chloride’s relationship w ith Na and K  

𝐶𝑙 = 𝑁𝑎 + 𝐾 (equation 2.10) 

The equation 2.10 gives a direct relationship between Na and K. It is observed 

that these equations are interconnected somehow. Therefore these relationships can be 

sharply observed in the correlation. 

2.6.2 Drinking water quality parameters 

The parameters like pH, EC, and TDS are measured on the spot during sample 

collection. According to standard procedure, the laboratory analysis for the drinking 

water quality parameters is conducted (Bureau of Indian Standards 2012). The analysis 

for parameters like Sodium (Na+), Potassium (K+), Calcium (Ca2+), Magnesium (Mg2+), 

TH, Total Alkalinity (TA), Sulphate (SO4
2-), Nitrate (NO3

-), Bicarbonate (HCO3
-), 

Chloride (Cl-), Fluoride (F-) and Iron (Fe2+) are to be conducted in the laboratory. 

2.6.3 Computation of Water Quality Index 

There are several methods available from time to time for studying WQI. The Weighted 

Arithmetic Index method for evaluating WQI can be calculated using Brown’s equation 

(Brown et al. 1972). 
equation 2.11E quation  for calculating GQI us ing Brown’s equation  

WQI =  
∑ (Qi ∗ Wi)

i=n
i=1

∑  Wi
i=n
i=1

 (equation 2.11) 

The unit weight (Wi) of the ith parameter depends on the standard value of the 

parameters and a proportionality constant. Whereas the Qi is the water quality rating 



 

Chapter 2 - Review of Literature 

__________________________________________________________________ 

 

30 

 

dependent on the concentration of the parameters. The water quality rating and grading 

of the weighted arithmetic WQI method are used to index the water quality.  

The WQI and grading are calculated parameter-wise by grouping all the 

groundwater samples. Therefore, the grading is given for parameters in the study area 

regardless of the number of samples. But, more samples with close spacing yield more 

promising results. 

Table 2.2 The rating and grading used in Weighted Arithmetic WQI method. 

WQI 

Value 
Rating of Water Quality Grading 

0 – 25 Excellent water quality A 

26 – 50 Good water quality B 

51 – 75 Poor water quality C 

76 – 100 Very poor water quality D 

Above 100 Unsuitable for drinking purposes E 

2.7 Groundwater recharge studies 

It is documented that ancient Romans and Greeks practiced rainwater harvesting 

(RWH) (Phoca & Valavanis 1999). And nowadays, the popularity and necessity of 

RWH have grown exponentially (Zhang et al. 2009).The need for water management 

and construction of small water harvesting structures is imminent and is gaining many 

scopes nowadays (Kumar & Rameshwar 2008). But the fact remains that the 

complexity of aquifers and misinterpretation of the subsurface can mislead to propose 

improper recharge structures (Todd & Mays 2005). 

The relationship between GIS and artificial recharge structures can be found in 

various literature (Shankar & Mohan 2005; Patil & Mohite 2014; Selvam et al. 

2017).Understanding geological, structural, geomorphological characteristics and their 

relationship with groundwater are necessary as it is the base for assigning ranks and 

weights.  

The sum of the product of normalized weights (subscript w) of the thematic 

layers with their respective ranks (subscript r) of the classes forms the Groundwater 

Recharge Potential Index (GRPI) as given in the equation (Venkateswara Rao & Briz-

Kishore 1991) below; 
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equation 2.12E quation  for calculating the Groundwater recharge potential index  

GRPI =  [(GWPZw) ∗ (GWPZr)]  +  [(GWCw) ∗ (GWCr)]  

+  [(LULCw) ∗ (LULCr)]  + [(DOw) ∗ (DOr)]  

+  [(Slw) ∗ (Slr)]  +  [(Gmw) ∗ (Gmr)]  

+  [(SDw) ∗ (SDr)]  +  [(DBRw) ∗ (DBRr)]  

+  [(LDw) ∗ (LDr)] 

(equation 2.12) 

Where, GWPZ-Groundwater Potential Zones, GWC-Groundwater contours, LULC-Land Use 

&Land Cover, DO-Drainage Order, Sl-Slope, Gm-Geomorphology, SD-Soil depth, DBR-

Depth to bedrock, LD-Lineament density. 

The merit and demerit of the features and their influence over groundwater 

occurrence are precisely the points of consideration for assigning suitable weights 

(Jaiswal et al. 2003). The high lineament density indicates the high intensity of 

weathering and, therefore, the possibility of maximum effective porosity and 

permeability of the aquifers. Hence, lineament density and groundwater potential have 

a direct relationship (Hardcastle et al. 1995).  

A slope is a slanting surface at an angle of less than 90° to a flat surface. A 

significant portion of the earth's surface consists of the slope. Based on the All India 

Soil and Land Use Survey, also known as Soil and Land Use Survey of India (SLUSI) 

guidelines, the slope categories are prepared. The slope exhibits an inverse relationship 

with the recharge potential, i.e., the lesser the slope, the less is the intensity of runoff 

and, therefore, more time for infiltration. The soil depth map of the study area is 

collected from the National Bureau of Soil Survey / Land Use Planning (NBSS/LUP), 

an autonomous organization under the Ministry of Agriculture, GOI. 

A few important recharge structures can be proposed based upon the GRPI and 

criteria for site suitability for ARS. A check dam is a small barrier constructed across 

the flow direction of streams to recharge the groundwater. The restoration of low foot-

print runoff harvesting vegetation on the hill slopes strengthens the source-sink 

relations and increases the streams' runoff (Stavi et al. 2020). The demand for 

freshwater is increasing rapidly due to population growth, contamination, little 

availability of groundwater. Therefore, harvesting the surface water, especially 

rainwater (superior quality), efficiently and adequately is highly suggested (Baby et al. 

2019).  
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The water temperature used for recharge through injection wells is also a point 

of concern because the solubility of air increases with a decrease in temperature. The 

surface water at 10°C, when injected into an aquifer with 20°C of temperature, releases 

the saturated air into the aquifer. While some air escapes, most of it settles in the pore 

spaces, becoming tiny bubbles. This temperature change could seriously reduce the 

aquifer capacity. On the contrary, if the groundwater temperature is lower than the 

surface water, the saturated air in the groundwater is released. Therefore proper 

temperature is required for recharge through injection wells (USDA & NRCS 2010). 

Wastewater reclamation is the most effective strategy in Water Ecosystem 

Impact (WEI) reduction (Xiong et al. 2020). The proof-of-concept experiments had 

shown that under normal recharge conditions, some of the pharmaceuticals, pathogens, 

and other organic wastewater compounds would prevail in the treated effluent after Soil 

Aquifer Treatment –SAT (Cordy et al. 2004). The soil adsorption capacity is finite, and 

considering the long-term SAT, the aquifers eventually get polluted (Vengosh & Keren 

1996). The perched aquifers, evapotranspiration, water stored in unsaturated zones 

could make a considerable difference between recharge and transmission loss (Hughes 

& Sami 1992).  

2.7.1 Groundwater recharge estimation studies 

The recharge estimation methods are classified into five categories according to (Lerner 

et al. 1990), which are direct measurement, correlation methods, tracer techniques, 

Darcian approaches, and water balances. The groundwater response function yields 

similar results as the unit hydrograph and could be an excellent example of the 

correlation method (Besbes et al. 1978). The estimation of recharge from precipitation 

has broad applicability of the tracer techniques (Sukhija et al. 1996).  

The Darcian methods include field data like hydraulic properties, flow net, 

infiltration equations, but it is not easy to gather enough data to model reality. The water 

balance methods use aquifer modelling, watershed modelling, and watertable 

fluctuation to estimate the recharge. The methods or approaches that can be used to 

estimate the groundwater recharge are discussed here. The groundwater recharge 

estimation also needs to estimate the recharge rate. The recharge rate in the watershed 
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is the product of average annual rainfall, with its corresponding area factor and the 

recharge factor (Selvam et al. 2014).  

The groundwater recharge estimation can be classified as direct recharge 

(diffuse from recharge structures) and indirect recharge (from rivers and channels) 

depending upon the percolation of the surface water into groundwater. These methods 

are also used with different terminologies like localized or focused recharge (Lerner 

1997) and also as direct (diffused) and localized (preferential flow) recharge estimation 

(Rushton 1997). The natural groundwater recharge can be estimated using the following 

empirical formulae and guidelines (Groundwater Resource Estimation Committee 

2009). Therefore the empirical relationships proposed (Bhattacharya et al. 1954; Rao 

1970; Chaturvedi 1973; Sehgal 1973; Kumar & Seethapathi 2002) are widely 

applicable for hard rock terrains to validate the results. Chaturvedi in 1936 derived a 

relationship based on groundwater level and rainfall to estimate recharge in Ganga-

Yamuna doab (Kumar 1996). This formula helps understand the preliminary 

relationship between rainfall and recharge. Later this formula was updated in 1954 by 

the Uttar Pradesh Irrigation research Institute (U.P.I.R.I.). 

The U.P.I.R.I formula was again updated as the Amritsar formula (Sehgal 

1973). Also, the relationships between rainfall and recharge for a particular climate and 

homogenous area were proposed by Krishna Rao in the 1970s (Kumar 1996). 

Bhattacharya et al. (1954) also proposed the empirical relations for estimating recharge 

from rainfall alone. Later, Kumar & Seethapathi (2002) proposed a relationship for 

recharge estimation from rainfall in the upper Ganga canal command area (Kumar & 

Seethapathi 2002).  

Based on the network of OB wells data, the quantitative changes in water level 

due to recharge or discharge could be measured (CBIP 1976; Adyalkar & Rao 1979). 

Also, the Groundwater Resource Estimation Methodology (GWREM) of the Ministry 

of water resources (MoWR), Government of India, recommends that about 5% to 10 % 

of the total recharge is lost as base flow discharge or evapotranspiration. The water 

table fluctuation method works under the assumption that the dynamic groundwater 

level is due to groundwater recharge alone, and then it moves to storage (Healy & Cook 

2002).  
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The soil water balance can be estimated using the Penman-Grindley (P-G) 

method (Penman 1950; Grindley 1967), similar to the water balance equation. But the 

only difference is that the P-G method considers soil water storage (ΔS) instead of 

groundwater recharge.  

2.7.1.1 Runoff estimation 

Another important parameter for estimating recharge is the runoff. There are several 

approaches to estimate runoff in ungauged watersheds.  Examples are the University of 

British Columbia Watershed Model (UBCWM), Artificial Neural Network (ANN), 

Soil Conservation Service Curve Number (SCS-CN) method, and Geomorphological 

Instantaneous Unit Hydrograph (GIUH) (Becker 2006). Among these methods, the 

SCS-CN method (now called as Natural Resources Conservation Service Curve 

Number method (NRCS-CN)) is widely used because of its flexibility and 

simplicity(Zhan & Huang 2004).Pandey & Sahu (2000) pointed out that land use is an 

essential input parameter of the SCS-CN method. Many researchers have worked on 

SCS-CN method for estimating runoff (Nandagiri 2007; Suresh Babu & Mishra 2011; 

Soulis & Valiantzas 2012; Gundalia & Dholakia 2014; Mishra & Kansal 2014). Nayak 

& Jaiswal (2003) found that there was a good correlation between the measured and 

estimated runoff depth using the GIS and NRCS-CN method 

The SCS-CN method was developed in 1954 by the U.S. Department of 

Agriculture (USDA) SCS and is described in the Soil Conservation Service (National 

Engineering Handbook Section 4: Hydrology). The first version of the handbook 

containing the method was published in 1954. Subsequent revisions followed in 1956, 

1964, 1965, 1971, 1972, 1985, and 1993(Ponce & Hawkins 1996). In 1994, SCS 

became Natural Resources Conservation Service, and therefore, the name of Soil 

Conservation Service SCS-CN method changed as NRCS to widen its scope. The SCS-

CN method results from exhaustive field investigations carried out during the late 1930s 

and early 1940s and the works of several early investigators, including(Andrews 1954; 

Ogrosky 1956). 

Most of the works overlay the land use and Hydrological Soil Group (HSG) 

maps, label the CN's to each polygon, and take area-weighted CN's to describe the 
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behaviour of a hydrologic basin (Merzi & Aktas 2000; Chatterjee et al. 2001; Durbude 

et al. 2001; Chakraborty et al. 2005; Pradhan Ratika et al. 2010; Durbude et al. 2011; 

Suresh Babu & Mishra 2012). (Pandit & Heck 2009) added the slope information with 

the aid of GIS to modify the potential maximum retention (S) of water in the soil in the 

SCS-CN method. To the origin of the SCS-CN methodology, (Sherman 1949) was the 

first to propose the plotting of direct runoff against storm rainfall. Later, Mockus (1949) 

proposed that estimates of surface runoff for ungauged watersheds could be based on 

soil, land use, antecedent rainfall, storm duration, and average annual temperature. 

Victor Mockus (1965) suggested that a more general relationship could be 

developed based on the following hypothesis 
equation 2.13 General relationship of runoff with rainfall, maximum retention, and actual retention.  

𝐹

𝑆
=  

𝑄

𝑃
 (equation 2.13) 

Where F = actual rainfall retention during a storm. S = potential maximum 

retention at the start of the storm, Q = direct runoff, and P = total rainfall or maximum 

potential runoff.  It should be noted that the ratios are accurate as limits when P0, 

(𝑄/𝑃 =   𝐹/𝑆) and as P, (𝑄/𝑃  𝐹/𝑆)1.    Also, it should be noted that the ratio 

carries a strong parallel to the constant in the rational equation. 

Early versions of the runoff equation did not contain an initial abstraction term 

Ia, representing interception, surface storage, and infiltration before runoff began.  This 

term was added later, changing equation 2.13 to the following equation. 
equation 2.14Relationship  between Initial ab straction and rainfall before runoff begins  

𝐹

𝑆
=  

𝑄

𝑃𝑎
 (equation 2.14) 

Where Pa is rainfall after runoff begins (P-Ia).  equation 2.14 approaches the 

same limits as equation 2.13.  In equation 2.13, substituting P-Q for F and solving for 

Q yields, 
equation 2.15 Equation for direct runoff 

𝑄 =  (
𝑃2

(𝑃 + 𝑆)
) (equation 2.15) 
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This is valid for P >Ia after runoff begins, and Q = 0 otherwise. With initial 

abstraction in equation 2.14, the actual retention P - Q asymptotically approaches a 

constant value S + Ia as rainfall grows unbounded. 

The equation 2.15 has two parameters: S and la; The necessity for independent 

estimation of initial abstraction can be removed using a linear relationship between la 

and S was suggested. 
equation 2.16 The linear relationsh ip between la and S 

𝐼𝑎 =  𝜆𝑆 (equation 2.16) 

Here the λ is the initial abstraction ratio. And, therefore substituting P – Ia 

instead of P yields, 
equation 2.17 The runoff estimation u sing SCS- CN method  

𝑄 =  (
(𝑃 − 𝐼𝑎)2

(𝑃 −  𝐼𝑎)
) + 𝑆 

(equation 2.17) 

The equation 2.17 was justified based on measurements in watersheds less than 

10 acres in size. While there was considerable scatter in the data, NEH-4 reported that 

50% of the data points lay within limits 0.095 ≤ λ ≤ 0.38(Soil Conservation Service 

1985). This led SCS to adopt a standard value of the initial abstraction ratio λ = 0.2. 

However, values varying in the range of 0.0 ≤ λ ≤ 0.3 have been documented in various 

studies encompassing various geographical locations in the United States and other 

countries (Cazier & Richard H. Hawkins 1984; Bosznay 1989). 

Victor Mockus (1965) developed a relationship between Ia and S to reduce the 

number of variables in equation 2.16.  The field data at that time indicated that  
equation 2.18 Morcus's equation  for init ial abstraction  

𝐼𝑎 = 0.2 ∗ 𝑆 (equation 2.18) 

Which, when substituting for Ia into equation 2.17, results in the standard 

equation 
equation 2.19 The equation of SCS-CN  method for calculating runoff where P is greater than Ia 

𝑄 =  (
(𝑃− (0.2∗𝑆))

2

(𝑃− (0.8∗𝑆))
)  when P ≥ (0.2*S) (equation 2.19) 
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Q =  0               P  (0.2 ∗ S) (equation 2.20) 

equation 2.20T he equation of SCS-CN method  for calculating runoff whereP is less than Ia 

The equation 2.19 has an advantage over many others that have been proposed.  

It is easier to use because it requires only one parameter (S) related to watershed 

characteristics.  S is related to Curve Number by the relationship where S is in inches. 
equation 2.21 Equation for potential maximum retention 

𝐶𝑁 =  (
1000

10 + 𝑆
) (equation 2.21) 

Victor Mockus (1965) described the significance and limitation of S using 

equation 2.18.  Plotting of direct runoff (Q) versus storm rainfall (P) for watersheds 

showed that Q approaches P as P accumulated.  S is constant and is the maximum 

difference of P and Q for the given storm and watershed conditions.   

2.7.1.1.1 Hydrologic Soil Group classification 

Musgrave (1955) described a hydrologic classification of soils depending on their 

infiltration rate.  It grouped all soils into four primary groups depending on the 

minimum infiltration capacity, laboratory tests, and soil texture.  The four groups were 

A, B, C, and D with sands in group A and clays in group D. The Hydrologic Soil 

Groups, as defined by ARS and NRCS engineers, are A, B, C, D, and dual groups A/D, 

B/D and C/D. Soils were initially assigned to Hydrologic Soil Groups within selected 

small watersheds, and assignments were based on rainfall-runoff data and infiltrometer 

plots in those watersheds. 

2.7.1.1.2 Antecedent Moisture/Runoff Condition 

Early development of the runoff curve number method confirmed that variability was 

real and that the same watershed could have more than one curve number, i.e., a set of 

curve numbers(Soil Conservation Service 1985; Suphunvorranop 1985; Hjelmfelt 

1991).The latter was recognized very early as the primary or tractable source of the 

variability, and thus, the concept of antecedent moisture condition (AMC) originated. 

More recently, the same concept has been referred to as the antecedent runoff condition 

(ARC) to denote a shift of emphasis from soil moisture to runoff (USDA 1986). 
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2.7.1.1.3 Development of Curve Numbers 

The standard curve number is given in the SCS and other applicable tables (Soil 

Conservation Service 1985). The low value is the dry curve number of AMC 1 (lowest 

runoff potential). The high value is the wet curve number of AMC 3 (highest runoff 

potential). The original values of this table, reported in the 1956 edition of NEH-4, were 

based on unsmoothed data. The present AMC conversion table values have been 

smoothed by fitting straight lines on a regular probability paper. While it is theoretically 

possible for its numbers to span the range 0-100, practical design values validated by 

experience are more likely to be in the range 40-98, with few exceptions (Van Mullem 

1991). 

2.7.1.2 Estimation of Actual Evapotranspiration 

The evapotranspiration especially the actual evapotranspiration is also one of parameter 

which is important in recharge estimation. The actual evapotranspiration (AET) can be 

estimated using PET. The PET is estimated using one of the basic empirical equations 

given by Thornthwaite (1948). Chandrashekhar & Naganna (1979) established a 

relationship between AET and PET and proposed an equation to estimate the average 

AET.  
equation 2.22T he equation for est imating the average actual evapotranspiration  

𝐴𝐸𝑇 =  (
𝑃𝐸𝑇𝑚𝑜𝑛𝑡ℎ𝑙𝑦

𝑁
) ∗ 2 ∗ 𝑟 (equation 2.22) 

Where AET is actual ET, N is the number of days in the month, and r is the 

number of rainy days in the month. 

Finally, the results obtained from methods like empirical formulae, groundwater 

recharge using groundwater recharge potential index integration method, and water 

balance equation are averaged to estimate the average groundwater recharge of the 

watershed. 
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3 Chapter 3 

GEOLOGY AND GEOMORPHOLOGY 

3.1 Introduction 

Efficient management planning requires a detailed understanding of the factors which 

are influencing natural resources. Groundwater is one such natural resource influenced 

by climate, geology, geomorphology, and drainage characteristics. The climatic factors 

include hydrometeorological parameters like precipitation (rainfall), surface 

temperature, humidity, number of rainy days, and rainfall intensity. The geological 

factors include lithology, stratigraphy, and structures. These geological factors play an 

essential role in providing boundary conditions for the geological units (aquifers).  

Morphometric studies of a river basin comprise discrete morphologic regions 

and have particular relevance to drainage patterns and geomorphology (Strahler 1957; 

Dornkamp & King 1971; Krishnamurthy et al. 1996). Morphometric analysis is an 

important technique to evaluate the behaviour of a hydrological system, which provides 

a quantitative specification of basin geometry to understand the initial slope. Drainage 

basins are the fundamental units to understand geometric characteristics of the fluvial 

landscape such as topology of stream networks, quantitative description of drainage 

texture, pattern, shape, and relief characteristics(Abrahams 1984). The present chapter 

describes the geology, geomorphology, and drainage characteristics of the Gurpur 

Watershed in Dakshina Kannada and Udupi districts using RS & GIS analysis. This 

study is helpful to understand the hydrological behaviour of the basin. 

3.2 Geology 

These geological factors play an important role in providing boundary conditions for 

the geological units (aquifers). The major litho-unit is the Gneiss which can be seen as 

Indian Peninsular Gneissic Complex or Achaean MGTG.  

3.2.1 Geology of West coast of India 

The west coast extends from Cape Comorin (Kanyakumari-Tamil Nadu) in the north to 

the Gulf of Cambay (Surat-Gujrat) in the south, which is about 1,500 km. It is a narrow 

stretch (about 10 km to 80 km) along the Arabian Sea in the west, to the Western Ghats 
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in the east, and extends north-south. The west coast of India is divided mainly into three 

parts – Konkan Coast (parts that include Goa and Maharashtra), Kanara (parts that 

include Karnataka), and Malabar Coast (parts include Kerala to Kanyakumari of Tamil 

Nadu). The west coast of India has many short and swift rivers. It is also associated 

with a few small estuaries, creeks, lagoons, lakes, backwaters, and bay. The elevation 

range varies from 150 m to 300 m above mean sea level. 

3.2.2 Geology of Karnataka 

The Karnataka state comes in the peninsular region of India in the Asian continent. 

Karnataka is classified into two geomorphic zones - Coastal landform terrain and 

Karnataka Plateau terrain, the two zones being separated by Western Ghats scarp 

(Sreedhara Murthy & Raghavan 1994; Ranganathan & Jayaram 2006). Whereas the 

Coastal landform terrain of Karnataka is considered as post-cretaceous landforms and 

the remaining parts like Deccan traps, Gneiss-Charnockite-Sargur schist belt is 

considered as pre-cretaceous landforms. The orientation of the peninsular west coast of 

India is towards the NNW-SSE direction (Raghavan 1988).  

There are various hypotheses regarding the origin of western ghats and can be 

grouped as the Escarpment hypothesis; erosional origin; hypothesis of the dead cliff, 

etc., (Dikshit 1981). Based on the geological, geomorphological, and geophysical 

evidence, the western ghats represent the edge of the disrupted continental block during 

the early Miocene (Radhakrishna 1967). The western ghats are the fault that receded 

due to marine erosion forming cliff (Subramanya 1987). The rock formations of 

Karnataka can be broadly grouped into four principal divisions, namely; 

 Archaean gneisses, granulites, and high-grade supra crustals.  

 Palaeo-Proterozoic greenstone belts. 

 Proterozoic sediments. 

 Deccan Traps of Cretaceous - Eocene age. 

This peninsula dates back to the Precambrian era, and the oldest rocks are 

identified in this peninsular region. Geologically, Karnataka comprises the rock 

formations of diverse types from Archaean to Quarternary age. The plateau is the 

largest physiographical division of Karnataka. Radhakrishna and Vaidyanathan (1994) 

have opined that the ages of most landforms in Karnataka perhaps range from Eocene 
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to Recent; although these are rock formations ranging from Archaean to Quarternary. 

A large portion of the Darwar craton is made up of pre-cambrian rocks. The Karnataka 

coast is a linear belt traversing from Karwar in the north to Mangaluru in the south 

(about 400 km). The coastline of Karnataka is associated with rocky coast and barrier 

(Radhakrishna 1993).  

3.2.3 Geology of Gurpur watershed 

The basin is lithologically composed of about 83% Migmatites and Granodiorites, 5% 

of charnockites, about 6% Metabasalts, and 2% laterites and Amphibolites. The 

greenstone-amphibolite facies and granulites could be seen in patches. Like any other 

hard rock terrains, the soil's thickness and weathered zone range from 20 m to 40 m, 

with the basement PGC. The weathered zone hosts groundwater in its fissures, 

fractures, and pore spaces of the weathered rocks. 

The present landscape along the coast results from extensive Tertiary 

denudation, which leads to the formation of laterites. The Quarternary formations are 

found along the coast, which includes boulders, pebbles, and cobble beds in paleo-river 

channels (Gurumurthy 2013). The general litho-stratigraphic sequence of the Dakshina 

Kannada district (Table 3.1) is given by (Balasubrahmanyan 1978). 

Table 3.1 The general litho-stratigraphic sequence of Dakshina Kannada district. 

Recent Gravel and sand deposits (marine and fluvial) 

Tertiary Laterites 

Proterozoic 

Dolerite dykes 

Younger green stones (meta-sediments and 

metavolcanics) 

Archaean Granitoids, Charnockites, and other metamorphic rocks 

The Gurpur watershed is divided into high land, midland and low land (ghats, 

hinterland, and coastal area) depending on terrain features and altitude. The Gurpur 

River, just like other west-flowing rivers, in its early stage, flows through a very steep 

slope (ghats). Whereas when it reaches low land, the river traverses in the south 

direction, perpendicular to its earlier flow to the confluence with Nethravathi River, and 

flows into the Arabian Sea. 

 

3.2.4 Lithology 



 

 

Chapter 3 - Geology and Geomorphology 

__________________________________________________________________ 

 

42 

 

Lithology map of the study area is prepared by using a published Geological Survey of 

India (GSI) quadrangle map, which is in the scale of 1:250,000. Also, the lithology 

maps obtained by the Karnataka State Remote Sensing Application Centre (KSRSAC) 

in a scale of 1:50,000 are collected, geo-referenced, and then digitized. The 

classification of lithological features present in the study area can be seen in Figure 3.1, 

and area statistics can be seen in Table 3.2. 

Table 3.2 The categories of lithology and their corresponding area Statistics. 

Sl. 

No. 
Lithology Classes 

Area 

(km2) 

1 Alluvium / beach sand, alluvial soil 21.29 

2 Charnockite 17.29 

3 Laterite 82.93 

4 Metabasalts including thin ironstone 94.27 

5 
Migmatites and Granodiorite - Tonalitic 

Gneiss 
657.60 

6 Pink hornblende granite 4.42 

 Total 877 

3.3 Geomorphology 

The geomorphology maps and data are collected from GSI and KSRSAC. The available 

relief information in the topo-maps is correlated with the Indian Remote Sensing (IRS) 

P6 Linear Imaging Self scanning Sensor (LISS) -IV satellite imagery and SPOT 

imagery. 

The Bird-eye-view of satellite imagery provides helpful information in mapping 

geomorphology, which along with the electrical resistivity data, helps verify and 

correlate the information on the depth of weathered zone, type of associated material, 

nature of the environment, agent of weathering. The final geomorphic map is prepared 

by incorporating these details in the pre-field interpretation map (Figure 3.2). The 

statistics of the geomorphology thematic layer indicate that the pediplain covers more 

than 50% of the study area (Table 3.3). 
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Figure 3.1 Lithological map of Gurpur watershed. 

Table 3.3 Categories of Geomorphologic features and corresponding area statistics. 

Sl. 

No. 

Geomorphology 

Classes 

Area 

(km2) 

Area 

(%) 

1 Alluvial Plain 63.95 7.3 

2 Coastal Plain 6.6 0.8 

3 Denudational hills 43.13 4.9 

4 Flood Plain 0.74 0.1 

5 Pediplain 579.79 66.1 

6 Plateau 45.65 5.2 

7 Settlement 10.06 1.1 

8 Structural hills 105.16 12.0 

9 Waterbody 22.63 2.6 

 Total 877 100 
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Figure 3.2 Spatial distribution of Geomorphology classes in Gurpur watershed. 

3.4 Digital Elevation Model data 

The DEM used for the study area is the computer graphic representation of its terrain 

surface (Figure 3.3). The DEM data is acquired from CartoSAT-1, and its spatial 

resolution is 30m. The DEM data is used for generating slope thematic layer. The DEM 

data is later verified using Survey of India (SOI) toposheets. 

The DEM is used to deduce the morphometric parameters like drainage basin 

area, drainage density, drainage order, relief, and network diameter in the GIS 

environment. Combining remote sensing data, hydrological and spatial analysis tools 

in the GIS environment made it easier to identify and discriminate the drainage area. 

The geographic and geomorphic characteristics of a drainage basin are essential for 

hydrological investigations involving the assessment of groundwater potential and 

morphometric characters. 
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Figure 3.3 The DEM thematic map of the study area. 

3.4.1 Extraction of DEM Derivatives 

The watershed is extracted from the CartoSAT-1 DEM data. The contributing basin 

area was extracted with the help of various geoprocessing techniques in ArcGIS 10.2. 

Flow direction map was extracted from the subset DEM file, and it was used to delineate 

basins. The various hydrological processing of spatial analyst tool helps in demarcating 

watershed boundary. For defining watershed boundary, flow direction raster data is 

used as a base map. DEM derivatives extracted from the CartoSAT-1 DEM are 

drainage, slope, hill shade, and contour. 

3.4.2 Drainage network map 

The drainage network of the Gurpur watershed is extracted from DEM using a series of 

geoprocessing tools in Arc GIS 10.2. The output of this method is the basis for creating 

a stream/drainage network grid with stream order (Strahler 1964). As pointed out, the 

Strahler’s classification system designates a segment with no tributaries as a first-order 

stream. Whenever two same stream order joins, it will form a higher stream order and 

so on. 
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Figure 3.4 represents the drainage map of the Gurpur watershed with different 

stream orders. The highest stream order identified is the 7th order. The drainage pattern 

can be identified as a dendritic drainage pattern. 

 

Figure 3.4 Drainage map of Gurpur watershed 

3.4.3 Slope map 

A slope is a slanting surface at an angle of less than 90° to a flat surface. Slope provides 

a basis so that by successive combination into layer units, general geomorphology could 

be constructed. The slope is the measure of steepness or the degree of inclination of a 

feature relative to the horizontal plane. A slope map of the study area is calculated based 

on DEM data using the spatial analyst tool in ArcGIS 10.2 (Figure 3.5). A slope grid is 

identified as “the maximum rate of change in value from each cell to its neighbours” 

(Burrough 1986). It is observed that most of the low land and parts of midland show a 

0-1% slope. The high land (Ghats) shows a 35-50% of slope (Table 3.4). The remaining 

nearly half of the area is covered by other slope categories. The slope is having an 

inverse relation with groundwater potential. An increase in slope increases runoff and 

thus decreases the infiltration and affects groundwater potential. 
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The slope is a necessary terrain parameter for land utilization, land availability, 

and land capability assessment rather than Aspect and Altitude. Following All India 

Soil and Land Use Survey guidelines on slope categories are used, and the slope map 

with the following slope categories has been prepared. 

 
Figure 3.5 Spatial distribution of slope classes in Gurpur watershed. 

Table 3.4 Categories of slope and their corresponding slope percentage. 

Sl. 

No. 
Slope Categories 

Slope 

(%) 

Area 

(km2) 

Area 

(%) 

1 Nearly Level 0-1 262.32 30 

2 Very Gentle Slope 1-3 122.52 14 

3 Gentle Slope 3-5 144.33 16 

4 Moderate Slope 5-10 106.35 12 

5 Strong Slope 10-15 87.12 10 

6 Moderately Steep Slope 15-35 71.01 8 

7 Very Steep Slope 35-50 84.06 10 

TOTAL 877 100 

Also, the slope theme is prepared using the CartoSAT DEM and from topo 

sheets. The similarity of both the layers is observed and utilized in the MCDM 

technique for integration and preparation of GWPZ, GRPZ, and site suitability for ARS. 
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3.4.4 Hill shade map 

The Hill shade tool provides the hypothetical illumination values for each cell in raster 

data. It does this by setting a position for a hypothetical light source and calculating the 

illumination values of each cell in relation to neighbouring cells. It enhances the 

visualization effects by using transparency and overlaying on other thematic layers. It 

gives the 3D impression depending upon the angle of illumination (Figure 3.6). 

3.4.5 Contour map 

A contour line is a function that joins the point of equal value. The contour interval of 

a contour map is the difference in elevation between successive contour lines. The 

contour range from 0 to 61m and 61 to 153m covers most of the study area, i.e., low 

land and midland region (Figure 3.7). There is a sudden increase in contour line 

intensity due to the Western Ghats. The range of contour intervals used in the study can 

be seen in Figure 3.7. 

 

Figure 3.6 The hill shade map of Gurpur watershed 
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Figure 3.7 The filled contour map of Gurpur watershed. 

3.5 Morphometric analysis 

The geomorphology of any drainage basin can be quantitatively explained using 

morphodynamic evaluation of drainage data (Magesh et al. 2012). Remote sensing and 

GIS techniques are proven efficient tools for delineating, updating, and morphometric 

analysis of drainage basins. Various important hydrologic phenomena can be correlated 

with the physiographic characteristics of drainage basins such as size, shape, the slope 

of drainage area, drainage density, size, and length of the tributaries. The remote 

sensing data can be used in conjunction with conventional data to delineate 

characterization, priority evaluation, problem identification, assessment of potentials 

and management needs, identification of erosion-prone areas, evolving water 

conservation strategies, selection of sites for check dam and reservoirs. 

3.5.1 Materials and methodology 

Extraction of drainage network and assigning the stream order from published SOI 

toposheets and georeferenced satellite data for a large area manually is a time-

consuming and tedious exercise. To issue can be avoided using automatic extraction 

techniques for evaluating a basin's morphometric parameters, i.e., extraction of River 
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basin/watershed boundary and extraction of drainage/stream network. Scanned SOI 

toposheets number 48K/15, 48K/16, 48O/3, 48O/4 of scale 1:50000 are georeferenced 

and projected to the regional projection (World Geodetic System (WGS) 1984, 

Universal Transverse Mercator (UTM) zone 43 N) using Arc GIS 10.2. The essential 

features were digitized to prepare the base map. The DEM of 30 m resolution of the 

study area is used. Other DEM derivatives such as slope and aspect were extracted 

using hydrology tools available in ArcGIS 10.2 software. The extraction of the basin 

was carried out by using flow direction. In the extraction of the drainage system, the 

flow direction and flow accumulation map were first extracted using various 

geoprocessing tools, and using these maps drainage map was extracted. It was then 

followed by stream ordering based on Horton’s law. According to this law un-branched 

stream is termed a first-order stream. When two first-order streams join, it is designated 

as second-order, followed by two second-order streams joining to form third order and 

so on. The number of streams from each order was recorded.  

Morphometric parameters under linear, aerial, and relief were computed using 

standard methods and formulae. The fundamental parameter, namely, stream length, 

area, perimeter, number of streams, stream length, and basin length, are derived from 

the drainage layer. The values of morphometric parameters, namely; bifurcation ratio, 

drainage density, stream frequency, form factor, texture ratio, elongation ratio, 

circularity ratio, are derived. Table is prepared based on the formulae suggested (Horton 

1945; Miller 1953; Schumm 1956). The formulae used in this study are prepared from 

Microsoft Excel 2007 to get final results. Therefore, the change in any of the values 

reflects in all the associated formulae. Also, excel formulae are more effective in time 

management rather than traditional methods. 

Table 3.5 Formulae adopted for computation of Morphometric Parameters 

 
Sl.  

No. 

Morphometric 

Parameter 
Formula References 

LINEAR 

1 
Stream Order 

(Nu) 
Hierarchical rank (Strahler 1964) 

2 
Stream Length 

(Lu) 
Length of the stream (Horton 1945) 

3 
Mean stream 

length (L) 

Lsm= Lu/Nu 

Where Lu= Mean stream 

length of a given order (km), 

Nu Number of stream 

segment. 

(Horton 1945) 

4 Stream length Rl=Lu/Lu-1 (Horton 1945) 
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ratio 

(Rl) 

Where Lu= Total stream 

length of order (u), 

Lu-1= The total stream length 

of its next lower order. 

5 
Bifurcation 

ratio (Rb) 

Rb = Nu / (Nu+1) 

Nu = Total no. of stream 

segments of order 'u' 

(Schumm 1956) 

6 

Mean 

bifurcation 

ratio (Rbm) 

Rbm= Average of 

bifurcation ratios of all 

orders. 

(Strahler 1957) 

AERIAL 

7 
Drainage 

density (Dd) 

D = Σ Lu / A 

Σ Lu = Total stream length 

of all orders 

A = Area of the basin (km2) 

(Horton 1932) 

8 
Stream 

frequency (Fs) 

Fs = Σ Nu / A 

Σ Nu = Total number of 

streams of all orders 

A = Area of the basin (km2) 

(Horton 1932) 

9 
Texture ratio 

(T) 

T = Σ Nu /P 

Σ Nu = Total number of 

streams of all orders 

P= Perimeter of the basin 

(Horton 1945) 

10 
Circularity 

ratio (Rc) 

Rc = 4*π *A/P2 

Where, Rc = Circularity 

ratio; 

π = ‘Pi ’ value i.e. 3.14; 

A=Area of the basin (km2); 

P=Perimeter (km) 

(Miller 1953) 

11 
Form factor 

(Ff) 

Ff = A/Lb2 

A = Area of the basin (km2) 

Lb2= Square of the basin 

length 

(Horton 1932) 

12 
Elongation 

Ratio (Re) 

Re = 2 v (A / Pi) / Lb 

Where, Re = Elongation 

Ratio 

A = Area of the Basin (km'-) 

Pi = 'Pi' value i.e., 3.14 

Lb = Basin length 

(Schumm 1956) 

13 

Compactness 

Coefficient 

(Cc) 

Cc = Pc/P u 

Where P c= Perimeter of the 

watershed; 

P = Perimeter of the circle 

of watershed area 

(Gravelius 1914) 

14 

Length of 

overland flow 

(Lg) 

Lg= l/D*2 

Where, Lg= Length of 

overland flow, 

D=Drainage density 

(Horton 1945) 

15 
Shape factor 

(Bs) 

Bs=L2/A 

Where, L= Basin length 

(km), 

A=Area of basin 

(Horton 1932) 

16 

Constant of 

channel 

maintenance 

(C) 

C=1/Dd 

Where Dd= Drainage 

density. 

(Schumm 1956) 

RELIEF 17 Basin Relief It is the vertical distance (Schumm 1956) 
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(Bh) between the lowest and 

highest points of the basin. 

18 
Relief Ratio 

(Rh) 

Rh=Bh/Lb, 

Where, Bh= Basin relief, 

Lb= Basin length 

(Schumm 1956) 

3.5.2 Results and discussions on linear, aerial & relief parameters 

The basic and linear parameters are tabulated in (Table 3.6&Table 3.7). The areal 

parameters are tabulated in Table 3.9, and relief parameters are recorded in Table 3.10. 

Table 3.6 Basic morphometric parameters of Gurpur watershed. 

Sl. No Parameters Results 

1 Watershed Area (A) 877 Km2 

2 Basin Length (Lb) 61.60 Km 

3 Perimeter (P) 205.48 Km 

4 

Stream Number (Nu)  

I 2796 

II 1345 

III 660 

IV 31 

V 6 

VI 2 

VII 1 

∑Nu 4841 

5 

Stream Length (Lu)  

I 1144.686 km 

II 532.631 km 

III 252.653 km 

IV 142.166 km 

V 56.809 km 

VI 15.451 km 

VII 55.456 km 

∑Lu 2199.852 km 

The total area of the watershed is 877 Sq.km (Table 3.9).It is the total length of 

the drainage basin boundary. The perimeter of the watershed is 205 km. It is the 

maximum length of the basin measured parallel to the mainstream.  The basin length of 

the main watershed is 61.60 km. 

Stream order is assigned based on a hierarchical ranking of streams. Strahler’s 

method was applied for stream ordering. In the watershed, usually number of streams 

decreases as stream order increases (Table 3.7) 
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The number of drainages of different stream orders in a micro-watershed was 

counted, and their lengths were measured. In the watershed, usually, the length of the 

stream decreases as stream order increases. 

It is defined as the ratio of the number of stream segments of a given order to 

the following higher-order segments(Schumm 1956). The Rb indicates the complexity 

and degree of dissection of a drainage basin. The lower values of Rb are characteristics 

of the sub-watersheds, which have suffered fewer structural disturbances (Strahler 

1964). The bifurcation ratio of the watershed varies from 2.0 to 21.29. The mean 

bifurcation ratio of the watershed is 5.93. 

Drainage density is the ratio of total stream length to the basin's total area 

(Horton 1932).The density factor is related to climate, type of rocks, relief, infiltration 

capacity, vegetation cover, surface roughness, and runoff intensity index. The lower 

drainage density of any watershed indicates that it has permeable subsurface material, 

good vegetation cover, and low relief, and vice versa. The Cartosat-1 DEM data from 

the Bhuvan website is used in the present study, along with the drainage layer digitized 

over the Toposheet for better accuracy. Drainage density is calculated as the “ratio of 

the total length of streams of all orders within the basin to the basin area” (Reddy 2004) 

and expressed as km/km2.  

The drainage density varies from 0.02 km-1 to 1.31 km-1. The mean drainage 

density (Dd) for the Gurpur watershed is 0.36 km-1 as the total area of the catchment 

is 878 km2, and the total length of the drainage is 1442 km (Figure 3.8 & Table 3.8). 

Drainage density is grouped into five classes: Very High, High, Moderate, Low, and 

Very Low classes. The higher weightage is given to the Low and Very low drainage 

density regions. The very low and low drainage density regions result from lesser slope 

and, therefore, more significant infiltration and groundwater potentiality. Therefore the 

relationship between Dd, slope, infiltration, and groundwater potentiality can be 

expressed as an inverse relationship, i.e., “Lesser the drainage density, greater the 

possibility of groundwater resources.” The orientation and style of the drainages have 

a relationship with lineaments as they are associated with structural complexity 

(Shahzad et al. 2009). The drainage density from “very low” to “moderate” categories 

covers more than 85% of the total area (Table 3.8); therefore, the probability of 

groundwater recharge is more. 
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The total number of drainages of all orders per unit area is called stream 

frequency (Horton 1932). Stream frequency is inversely related to permeability, 

infiltration capacity and directly related to the relief of watersheds. The Fs of the 

watershed is 5.52. 

The form factor is the ratio between basin area and the square of basin length 

(Horton 1932).  The value of Rf  is always less than 0.78 in a perfectly circular basin.  

The higher values of form factors have high peak flows of shorter duration, and low 

values of form factors have lower peak flow for a shorter duration. The watershed 

shows a form factor of 0.23 means the watershed is in sub-circular shape. 

The Rc is the ratio of the area of the basins to the area of the circle having the 

same circumference as the perimeter of the basin (Miller 1953). It is mainly concerned 

with the length and frequency of streams, geological structures, land use/land cover, 

climate, relief, and slope of the basin.   Higher Rc indicates the circular shape of the 

watershed and the moderate to high relief and permeable surface. The Circularity ratio 

of the watershed is 0.26. It indicates a more or less circular shape. 

It is defined as the ratio of the diameter of a circle having the same area as the 

basin and maximum basin length.  The watershed shows lower elongation ratio values 

that are highly susceptible to erosion, and the higher values indicate high infiltration 

capacity and low runoff. The present study area shows an elongation ratio of 4.26 

(Table 3.9). 

The drainage texture is the total number of drainages of all orders per perimeter 

of that watershed (Horton 1945). The drainage texture depends on the climate, rainfall, 

vegetation, rock and soil type, infiltration capacity, relief, and stage of development of 

a basin(Smith 1950). The dt< 2 indicates very coarse, between 2 and 4 is related to 

coarse, between 4 and 6 is moderate, between 6 and 8 is fine, and >8 is very fine 

drainage texture. The drainage texture of the watershed is 23.61, i.e., the watershed is 

grouped under very fine texture (Table 3.9). 
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Table 3.7 Morphometric analysis of basic and linear parameters of Gurpur watershed. 

 A B C D E 

1  Parameter 
Sl. 

No. 
order Results 

2 BASIC 

PARAMETERS 

Basin Area 1  877 

3 Basin perimeter 2  205 

4 

LINEAR 

PARAMETERS 

stream order 

3 I 2796 

5 4 II 1345 

6 5 III 660 

7 6 IV 31 

8 7 V 6 

9 8 VI 2 

10 9 VII 1 

11 10 ∑Nu 4841 

12 

stream length 

11 I 1144.69 

13 12 II 532.63 

14 13 III 252.65 

15 14 IV 142.17 

16 15 V 56.81 

17 16 VI 15.45 

18 17 VII 55.46 

19 18 ∑Lu 2199.85 

20 Basin length 19  61.60 

21 

mean stream length 

20 I 0.41 

22 21 II 0.40 

23 22 III 0.38 

24 23 IV 4.59 

25 24 V 9.47 

26 25 VI 7.73 

27 26 VII 55.46 

28 27 Avg. 11.20 

29 

stream length ratio 

28 I 0.97 

30 29 II 0.97 

31 30 III 11.98 

32 31 IV 2.06 

33 32 V 0.82 

34 33 VI 7.18 

35 
mean stream length 

ratio 
34 Avg. 4.00 

36 

Bifurcation ratio 

35 I 2.08 

37 36 II 2.04 

38 37 III 21.29 

39 38 IV 5.17 

40 39 V 3.00 

41 40 VI 2.00 

42 mean bifurcation ratio 41 Avg. 5.93 
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Table 3.8 Drainage density and corresponding area statistics. 

Sl. 

No. 

Drainage Density 

Categories 

DD Range 

(km/km2) 

Area 

(km2) 

Percentage 

(%) 

1 Very Low 0 – 1.15 222.95 25 

2 Low 1.16 – 2.30 314.98 36 

3 Moderate 2.31 – 3.46 235.93 27 

4 High  3.47 – 4.61 74.68 09 

5 Very High 4.62 – 5.77 29.26 03 

 Total  877 100 

 

Figure 3.8 The spatial distribution of drainage density in Gurpur watershed. 

According to (Gravelius 1914), the compactness coefficient of a watershed is 

the ratio of the perimeter of the watershed to the circumference of the circular area, 

which equals the area of the watershed. The Compactness Coefficient of a watershed is 

directly related to the infiltration capacity of the watershed. The Cc of the watershed 

shows a value of 1.95. 

The areal morphometric parameters provide a measurement of basin shape 

irregularity. The basin would be a perfect circle if the shape factor = 1, successively, 

lower factors represent a more convoluted flow, and close to 0 = approaching a line. 
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It is also the area required to maintain one linear kilometre of a stream channel. 

Generally, the higher the C values of the basin, the higher the permeability of the rocks 

of that basin and vice-versa (Rao 2009). The C varies from 0.77 to 56.76, with an 

average of 14.29 indicating higher permeability (Table 3.9). 

3.6 Land Use/Land Cover Map 

The Land Use of a region results from the interaction of various factors such as physical, 

economic, and social, which shows the extent to which man has been able to utilize the 

land resources gainfully. Land Cover refers to anything on the surface which is not 

subjected to anthropogenic action like a forest, rivers, different types of rock exposures, 

and others. The land use/land cover analysis is essential to know the spatial distribution 

of land resources. 

The area of interest (AOI) or training sites are selected on the LISS-IV imagery. 

Those Training Sites are verified on SPOT imagery of 2.5m resolution and verified by 

several field visits. Based on the ground verification, the boundaries of the lu/lc units 

were finalized, and then the mapping is carried out (Table 3.11).  

The lu/lc features can be spatially interpreted (Figure 3.9), which indicates that 

about 45% of the total area is covered by forest and forest plantation. More than 10% 

of the area is identified as built-up land. Also, the agricultural land and plantations 

together constitute 35% of the total area.  

The accuracy assessment is the important step in any classification process. The 

objective is the quantitative assessment of the pixels, which are sampled from the 

satellite imagery. These pixels could be identified on google imagery or verified by 

field visits. A total of 300 locations (points) were selected using the ArcGIS “Create 

random points” sampling tool. Then the locations were verified on google map. That 

is, out of 300 random sampling points, 263 points are found to be accurate, whereas 37 

are found to be error prone. The details can be seen in the confusion matrix table. The 

accuracy was found to be 87.6%. 
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Table 3.9 Morphometric analysis of areal parameters. 

 
A B C D E 

 

AREAL 

PARAMETERS 

Parameter 
Sl. 

No. 
order Results 

1  form factor 42  0.23 

2  
elongation 

ratio 
43  4.26 

3  
circularity 

ratio 
44  0.26 

4  shape factor 45  4.33 

5  
compactness 

coefficient 
46  1.95 

6  
Mean drainage 

density 
54 Avg. 0.36 

7  
stream 

frequency 
55  5.52 

8  

drainage 

texture 

56 I 1.45 

9  57 II 23.88 

10  58 III 10.78 

11  59 IV 7.20 

12  60 V 3.35 

13  61 VI 1.59 

14  62 VII 0.89 

15  
mean drainage 

texture 
63 Avg. 7.02 

16  texture ratio 64  23.61 

17  

constant of 

channel 

maintenance 

65 I 0.77 

18  66 II 1.65 

19  67 III 3.47 

20  68 IV 6.17 

21  69 V 15.44 

22  70 VI 56.76 

23  71 VII 15.81 

24  

length of 

overland flow 

72 I 0.38 

25  73 II 0.82 

26  74 III 1.74 

27  75 IV 3.08 

28  76 V 7.72 

29  77 VI 28.38 

30  78 VII 7.91 

 

Table 3.10 Morphometric analysis of relief parameters. 

 A B C D E 

1 

RELIEF 

PARAMETER 

Max elev. 79  -  1.884 

2 Min elev. 80 - 0.001 

3 basin 

relief 
81 - 1.883 

4 relief 

ratio 
82 - 0.031 
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Table 3.11 The lu/lc and corresponding area statistics. 

Sl. 

No. 
lu/lc categories 

Area 

(km2) 

Area 

(%) 

1 Agricultural Land 122.27 14 

2 Barren / Stoney Waste 28.03 03 

3 Built-Up 93.87 11 

4 Forest 378.58 43 

5 Forest Plantation 20.50 02 

6 Grassland 15.95 02 

7 Industrial Area 7.51 0.8 

8 Island 1.01 0.3 

9 Plantation 182.33 21 

10 Scrub Land 9.91 0.9 

11 Waterbody 17.79 02 

 Total 877 100 

 

3.7 Soil resource map 

The soil resource map consists of the systematic examination, description, 

classification, and mapping of soils of an area. In the present study, accurate data from 

NBSS/LUP, an autonomous organization under the Ministry of Agriculture GOI, and 

KSRSAC Bangalore is used and then vectorized to create thematic information. The 

soil type (Figure 3.11) and soil depth (Figure 3.12) data of the study area provide crucial 

information with respect to groundwater resources. About 75% of the total area is 

covered by fine and fine loamy soil types (Figure 3.12). 

It is observed that the information related to the thickness of the soil is also 

important with respect to infiltration and groundwater resources. Most of the study area 

is covered with deeper soils with a thickness of 100cm. The area which extends towards 

the Udupi district covers some part of “moderately shallow” soils. 
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Figure 3.9 Spatial distribution of lu/lc categories in Gurpur watershed. 

 

Figure 3.10 The lu/lc accuracy assessment using 300 random sampling 
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Table 3.12 Categories of soil types and corresponding area statistics. 

Sl. 

No. 
Soil Types 

Area 

(km2) 

Area 

(%) 

1 Clayey Skeletal 35.96 04 

2 Dyke Ridges 0.77 00 

3 Fine 413.6 47 

4 Fine loamy 246.1 28 

5 Habitation Mask 14.68 02 

6 Loamy 0.67 0 

7 Loamy skeletal 140.27 16 

8 Sandy 3.14 0 

9 Waterbody mask 22.64 3 

 Total 877 100 
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Table 3.13 Theoretical error matrix of lu\lc classification. 
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Figure 3.11 The classes of soil types in the study area. 

Figure 3.12 The classes of soil depth in the study area. 
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3.8 Summary 

The groundwater is a natural resource influenced by the climate, geology, 

geomorphology, and drainage characteristics. Geological factors like lithology, 

stratigraphy and structures play an important role in providing boundary conditions for 

the aquifers. Remote sensing and GIS techniques are proven efficient tools for 

delineating, updating, and morphometric analysis of drainage basins. The major litho 

unit is PGC or Achaean MGTG. The Gurpur watershed is divided into high land, 

midland and low land (Ghats, hinterland, and coastal area) depending on terrain features 

and altitude. With the help of electrical resistivity data, the thickness of the weathered 

zone (depth to bedrock) is in the range of 20mto 40m from the surface. The CartoSAT-

1 DEM data with a spatial resolution of 30m is used in the present study. The DEM 

derivatives like drainage network, slope, hill shade, and contour are extracted and 

utilized in the study.  

Following the increasing use of GIS in analysing spatial data on diverse 

applications, this study shows that the GIS environment can also be efficiently used for 

landform and watershed studies. The morphometric analysis is carried out in terms of 

linear, aerial, and relief aspects. The Gurpur River is a 7th order stream. The “Nearly 

level” category of the slope is observed towards the beach, whereas a “very steep slope” 

is observed towards the Western Ghats. The dendritic drainage pattern is seen in the 

hilly and plateau parts of the drainage basin. The variation in stream length ratio is due 

to a change in slope and topography. The bifurcation ratio in the watershed indicates 

the normal watershed category, and the presence of moderate drainage density suggests 

that it has moderately permeable sub-soil and intermediate drainage texture. The lower 

values of the form factor of the sub-watersheds indicating the basins are elongated. A 

higher value of stream frequency is observed in the watershed, indicating low runoff, 

thick vegetation, and moderate relief. The result of morphometric analysis provides 

information about watershed development and areas vulnerable to land degradation. 

The study has strengthened the understanding of the drainage basin's hydrological, 

geological, and geomorphological characteristics. The lu/lc map reveals that forest, 

forest plantation covers about 56% of the total area. A plantation, which indicates more 

than half of the total area, is covered with vegetation. 
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4 Chapter 4 

GROUNDWATER EXPLORATION 

4.1 Introduction to groundwater exploration 

The growing water demand for the increasing population can be met through GW's 

scientific exploration and exploitation. Though the direct approach of drilling provides 

first-hand information about GW, it is costly. Therefore, several indirect scientific 

methods are applied for GW exploration studies. Such studies include MCDM, AHP, 

WOA, and MCF. Saaty (1980) emphasized that the AHP method has numerous 

applications in natural resources, environmental, hydrogeological planning & 

management. The eigenvector of the square reciprocal matrix used to compare all 

possible pairs of criteria will be utilized for assigning weights (Chowdary et al. 2013). 

Several other suitability analysis methods are available; one of them is the “Weighted 

Overlay Analysis” which allows us to combine the weights and ranks of several 

different types of thematic information. The combination of multi-disciplinary fields 

like GIS, RS, and MCDM techniques is of great importance for GW studies. Therefore, 

Carver (1991) suggested that the potential use of a combined GIS-MCE approach for 

developing spatial decision support systems plays an important role. 

4.2 Materials and methodology 

4.2.1 Geophysical methods in groundwater exploration 

The application of physical laws and principles for understanding the sub-surface of the 

earth is the concept behind geophysical techniques. Even though these are indirect 

methods, but scientifically they are reliable in probing subsurface formations and their 

geologic complexity. The role of geophysical techniques in exploration for GW, 

minerals & ores, oil, and petroleum are well known. There are several methods of 

geophysical exploration which are widely applicable for groundwater and sub-surface 

studies. Some of the important geophysical methods are gravity, seismic, magnetic, and 

electrical methods.  
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The seismic prospecting involves recording the time intervals and intensity of 

the earth’s elastic wave energy (seismic waves), reflected from a targeted depth (Dobrin 

& Savit 1988). On the contrary, gravity and magnetic method involve measurement of 

the natural force field of the earth. The electrical and electromagnetic methods involve 

reflection and refraction principles, and the source can be either natural or artificial. 

The gravity or magnetic methods measure the combined contribution of all the levels 

of depth. At the same time, the seismic and electrical methods can give detailed and 

precise information of different depths. The seismic methods are highly helpful in 

probing greater depths. Therefore, the seismic method is widely applicable in oil and 

natural gas exploration. Whereas the electrical resistivity method is widely applicable 

in groundwater exploration. 

4.2.2 Electrical resistivity method (ERM) 

Our earth is heterogeneous in composition and thus shows a different range of electrical 

properties. The ER method works on the concept that the earth’s heterogeneous sub-

surface materials show electrical contrast. This electrical contrast can be either analysed 

by conductance (C) or resistance (R). The R can be obtained using Ohm’s law, 
equation 4.1Equation for resis tance using Ohm's law  

R =  (
∆V

I
) (equation 4.1) 

Where,                ∆V = Voltage          I = Current            R = Resistance 

Vertical Electrical Sounding is the method that is based on the electrical 

conductivity or resistivity of the sub-surface materials. The measurement of potential 

difference (voltage) at the potential electrodes (M & N) is used to obtain apparent 

resistivity (𝜌𝑎).The distance between the current electrodes (A & B) is used to obtain 

the targeted depth (Figure 4.1). The general formula for resistivity is, 
equation 4.2The general formula for resistivi ty  (ρ) 

𝑅𝑒𝑠𝑖𝑠𝑡𝑖𝑣𝑖𝑡𝑦(𝜌) =  
(𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ∗ 𝐴𝑟𝑒𝑎𝑜𝑓𝑐𝑟𝑜𝑠𝑠𝑠𝑒𝑐𝑡𝑖𝑜𝑛)

𝐿𝑒𝑛𝑔𝑡ℎ𝑜𝑓𝑡ℎ𝑒𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑜𝑟
 (equation 4.2) 
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The obtained ρ data is used to calculate apparent resistivity using 

Schlumberger’s equation (equation 4.3). The formula for calculating 𝜌𝑎of 

Schlumberger array is, 
equation 4.3Schlumberger's equation of apparent resistiv ity  

𝝆𝒂 = [
𝝅 [(

𝑨𝑩

𝟐
)

𝟐

− (
𝑴𝑵

𝟐
)

𝟐

]

𝟐 (
𝑴𝑵

𝟐
)

] ∗ 𝑹 (equation 4.3) 

Where, 𝜌𝑎 is the apparent resistivity. 

 

Figure 4.1 Schematic drawing of Electrical Resistivity principle(Clark & Page 2011) 

The thickness of the material, composition, aquifer parameters (porosity, 

permeability, transmissivity, hydraulic conductivity), and associated structures plays a 

vital role in electrical resistivity observations. Water is a good conductor of electricity, 

so the presence of water gives relatively less resistance which could be the possible 

water source. 

The 𝜌𝑎for each current electrode separation is calculated by multiplying the 

resistance value by Schlumberger configuration factor (Ramanuja 2012; Poongothai & 

Sridhar 2017). 
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Figure 4.2 Typical resistivity values for different rocks (geosci.xyz) 

 The earth is heterogeneous in composition. Therefore all the materials 

and the rocks present in the subsurface must have different apparent resistivity (Figure 

4.2).  

4.2.2.1 ER method and configurations 

In 1934, the VES was first presented by Schlumberger for 1-dimensional work. Later 

on, a wide variety of VES systems was presented, but the Schlumberger method is still 

accepted as the best method for depth probing (sounding) and depth profiling. Different 

Electrical Resistivity methods like Wenner array, Schlumberger, Pole-Pole, di-pole di-

pole, pole-dipole, half Schlumberger, square array method, etc., could be utilized the 

type of work to be conducted. For example, in Figure 4.3,it can be understood that the 

Schlumberger method is good in-depth probing while the Wenner method is suitable 

for lateral variations at the same depths (Loke 2001).  
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Figure 4.3 Wenner, Schlumberger and double di-pole arrays respectively 

Horizontal profiling (HP) is one of the methods used to measure the resistivity 

variation along the length of the configuration. The HP method is used to measure the 

lateral variations of resistivity of the subsurface. Whereas depth probing is done using 

the VES method. The electrical resistivity instrument used in the study is a state-of-the-

art, microprocessor-based signal stacking and signal enhancement resistivity meter. 

Signal Stacking Resistivity (SSR)-MP-ATS possess innovative features and advanced 

digital circuitry for data acquisition. The apparent resistivity is obtained directly along 

with its corresponding depth values in this instrument. The ISM and Java-based 

software ATS-3.0 is used for data plots and interpretation. The graph can either be 

obtained automatically with tolerance percentage or manually joining the segments. 

About 35 VES are carried out at selected locations in the study area using Schlumberger 

array with current electrode spacing (
𝐴𝐵

2
) up to 200m.  

4.2.2.2 Interpretation methods 

There are different methods of analysing resistivity-sounding data, like qualitative and 

quantitative methods. Again, there are several methods in quantitative as well as 
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qualitative interpretation methods. A comparative study is carried out for both the 

interpretation techniques. In the present study, CMT and ISM are utilized for 

interpretation. The quantitative analysis technique, popularly known as the “Curve 

matching technique” is used in this study. However, VES data can be interpreted by 

different techniques to get a subsurface profile, layer thickness, and true resistivity. The 

confusion occurs during the selection of suitable methods of interpretation, as the 

accuracy of the result largely depends on the interpretation technique (Asije & Igwe 

2014; Prabhu & Sivakumar 2018). Once the graph plots are ready, both qualitative and 

quantitative analyses are done. There are standard curves like H-type, A-type, K-type, 

Q-type, and those for several layered systems. These standard curves and set of curves 

provides the basic understanding of the curve matching technique. 

The ISM is a direct method suggested by (Narayan & Ramanujachary 1967; 

Ramanuja 2012). For Schlumberger configuration, the plotting of ISM is done with 

respect to (
𝐴𝐵

2
) / 𝜌𝑎 in Y-axis against (

𝐴𝐵

2
) in X-axis. The distance (

𝐴𝐵

2
) is the half of 

current electrode spacing. The ISM method utilizes best fitting straight-line segments 

similar to CMT. But, when compared to CMT, the negative slope indicates the greater 

resistance in the ISM method. The exact thickness and depth of each layer are indicated 

with a sharp boundary. Once the profile line is ready, the slope for each segment is 

calculated, and the true resistivity is obtained. The ISM data obtained is then correlated 

with borehole log data. 

4.2.2.2.1 Dar-Zarrouk parameters 

Maillet (1947) suggested that the average geoelectrical properties of the subsurface 

formations can be outlined by parameters known as Dar-Zarrouk parameters. The 

surface resistivity and the thickness of different geoelectrical layers help obtain D-Z 

parameters. Several studies have been conducted on D-Z parameters and their 

relationship with aquifer parameters (Henriet 1976; Reghunath 1999; Utom et al. 2012; 

Batayneh 2013). The D-Z parameters coupled with pumping test results help establish 

empirical relationships and the hydraulic behaviour of the aquifers (Arétouyap et al. 
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2019). The layer resistivity (ρ) and layer thickness (h) are the important components of 

geoelectric layers. The different types of D-Z parameters are,  

A. Longitudinal unit Conductance (S) 

B. Transverse unit Resistance (TR) 

C. Aquifer Anisotropy (λ) 

The S can be determined using the equation, 
equation 4.4Equation for Longitudinal unit conductance 

S =  ∑ (
ℎ𝑖

𝜌𝑖
)

𝑛

𝑖=1

 (equation 4.4) 

Where h is layer thickness, and ρ is layer resistivity for ‘n’ number of layers. 

The variation of the S value of each layer can be utilized qualitatively to identify 

the low resistivity materials and their thickness (Zohdy 1969). The high thickness of 

the layers is interpreted by large values, whereas smaller values of S can interpret the 

lesser thickness of the shallow basement.  

The equation for TR is, 
equation 4.5Equation for Transverse unit resistance  

TR =  ∑(ℎ𝑖 ∗ 𝜌𝑖)

𝑛

𝑖=1

 (equation 4.5) 

Where h is layer thickness, ρ is layer resistivity. 

The λ can be determined using the equation, 
equation 4.6Equation for aqu ifer anisotropy  

λ =  √𝑇𝑅  ∗  (
𝑆

𝐻
) (equation 4.6) 

Where H is the total thickness  

Usually, λ will be near to unity and exceeds for the rocks having high resistivity, 

indicating that lesser the λ greater will be the Porosity and permeability (Keller & 

Frischknecht 1966).  

4.2.2.2.2 Hydraulic and geoelectric parameters 

The 𝜌𝑎 is used to extract the information like the aquifer layer resistivity (𝜌0) and layer 

thickness (Table 4.5). These form the base data to prepare the spatial distribution of 
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thematic layers like porosity, hydraulic conductivity, and transmissivity. The highly 

resistive subsurface medium shows an inverse relationship with the hydraulic flow (K) 

and electric current (𝜌) passing horizontally in a typical unit column of an aquifer. 

Niwas & Singhal (1981) found that the electric current in the highly conductive medium 

will exhibit vertical flow, but hydraulic conductivity exhibits horizontal flow, 

indicating the direct relationship between 𝜌 and K. 

The hydraulic and geoelectric parameters of an aquifer and their relationship are 

controlled by the composition and subsurface lithology of the aquifers (Niwas & Lima 

2003). If the aquifers transmit the maximum amount of water, it indicates the possibility 

for recharge potential, especially in humid regions. Less or no transmissivity of the 

aquifers below the groundwater table indicates either the poor hydraulic conductivity 

or the lack of potential recharge zone. The hydraulic conductivity (K) can be expressed 

as 
equation 4.7Equation for hydraulic conductivity  

𝐾 =  [(8 ∗ 10 − 6)  ∗  (𝑒−0.0013𝜌)] (equation 4.7) 

Consider the unit cross-section of an aquifer medium from top to bottom in the 

vertical prism form; the K obeys Darcy’s law, and 𝜌 in the aquifer medium obeys 

Ohm’s law. These two laws are combined using prism form (Niwas & Singhal 1981). 

Therefore, for the K and 𝜌 in a horizontal direction the equation for the T of the aquifer 

medium is given by 
equation 4.8Equation for transmissivi ty  

𝑇 =  [(8 ∗ 10 − 6)  ∗  (𝑒−0.0013𝜌)]  ∗  ℎ (equation 4.8) 

Where 𝜌 is bulk resistivity and h is the thickness of the aquifer medium. 

The aquifer medium with uniform resistivity and saturated with water will be 

constant for either TR or S. Therefore, 
equation 4.9Equation indicating the relationship between transmissiv ity , S, and T R 

𝑇 =  𝑆 (equation 4.9) 

From equation 4.9, it is evident that the Transmissivity will be proportional to 

longitudinal unit conductance for the highly resistive aquifer medium. Also, for a highly 

conductive medium, the transmissivity is proportional to the transverse unit resistance 

(Niwas et al. 2011). 

All the minerals and rocks have high resistivity except a few. Therefore the 

electric current passing through water-saturated pore spaces will exhibit less resistivity. 
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The Archie’s law (Archie 1942) is modified by Winsauer & Shearin (1952) with the 

addition of lithology constant (a). From the modified Archie’s law, the resistivity of the 

saturated clay-free material can be expressed as  
equation 4.10E quation  of Formation factor show ing the resistivity  of the saturated clay -free material 

𝜌0 = 𝑎 𝜌𝑤∅−𝑚 
(equation 4.10) 

Where, 𝜌0 is the resistivity of water-saturated sand. The 𝜌𝑤is the resistivity of 

pore space water. The F is an intrinsic formation factor (
𝜌0

𝜌𝑤
) that includes all the 

properties of the material influencing electrical current flow. The relationship between 

F and ∅ was first postulated by Humble oil company. The constants a and m are 

empirical with values 1 and 2, respectively, for a general average of typical reservoir 

rocks (Winsauer & Shearin 1952). The 𝜌𝑤 can be measured using the equation 
equation 4.11E quation  for resistiv ity  of pore space water 

𝜌𝑤 =  (
10000

𝐸𝐶
) (equation 4.11) 

Where EC is the Electrical Conductivity (µS/cm) of the water sample of the 

aquifer. The porosity (∅) can be obtained through the equation 
equation 4.12E quation  for porosity  using electrical resistivity  

∅ =  (
𝑎

𝐹
)

1

𝑚
 (equation 4.12) 

Where m is the material constant and a is an empirical lithology constant. 

4.2.3 Geoinformatics and GW exploration 

The RS and GIS have a major role in hydrogeology and water resource development, 

especially the monitoring and generating spatial and temporal data. Hydrological, 

structural, geological, geomorphological, slope, drainage analysis, and delineation of 

land features are necessary for the preparation, prediction, and management of 

groundwater resources. The IRS satellite imagery/data and topographic maps of the 

scale 1:50,000 are used to develop integrated groundwater potential zones using the 

WOA method and provide the zones with good, moderate, poor, and very poor 

categories. These thematic layers are considered as the influencing factors for 

groundwater occurrence and movement. The merits and demerits of the features and 

their influence over groundwater occurrence are exactly the points of consideration for 
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assigning suitable weights (Jaiswal et al. 2003). The final map is obtained by 

multiplying individual ranks of the thematic layers with the weightage assigned. 

Remote Sensing technology has proved itself as an effective and very important 

tool in natural resource mapping all over the globe. Because of the bird-eye-view, cost-

effectiveness, and its applicability in identifying ground and soil features, satellite 

imagery is increasingly used in groundwater exploration, which provides the direct or 

indirect indications for the presence of groundwater or, let’s say, the zones for 

groundwater availability. Satellite images are available as a small, medium, and large-

scale data products based on the needs and necessity of the kind of work. The visual 

interpretation techniques are adopted to map lineaments and surface geological 

features, topography. The multi-spectral and hyper-spectral imageries provide data in 

many bands of the electromagnetic spectrum. These unique band data can be used to 

analyse the same features at a different wavelength, thus uniquely responding to it. As 

a result, the spatio-temporal information of large and even inaccessible locations can 

be utilized easily and thus forms the baseline information  (Jha & Peiffer 2006; Jha et 

al. 2007; Kumar & Kumar 2010; Yousef et al. 2015). The GIS is an effective framework 

for ease and efficient handling of large and complex spatial data, integration, and 

analysis (Becker 2006; Thapa et al. 2017).  

4.2.3.1 Thematic information database creation 

Groundwater potential zonation studies are based on integrating several surfaces and 

sub-surface indicative features (thematic information), either by direct or indirect 

scientific methods. Quantitative and qualitative methods assess the determination of the 

groundwater potentiality in an area. The surface features or parameters can be easily 

accessible through remote sensing and field verification. In contrast, the sub-surface 

parameters are possible through OB wells, electrical resistivity methods, and direct 

observations in the possible exposures. The remotely sensed data is used for lu/lc and 

lineament mapping. Also, the geomorphological mapping and drainage basin analysis 

add up for it. The present work attempts to establish the relation between electrical 

resistivity method, RS, and GIS-based methodology in groundwater potential zone 

identification and mapping. The understanding of geological, structural, 
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geomorphological characteristics is necessary for assigning Rank/Weight. The thematic 

information used in this study is briefly introduced as follows.  

A slope is a slanting surface at an angle of less than 900 to a flat surface. Slope 

provides a basis so that by successive combination into layer units, general 

geomorphology could be constructed. Following guidelines of the All India Soil and 

Land Use Survey on slope categories are used to categorize the slope map in the study. 

The slope theme is prepared using the CartoDEM and utilized in the MCDM technique 

for integration and preparation of GWPZ. The slope is having an inverse relation with 

groundwater potential. An increase in slope increases runoff and baseflow, thus 

decreasing the infiltration and affecting groundwater potential. Therefore ranking of 5 

is given to the lowest slope categories and 1 for the highest slope.  

The land use of a region results from the interaction of various factors such as 

physical, economic, and social factors, which shows the extent to which man has been 

able to utilize the land resources gainfully. The land cover refers to anything on the 

surface that is not subjected to anthropogenic action like forests, rivers, and different 

rock exposures. In the LISS IV multi-spectral imagery, the vegetation shows red colour 

in the FCC combination (Figure 1.1). The land use/land cover analysis is essential to 

know the spatial distribution of land resources. In this study, Level-I classification of 

the NRSC for lu/lc is used. The waterbody is given a high weightage of 5, and 

agricultural land is given 4. The dykes are hard rocks and unable to infiltrate GW but 

can be used as sub-surface barriers to arrest the flow of GW. Therefore, with respect to 

GW potentiality studies, dykes are given low weights, and with respect to GW recharge, 

the dykes are given high weightage. 

The present study utilizes already available authentic soil types map collected from 

NBSS/LUP Bangalore and later georeferenced and vectorized in GIS environment. A 

higher ranking is given to soil types that can infiltrate more water, as shown in  

Figure 4.10b. 

The CartoDEM data available from the Bhuvan website is used to prepare the 

drainage layer using which the drainage density thematic map is done and converted 

into a vector format. Drainage density is calculated as the “ratio of the total length of 



 

Chapter 4 - Groundwater Exploration 

_____________________________________________________________________ 

 

76 

 

streams of all orders within the basin to the basin area”(Reddy 2004) and expressed as 

km/km2. 

The higher ranking is given to the very low and low drainage density regions 

due to the lesser slope and greater infiltration and groundwater potentiality. Shahzad et 

al. (2009) opined that the orientation and style of the drainages have a relationship with 

lineaments as they are associated with structural complexity. Generally, lineaments are 

associated with weathering and therefore increases porosity and permeability. Hence, 

lineament density and groundwater potential have a direct relationship (Hardcastle et 

al. 1995). Therefore, ranking of 1 and 3 are given to low and high lineament density 

classes, respectively.  

The geomorphology maps and data were collected from GSI and KSRSAC 

organizations. The available relief information in the topo maps is verified with the 

LISS-IV imagery. Training sites for different litho-geomorphic units were selected and 

field verified. These are utilized in the preparation of spatial distribution of 

geomorphology thematic information. The satellite imagery provides useful 

information in mapping geomorphology, which along with the electrical resistivity 

data, helps verify and correlate the information on the depth of weathered zone, type of 

associated material, nature of the environment, agent of weathering, etc. The highest 

rank of 5 is given for plains, and the least rank of 1 is given for structural hills.  

Lithology map for the study area was geo-referenced, and screen digitized from 

GSI published map with 1:50,000 scale. The characteristics of rocks in compactness, 

density, weathering status, composition, joints, and fractures play a vital role in 

weightage assignment for lithology. A ranking of 4 is given to alluvium or beach sand, 

whereas 1 is given to hard and indurated gneissic rock.  

The rainfall data is collected from the IMD website, DMG Mangaluru, CGWB, 

KSNDMC, and Statistical Department. The rainfall data was sorted station-wise along 

with their coordinate information using Microsoft Excel 2013. The average annual 

rainfall for 19 years from 1999-2016 is tabulated and connected with associated point 

features of rain gauge stations in the GIS environment. The Geostatistical analyst tool 

is used to prepare the isohyetal map for rainfall distribution over 19 years. Later it is 

exported to a shapefile of polygon features and used for integration purposes so that the 
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accuracy of the groundwater potentiality can be increased. The rainfall is having a direct 

relationship with groundwater potentiality. Therefore highest ranking of 3 is given to 

the high rainfall distribution class and the lowest of 1 to the low rainfall distribution 

class. 

The GWC map of the Gurpur watershed is prepared using the groundwater level 

OB wells data obtained from DMG and CGWB. At first, the GPS coordinates of the 

well locations are attributed to groundwater level data for 2017 and transferred into the 

GIS platform. The groundwater level is considered as average, for the peak months of 

Phase-I (post-monsoon, December 2016) and Phase-III (pre-monsoon, March 2017) 

seasons. And finally, the GW contours thematic layer is prepared using the IDW 

method.  

About 35 VES Soundings have been conducted using Schlumberger 1D method 

within the study area. The obtained apparent resistivity data is interpreted using the ISM 

technique. It is simple to operate and gives good results. In this method, the plotting is 

made by electrode space ‘a’ in X-axis and electrode separation divided by apparent 

resistivity values in Y-axis. The point of intercept gives the depth of various interfaces. 

The results obtained from ISM are used to prepare depth to bedrock (weathered zone 

thickness) thematic layer. The weathered zone hosts groundwater in its secondary 

porosity (like fissures, fractures, and pore spaces) of the weathered rocks (Gurumurthy 

2013). The landscape of the study area along the coast is the reflectance of extensive 

tertiary denudation, which leads to the formation of laterites. The extent of weathering 

along with depth to bedrock forms the potential aquifers. Closer the bedrock depth from 

the ground, thinner will be the weathered zone, thus directly affecting groundwater 

potentiality.  

The hydraulic and geoelectric parameters can also be calculated and utilized for 

GW studies. If the aquifers transmit the maximum amount of water, it indicates that 

recharge potential is high, especially in humid regions. Less or no transmissivity of the 

aquifers below the groundwater table indicates either the poor hydraulic conductivity 

or the lack of potential recharge zone. And thus, the highest ranking of 3 is given to the 

high transmissivity class. Poor hydraulic conductivity indicates a lack of potential 

aquifer zones. Therefore ranking of 3 is given to the high K class. The porosity is having 
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a direct relationship with groundwater potentiality. An increase in porosity, especially 

effective porosity, increases the groundwater potentiality. Thus, the highest ranking of 

3 is given to the high porosity class. 

4.2.4 Integrated approach for GW exploration 

The integration of several methodologies for obtaining better results is a trending 

development in recent studies. Several studies have been carried out using the 

integrated approach (Khan & Moharana 2002; Anomohanran 2011; Bhattacharya et al. 

2020;Warsi et al. 2020). The geospatial studies integrated with geophysical, geological, 

geomorphological, hydrological, socio-economical, geochemical can be used for 

integrated studies. The weighted overlay index (or the weighted index overlay) is an 

important technique used in the integrated approach (Gyeltshen et al. 2020).The 

weighted overlay analysis is one of the important methods used for modelling 

suitability. The WOA is used to solve multi-criteria problems such as site selection and 

suitability models (How Weighted Overlay works-ArcGIS Help). The WOA method is 

utilized in this study. 
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Figure 4.4 Flow chart for groundwater potential zones mapping. 

4.3 Results and discussion 

4.3.1 Qualitative and Quantitative VES analysis – ISM 

The 35 soundings measurement is interpreted using the direct method, a quantitative 

interpretation method, and the statistics shown in (Table 4.1). The graphs and 

geoelectric section of the soundings are prepared and interpreted using ISM (Figure 

4.5). The top layer resistivity is found to be in the range of 74 Ωm (VES 5) to 5458 Ωm. 
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Figure 4.5 Selected graphs for ISM interpretation 

(VES 33) and the thickness is from 1.3m (VES 7) to 21.6m (VES 19). The selected 

graphs VES-18 and VE-20 are shown here for representation purposes. The overall 

resistivity values are in the range of 14 Ωm (VES 3) to 7958 Ωm (VES 31). The 

thicknesses of the geoelectrical layers are found to be in the range of 1.3m (VES 23) – 

76.2m (VES 11). The depth to bedrock varies from 3.7m (VES 2) to 44.4m (VES 

10).The overall aquifer thickness (h) varies from 19.5m (VES 19) to 149.5m (VES 15). 

The spatial distribution of depth to bedrock is prepared using the VES data and 

ISM technique. The depth to bedrock ranging from 9.2m – 25.5m covers a maximum 

study area of more than 70% (622.46 km2). The shallow basement covers 6% 

(57.01km2) of the study area. The deeper basement covers 4% (32.33 km2). 
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Table 4.1 Quantitative analysis of VES data interpreted using Inverse Slope Method 

Sl.No. 
VES 

No. 
Location 

No. of 

Layers 

Depth to 

Bedrock 

Aquifer 

Thickness 

(h) 

1 1 Kulai 2 4.9 67.8 

2 2 Tokuru 62 4 3.7 125.7 

3 3 Kunjathbailu 3 15 61.7 

4 4 Bondel 4 20.8 64.2 

5 5 Bajpegrama 4 5.1 94.3 

6 6 Moodushedde 4 5.3 101.4 

7 7 Paldaane/Kudupu 5 41.8 102.3 

8 8 Fermai 4 33.5 108.1 

9 9 Addoor 5 42.7 38.4 

10 10 Gurpura 4 44.4 85.6 

11 11 Ganjimatha 4 31 100.4 

12 12 Kaavagudde 4 32.9 72.1 

13 13 Benjanapadavu 5 12.1 95 

14 14 Loretto 4 15.9 116.4 

15 15 Varmala 5 40.5 149.5 

16 16 Kuppepadavu 4 17.1 112.9 

17 17 Iruvailu 4 16.2 49.7 

18 18 Konnepadavu 5 23 22.3 

19 19 Raayi 4 21.6 19.5 

20 20 siddakatte 5 16.4 69.2 

21 21 Pucchamogaru 4 42.7 53.1 

22 22 Kallabettu 3 16.1 96.7 

23 23 Maarnad 5 7.6 30.6 

24 24 Maroor 5 16.2 26.5 

25 25 Padanthadka 4 42.1 94.6 

26 26 Vamanapadavu 5 43.0 21.3 

27 27 Nadubottu 5 8.9 56.1 

28 28 Gardady 4 10.7 75.6 

29 29 Moodukodi 4 16.5 69.2 

30 30 Pillya 4 11 41.7 

31 31 Sulkeri 5 8.9 60.2 

32 32 Kashipatna 3 17.3 47.4 

33 33 Naravi 4 4.1 82.1 

34 34 Hosmar 4 15.9 61.9 

35 35 Eedu 5 7.8 66.7 

Shallow depth to bedrock can be seen in and around ghats, extending to midland 

and in parts of low lands. The deeper basements are interpreted in the midlands of the 

study area. The single-layer sandwiched between two highly resistive rocks is indicated 

by a single resistivity value (Figure 4.5a). The multi-layered (Figure 4.5b) aquifer 

formation shows the number of layers sandwiched between hard rock layers. In such 

cases, the average resistivity and total thickness of all layers of the aquifer are 
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considered. Likewise, the aquifer resistivity and thickness for the 35 VES locations are 

considered and utilized to analyse the hydraulic and geoelectric parameters. 

4.3.2 Qualitative and Quantitative VES analysis - CMT 

The results were interpreted both quantitatively as well as qualitatively. The quantitate 

interpretation provides the details of the number of layers and their true resistivity, the 

thickness of the layer, and the depth encountered. Whereas the qualitative interpretation 

is made using the curve matching technique (Barseem et al. 2015) gives information 

about the curve type and layered formation. Selected plots of each typical curve type 

obtained in the present study are shown below. Based on these curve types, the lithology 

and groundwater potential is interpreted. The curve types are generated for all the 35 

VES locations (Table 4.2, and Figure 4.6). Only the representative curves are explained 

and shown below. The curve types of all the 35 VES locations can be seen in Appendix 

B. The curves are interpreted based on the resistivity values rather than the graphs 

obtained. 

4.3.2.1 A-type and AA-type curves 

The A-type curves are characterized by the low to high resistivity for three-layered 

formations (𝛒𝟏 < 𝛒𝟐 < 𝛒𝟑), whereas the AA-type curves are characterized by four-

layered formations with low to very high resistivity values (𝛒𝟏 < 𝛒𝟐 < 𝛒𝟑 < 𝛒𝟒) 

respectively. Table 4.3 shows the resistivity sequence of the A-type and AA type 

curves, respectively.  

The VES location for 4, 19, 31, and 32 are selected nearby the gneissic outcrop 

within the study area. The topsoil resistivity is ranging between 126 Ωm to 2122 Ωm 

representing the clay material. Whereas the VES 01 showing top soil resistivity of 2122 

Ωm represents Laterite in dry condition. The overall layer resistivity for these curve 

types varies from 126 Ωm to 12154 Ωm. The thickness varies from 0.92 m to 30.7 m.  

In AA type curves, the top layer thickness varies from 1m to 8m, with low 

resistivity represents the possibility of groundwater (unconfined), whereas the 2nd layer 

with high resistivity represents the hard rock at a depth of 12m. The 3rd layer with 

relatively low resistivity represents the fractured zone at a depth of 24m with a probable 
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groundwater source (confined). The 4th layer is having relatively high resistivity 

indicating fewer chances of groundwater occurrence. 

Table 4.2 Curve types for qualitative interpretation of VES 

VES no’s 
Curve 

Type 
Curve Characteristics 

No. of 

Layers 

Resistivity 

(ρ) range 

(Ωm) 

Thickness 

range 

(m) 

31, 32 A 𝛒𝟏 < 𝛒𝟐 < 𝛒𝟑 3 
126 - 8927 1 – 30.7 

4, 19, 22 AA 𝛒𝟏 < 𝛒𝟐 < 𝛒𝟑 < 𝛒𝟒 4 

2 AK 𝛒𝟏 < 𝛒𝟐 < 𝛒𝟑 > 𝛒𝟒 4 22.8 – 2181 2.06 – 12.1 

7, 14, 17, 25, 

26 
H 𝛒𝟏 > 𝛒𝟐 < 𝛒𝟑 3 29.7 - 9400 1.73 – 45.8 

6, 15, 30, 34 HA 𝛒𝟏 > 𝛒𝟐 < 𝛒𝟑 < 𝛒𝟒 4 103 – 8927 1.16 – 10.4 

5, 8, 20 HK 𝛒𝟏 > 𝛒𝟐 < 𝛒𝟑 > 𝛒𝟒 4 6.08 – 9207 1 – 49.9 

9, 12, 23 HKA 𝛒𝟏 > 𝛒𝟐 < 𝛒𝟑 > 𝛒𝟒 < 𝛒𝟓 5 193 – 8304 1 – 32.4 

11, 16 KH 𝛒𝟏 < 𝛒𝟐 > 𝛒𝟑 < 𝛒𝟒 4 396 – 9590 2.01 – 23.2 

1 K 𝛒𝟏 < 𝛒𝟐 > 𝛒𝟑 3 118 – 5512 0.53 - 1 

10, 33 KQ 𝛒𝟏 < 𝛒𝟐 > 𝛒𝟑 > 𝛒𝟒 4 227 – 9237 1 – 25.7 

3, 24, 27, 29, 

35 
QH 𝛒𝟏 > 𝛒𝟐 > 𝛒𝟑 < 𝛒𝟒 4 5.13 – 8927 0.42 – 35.1 

13 QKA 𝛒𝟏 > 𝛒𝟐 < 𝛒𝟑 > 𝛒𝟒 < 𝛒𝟓 5 706 – 8929 1.22 – 12.7 

18, 21, 28 QQ 𝛒𝟏 > 𝛒𝟐 > 𝛒𝟑 > 𝛒𝟒 4 25.7 - 3565 1.21 – 61.2 

4.3.2.2 AK-type curves 

The VES-02 shows resistivity sequence for AK-type curves that are 𝛒𝟏 < 𝛒𝟐 < 𝛒𝟑 >

𝛒𝟒 and the typical curve can be seen in (Figure 4.6). The resistivity of the top layer is 

63.9 Ωm, interpreted as clay material. The resistivity of the 2nd layer drastically 

increases, and so also for the 3rd layer. The 3rd layer shows a thickness of 22.8m. The 

resistivity of the 4th layer relatively decreases, which could be interpreted as favourable 

for GW potential. 

4.3.2.3 H-type curves 

The typical H-type curve shows the resistivity sequence of 𝛒𝟏 > 𝛒𝟐 < 𝛒𝟑and can be 

seen in (Figure 4.6). In the present study, VES 7, 14, 17, 25, and 26 exhibits H-type 

curve. This type of curve represents3 layered formations in which the 2nd layer exhibits 

relatively low resistivity indicating a probable groundwater source with the thickness 

varying from 36.7m (VES 17) to 45.8m (VES 25). These formations' resistivity ranges 

from 482 Ωm (VES 26) to 9207 Ωm (VES 17). These formations' thickness ranges from 

1.82m (VES 26) to 45.8m (VES 25). 
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4.3.2.4 HA-type curves 

The resistivity sequence for this type of curve is 𝛒𝟏 > 𝛒𝟐 < 𝛒𝟑 < 𝛒𝟒 and the selected 

representative curve can be seen in (Figure 4.6). The VES 6, 15, 30, and 34 are showing 

HA-type curves. The topsoil resistivity ranging from 409 – 9367 Ωm with thickness 

ranging from 1m to 3.16m can be interpreted as clay material. In contrast, the VES 21 

showing layer resistivity of 9367 Ωm is because of the lateritic topsoil with the dry 

condition. 

In the present study, the HA-type curves are exhibiting the layer resistivity from 

6.08-39599 Ωm. The layer thickness varies in the range of 0.89m to 69.1m and the 

depth of the maximum investigation. The layer sequence shows relatively low 

resistivity for the 2nd layer sandwiched between the 1st and 3rd layer indicates the 

groundwater source for which the thickness varies from 0.89m (VES 06) to 7.87m (VES 

34). But the resistivity increases continuously after the second layer, which can be 

interpreted as massive hard rock. 

4.3.2.5 HK-type curves 

The resistivity sequence for this type of curve is 𝛒𝟏 > 𝛒𝟐 < 𝛒𝟑 > 𝛒𝟒 and the selected 

representative curve can be seen in (Figure 4.6). The VES 5, 8, and 20 are showing HK-

type curves. The layer resistivity varies from 78 Ωm (VES 08) to 9207 Ωm (VES 20). 

The thickness varies from 1m (VES 20) to 49.9m (VES 08). Here the 4th layer resistivity 

is gradually decreasing, which indicates the presence of good groundwater potential.  

4.3.2.6 HKA-type curves 

The resistivity sequence for this five layered formation is 𝛒𝟏 > 𝛒𝟐 < 𝛒𝟑 > 𝛒𝟒 < 𝛒𝟓 

and the selected representative curve can be seen in (Figure 4.6). The VES 9, 12, and 

23 are showing HKA-type curves. The layer resistivity varies from 193 Ωm (VES 23) 

to 8304 Ωm (VES 09). The thickness varies from 0.6m (VES 09) to 32.6m (VES 12). 

These formations are similar to the four-layered HK-type curves, whereas the 5th layer 

resistivity is increasing, interpreted as massive hard rock. Thus the 2nd and 4th layers are 

interpreted to be a good source of groundwater potential. 
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4.3.2.7 K-type curve 

The K-type curve is a 3-layered formation with the resistivity sequence of 𝛒𝟏 < 𝛒𝟐 >

𝛒𝟑 and can be seen in VES-01. Here the layer resistivity of the 2nd layer is higher 

compared to the 1st and 3rd layers. This could be interpreted as wet soil of laterite, 

followed by hard rock and the fractured zone. The layer resistivity is varying from 396 

Ωm to 9590 Ωm. Freshwater generally has a resistivity range of 01 Ωm – 100 Ωm, and 

for saltwater, the resistivity range is 0.1Ωm – 1 Ωm. Therefore, this VES location may 

not yield sufficient GW. 

4.3.2.8 KH-type curve 

The resistivity sequence for this four-layered formation is 𝛒𝟏 < 𝛒𝟐 > 𝛒𝟑 < 𝛒𝟒 and the 

curve can be seen in Figure 4.6. The VES 16 shows the KH-type curve. The layer 

resistivity is varying in the range of 118 Ωm to 3731 Ωm. The thickness varies from 

2.56m to 18.7m. In this curve type, the resistivity of the 2nd and 4th layers is higher than 

the 1st and 3rd layers indicating that the 3rd layer is a good source of groundwater. 

4.3.2.9 KHA-type curve 

The resistivity sequence for this five layered formation is 𝛒𝟏 < 𝛒𝟐 > 𝛒𝟑 < 𝛒𝟒 < 𝛒𝟓 

and the curve can be seen in Figure 4.6. The VES 11 shows the KHA-type curve. The 

layer resistivity is varying in the range of 1009 Ωm to 9906 Ωm. The thickness varies 

from 2.31m to 24.5m. This curve type is similar to the KH-type curve, whereas the 

resistivity of the 5th layer is higher than the 4th layer indicating the hard rock formation 

up to the maximum depth of investigation. The 3rd layer with relatively less resistivity 

(1009 Ωm) and thickness of 15m can be interpreted as a good source of groundwater. 

4.3.2.10 KQ-type curve 

The resistivity sequence for this four-layered formation is 𝛒𝟏 < 𝛒𝟐 > 𝛒𝟑 > 𝛒𝟒 and the 

curve is as shown in (Figure 4.6). The VES 33 shows the KQ-type curve. The layer 

resistivity is varying in the range of 428 Ωm to 9539 Ωm. The thickness varies from 

0.76m to 30.7m. In this curve type, the resistivity of the first 3 layers gradually 

increases, and for the 4th layer, the resistivity decreases drastically. Therefore, the 4th 
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layer, which has a layer resistivity of 428 Ωm with the thickness extending up to the 

maximum depth of investigation, can be interpreted as a good groundwater source. 

The plots prepared using CMT are qualitative. The 10 plots shown in Figure 4.6 

are just the representative plots for the 35 VES locations. That means the VES locations 

shows similar to those plots and the interpretation is completely based on types of 

curves obtained. 

Table 4.3 Resistivity and thickness of layers for quantitative interpretation of VES 

Sl. 

No. 

VES 

No. 
Location 

Curve 

Type 
𝝆𝟏 𝝆𝟐 𝝆𝟑 𝝆𝟒 𝝆𝟓 h1 h2 h3 h4 

1 1 Kulai K 396 9590 1052 - - 1 0.53 - - 

2 2 Tokuru 62 AK 50.5 2181 22.8 554 - 2.06 5.13 12.1 - 

3 3 Kunjathbailu QH 2551 53 5.13 34.5 - 1 4.57 4.09 - 

4 4 Bondel AA 290 599 137 6896 - 3.17 9 11.9 - 

5 5 Bajpegrama HK 409 32.6 2559 6.08 - 1.33 2.79 11.1 - 

6 6 Moodushedde HA 2394 797 4497 - - 1.48 3.59 - - 

7 7 Paldaane/Kudupu H 1325 269 9019 - - 6.75 15.2 - - 

8 8 Fermai HK 5911 1147 6460 78.1 5630 1.12 8.57 11 49.9 

9 9 Addoor HKA 2128 277 5846 682 8304 1 0.6 0.8 31.1 

10 10 Gurpura KQ 914 9169 605 3588 227 1 2.23 7.2 23.3 

11 11 Ganjimatha KH 2246 3884 985 5512 - 2.01 3.97 23.2   

12 12 Kaavagudde HKA 526 347 872 254 7968 1 6.05 5.09 32.4 

13 13 Benjanapadavu QKA 5269 1260 2589 706 8929 1.22 4.3 9.27 12.7 

14 14 Loretto H 1708 25.7 9400 - - 1.73 3.71 - - 

15 15 Varmala HA 625 216 5109 - - 1.16 10.4 - - 

16 16 Kuppepadavu KH 719 3731 118 861 - 2.56 2.95 18.7 - 

17 17 Iruvailu H 1536 612 9207 - - 7.06 36.7 - - 

18 18 Konnepadavu QQ 2132 663 25.7 - - 5.54 58.8 - - 

19 19 Raayi AA 157 1271 514 1456 466 1 1.65 16 30.7 

20 20 siddakatte HK 1274 251 9207 538 - 1 3.25 11 - 

21 21 Pucchamogaru QQ 3401 424 1472 416 120 2.08 1.21 14.4 61.2 

22 22 Kallabettu AA 1413 5367 567 5282 - 1 1.16 1.77 - 

23 23 Maarnad HKA 2256 193 1956 197 2311 1 1.11 3.66 18.2 

24 24 Maroor QH 4965 205 1281 278 6497 1 0.42 6.8 17.4 

25 25 Padanthadka H 2723 1133 5775 - - 2.17 45.8 - - 

26 26 Vamanapadavu H 750 482 3463 - - 1.82 37.9 - - 

27 27 Nadubottu QH 2030 5015 354 7646 - 3.16 2.89 35.1 - 

28 28 Gardady QQ 3769 1582 204 1088 86.5 2.67 4.37 11.6 30.7 

29 29 Moodukodi QH 3672 7234 217 6755 - 3.93 14.2 27.5 - 

30 30 Pillya HA 961 103 8927 - - 1.68 2.66 - - 

31 31 Sulkeri A 126 1525 8927 - - 1 20 - - 

32 32 Kashipatna A 1104 853 2855 - - 8.08 14.9 - - 

33 33 Naravi KQ 1651 5890 9237 816 - 1 5.61 25.7 - 

34 34 Hosmar HA 1266 632 5374 - - 1.32 7.87 - - 

35 35 Eedu QH 1285 2807 135 8927 - 1.29 2.28 42 - 
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Figure 4.6 Selected plots of each curve types obtained using CMT 

4.3.2.11 QH-type curves 

The resistivity sequence for this four-layered formation is 𝛒𝟏 > 𝛒𝟐 > 𝛒𝟑 < 𝛒𝟒 and the 

curve type is shown in Figure 4.6. The VES 3, 24, 27, 29, and 35 show the QH-type 
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curve. The layer resistivity varies from 5.13 Ωm (VES 03) to 9019 Ωm (VES 07). The 

thickness varies from 0.42m (VES 24) to 42m (VES 35). In this curve type, the 

resistivity of the first 3 layers gradually decreases, and for the 4th layer, the resistivity 

increases. Therefore the 3rd layer, which is having a layer resistivity of 5.3 Ωm (VES 

03) to 354 Ωm (VES 27) with the thickness extending from 4m (VES 03) up to 42m 

(VES 35), can be interpreted as a good source of groundwater potential. The 4th layer 

with relatively high resistivity can be interpreted as hard rock formation, which extends 

up to the maximum depth of investigation. 

4.3.2.12 QKA-type curve 

The resistivity sequence for this five layered formation is 𝛒𝟏 > 𝛒𝟐 < 𝛒𝟑 > 𝛒𝟒 < 𝛒𝟓 

and the curve can be seen in (Figure 4.6). The VES 13 shows the QKA-type curve. The 

topsoil with a resistivity of 5269 Ωm and thickness of 1.22m can be interpreted as 

Laterite due to its high resistivity. The layer resistivity is varying in the range of 706 

Ωm to 8929 Ωm. The thickness varies from 1.22m to 12.7m. This curve type exhibits 

the layer sequence such that the 2nd and 4th layers resistivity is relatively low compared 

to the 1st, 3rd, and 5th layers. Thus, the 2nd and 4th layers are interpreted asa good source 

of groundwater.  

4.3.2.13 QQ-type curves 

The resistivity sequence for this four-layered formation is 𝛒𝟏 > 𝛒𝟐 > 𝛒𝟑 > 𝛒𝟒 and the 

curve can be seen in Figure 4.6. The VES 18, 21, and 28 show the QQ-type curves. The 

layer resistivity varies from 25.7 Ωm (VES 18) to 3565 Ωm (VES 28). The thickness 

varies from 1.21m (VES 21) to 105m (VES 28). In these curve types, the resistivity of 

all four layers gradually decreases up to the maximum depth of investigation. The 4th 

layer resistivity varies from 25.7 Ωm (VES 18) to 109 Ωm (VES 28), indicating a 

probable groundwater source. Therefore these curve types can be interpreted to be a 

good source of groundwater potential. 
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Table 4.4 Resistivity and thickness of layers for quantitative interpretation of VES 

Sl. 

No. 

VES 

No. 
Location 

Curve 

Type 
𝝆𝟏 𝝆𝟐 𝝆𝟑 𝝆𝟒 𝝆𝟓 h1 h2 h3 h4 

1 1 Kulai K 396 9590 1052 - - 1 0.53 - - 

2 2 Tokuru 62 AK 50.5 2181 22.8 554 - 2.06 5.13 12.1 - 

3 3 Kunjathbailu QH 2551 53 5.13 34.5 - 1 4.57 4.09 - 

4 4 Bondel AA 290 599 137 6896 - 3.17 9 11.9 - 

5 5 Bajpegrama HK 409 32.6 2559 6.08 - 1.33 2.79 11.1 - 

6 6 Moodushedde HA 2394 797 4497 - - 1.48 3.59 - - 

7 7 Paldaane/Kudupu H 1325 269 9019 - - 6.75 15.2 - - 

8 8 Fermai HK 5911 1147 6460 78.1 5630 1.12 8.57 11 49.9 

9 9 Addoor HKA 2128 277 5846 682 8304 1 0.6 0.8 31.1 

10 10 Gurpura KQ 914 9169 605 3588 227 1 2.23 7.2 23.3 

11 11 Ganjimatha KH 2246 3884 985 5512 - 2.01 3.97 23.2   

12 12 Kaavagudde HKA 526 347 872 254 7968 1 6.05 5.09 32.4 

13 13 Benjanapadavu QKA 5269 1260 2589 706 8929 1.22 4.3 9.27 12.7 

14 14 Loretto H 1708 25.7 9400 - - 1.73 3.71 - - 

15 15 Varmala HA 625 216 5109 - - 1.16 10.4 - - 

16 16 Kuppepadavu KH 719 3731 118 861 - 2.56 2.95 18.7 - 

17 17 Iruvailu H 1536 612 9207 - - 7.06 36.7 - - 

18 18 Konnepadavu QQ 2132 663 25.7 - - 5.54 58.8 - - 

19 19 Raayi AA 157 1271 514 1456 466 1 1.65 16 30.7 

20 20 siddakatte HK 1274 251 9207 538 - 1 3.25 11 - 

21 21 Pucchamogaru QQ 3401 424 1472 416 120 2.08 1.21 14.4 61.2 

22 22 Kallabettu AA 1413 5367 567 5282 - 1 1.16 1.77 - 

23 23 Maarnad HKA 2256 193 1956 197 2311 1 1.11 3.66 18.2 

24 24 Maroor QH 4965 205 1281 278 6497 1 0.42 6.8 17.4 

25 25 Padanthadka H 2723 1133 5775 - - 2.17 45.8 - - 

26 26 Vamanapadavu H 750 482 3463 - - 1.82 37.9 - - 

27 27 Nadubottu QH 2030 5015 354 7646 - 3.16 2.89 35.1 - 

28 28 Gardady QQ 3769 1582 204 1088 86.5 2.67 4.37 11.6 30.7 

29 29 Moodukodi QH 3672 7234 217 6755 - 3.93 14.2 27.5 - 

30 30 Pillya HA 961 103 8927 - - 1.68 2.66 - - 

31 31 Sulkeri A 126 1525 8927 - - 1 20 - - 

32 32 Kashipatna A 1104 853 2855 - - 8.08 14.9 - - 

33 33 Naravi KQ 1651 5890 9237 816 - 1 5.61 25.7 - 

34 34 Hosmar HA 1266 632 5374 - - 1.32 7.87 - - 

35 35 Eedu QH 1285 2807 135 8927 - 1.29 2.28 42 - 

4.3.3 Hydraulic and Geoelectric parameters 

The aquifer parameters (Figure 4.7) and (Table 4.4) are inferred using the aquifer layer 

resistivity (𝜌0) and thickness (h). 

Table 4.5 Aquifer hydraulic and geoelectric parameters of 35 VES locations 

VES 

No. 

VES  

Location 

ρ₀ 

[ohm-m] 

ρw 

[ohm-m] 
F 

K 

[m/day] 

T 

[m²/day] 

Φ 

[%] 

1 Kulai 1776 16.84 105.49 0.07 4.66 9.74 

2 Tokuru 62 225 20.70 10.87 0.52 64.85 30.33 

3 Kunjathbailu 144 39.06 3.69 0.57 35.37 52.08 

4 Bondel 3163 44.44 71.17 0.01 0.73 11.85 

5 Bajpegrama 617 49.02 12.59 0.31 29.23 28.19 

6 Moodushedde 3022 74.07 40.79 0.01 1.38 15.66 

7 Paldaane/Kudupu 4211 99.01 42.53 0.00 0.30 15.33 

8 Fermai 369 91.74 4.02 0.43 46.25 49.86 

9 Addoor 973 38.31 25.40 0.20 7.49 19.84 

10 Gurpura 572 38.17 14.99 0.33 28.13 25.83 

11 Ganjimatha 3486 42.55 81.91 0.01 0.75 11.05 
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12 Kaavagudde 500 153.85 3.25 0.36 26.02 55.47 

13 Benjanapadavu 4548 142.86 31.84 0.00 0.18 17.72 

14 Loretto 759 40.00 18.98 0.26 29.99 22.96 

15 Varmala 1600 131.58 12.16 0.09 12.91 28.68 

16 Kuppepadavu 325 35.46 9.16 0.45 51.17 33.05 

17 Iruvailu 258 43.29 5.95 0.49 24.58 41.00 

18 Konnepadavu 210 48.31 4.35 0.53 11.73 47.96 

19 Malanturuguttu 586 35.84 16.35 0.32 6.29 24.73 

20 Kalkuri/siddakatte 1572 60.24 26.09 0.09 6.20 19.58 

21 Pucchamogaru 517 138.89 3.72 0.35 18.74 51.83 

22 Kallabettu 5000 52.08 96.00 0.00 0.10 10.21 

23 Maarnad 2703 48.08 56.21 0.02 0.63 13.34 

24 Maroor 55 29.67 1.84 0.64 17.06 73.79 

25 Padanthadka 1289 32.05 40.20 0.13 12.25 15.77 

26 Vamanapadavu 1893 91.74 20.63 0.06 1.26 22.01 

27 Nadubottu 1495 86.96 17.19 0.10 5.55 24.12 

28 Gardady 301 32.36 9.29 0.47 35.36 32.82 

29 Moodukodi 1068 55.87 19.11 0.17 11.94 22.88 

30 Pillya 101 57.47 1.76 0.61 25.28 75.43 

31 Sulkeri 4470 243.90 18.33 0.00 0.12 23.36 

32 Kashipatna 1540 75.76 20.33 0.09 4.43 22.18 

33 Naravi 1819 42.92 42.37 0.06 5.34 15.36 

34 Hosmar 4190 263.16 15.92 0.00 0.18 25.06 

35 Eedu 313 178.57 1.75 0.46 30.70 75.57 

4.3.3.1 Transmissivity (T) 

If the aquifers transmit the maximum amount of water, it indicates good recharge 

potential, especially in humid regions. Less or no transmissivity of the aquifers below 

the groundwater table indicates either the poor hydraulic conductivity or the lack of 

potential recharge zone. The T for individual locations varies from 0.1 m2/day (VES-

31) to 64.2 m2/day (VES-02) with an average of 15.91 m2/day. The T classes used in 

this study are shown in (Figure 4.7 & 

Figure 4.10). 

4.3.3.2 Hydraulic Conductivity (K) 

Poor hydraulic conductivity indicates a lack of potential aquifer zones. Therefore 

ranking of 3 is given to the high K class. The K varies in the range of 0.001 m/day 

(VES-22) to 0.64m/day (VES-24) with an average of 0.24 m/day (Table 4.5).The spatial 

distribution of the K thematic layer can be seen in Figure 4.7. 
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4.3.3.3 Porosity (Φ) 

The spatial distribution of porosity can be seen in Figure 4.7. The porosity is having a 

direct relationship with groundwater potentiality. The porosity varies between 9.7% 

(VES-01) to 55.9% (VES-24), with an average of 28.36% for the shallow coastal 

aquifer. 

4.3.3.4 Formation factor 

The F ranges from 1.75 (VES 35) to 105.49 (VES 01), with an average of 26.08. 

4.3.4 Dar-Zarrouk parameters 

The surface resistivity and the thickness of different geoelectrical layers help obtain D-

Z parameters. The D-Z parameter (Table 4.6) like S is found to be in the range of 0.01 

Ohm-1 (VES 26) to 0.56 Ohm-1 (VES 02) with an average of 0.13 Ohm-1. The TR is 

in the range of 1444.25Ω.m2 (VES 24) to 483500Ω.m2 (VES 22). The λ is ranging 

from 0.11 (VES 26) to 0.75 (VES 02) with an average of 0.32. 
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Figure 4.7 Spatial distribution maps of the aquifer parameters 
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Table 4.6 The Dar-Zarrouk parameters for 35 VES locations 

VES 

No. 

VES  

Location 

ρ₀ 

[ohm-m] 

ρw 

[ohm-m] 

S  

[Ohm-¹] 

TR 

[Ohm.m²] 
λ 

1 Kulai 1776 16.84 0.04 120412.80 0.20 

2 Tokuru 62 225 20.70 0.56 28282.50 0.75 

3 Kunjathbailu 144 39.06 0.43 8884.80 0.65 

4 Bondel 3163 44.44 0.02 203064.60 0.14 

5 Bajpegrama 617 49.02 0.15 58183.10 0.39 

6 Moodushedde 3022 74.07 0.03 306380.10 0.18 

7 Paldaane/Kudupu 4211 99.01 0.02 430785.30 0.16 

8 Fermai 369 91.74 0.29 39888.90 0.54 

9 Addoor 973 38.31 0.04 37363.20 0.20 

10 Gurpura 572 38.17 0.15 48963.20 0.39 

11 Ganjimatha 3486 42.55 0.03 349944.20 0.17 

12 Kaavagudde 500 153.85 0.14 36050.00 0.38 

13 Benjanapadavu 4548 142.86 0.02 432060.00 0.14 

14 Loretto 759 40.00 0.15 88347.60 0.39 

15 Varmala 1600 131.58 0.09 239200.00 0.31 

16 Kuppepadavu 325 35.46 0.35 36654.87 0.59 

17 Iruvailu 258 43.29 0.19 12797.75 0.44 

18 Konnepadavu 210 48.31 0.11 4683.00 0.33 

19 Malanturuguttu 586 35.84 0.03 11427.00 0.18 

20 Kalkuri/siddakatte 1572 60.24 0.04 108747.80 0.21 

21 Pucchamogaru 517 138.89 0.10 27452.70 0.32 

22 Kallabettu 5000 52.08 0.02 483500.00 0.14 

23 Maarnad 2703 48.08 0.01 82696.50 0.11 

24 Maroor 55 29.67 0.49 1444.25 0.70 

25 Padanthadka 1289 32.05 0.07 121892.10 0.27 

26 Vamanapadavu 1893 91.74 0.01 40320.90 0.11 

27 Nadubottu 1495 86.96 0.04 83869.50 0.19 

28 Gardady 301 32.36 0.25 22717.80 0.50 

29 Moodukodi 1068 55.87 0.06 73871.00 0.25 

30 Pillya 101 57.47 0.41 4211.70 0.64 

31 Sulkeri 4470 243.90 0.01 269073.93 0.12 

32 Kashipatna 1540 75.76 0.03 72996.00 0.18 

33 Naravi 1819 42.92 0.05 149298.85 0.21 

34 Hosmar 4190 263.16 0.01 259361.00 0.12 

35 Eedu 313 178.57 0.21 20854.87 0.46 

4.3.5 Correlation studies 

The correlation matrix or regression equations (Figure 4.9) for the aquifer parameters 

are obtained. It is observed that the correlation for K with respect to ∅, T, S, and λ shows 

a positive and good correlation (>0.7). The correlation for K to 𝜌0 and TR shows good 

but negative correlation, indicating their inverse relationship.  
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Figure 4.8 Correlative studies of CMT results with respect to the borehole lithology 
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The F shows moderate correlation with all the parameters except for ∅.The correlation 

equations are as follows, 
equation 4.13T he correlation equation for K and ∅  

equation 4.14T he correlation equation for K and F 
equation 4.15T he correlation equation for T and ∅  

equation 4.16T he correlation equation for T and F 

𝐾 =  0.318 ln(∅) –  0.799  (equation 4.13) 

𝐾 =  −0.15 ln(𝐹)  +  0.665 (equation 4.14) 

𝑇 =  −7.25 ln(𝐹)  +  32.45 (equation 4.15) 

𝑇 =   15.94 ln(∅)  –   38.29 (equation 4.15) 

The logarithmic regression equation (Figure 4.9) for K to ∅ shows good 

correlation with R2 = 0.73 (equation 4.13) and for K to F the R2 = 0.73 (equation 4.14). 

The regression equations for T shows moderate correlation of R2 = 0.5 for ∅(equation 

4.16) and the R2 = 0.5 for F (equation 4.15). 

Table 4.7 Correlation matrix of hydraulic and geoelectric parameters for 35 VES locations 

 ρ₀ h ρw S TR λ F K T ∅ 

ρ₀ 1          

h 0.17 1         

ρw 0.42 0.01 1        

S -0.64 0.12 -0.28 1       

TR 0.92 0.43 0.31 -0.51 1      

λ -0.74 0.16 -0.29 0.98 -0.57 1     

F 0.63 0.14 -0.25 -0.51 0.61 -0.57 1    

K -0.84 -0.17 -0.28 0.86 -0.73 0.91 -0.67 1   

T -0.70 0.35 -0.24 0.84 -0.56 0.89 -0.54 0.77 1  

∅ -0.63 -0.26 0.16 0.69 -0.56 0.73 -0.69 0.83 0.51 1 

Also, correlation studies are conducted for the geoelectric layers interpreted from ISM. 

In this study, up to 6-layered formations are observed. The layered formations are 

correlated with three borehole data (Table 4.7) and ( 

Figure 4.8), which shows a good correlation. The TR shows good correlation with ρ₀. 

The S shows good correlation with λ, K, and T. The K shows good correlation with λ, 

T, S and ϕ. 

4.3.6 Thematic database creation 

A total of 13 necessary thematic layers include drainage density, groundwater contours, 

depth to bedrock, slope, lithology, geomorphology, lu/lc, soil type, rainfall distribution, 

lineament density, porosity, transmissivity, and hydraulic conductivity are used in the 

integration for GWPZ. This integration of thematic layers gives us a certain acceptable 

interpretation for the possibility of groundwater occurrence. 
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Figure 4.9 Regression equations for hydraulic and geoelectric parameters 

4.3.6.1 Geomorphology 

The available relief information in the topo maps is correlated with the LISS-IV 

imagery. The training sites for different litho-geomorphic units were selected and field 

verified.  

The satellite imagery provides useful information in mapping geomorphology. 

The electrical resistivity data, helps verify and correlate the information on the depth of 

weathered zone, type of associated material, nature of the environment, agent of 

weathering, etc. The highest rank of 5 is given for plains, and the least rank of 1 is given 

for structural hills. 
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Figure 4.10 Thematic information used for preparation of GWPZ 

4.3.6.2 Slope Map 

The slope is one of the most important features for GW studies. The slope is having an 

inverse relation with groundwater potential. An increase in slope increases runoff and 

thus decreases the infiltration and affects groundwater potential. Therefore ranking of 
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5 is given to the lowest slope categories and 1 for the highest slope. It is observed that 

most of the low land region and parts of the midland region show 0-1% slope (263.3 

km2 of the total area). The high land (Ghats) shows 35-50% of the slope, about 84 km2 

(Figure 4.10). The slope has an inverse relation with groundwater potentiality, i.e., the 

greater the slope, the lesser the infiltration. 

4.3.6.3 Land Use/Land Cover Map 

The land use of a region results from the interaction of various factors such as physical, 

economic, and social, which shows the extent to which man has been able to utilize the 

land resources gainfully. Land cover refers to anything on the surface that is not 

subjected to anthropogenic action like forests, rivers, different rock exposures, etc. 

Vegetation shows red colour in FCC combination of the satellite imagery. The land 

use/land cover analysis is essential to know the spatial distribution of land resources. In 

this study, Level-I classification of the NRSC for lu/lc is used. Waterbody is given a 

high weightage of 5, Agricultural land is given 4, and for dykes it is 1 as they cannot 

infiltrate groundwater. The land cover includes the total vegetation cover, which is 

about 662.3 km2 (more than 75% of the total area). The forest land and forest plantation 

cover 468.6 km2. The agricultural land, industrial area, built-up, waterbody, and the 

wasteland cover about 17%, 2%, 18%, 3%, and 1% of the total area, respectively 

(Figure 4.11 & Table 3.11). 

4.3.6.4 Soil Resources 

The present study utilizes already available authentic soil-types map and later 

georeferenced and digitized (Figure 4.10) for integrated GW studies. A higher ranking 

is given to soil types that can infiltrate more water which can be seen in (Table 4.8). 

More than 75% of the study area (about 659 km2) is covered by fine and fine loamy 

soil types. Clayey soil covers 35.96 km2, and sandy soil covers 3.14 km2. Figure 4.10 

& Table 4.8 shows the area statistics and the soil types found in the study area. 
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Figure 4.11 Land use / land cover thematic layer of Gurpur watershed 

4.3.6.5 Lithology 

The lithology map for the study area (Figure 4.10) was geo-referenced and screen 

digitized from GSI published map with 1:50,000 scale. The characteristics of rocks in 

compactness, density, weathering status, composition, joints, and fractures play a vital 

role in weightage assignment for Lithology. A ranking of 4 is given to alluvium or 

beach sand, whereas 1 is given to hard and indurated gneissic rock. 

4.3.6.6 Lineament density 

Generally, lineaments are associated with weathering and therefore increases porosity 

and permeability. Hence, lineament density and groundwater potential have a direct 

relationship (Hardcastle et al. 1995).  Therefore, ranking of 1 and 3 are given to low 

and high lineament density classes, respectively (Figure 4.10). The geomorphology of 

the study area comprises Pediplain (about 66% of the study area, i.e., 579.66km2). 

Pediplain is the plain formed by the coalescence of pediments. It is mainly covered by 

lateritic soils and is associated with several inselbergs. Structural hills cover 

(105.17km2) about 12% of the total area. The coastal plain is covered by 6.6km2 (about 
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1%) of the total area. The PGC rock of Archaean age is the major rock type found 

(about 75% of the study area, i.e., 657.6km2). The area statistics and ranking for 

lithology can be seen in (Table 4.8) 

4.3.6.7 Drainage density 

The CartoDEM data available from the Bhuvan website is used to prepare the drainage 

layer using which the drainage density layer is done and converted into a vector format. 

The drainage density for the Gurpur catchment is found to be 1.64 per km as the total 

area of the catchment is 877 km2, and the total length of the drainage is 1442 km. The 

higher ranking is given to the Very low and Low drainage density regions (Table 4.8) 

as they result from the lesser slope and, therefore, greater infiltration and groundwater 

potentiality.  

The orientation and style of the drainages have a relationship with lineaments as they 

are associated with structural complexity (Shahzad et al. 2009).The drainage density is 

categorized into five classes (Figure 4.10). Very high (29.26 km2), High (74.68 km2), 

Moderate (235.94km2), Low (314.93km2), and Very low (222.56 km2). The ranks 

assigned and area statistics are provided in Table 4.8. The lineament density is 

classified into 3 classes’ viz., Good (153.92 km2), Moderate (411.49 km2), and Low 

(312.33 km2). An increase in drainage density decreases groundwater potential, 

whereas increased lineament density increases groundwater potential. The ranks and 

weights for lineament density and drainage density are provided in Table 4.8. 

4.3.6.8 Depth to Bedrock 

About 35 Soundings have been conducted using Vertical Electrical Sounding (VES) 

with Schlumberger method within the present study. The obtained data is utilized to get 

apparent resistivity. The obtained apparent resistivity data is interpreted using ISM. It 

is simple to operate and gives good results (Narayan & Ramanujachary 1967). In this 

method, Plotting is made by electrode space ‘a’ in X-axis and electrode separation 

divided by apparent resistivity values in Y-axis. The point of intercept gives the depth 

of various interfaces. The results obtained from ISM are used to prepare depth to 
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bedrock thematic layer. The weathered zone hosts groundwater in its fissures, fractures, 

and pore spaces of the weathered rocks (Gurumurthy 2013).  

 

Figure 4.12 The spatial distribution of depth to bedrock (weathered zone thickness) 

The present landscape along the coast is the reflectance of extensive tertiary 

denudation, which leads to the formation of laterites. The extent of weathering along 

with depth to bedrock forms potential aquifers. Closer the bedrock depth from the 

ground, thinner will be the weathered zone, thus directly affecting groundwater 

potentiality. The spatial distribution of depth to bedrock in the study area (Figure 4.12) 

shows the variation from 3.1m to 48m in the study area. Closer the bedrock depth from 

the ground, thinner will be the weathered zone, thus directly affecting groundwater 

potentiality. The ghats and the lowland region show the low depth to bedrock, whereas 

most of the midland and parts of low land shows moderate to high depths ranging from 

16m – 48m. The depth to bedrock of all the 35 VES locations can be seen in Figure 

4.12. The area statistics and rank assignments for depth to bedrock are given (Table 

4.8).  
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4.3.6.9 Rainfall distribution 

The average annual rainfall for 19 years from 1999-2016 is tabulated and connected 

with associated rain gauge station point features in the GIS environment. Using the 

geostatistical analyst tool, the isohyetal map for rainfall distribution over 19 years is 

prepared. Later, it is exported to a shapefile of polygon features and used for integration 

purposes so that the accuracy of the groundwater potentiality can be increased. Rainfall 

is having a direct relationship with groundwater potentiality. Therefore highest ranking 

of 3 is given to the high rainfall distribution class and the lowest of 1 to the low rainfall 

distribution class (Table 4.8). 

The effects of moderate rainfall distribution can be seen in major parts of the study area 

(Figure 4.10), which is about 65% of the total area (575.3 km2). The classes with high 

and low rainfall distribution are having 17% and 18%, respectively.  

4.3.6.10 Ground Water Contours 

The groundwater contours are classified as high (8.1 km2), moderate (520.44 km2), 

and low (349.2 km2) categories (Table 4.8 & Figure 4.13).   

4.3.7 Groundwater potentiality studies 

Various works by researchers have established a close relationship between 

groundwater study, RS& GIS (Solomon & Quiel 2006; Babiker et al. 2007; 

Balakrishnan et al. 2011; Shekhar & Pandey 2015). 

The suitability analysis like WOI is used for vector integration of all the 

thematic layers into a single GWPZ map. The weights for different themes are assigned 

based on their influence over the groundwater potential. Based on the evaluation of 

Ranking or the Weightage, the GWPZ are categorized. 
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Figure 4.13 Spatial distribution of GWC of all the Three Phases 
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Figure 4.14 Spatial distribution of Groundwater Potential Zones prepared using CMT 

 

Figure 4.15 Spatial distribution of Groundwater Potential Zones prepared using WOI 

 

Table 4.8 Weightage assignment for thematic layers used in the preparation of GWPZ 

Sl. Thematic Classes Area Assigned Assigned Sl. Thematic layer Classes Area Assigned Assigned 
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No. layer (sq.km) Ranks Weights No. (sq.km) Ranking Weights 

1 Lithology 
Alluvium - Beach 

Sand 
21.22 4 

10 

34 Slope 0-1 262.32 5 

10 

2 Lithology Charnockite 17.29 2 35 Slope 1-3 122.53 5 

3 Lithology Laterite 82.93 3 36 Slope 3-5 144.33 4 

4 Lithology MGTG 657.6 1 37 Slope 5-10 106.35 4 

5 Lithology Metabasalts 94.27 2 38 Slope 10-15 87.12 4 

6 Lithology 
Pink Hornblende 

Granite 
4.42 1 39 Slope 15-35 71.02 3 

7 LULC Agricultural land 147.98 4 

10 

40 Slope 35-50 84.07 2 

8 LULC Forest land 286.32 4 41 Drainage density Very low 222.56 5 

5 

9 LULC Forest plantation 182.32 3 42 Drainage density Low 314.93 4 

10 LULC Grassland 45.66 3 43 Drainage density Moderate 235.94 3 

11 LULC Industrial area 13.37 1 44 Drainage density High 74.68 2 

12 LULC River island 0.75 5 45 Drainage density Very high 29.26 1 

13 LULC Built-Up area 161.36 1 46 GW Contours 4.9 - 7.8 349.2 3 

10 14 LULC Waste land 13.19 2 47 GW Contours 7.9 - 11.4 520.44 2 

15 LULC Waterbody 26.76 5 48 GW Contours 11.5 - 15.8 8.1 1 

16 Geomorphology Alluvial plain 63.95 5 

15 

49 
Rainfall 

Distribution 
Low 154.61 1 

5 17 Geomorphology Coastal plain 6.6 5 50 
Rainfall 

Distribution 
Moderate 575.31 2 

18 Geomorphology Flood plain 0.75 5 51 
Rainfall 

Distribution 
High 147.9 3 

19 Geomorphology Waterbody mask 22.63 5 52 
Lineament 

Density 
Low 312.33 3 

5 20 Geomorphology Denudational hill 43.14 1 53 
Lineament 

Density 
Moderate 411.49 2 

21 Geomorphology Pediplain 579.79 4 54 
Lineament 

Density 
High 153.92 1 

22 Geomorphology Plateau 45.65 3 55 D2BR Low 165.45 1 

10 23 Geomorphology Settlement 10.06 1 56 D2BR Moderate 570.18 2 

24 Geomorphology Structural hills 105.17 1 57 D2BR High 142.11 3 

25 Soil Types Dyke ridges 0.77 1 

5 

58 Porosity Low 216.52 1 

5 26 Soil Types Habitation mask 14.69 1 59 Porosity Moderate 567.72 2 

27 Soil Types Clayey skeletal 35.96 2 60 Porosity High 93.49 3 

28 Soil Types Fine 413.61 3 61 
Hydraulic 

Conductivity 
Low 56.08 1 

5 29 Soil Types Fine loamy 246.06 3 62 
Hydraulic 

Conductivity 
Moderate 448.02 2 

30 Soil Types Loamy 0.62 3 63 
Hydraulic 

Conductivity 
High 333.64 3 

31 Soil Types Loamy skeletal 140.24 3 64 Transmissivity Low 383.01 1 

5 32 Soil Types Sandy 3.14 4 65 Transmissivity Moderate 426.77 2 

33 Soil Types Waterbody mask 22.64 5 66 Transmissivity High 67.95 3 

The resultant map for the potential groundwater zones using weighted overlay 

index is shown in (Figure 4.15). The category with good to moderate groundwater 

potential zones together covers about 74% of the total area. The category with very 

good, poor, very poor groundwater potential zones covers 21.02 km2, 185.05 km2, and 

19.56 km2, respectively. 

4.4 Summary and conclusion 

This study involves the electrical resistivity method (VES) with Schlumberger 

configuration to investigate the groundwater potential in 35 locations. The study also 

provides a database for assessment, management, and suitable borehole drilling 

locations for GW extraction within the Gurpur watershed. This study can be replicated 

for other coastal shallow aquifers. Probing for greater depths was impossible in some 

VES locations because of the non-availability of open space on the surface. Therefore 
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in such locations maximum depth of investigation is considered as the lower basement 

of the aquifer. The VES with Schlumberger array was conducted for 35 locations within 

the Gurpur watershed to delineate potential groundwater zones in coastal shallow 

aquifers. The gneiss and Charnockite are the major rock types found in the study area. 

The topsoil mainly comprises red colour laterite and also reddish-yellow coloured 

laterite with clay.  

The data obtained are interpreted using ISM of interpretation. Unlike the curve 

matching technique, the ISM gives sharp boundaries for different layers. The 

geoelectrical resistivity data is used for the identification of depth to bedrock. The data 

is also interpreted to get hydraulic conductivity, transmissivity, porosity, and formation 

factor. From the interpretation of the VES data, it is inferred that there are 05 three-

layered formations, 24 four-layered, and 06 five-layered formations. In the study area, 

up to 5-layered formations are observed. The correlation for hydraulic and geoelectric 

parameters shows weak to good correlation. This method of calculating hydraulic 

parameters can be economical, time-saving, and an alternative for pumping tests. 

The interpretation of 35 VES soundings using the curve matching technique 

yielded 13 different curve types. Based on the obtained results, the GWPZ is inferred. 

Based on the geo-electrical sections, the hydro-geological conditions were inferred to 

be laterite, sandy clay, fractured/weathered rock, and bedrock. The layer resistivity 

values are in the range of 5.3-39599 Ohm-m. The thickness of the geo-electrical layers 

was observed to be in the range of 0.42–105 m. The formations which come under the 

H, KH, KQ, QH, and QQ curve types show good groundwater potential, which covers 

about 43%. The formations which come under AK, HA, HK, QKA curve types exhibit 

moderate groundwater potential, which is about 34%. The formations that come under 

A, AA, K, and HKA curve types exhibit poor groundwater potential, which comprises 

about 23%. Geo-electrical resistivity data interpreted with CMT is correlated with the 

borehole lithologs inferred good correlation. Therefore this method is used for the 

identification of GRPZ. 

Integration of remote sensing, GIS, and electrical resistivity data has been used 

to integrate 13 thematic layers to prepare GWPZ. The caution is warranted to interpret 

the features and their influence over GW. Else, the results may yield misleading 
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information. The groundwater potential zones are classified into 5 classes based on the 

integration of rank and weights assigned for different thematic layers. The zones 

associated with low slope, lateritic soil, high lineament density, forest or agricultural 

land, and coastal plain yields good groundwater potential. The areas associated with 

high slope, clayey soil, low lineament density, high drainage density, built-up land, and 

structural hills yield low groundwater potential. It is observed that the groundwater 

potential category with good and moderate zones together covers about 74% of the total 

area. These results provide a better hydrogeological understanding of the study area. 

Therefore, this methodology is suitable for identifying GWPZ in coastal aquifers, and 

this methodology can be extended to other areas. 
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5 Chapter 5 

GROUNDWATER QUALITY 

5.1 Introduction 

Groundwater is a naturally occurring, renewable resource. But it is still a very rare 

commodity in certain parts of the world. Just as surface water, the groundwater is also 

over-exploited and polluted. Exploration, exploitation, and groundwater management 

are essential in the present scenario (Oseji 2010; Majumdar et al. 2016; Virupaksha & 

Lokesh 2019).  

However, studies have not been carried out specifically to the Gurpur watershed 

using the WQI approach. Therefore, this study aims to utilize the data verified from the 

CCA method and study the drinking water quality using the WQI method for the Gurpur 

watershed in coastal Karnataka, India. 

5.2 Materials and methods 

5.2.1 Groundwater quality analysis 

Groundwater samples in 51 locations are collected for dug wells such that the broader 

scenario of the study area can be understood. The GPS survey was conducted for 

selecting the sampling locations. The samples were collected in three phases (Phase I, 

II, III) during the peak of the seasons like monsoon (August-2017), post-monsoon 

(December-2017), and pre-monsoon (April-2018), respectively. The drinking water 

quality parameters are analysed in the Environmental Engineering laboratory (Table 

5.1). The parameters like pH, TDS, and EC are analysed on the spot, whereas the 

remaining parameters are analysed in the laboratory. Initially, the sampling cans were 

washed and rinsed with de-ionized water. Later in the field, the sapling cans were rinsed 

with the groundwater sample and then tightly sealed after collection. The sampling was 

carried out very cautiously so that the errors due to sampling were minimized. The 

collected samples were numbered and bought back to the laboratory for further analysis.  
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5.2.2 Drinking water quality parameters 

The parameters like pH, EC, and TDS were measured on the spot during sample 

collection. According to standard procedure, the laboratory analysis for the drinking 

water quality parameters is conducted (Bureau of Indian Standards 2012). The analysis 

for parameters like K+, Ca2+, Mg2+, TH, TA, SO4
2-, NO3

-, HCO3
-, Cl-, F- and Fe2+ were 

conducted in the laboratory (Table 5.1). 

Table 5.1 Drinking water quality parameters. 

Sl. 

No. 
Parameter Instrument 

Desirable 

limits 

(IS 

10500:2012) 

Permissible 

limits 

1 pH pH meter 6.5-8.5 6.5-8.5 

2 EC EC meter 300 μS/cm -- 

3 TDS TDS meter 500 mg/l 2000 mg/l 

4 Na+ Flame Photometer 50 mg/l -- 

5 K+ Flame Photometer 50 mg/l -- 

6 Fe2+ UV Spectrophotometer 0.3 mg/l -- 

7 NO3
- UV Spectrophotometer 45 mg/l -- 

8 SO4
2- UV Spectrophotometer 200 mg/l 400 mg/l 

9 TA Titration 200 mg/l 600 mg/l 

10 Mg2+ Titration 30 mg/l 100 mg/l 

11 Ca2+ Titration 75 mg/l 200 mg/l 

12 F- 
Ion Selective Electrode 

meter 
1.0 mg/l 1.5 mg/l 

13 Cl- Titration 250 mg/l 1000 mg/l 

14 TH Titration 200 mg/l 600 mg/l 

5.2.3 Phases of groundwater quality studies 

The groundwater quality studies are conducted in three different phases (phase-I in 

August-2017, phase-II in December-2017, and phase-III in April-2018). The reason for 

considering this methodology is that the coastal region of Karnataka is associated with 

heavy rainfall (average of 5000 mm/year). The water level is almost to the ground level 

and, in some cases, may overflow. Therefore groundwater quality during monsoon 

season (phase I) is pretty good. And, the concentrations of the dissolved ionic and non-
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ionic constituents of the groundwater are considerably low. The studies on spatial and 

temporal changes of the groundwater quality in the study area are also carried out. The 

temporal studies are conducted to understand the change in the concentration of 

parameters in three different time intervals (seasons like the monsoon, post-monsoon, 

and pre-monsoon). The samples are collected in the peak time of each season and 

assumed that they represent the cumulative of the respective phases. 

Phase-I was conducted during the peak monsoon season of august 2017. Phase 

– II was carried out during the peak of the post-monsoon season (December 2017). 

Phase – III was carried out during the peak of the pre-monsoon season (April 2018). 

The constituents and their concentrations are very low during phase–I. Therefore, to 

understand the complete scenario of spatial and temporal variation of the groundwater 

quality parameters, the studies are carried out from monsoon as the initial phase. 

5.2.4 Drinking water quality parameters 

The groundwater samples are collected and analysed with respect to drinking water 

standards (Bureau of Indian Standards 2012). The groundwater samples are analysed 

for ionic and non-ionic constituents. 

5.2.4.1 Ionic constituents 

The ionic constituents are mainly divided into cations (positive charge) and anions 

(negative charge). The Na+, K+, Ca2+, Mg2+, Fe+ are the cations, whereas the Cl-, 

SO42-, NO3-, HCO3 -, CO3 2- and F- are the anions observed in the groundwater 

samples of the study area. 

5.2.4.2 Non-ionic constituents 

The non-ionic parameters can also affect the groundwater quality in significant 

proportions. Some important non-ionic parameters are pH, total dissolved solids, 

electrical conductivity, total hardness, and total alkalinity. 
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5.2.5 Water Quality Index method 

The WQI effectively portrays the importance of complex water quality information 

simply and effectively to the concerned policymakers and the public. This methodology 

expresses the information of several water quality parameters into a single number or a 

category such as excellent, good, poor, very poor, and unfit for drinking (Table 5.2) so 

that even a layperson can understand the complexity of the water pollution in simple 

terms. There are more than 35 versions of WQI and several modifications are also being 

made (Debels et al. 2005; Uddin et al. 2021). The WQI, or in this case it is Groundwater 

Quality Index (GQI), can be obtained by Brown’s equation (Brown et al. 1972). 

Brown’s WQI is one of the widely used WQI method. Few of the recent publications 

of reputed journals have used the same (Bawoke & Anteneh 2020; Lkr et al. 2020; 

Anonna et al. 2021). Brown’s equation is the modified WQI method of National 

Sanitation Foundation WQI method (USA) of 1965, which is again a modified version 

of Horton’s WQI (USA) of 1960. The methodology is given in equation (equation 

5.14), (equation 5.15) & (equation 5.16). Later the obtained water quality data is 

utilized to prepare spatial distribution maps in the GIS environment.  

Table 5.2 Criteria for GQI 

WQI value Water quality status 

< 25 Excellent water 

25 – 50 Good water 

50 – 75 Poor water 

75 – 100 Very poor water 

> 100 Water unsuitable for drinking 

5.2.6 QAP or CCA for water quality analysis 

The quality assurance practices or checking the correctness of analysis constitutes the 

GW quality parameters like pH, EC, TDS, Major cationic, and anionic constituents. 

The following procedures for CCA  are considered for general and drinking water 

quality (APHA 1999).  
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5.2.6.1 Anion – Cation Balance 

The ACB is one of the most utilized CCA methods. The sums of anion and cation 

should be balanced (equation 5.4) and expressed in milliequivalents per litre (meq/l). 

The potable water always is electrically neutral. Thus the anions and cations should be 

balanced.  
equation 5.1Equation for calculating cations  

equation 5.2Equation for calculating anions  

𝐶𝑎𝑡 𝑖𝑜𝑛𝑠 = [(
𝐶𝑎

20.1
) + (

𝑀𝑔

12.2
) + (

𝑁𝑎

23
) + (

𝐾

39.1
) + (

𝐹𝑒

55.847
)] (equation 5.1) 

𝐴𝑛 𝑖𝑜𝑛𝑠 = [(
𝑇𝐴

50
) + (

𝐶𝑙

35.46
) + (

𝑆𝑂4

48.1
) + (

𝑁𝑂3

2
)] (equation 5.2) 

𝐶𝑎𝑡 𝑖𝑜𝑛𝑠 = 𝐴𝑛 𝑖𝑜𝑛𝑠 (equation 5.3) 

Percentage difference =  100 ∗ (
∑ 𝑐𝑎𝑡𝑖𝑜𝑛𝑠 −  ∑ 𝑎𝑛𝑖𝑜𝑛𝑠

∑ 𝑐𝑎𝑡𝑖𝑜𝑛𝑠 +  ∑ 𝑎𝑛𝑖𝑜𝑛𝑠
) (equation 5.4) 

equation 5.3The equation showing the relationsh ip of cations and anions  

equation 5.4Equation for anion-cation balance 

The criteria of acceptance (Table 5.3) considered for the present work is ± 0.2 

meq/l as the Total Anions (TAn) or the Total cations (TCat) are well within the range 

of 0-3 meq/l.  

Table 5.3 Typical criteria for acceptance of percentage difference of ACB 

Anion sum Acceptable difference 

0 – 3.0 ±0.2 meq/l 

3.0 – 10.0 ±2 meq/l 

10.0 – 800 ±5 meq/l 

5.2.6.2 Total Dissolved Solids (TDS) 

The Calculated TDS is tabulated using equation 5.5 for all the 51 samples. Later the 

results are considered for correlation studies. 
equation 5.5Equation for calculated TD S 

TDS =  [0.6 ∗  (TA)] + [Na + K + Ca + Mg + Cl + SO4 + SiO3 + NO3 + F] (equation 5.5) 
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The analysis for Measured TDS was conducted in the laboratory. The MTDS 

must always be equal to CTDS, provided analysis is done without any error. The 

concentration of MTDS should always be higher than that of CTDS because a major 

contribution may not have been considered for calculation. The acceptable ratio for 

TDS (equation 5.6) is considered for checking the correctness of the analysis. 
equation 5.6The acceptable ratio for TDS 

1.0 <
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑𝑇𝐷𝑆

𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑𝑇𝐷𝑆
< 1.2 (equation 5.6) 

5.2.6.3 Measured EC and Ion sums 

The total anions or the total cations should be 1
100𝑡ℎ⁄  of the measured EC value. The 

acceptable criteria equation 5.7 gives the relationship of MEC with the TAn or TCat.  
equation 5.7Equation for measured EC 

100 ∗  𝑇𝐴𝑛 (𝑜𝑟 𝑇𝐶𝑎𝑡)    =   (0.9 − 1.1) ∗ 𝐸𝐶 (equation 5.7) 

The equation 5.7 can be re-written in a simpler notation as, 
equation 5.8Acceptable criteria for measured EC 

(0.9 ∗ 𝐸𝐶)  ≤  100 ∗  𝑇𝐴𝑛 ≤ (1.1 ∗ 𝐸𝐶) (equation 5.8) 

Where TAn (or TCat) is in meq/l 

5.2.6.4 Calculated TDS to EC ratio 

The ratio of CTDS to conductivity should always fall under the range of 0.55 to 0.7. 

The acceptable criteria are as follows, 
equation 5.9The acceptable criteria for calculated TDS 

0.5 <
𝐶𝑇𝐷𝑆

𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦
<  0.7 (equation 5.9) 

5.2.6.5 Total Hardness (TH) 

The hardness is one of the important GWQ parameters helpful in the detection of 

pollution. The Sulphates and Chlorides together constitute Permanent Hardness, also 

known as non-carbonate hardness. The carbonates and bicarbonates together cause 
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Temporary Hardness. The TH expresses a direct relationship with Ca and Mg. The 

equation for Calculated TH (Sawyer 1959; Karanth 2008) is as follows, 
equation 5.10T he equation for calculated TH  

𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑𝑇𝐻 = (2.497 ∗ 𝐶𝑎) +  (4.115 ∗ 𝑀𝑔) (equation 5.10) 

It is imperative, there must be a direct relationship between bicarbonates (TeH) 

and Calcium and Magnesium (Ca+Mg) ions (Prasad & Saxena 1980). TH must also be 

equal to the sum of TA, Sulphate, and nitrate. 
equation 5.11Relationship  between TH with  respect to TA, SO4, and NO3  

𝑇𝐻 =  (𝑇𝐴 + 𝑆𝑂4  +  𝑁𝑂3)  (equation 5.11) 

The equation 5.11 gives the relationship between the TA, Sulphate, and nitrate 

(values are in meq/l), correlating the Ca and Mg values using equation 5.10. 

5.2.6.6 Chloride’s relationship with Na and K 

The total chloride present in the water sample taken for analysis must be equal to the 

sum of total Sodium and Potassium. 
equation 5.12Chloride’s relationsh ip with Na and K  

𝐶𝑙 = 𝑁𝑎 + 𝐾 (equation 5.12) 

The equation 5.12gives a direct relationship between Na and K. The equations 

from equation 5.4 through equation 5.12are connected somehow to quality assurance 

practices.  Therefore these relationships can be sharply observed in the correlation 

tables. As mentioned above, the QAP or CCA method is utilized in confirming the 

quality of the data generated before using the data for GQI.  

5.2.7 Computation of Water Quality Index (WQI) 

There are several methods available from time to time for studying Water Quality 

Index. Water is a broader term for all types of water, including groundwater. Here the 

importance is given for groundwater. Therefore, from here on, the term Groundwater 

quality index is used instead of water quality index. The present study concentrates on 

the Weighted Arithmetic Index method for evaluating the GQI of the Gurpur watershed. 

The WQI can be calculated using Brown’s equation (Brown et al. 1972). 
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equation 5.13E quation  for calculating GQI us ing Brown’s equation  

GQI =  
∑ (Qi ∗ Wi)

i=n
i=1

∑  Wi
i=n
i=1

 (equation 5.13) 

Where Wi is the Unit weight of ith parameter and can be calculated using equation 5.15. 

Also, the equation for Water quality rating Qi is given by  
equation 5.14.The equation for water quali ty  rating 

Qi = (
Vi −  V0

Si −  V0
) ∗ 100   (equation 5.14) 

Where, Vi is the estimated concentration of ith parameter. V0 is the ideal standard 

value of the ith parameter in pure water. V0 = 0 (except pH = 7.0 moles/l and DO = 14.6 

mg/l). Siis recommended standard value of the ith parameter. 

The formula calculates the unit weight (Wi) for the ith parameter. 
equation 5.15T he formula for calculating the unit weight of GQI 

Wi =  
K

Si
 (equation 5.15) 

Where, Vs is recommended standard value of the ith parameter. K is 

proportionality constant. 

The equation for K is given below, 
equation 5.16T he equation for calculating the proport ionali ty  constant of GQI  

K =  (
1

∑ (
1

Si
)i=n

i=1

) (equation 5.16) 

The Water Quality Rating and grading are assigned to the Weighted Arithmetic 

GQI method. Later utilizing the obtained data, the spatial distribution maps for 

important parameters are prepared in the GIS environment. 



    

 

Chapter 5 - Groundwater Quality 

__________________________________________________________________ 

__________________________________________________________________ 

117 

 

 

Figure 5.1 Flow chart for spatial distribution of groundwater quality parameters. 

5.3 Results and discussion 

5.3.1 Groundwater quality analysis for drinking purposes 

The Gurpur watershed covers about 877 km2 of area. Therefore, sampling locations 

were selected cautiously such that the broader scenario of the study can be observed. 

The groundwater quality studies are conducted in three different phases (phase-I in 

August-2017, phase-II in December-2017, and phase-III in April-2018). The study aims 

to analyse the spatial and temporal changes of the groundwater quality in the study area. 
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The temporal studies are conducted to understand the change in the concentration of 

parameters in three different time intervals. The spatial studies in groundwater quality 

are conducted to understand the spatial distribution of parameter concentrations. The 

results obtained are correlated by using the CCA method, which revealed the 

relationship between different parameters.  

5.3.2 Drinking water quality parameters 

The groundwater samples were collected in 51 locations throughout the Gurpur 

watershed. A total of 14 groundwater quality parameters are analysed in three phases 

concerning drinking water specifications. The acceptable limits and permissible limits 

of the drinking water quality parameters can be seen in Table 5.1. The spatial 

distribution maps for the drinking water quality parameters (Figure 5.2 &  Figure 5.3) 

are prepared for spatial studies. These maps are prepared in a GIS environment using 

the IDW interpolation tool.  

5.3.2.1 Ionic constituents 

The ionic constituents are mainly divided into cations (positive charge) and anions 

(negative charge). The Na+, K+, Ca2+, Mg2+, Fe+ are the major cations. The Cl-, SO4
2-, 

NO3
-, HCO3

 -, CO3
2- and F- are the major anions analysed in the groundwater samples 

to drinking water standards. 

5.3.2.1.1 Sodium 

The sodium, also known as Natrium (Na), is one of the major cations found in 

groundwater due to weathering of rocks. The sewage and industrial waste also consist 

of Na, when leached to groundwater, may increase the Na concentration. The prolonged 

exposure to excess ingestion of the Na may cause high blood pressure, heart failure, 

stroke, cancers (stomach related), kidney diseases, osteoporosis, and kidney stones.  

The highest value of Na in the study was 61.15 mg/l during phase-II (Table 5.4). 

It is within the permissible as well as desirable limits. The average range of value of 

the Na is 5.87 mg/l to 17 mg/l. The Na shows a positive and linear correlation with 
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potassium as well as Chloride. Therefore, an increase in Na and K increases the 

concentration of chloride.  

5.3.2.1.2 Potassium 

Like Na, the K is also a major cation found in freshwater. The K is good for health with 

a proper and natural diet. If consumed excessively, it may cause serious problems to 

human health like nausea, stomach problems, vomiting, intestinal problems, diarrhoea, 

skin burning sensation, body weakness, paralysis, irregular heartbeat.  

There is no permissible limit for K, but only a desirable limit (Table 5.1). The 

average K value from the three phases ranges from 1.23 mg/l to 5.33 mg/l (Table 5.4). 

The K is having a relationship with only two other parameters, such as Na and Cl. Also, 

this relationship is a linear (direct) relationship, i.e., the increase in K concentration 

increases the Na and Cl concentrations. 

Table 5.4 Statistics of groundwater quality parameters for 51 samples 

Sl. 

No. 
Parameters Units 

Phase-I (Monsoon) Phase-II (Post-monsoon) 
Phase-III (Pre-

monsoon) 

Min. Max. Mean Min. Max. Mean Min. Max. Mean 

1 pH moles/l 4.20 7.20 5.55 4.30 7.30 5.57 5.20 7.80 6.49 

2 EC µs/cm 19.00 362.00 105.24 0.00 560.00 130.73 49.11 619.24 158.47 

3 TDS mg/l 12.73 242.54 70.51 0.00 375.20 87.59 30.03 350.54 91.43 

4 Cl mg/l 5.23 24.27 10.85 10.98 108.66 28.98 9.83 46.24 20.68 

5 F mg/l 0.00 0.21 0.08 0.10 0.74 0.24 0.17 1.46 0.57 

6 TH mg/l 0.09 43.83 11.62 3.81 247.62 55.24 5.74 271.54 53.79 

7 Ca mg/l 0.43 33.30 9.40 1.25 106.17 22.96 0.48 58.57 9.68 

8 Na mg/l 2.91 13.31 5.85 6.81 61.15 17.00 5.70 26.63 11.97 

9 K mg/l 0.29 2.89 1.23 1.92 19.06 5.33 0.63 5.79 2.52 

10 Mg mg/l 0.04 9.12 2.21 0.17 3.60 1.84 0.12 34.78 7.20 

11 HCO3 mg/l 0.09 43.83 11.62 2.59 246.25 53.79 0.25 236.65 45.91 

12 Fe mg/l 0.00 0.26 0.02 0.00 1.11 0.09 0.00 0.28 0.06 

13 NO3 mg/l 0.00 15.54 2.93 0.00 5.87 0.83 0.15 1.41 0.61 

14 SO4 mg/l 0.09 54.22 15.17 2.15 25.17 9.10 1.91 35.23 7.69 

5.3.2.1.3 Calcium 

Calcium is one of the major inorganic cations in freshwater and saline water as Ca2+ 

ions. Calcium is one of the most common constituents of rock-forming minerals like 

pyroxenes, amphiboles, plagioclase feldspar, and calcite. The majority of the calcium 
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present in the freshwater is due to the rocks like limestone (CaCO3), dolomite (CaCO3+ 

MgCO3), gypsum (CaSO4 .2H2O), and other calcium-containing rocks dissolving in the 

water. The dissociation of salts such as calcium chloride and calcium Sulphate in the 

water yields calcium ions. 
equation 5.17T he equation for the reaction of aqueous chloride  

CaCl2 (s)  Ca2 +  (aq. )  +  2Cl −  (aq. )   (equation 5.17) 

CaSO4 (s)  Ca2 +  (aq. )  +  SO2 −  (aq. )   (equation 5.18) 

equation 5.18T he equation for the reaction of aqueous Su lphate  

Note: the symbol (s) implies solid-state and (aq.) implies aqueous state. 

The aquifers may allow the leaching of calcium from rocks into the 

groundwater. Though CaCO3 is relatively insoluble, it may react with dissolved carbon-

di-oxide (CO2), forming carbonic acid. The minimum value of 0.43 mg/l (phase-I) and 

a maximum of 106.17 mg/l (phase-II) is observed (Table 5.4). The average value of 

calcium ions was 14.01 mg/l for all seasons, and it is way within the desirable limits 

(75 mg/l as per IS 10500:2012 regulations) of drinking water. Though the maximum 

value is greater than the desirable limit, it is still within the permissible limits of 200 

mg/l (Table 5.1). It can be observed that the calcium ions are increasing in phase-II 

(post-monsoon season), which implies that the water quality is deteriorating in the post-

monsoon season. 

5.3.2.1.4 Magnesium 

The Mg is the fourth most abundant cation in the human body. The lower or higher 

level of Mg concentrations in the human body may cause serious side effects. Therefore 

the diet should be properly balanced. Excessive Mg intake along with Sulphates may 

cause gastrointestinal dysfunctions, hyper-magnesaemia (decreased ability to excrete 

magnesium), diarrhoea, and abnormal kidney functions. Whereas low Mg 

concentrations in humans may cause hypertension, the onset of type-2 diabetes, cardiac 

arrhythmia, and coronary heart disease. The Mg works as an anti-inflammatory agent 

if treated with proper dosage. Therefore Mg is one of the important parameters to be 

included in regular diet and drinking purposes.  
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The average Mg level in the groundwater samples was in the range of 1.84 mg/l 

to 7.2 mg/l. But during Phase-III, only three samples (G37, G38 & G49) show a sudden 

deviation from the average value of Mg concentration (Table 5.4). This is mainly 

because of the saltwater intrusion during the pre-monsoon (April) season. The Mg 

values along with the Na, K, Cl, Mg, and Ca of the groundwater samples have 

drastically increased during Phase-III, suggesting the possibility of saltwater intrusion 

because seawater is the source of excessive ionic concentration. Therefore, it can be 

implied that the acute scarcity of water during summer leads to an overdraft of 

groundwater, leading to saltwater intrusion into freshwater aquifers. 

5.3.2.1.5 Iron 

Iron is one of the important minerals that are essential for human health. The lack of 

iron may lead to fatigue, anaemia, infections, and skin problems. The iron overload may 

cause hemochromatosis, which in turn may cause liver damage, heart and pancreas 

damage. Excessive iron may also cause skin wrinkles. The analysis for iron was carried 

out using Ultra Violet (UV) spectrophotometer at the wavelength of 510 nm. 

The average value of iron was found to be in the range of 0.02 mg/l to 0.09 mg/l and is well 

within the permissible limits (Table 5.1 & Table 5.4). Phase-II is showing excessive iron values 

(greater than permissible limits) at four locations. It is observed that the concentration of the 

iron is extremely low and does not have any correlation with other parameters  

Table 5.6, Table 5.7, Table 5.8 & Table 5.9). 

5.3.2.1.6 Chloride 

Chloride is one of the major anions in any of the water types. Usually, Cl is associated 

with cations as NaCl, KCl, or CaCl2. The Cl is known for its organoleptic properties 

(the taste threshold is dependent on associated cations). Even the taste of the coffee 

varies with the water used, i.e., NaCl water or CaCl2 water. The Cl is widely used in 

industries, fertilizers, bleaching liquids, water treatment, and food additives when 

associated with cations. There are no guidelines for the Cl levels and human health. 
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Figure 5.2 Spatial distribution maps of groundwater quality parameters. 
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The silver nitrate method of titration is used in the present study for measuring 

the Cl. The Cl increases electrical conductivity as well as the corrosiveness of the water. 

The Cl reacts with metal pipes and forms soluble salts of metals, which may cause 

serious health problems after ingestion. The chloride concentrations in the groundwater 

samples of all three phases are well within the desirable and permissible limits. The 

average Cl levels are in the range of 10.85 mg/l to 28.98 mg/l (Table 5.4). The Cl levels 

in the groundwater are one of the important indicators of saltwater intrusion analysis. 

It is observed that during phase-III, the effects of saltwater intrusion are seen in the 

groundwater samples nearer to sea. The Cl ions show a positive linear correlation with 

Na and K ions in the water samples.  

5.3.2.1.7 Sulphate 

Sulphates are the compound of sulphur and oxygen ions. The Sulphate levels in the 

drinking water are connected with the hardness of the water. Like the calcium and 

magnesium levels, the concentration of Sulphate affects the hardness and the taste of 

the water. The Sulphate analysis was carried out using UV spectrophotometer at the 

wavelength of 420 nm. The major source of Sulphates in the drinking water are sulphite 

ores, sedimentary rocks like shale, minerals like Epsom salt (magnesium Sulphate) and 

gypsum (calcium Sulphate), industrial or sewage treated water leaching into 

groundwater. The Sulphates, when combined with Ca or Mg, may cause hardness. The 

excessive use of a high concentration of SO4 can cause diarrhoea and dehydration. The 

high concentration of SO4 can cause corrosion of the pipes. 

The SO4 levels are well within the desirable and permissible limits (Table 5.1 & Table 

5.4). The average levels (for 51 groundwater samples) of SO4 are very high during 

phase-I and gradually decreasing towards phase-III. This is because SO4 and NO3 are 

used in artificial fertilizers and may have percolated into groundwater. The SO4 shows 

a direct relationship with the NO3, TH, and TA ( 

Table 5.6, Table 5.7, Table 5.8 & Table 5.9). 
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5.3.2.1.8 Nitrate 

Nitrates are the compound of nitrogen and oxygen ions. The nitrate analysis was carried 

out using UV spectrophotometer at two wavelengths of 220 nm and 275 nm. The 

absorbance of NO3 is unique from the absorbance of organic matter at two different 

wavelengths. The major source of nitrate in drinking water is nitrogen-based fertilizers, 

and animal wastes infiltrate into water sources. The health issues like diarrhoea, 

dehydration, variation in the supply of oxygen in the blood are associated with nitrate. 

The high nitrate concentration can cause serious health issues, especially for infants and 

pregnant women.  

The average value of nitrate for all three phases is found to be in the range of 

0.83 mg/l to 2.93 mg/l (Table 5.4). It can be implied that nitrate concentration is 

observed mainly due to nitrate-based fertilizers. The nitrate does not show any 

correlation with other parameters.  

5.3.2.1.9 Fluoride 

The fluorine is highly reactive and therefore always be found in nature as fluoride. The 

higher concentrations of fluoride can be found in groundwater, especially in deeper 

aquifers. The excess and prolonged ingestion of fluoride from drinking water forms the 

equilibrium with the blood fluoride concentrations and then starts to incorporate into 

teeth and bones. Once the accumulation of fluoride ends, the fluoride starts to transport 

outside the body as excreta. 

 Figure 5.3 Spatial distribution maps of Bicarbonates, Fluoride and Iron. 
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The average fluoride value for all three phases is found to be in the range of 

0.08 mg/l to 0.57 mg/l (Table 5.4). The maximum concentration of fluoride was 

observed in Phase-III during the study. The fluoride is not showing a correlation with 

any of the other parameters. 

5.3.2.2 Non-ionic constituents 

The non-ionic parameters can also affect the groundwater quality insignificant 

proportions. Some important non-ionic parameters are pH, total dissolved solids, 

electrical conductivity, total hardness, and total alkalinity. The parameter pH should 

always be approximately neutral (pH = 7) for drinking water. Even as light decrease 

can make the water acidic and unfit for drinking without treatment. The variation in the 

non-ionic constituents can also seriously affect health. 

5.3.2.2.1 The pH 

The pH of a solution is the negative logarithm of the hydrogen ion activity. The pH of 

the water is the measure of acid-base equilibrium, which depends on carbon-di-oxide 

(CO2) and bicarbonates. 
equation 5.19T he equation of measuring pH  

𝑝𝐻 =  − log(𝐻+) (equation 5.19) 

The pH has an inverse relationship with CO2, i.e., an increase in CO2 decreases 

the pH (acidic range). The corrosiveness of the water is mainly dependent on pH. 

Extensive exposure to extreme pH may induce serious health problems in humans as 

well as animals. The issues like eye irritation, itching of the skin, throat infections, 

increased blood pH, acidity, and gastro-intestinal irritation are associated with 

extremely low or high pH. 

The permissible limit of pH is from 6.5-8.5 on the pH scale. The minimum value 

observed is 4.2 (phase-I). The average pH value of all three seasons is still outside the 

range of permissible limits. The maximum pH value of all three seasons is observed to 

be within the permissible limits. However, water needs to be treated before 

consumption where ever the pH is low.  
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5.3.2.2.2 Electrical conductivity 

The EC is the measure of electrolytes (concentration of ions) in the water, through 

which the electrical flow can occur. The EC is usually measured as specific 

conductance. The specific conductance is the measure of electrical conductivity that is 

made at or corrected to 25°C. The unit for specific conductance is μS/cm at 25°C. The 

EC has a direct relationship with electrolytes, i.e., the higher the electrolytes (ions) 

concentration, the higher the EC will be. The pure distilled water is having an EC value 

of 0.05 μS/cm. Also, the EC expresses the linear correlation with TDS. Therefore, an 

increase in EC implies more dissolved solids. 

The EC is observed to be as low as 19 μS/cm during phase-I. Temporally, the 

study's average EC values vary from approximately 100 to 160 μS/cm, which is within 

the desirable limits of EC (Table 5.1 & Table 5.4).  

5.3.2.2.3 Total dissolved solids 

The total dissolved solids are the measure of combined organic and inorganic 

substances dissolved in the liquid. The TDS is not a primary pollutant that affects 

human health but is used as an indicator for important characteristics of freshwater 

(drinking water).  

The TDS value is observed within the desirable limits, let alone the permissible 

limits (Table 5.1 & Table 5.4). The TDS is gradually increasing from phase-I to Phase-

III, indicating that it is due to a decrease in groundwater quantity in the aquifers. The 

irrigation practices and artificial fertilizers, leaching of soil contaminants, and discharge 

of sewage pollutants into groundwater may also increase the TDS in groundwater 

aquifers. The TDS will be high if the groundwater is static because of the time available 

for groundwater interaction with rocks and minerals of the aquifers. Whereas in the 

study area, because of the lateritic soils, the transmissivity of the groundwater is high, 

and thus the TDS value is comparatively less.  
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5.3.2.2.4 Total Alkalinity 

The alkalinity measures a water’s ability to resist the changes in pH upon adding the 

acids or bases. The term “alkaline” means the pH value greater than 7 on the pH scale 

of 0 – 14. The alkaline waters are associated with negative oxidizing reduction potential 

(ORP), i.e., anti-oxidizing agents. The possible health hazards of increased TA are 

reduced stomach acidity, reduced blood pH, gastrointestinal problems, and skin & eye 

irritation. The increased alkalinity may also cause Alkalosis (a medical condition), 

where the body is deprived of free calcium. The symptoms of alkalosis are vomiting, 

nausea, tremors in the hands.  

The alkalinity having the pH range of 10.7 to 8.3 is called carbonate alkalinity. 

All the carbonate in the water sample is reacted during that time. Likewise, alkalinity 

having the pH range of 8.3 to 4.5 is called total alkalinity, at which point both the 

carbonates and bicarbonates are completely reacted. The pH value less than 4.5 

indicates only carbonic acid and no traces of CO3 or HCO3 in the water. 

The highest TA in the study area was during phase-II and is well within the 

permissible limits (Table 5.1&Table 5.4). It is observed that the TA values are 

drastically reduced around the pH of 4.5. It is also observed that all the groundwater 

samples analysed are found to be in bicarbonate alkalinity, i.e., there is no carbonate 

alkalinity (pH>8.3) in the samples.  

5.3.2.2.5 Total Hardness 

The total hardness is the measure of dissolved minerals of calcium and magnesium in 

the water sample. The hardness does not have harmful effects on human health but can 

seriously affect the industrial fitting, pipes, washing clothes, bathing, cooking.  

The average total hardness of the water was found to be ranging from 9 – 23 

mg/l. Therefore, most of the samples are considered as “soft” (TH < 60 mg/l) from all 

three phases of the study. The TH was found to be in the range of “moderate” (TH 

between 60 - 100 mg/l) only in two samples (G38 & G49 of phase-II) from the three 

phases. It is observed that the TH is having a linear and direct relationship with TA, 
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SO4, and NO3 in the water samples (Table 5.9). Also, it is observed that there is a linear 

and direct relationship between Ca and Mg ions (as CaCO3). 

5.3.3 Phases of groundwater quality studies 

5.3.3.1 Phase-I (August – 2017) 

Phase-I (August 2017) for groundwater sampling and analysis was conducted during 

peak monsoon season. The reason for considering this method of study is that the 

coastal region of Karnataka is associated with heavy rainfall, and the water level will 

be almost ground level. Therefore groundwater quality during this period is pretty good, 

and the concentrations of water quality parameters will be considerably low. Also, the 

study area is covered with lateritic soils, which have a very high permeability rate. 

Therefore, the groundwater level increases up to ground level and thus improves 

groundwater quality. 

During phase-I (monsoon season), all the drinking water quality parameters 

show low concentrations. The pH, SO4, and NO3 are the only parameters that’s how 

high concentrations (Table 5.4 & Table 5.7). The NO3 is the only parameter that is 

higher than the acceptable limit without relaxation. The reason for these high 

concentrations is mainly because of pesticides and fertilizers leaching into the ground.  

The lowest concentration of pH (4.2 moles/l) in all three phases was recorded 

with an average of 5.5 moles/l. The pH is the only parameter below (Acidic range) the 

acceptable limit of 6.5 to 8.5 moles/l.  

5.3.3.2 Phase-II (December – 2017) 

It is observed that few of the parameters show high concentrations in groundwater 

samples (Table 5.4&Table 5.8). The parameters like Ca, Na, K, Fe, Cl, HCO3, and TA 

show high concentrations (more than the acceptable limit) in few locations. Yet, they 

are well within the permissible limits. The high concentrations of Na, K, and Cl are 

observed only in the locations nearer to sea, indicating the problem of saltwater 
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intrusion. Also, this problem continues to persist throughout phase-III. Total Alkalinity 

is the other parameter over the acceptable limit, but it is within the permissible limit. 

5.3.3.3 Phase-III (April – 2018) 

Phase-III recorded the highest pH value (7.8 moles/l), which is within the acceptable 

limits of drinking water quality. The average pH of 6.37 moles/l was observed in this 

phase, just below the specification required (Table 5.1). Most of the study area 

experiences pH in the acidic range (no relaxation). The reason for this might be the 

lateritic soils. The lateritic soils are the natural source of acidic pH levels in 

groundwater. Also, heavy metals like Lead, Iron, Zinc, and Manganese might cause 

acidity in drinking water. The imbalance in pH can cause several health issues like 

diarrhoea, vomiting, nausea, nervous system problems, liver & kidney problems. 

Therefore, there is a serious need to treat the pH of the groundwater before using it for 

drinking purposes. 

The TH and Mg are just over the acceptable limit but are within the permissible 

limit (Table 5.1, Table 5.4). Though the fluoride concentration is also higher than the 

acceptable limit, it is within the permissible limit. Few locations have fluoride 

concentrations closer to permissible limits. Thus, there is a need for continuous 

monitoring. 

5.3.4 Computation of Groundwater Quality Index 

The weighted arithmetic WQI method is used in this study. In this method, the water 

quality is classified with respect to the degree of purity using water quality parameters. 

The WQI for all three phases is calculated, i.e., for phases I, II, and III (Table 5.2 & 

Table 5.5). 

It is observed that the drinking water quality parameters other than pH are rated 

as “excellent category”. The very poor water quality rating for pH can also be confirmed 

from Table 5.4, in which pH is below the specified acceptable limits (6.5 to 8.5 moles/l). 

Even though the parameters like EC and TDS have a direct relationship, they show a 

very different water quality rating. The pH shows a poor rating of groundwater quality, 
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whereas the TDS shows an excellent groundwater quality rating. This variation is 

mainly due to the proportionality constant ‘K’, which is 5.9 for pH and 39.2 for TDS. 

The pH shows the GQI value of 91 (Table 5.5), which means it is nearly unsuitable for 

drinking. The parameter fluoride falls under “good water quality”, but it is still of 

serious consideration. The fluoride concentrations are constantly increasing from 

phase-I to Phase-III (from almost nil to nearly over the permissible limit of 1.5 mg/l). 

This indicates a serious health concern due to excessive fluoride concentration in 

drinking water. It can be observed that there is an increase in serious health concerns 

during phase-II (Post-monsoon season) because of its reduced water quality (Figure 

5.4). Especially, pH is the parameter leaning towards acidic range and renders as “unfit 

for drinking”. This is happening mainly because of the laterite soil, which is acidic. 

Therefore, there is a need for continuous monitoring of the groundwater quality, 

especially for pH and fluoride. 

5.3.5 Implementation of QAP 

5.3.5.1 Correlation studies 

The correlation studies were conducted to analyse the relationship between 

different parameters ( 

Table 5.6 through Table 5.9). A strong positive correlation (0.97 to 1.0) is 

observed between total cations and total anions in all three phases. This strong 

correlation shows the positive inter-relationship between all the ionic parameters. Also, 

total cations and total anions strongly correlate with MTDS, CTDS MTH, CTH, and 

TeH (equation 5.1 through equation 5.12). In a perfect scenario, the MTDS must be 

equal to CTDS. Hence there is little or no correlation between them. There is a very 

good positive correlation between the left-hand side and the right-hand side of the 

equations.  Also, it can be observed that the inter-relationship between different 

equations shows a strong and positive correlation. The TH is equal to the sum of Ca 

and Mg and equal to TA, SO4, and NO3. Therefore a strong positive correlation is seen 

between different equations. The permanent hardness (SO4 and Cl) show a moderate 
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correlation with all the equations, except for equation 9, which shows a good positive 

correlation. 

Table 5.5 The GQI status for all the three phases of the study. 

Sl. 

No. 

GWS 

No. 

GQI_R 

(P1) 

GQI_R 

(P2) 

GQI_R 

(P3) 

GQ status 

(P1) 

GQ status 

(P2) 

GQ status 

(P3) 

1 G1 21.57 46.04 59.77 Excellent Good Poor 

2 G2 17.76 14.06 31.79 Excellent Excellent Good 

3 G3 81.54 93.88 29.57 Very Poor Very Poor Good 

4 G4 20.21 32.77 32.67 Excellent Good Good 

5 G5 7.35 17.24 27.05 Excellent Excellent Good 

6 G6 71.87 78.87 12.75 Poor Very Poor Excellent 

7 G7 2.44 9.39 61.10 Excellent Excellent Poor 

8 G8 18.69 19.46 25.27 Excellent Excellent Good 

9 G9 20.34 20.29 20.95 Excellent Excellent Excellent 

10 G10 9.56 9.11 14.33 Excellent Excellent Excellent 

11 G11 23.00 32.22 50.18 Excellent Good Poor 

12 G12 13.19 11.29 15.30 Excellent Excellent Excellent 

13 G13 12.68 12.85 21.81 Excellent Excellent Excellent 

14 G14 21.97 21.49 16.69 Excellent Excellent Excellent 

15 G15 13.35 11.95 14.05 Excellent Excellent Excellent 

16 G16 4.54 96.16 46.82 Excellent Very Poor Good 

17 G17 4.66 299.05 74.90 Excellent 
Unfit for 

drinking 
Poor 

18 G18 14.72 13.78 20.63 Excellent Excellent Excellent 

19 G19 20.92 19.73 45.49 Excellent Excellent Good 

20 G20 19.10 16.87 25.38 Excellent Excellent Good 

21 G21 32.49 30.64 20.06 Good Good Excellent 

22 G22 4.47 263.95 50.39 Excellent 
Unfit for 

drinking 
Poor 

23 G23 28.84 36.17 38.01 Good Good Good 

24 G24 15.21 14.06 35.40 Excellent Excellent Good 

25 G25 15.58 16.30 21.21 Excellent Excellent Excellent 

26 G26 39.40 36.37 17.16 Good Good Excellent 

27 G27 17.58 22.03 22.97 Excellent Excellent Excellent 

28 G28 17.66 16.94 22.52 Excellent Excellent Excellent 

29 G29 19.63 18.70 16.28 Excellent Excellent Excellent 

30 G30 12.64 22.59 90.31 Excellent Excellent Very Poor 

31 G31 10.86 30.69 14.57 Excellent Good Excellent 

32 G32 22.10 20.27 15.69 Excellent Excellent Excellent 

33 G33 14.63 35.27 20.66 Excellent Good Excellent 

34 G34 12.05 15.74 17.02 Excellent Excellent Excellent 

35 G35 8.71 14.54 23.96 Excellent Excellent Excellent 

36 G36 19.57 21.87 18.50 Excellent Excellent Excellent 

37 G37 19.54 33.47 9.33 Excellent Good Excellent 
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38 G38 1.00 3.37 16.13 Excellent Excellent Excellent 

39 G39 1.07 114.68 13.28 Excellent 
Unfit for 

drinking 
Excellent 

40 G40 3.92 10.76 23.27 Excellent Excellent Excellent 

41 G41 11.45 5.52 19.62 Excellent Excellent Excellent 

42 G42 9.07 12.49 31.63 Excellent Excellent Good 

43 G43 6.82 5.63 13.28 Excellent Excellent Excellent 

44 G44 14.96 16.72 18.97 Excellent Excellent Excellent 

45 G45 10.78 34.22 14.12 Excellent Good Excellent 

46 G46 27.50 32.49 16.94 Good Good Excellent 

47 G47 46.14 54.40 16.79 Good Poor Excellent 

48 G48 12.17 12.36 13.25 Excellent Excellent Excellent 

49 G49 0.49 3.88 13.80 Excellent Excellent Excellent 

50 G50 14.25 13.79 18.62 Excellent Excellent Excellent 

51 G51 14.46 15.32 18.05 Excellent Excellent Excellent 

 

Table 5.6 Correlation studies for QAP equations. 

GWQ 

parameters 
Na+K Cl 

TA+SO4 

+NO3 
TH Ca+Mg 

Na+K 1     

Cl 1 1    

TA+SO4+NO3 0.20 0.20 1   

TH 0.19 0.19 0.99 1  

Ca+Mg 0.19 0.20 0.98 1 1 
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Figure 5.4 Spatial distribution maps of GQI for three phases.  
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Table 5.7 Correlation matrix for Phase-I Groundwater quality data (August-2017) 

 pH EC M_TDS TH Ca+ Mg2+ Na+ K+ Fe+ Cl- HCO3- TA SO42- NO3- F- T_Cat T_An 

pH 1.00                 

EC 0.79 1.00                

M_TDS 0.79 1.00 1.00               

TH 0.41 0.32 0.32 1.00              

Ca+ 0.42 0.34 0.34 0.90 1.00             

Mg2+ 0.04 0.01 0.01 0.36 -0.08 1.00            

Na+ 0.13 0.13 0.13 0.17 0.30 -0.25 1.00           

K+ 0.09 0.10 0.10 0.12 0.23 -0.23 0.97 1.00          

Fe+ 0.05 -0.03 -0.03 0.04 0.10 -0.13 0.25 0.22 1.00         

Cl- 0.13 0.13 0.13 0.19 0.30 -0.22 1.00 0.97 0.23 1.00        

HCO3- 0.93 0.84 0.84 0.52 0.51 0.07 0.13 0.06 0.05 0.14 1.00       

TA 0.93 0.84 0.84 0.52 0.51 0.07 0.13 0.06 0.05 0.14 1.00 1.00      

SO42- -0.20 -0.24 -0.24 0.78 0.67 0.35 0.11 0.09 0.00 0.13 -0.13 -0.13 1.00     

NO3- -0.16 -0.18 -0.18 0.73 0.60 0.38 0.04 0.05 0.08 0.05 -0.10 -0.10 0.88 1.00    

F- -0.29 -0.36 -0.36 -0.15 -0.08 -0.15 -0.01 -0.04 -0.08 -0.02 -0.38 -0.38 0.12 0.04 1.00   

T_Cat 0.41 0.33 0.33 0.96 0.90 0.25 0.45 0.39 0.11 0.47 0.50 0.50 0.74 0.67 -0.13 1.00  

T_An 0.25 0.18 0.18 0.96 0.87 0.32 0.35 0.31 0.11 0.37 0.34 0.34 0.85 0.83 -0.08 0.97 1.00 
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Table 5.8 Correlation matrix for Phase-II Groundwater quality data (December-2017) 

 pH EC M_TDS TH Ca+ Mg2+ Na+ K+ Fe+ Cl- HCO3- TA SO42- NO3- F- T_Cat T_An 

pH 1.00                 

EC 0.78 1.00                

M_TDS 0.78 1.00 1.00               

TH 0.76 0.92 0.92 1.00              

Ca+ 0.75 0.91 0.91 0.99 1.00             

Mg2+ 0.07 0.06 0.06 0.04 -0.05 1.00            

Na+ -0.39 -0.07 -0.07 0.03 0.03 0.02 1.00           

K+ -0.37 -0.07 -0.07 0.02 0.02 0.06 0.95 1.00          

Fe+ 0.32 0.13 0.13 0.18 0.19 -0.13 -0.26 -0.24 1.00         

Cl- -0.38 -0.07 -0.07 0.03 0.03 0.02 1.00 0.96 -0.26 1.00        

HCO3- 0.76 0.92 0.92 1.00 0.99 0.04 0.03 0.02 0.18 0.03 1.00       

TA 0.76 0.92 0.92 1.00 0.99 0.04 0.03 0.02 0.18 0.03 1.00 1.00      

SO42- 0.59 0.74 0.74 0.78 0.82 -0.11 -0.06 -0.08 0.26 -0.05 0.78 0.78 1.00     

NO3- 0.18 0.60 0.60 0.48 0.49 0.07 0.26 0.21 -0.18 0.25 0.48 0.48 0.38 1.00    

F- 0.54 0.40 0.40 0.37 0.36 0.10 -0.25 -0.27 0.26 -0.25 0.37 0.37 0.32 -0.07 1.00   

T_Cat 0.53 0.80 0.80 0.91 0.91 0.03 0.43 0.41 0.06 0.43 0.91 0.91 0.71 0.54 0.23 1.00  

T_An 0.53 0.81 0.81 0.91 0.91 0.03 0.43 0.40 0.06 0.43 0.91 0.91 0.71 0.57 0.23 1.00 1.00 
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Table 5.9 Correlation matrix for Phase-III Groundwater quality data (April-2018) 

 

 

 pH EC TDS TH Ca+ Mg2+ Na+ K+ Fe2+ Cl- HCO3- TA SO42- NO3- F- T_Cat T_An 

pH 1.00                 

EC 0.73 1.00                

TDS 0.73 1.00 1.00               

TH 0.79 0.93 0.93 1.00              

Ca+ 0.75 0.88 0.88 0.96 1.00             

Mg2+ 0.75 0.88 0.88 0.93 0.79 1.00            

Na+ -0.14 0.31 0.31 0.19 0.21 0.14 1.00           

K+ -0.15 0.25 0.25 0.17 0.20 0.11 0.96 1.00          

Fe+ 0.23 0.04 0.04 0.08 0.01 0.16 -0.15 -0.14 1.00         

Cl- -0.14 0.30 0.30 0.19 0.21 0.14 1.00 0.97 -0.15 1.00        

HCO3- 0.80 0.93 0.93 0.98 0.93 0.94 0.19 0.17 0.12 0.19 1.00       

TA 0.80 0.93 0.93 0.98 0.93 0.94 0.19 0.17 0.12 0.19 1.00 1.00      

SO42- 0.56 0.84 0.84 0.77 0.71 0.75 0.28 0.25 -0.11 0.28 0.73 0.73 1.00     

NO3- 0.16 0.21 0.21 0.14 0.11 0.16 0.15 0.15 -0.27 0.15 0.17 0.17 0.24 1.00    

F- 0.69 0.48 0.48 0.47 0.39 0.51 -0.17 -0.19 0.36 -0.18 0.47 0.47 0.45 0.22 1.00   

T_Cat 0.70 0.93 0.93 0.97 0.93 0.91 0.41 0.38 0.05 0.41 0.96 0.96 0.78 0.16 0.40 1.00  

T_An 0.70 0.94 0.94 0.96 0.91 0.91 0.42 0.39 0.06 0.42 0.97 0.97 0.80 0.22 0.42 0.99 1.00 
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5.4 Summary 

Groundwater samples in 51 locations were collected from dug wells in the Gurpur 

watershed of Coastal Karnataka. The samples were collected in three phases (Phase I, 

II, III) during the peak seasons of Monsoon (August-2017), Post-Monsoon (December-

2017), and Pre-Monsoon (April-2018), respectively. A total of fourteen drinking water 

quality parameters were analysed, out of which the parameters like pH, EC, and TDS 

were measured on the spot during sampling. Even though the health of human beings 

is not affected directly by the pH, careful attention is still required.  

In the present study, several methods are applied for checking the correctness 

of the analysis to verify the quality of the data generated from water quality analysis. 

The groundwater quality index studies are conducted individually for all 51 samples. 

The major inference from the GQI studies is that phase-II is the most affected phase 

with reduced water quality. The parameters like pH, Fe, SO4, NO3, and Cl are of major 

concern as they exceed the desirable limits (but are within the permissible limits).  The 

correlation studies for understanding the relationship between different parameters of 

drinking water quality are attempted. It can be concluded that there is a strong positive 

correlation between different equations used to check the correctness of the analysis. 

Hence the CCA method is useful in verifying the data before using it for GQI studies. 

The weighted arithmetic GQI method is used in this study. It is observed that the 

drinking water quality for the variables like TDS, Cl, TH, Ca, Na, K, Mg, TA, Fe, NO3, 

and SO4 are rated as “excellent water quality” category. The EC and pH fall under 

“poor” and “very poor” water quality, respectively.  
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6 Chapter 6 

GROUNDWATER RECHARGE 

6.1 Introduction 

Water is one of the most fundamental resources of any country. Water is not just a 

renewable resource. It is the resource that supports life on earth. Therefore, the need for the 

increasing demand for this vital resource is felt instantly. Our earth’s surface is mostly 

covered with water. But, about 97% of the earth’s water is saline. Thus, it cannot be utilized 

without proper treatment (desalination). But desalination process is not economical for 

large-scale supply. The remaining 3% constitutes freshwater. Out of this freshwater, the 

glaciers alone cover 68.7%, which is also inaccessible. Next to glaciers, the groundwater 

comprises 30.1% of freshwater. But it is difficult to explore and exploit economically 

because of the earth’s heterogenetic sub-surface and complexity. Therefore, the remaining 

0.9% of freshwater is easily available, comprising surface runoff, evapotranspiration, soil 

moisture, but it is insufficient to meet the growing population's basic needs. Also, the 

natural distribution and availability of this freshwater resource are extremely uneven and 

highly unpredictable. Therefore, freshwater resources can be considered as limited 

resources even though they are renewable. Thus, acute scarcity of freshwater is experienced 

during non-monsoon seasons. Therefore, scientific exploration, exploitation, conservation, 

recharge, and proper planning and management are much needed to meet the water 

requirements of any nation.  

The total water resources of India are estimated to be about 1880 km3. Due to spatial 

and temporal variations of precipitation, topographical, and other constraints, only 690 km3 

of surface water resources are considered available. With the increase in population, 

adoption of intense agricultural practices, industrialization, and urbanization, water 

requirements have considerably increased, and scarcity of this resource is felt.  The 

available water resources must be judiciously used, apart from the control of water wastage 

in various usages. 
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The study area comes under the Udupi and Dakshina Kannada districts on the west 

coast of India, which receives nearly 3000-5000 mm of average annual rainfall. Despite 

such high rainfall, it is observed that there is acute water scarcity in the months of summer. 

But, the groundwater table is almost to the surface (in some cases overflowing) during 

monsoon season. This is mainly because the rivers are seasonal as well as tidal. Also, the 

high porosity of lateritic rock formations is not suitable for storing and recharging for a 

longer duration. The chief occupation of the people here is mainly agriculture and fishing. 

The population of the district has been on a steep rise in recent years. The population 

density along the coast has considerably increased from 229/sq.km in 1970 to 281/sq.km 

in 1981 due to several developmental activities in agriculture, industry, commerce, and 

trade programs.  

The surface water is available in rivers, rivulets, and creeks, which flow only during 

the rainy season and for few months during the post-monsoon period. Therefore, priority is 

given to the areas with deeper aquifers and post-monsoon season for groundwater recharge. 

Whereas the shallow aquifers which are having shallow water levels are usually not given 

priority. But in the present case, there is a need for looking into the shallow aquifers because 

lateritic soils have higher infiltration and permeability. Thus, water conservation and 

recharge plans are required to be efficiently utilized during non-monsoon seasons. There is 

a need for understanding the runoff for realistic assessment and quantification of the surface 

and groundwater. The complexity of the aquifers and subsurface can mislead to propose 

improper recharge structures(Todd & Mays 2005). 

Community participation should be encouraged to plan, implement, and maintain 

public resources to improve the situation. Attention should also be given to combat the 

drinking water problem in rural areas by taking mitigative measures such as artificial 

groundwater recharge. 

The groundwater recharge estimation can be classified as direct recharge (diffuse 

from recharge structures) and indirect recharge (from rivers and channels) depending upon 

the percolation of the surface water into groundwater.  
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Artificial Recharge is a means of infiltrating the surface runoff artificially into 

aquifers. In this regard, the selection of suitable methods and sites for groundwater recharge 

requires a detailed study. The need for water management and construction of small water 

harvesting structures is imminent and is gaining many scopes nowadays (Kumar & 

Rameshwar 2008). Thus, the present study aims to study the groundwater recharge 

potential of the study area and identify the sites for Artificial Recharge Structures that are 

location-specific and are suggested based on the application of multi-disciplinary fields like 

Geo-physics, RS, and GIS. The relationship between GIS and artificial recharge structures 

can be found in various literature (Shankar & Mohan 2005; Patil & Mohite 2014; Selvam 

et al. 2017). 

6.2 Objectives of the study 

The proposed work includes a detailed study of the hydrogeological and geophysical 

characters of the aquifers in the study area.  The data generated helps 

1. To study the groundwater recharge potentiality in the study area. 

2. For selecting the suitable methods for groundwater recharge. 

3. To identify the sites for Artificial Recharge Structures using site specific 

approach. 

4. To study the groundwater budget of the study area. 

5. To assess the aquifer parameter and to know the groundwater status of the 

area. 

6. To draft proper and effective water management plans. 

6.2.1 Geology 

Laterites are highly porous and permeable. The aquifers in the area get fairly recharged 

during the rainy season, but since laterites are highly permeable, base flow is high, and 

hence the groundwater gets discharged gradually to the sea.  The granitic gneisses, although 

impervious, have secondary porosity due to fractures and joints. These are occasionally 

intruded by dolerite dykes, which sometimes act as barriers to the groundwater flow.  A 
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thin layer of lithomargic clay exists between laterite and granitic gneiss. Towards the coast, 

a small patch of alluvium consisting of sand, silt, and clay is present, which has high 

porosity but tapping water from this formation may yield saline water or aid in the saltwater 

intrusion. More detailed geology of the study area is explained in chapter 3, “Geology and 

Geomorphology”. 

6.2.2 Groundwater Recharge Potential zones (GRPZ) 

A total of 9 thematic layers like groundwater potential zones, geomorphology, land use/ 

land cover (lu/lc), depth to bedrock, lineament density, groundwater fluctuation, slope 

(percentage), drainage order, and soil depth are used for integration and resultant GRPZ. 

This methodology is similar to the preparation of groundwater potential zones (chapter 4, 

“groundwater exploration studies”). But in this case, the theme weights and class ranks are 

given priority based on the Recharge potential.  The GRPZ thematic layer is then overlaid 

by drainage and waterbodies thematic layer to propose the site suitability for ARS. 

Different artificial recharge structures can be proposed based on location, terrain 

conditions, hydrological and hydrogeological characteristics. 

The present work attempts to establish the relation between the Electrical 

Resistivity method and RS &GIS-based methodology for groundwater recharge potential 

zone mapping in the Gurpur watershed of coastal Karnataka, India. Understanding 

geological, structural, geomorphological characteristics and their relationship with 

groundwater is necessary as it is the base for assigning ranks and weights. 13 thematic 

layers are used for integration purposes. (Venkateswara Rao & Briz-Kishore 

1991)suggested that sum of the product of normalized weights (subscript w) of the thematic 

layers with their respective ranks (subscript r) of the classes forms the Groundwater 

Recharge Potential Index as given in the equation below; 
equation 6.1The equation for calculating the Groundwater recharge potential index  

GRPI = [(GWPZw)*(GWPZr)]+[(GWCw)*(GWCr)] 

+[(LULCw)*(LULCr)]+(DOw)*(DOr)]+[(Slw)*(Slr)]+[(Gmw)*(Gmr)]

+[(SDw)*(SDr)]+[(DBRw)*(DBRr)]+[(LDw)*(LDr)] 

(equation 6.1) 
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Where, GWPZ-Groundwater Potential Zones, GWC-Groundwater contours, LULC-Land Use 

&Land Cover, DO-Drainage Order, Sl-Slope, Gm-Geomorphology, SD-Soil depth, DBR-Depth to 

bedrock, LD-Lineament density. 

The suitability analysis like WOI is used for vector integration of all the thematic 

layers into a single GRPZ map. The weights for different themes are assigned based on 

their influence over the groundwater potential. The merit and demerit of the features and 

their influence over groundwater occurrence are exactly the points of consideration for 

assigning suitable weights (Jaiswal et al. 2003). The final map is obtained by multiplying 

individual ranks of the thematic layers with the weightage assigned. The resultant map 

shows the groundwater recharge potential zones. The thematic layers used in integration 

are explained below in detail. 

6.2.2.1 Groundwater Potential Zones (GWPZ) 

Groundwater potential zonation means using the surface and sub-surface indicative 

parameters either by direct or indirect scientific methods for determining the potentiality of 

the groundwater zones in an area by quantitative and qualitative assessment. The surface 

features or parameters can be easily accessible through remote sensing and field 

verification. In contrast, the sub-surface parameters are possible through OB wells, ER 

methods, and direct observations in the possible exposures. GWPZ provides information 

on the best possible locations for groundwater tapping. If the GW potentiality is very high, 

then the possibility of recharge can also be very high. This shows the direct relationship 

between the two thematic layers. Therefore, a weightage of 20 is given for this thematic 

layer. The ranking of 5 is given to the “very high” category of groundwater potential zones. 

A ranking of 1 is given to the “very low” category of GWPZ. 

6.2.2.2 Geomorphology 

The geomorphology maps and data are collected from KSRSAC. A detailed explanation of 

geomorphology can be seen in chapter 3, “Geology and Geomorphology”. Geomorphology 
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plays an important role in GRPZ. Thus the weightage of 15 is given to this thematic layer. 

The features like alluvial plain and coastal plain are given a high ranking of 5 because the 

velocity of the water flow is greatly reduced due to plain land, which increases the recharge 

potential. The built-up land does not directly contribute to the recharge. But nowadays, 

rooftop rainwater harvesting is increasingly adopted for every house. So, either the 

rainwater can be stored or recharged to the nearest open wells or the bore wells. Therefore, 

in this study, the built-up area is given a ranking of 3. The water bodies are given the rank 

of 5 as they store and serve the purpose of recharge. 

6.2.2.3 Land use/land cover 

The detailed explanation of lu/lc can be seen in chapter 3, “Geology and Geomorphology”. 

The land use/land cover analysis is essential to know the spatial distribution of land 

resources and their influence on recharge potential. Agricultural land, forest land, and forest 

plantation are given the high rank of 5 and 4, respectively. The recharge is high in 

agricultural lands because of regular irrigation practices round the year. The forest land 

tends to recharge the groundwater naturally, and forest plantations are planted to reduce 

surface runoff to maximize recharge. 

6.2.2.4 Depth to bedrock or weathered zone 

The VES employing the Schlumberger method is used in the present study. About 35 

Soundings have been conducted within the study area. This is utilized to get apparent 

resistivity data. The detailed methodology for electrical resistivity method, VES 

configurations, Inverse Slope Method is given in chapter 4, “groundwater exploration 

studies”. The categories with high depth to bedrock are given 5 because the higher the 

weathered zone thickness, the greater the recharge potential. This thematic layer shows a 

direct relationship with groundwater recharge potential. 
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6.2.2.5 Lineament density 

Generally, lineaments are associated with the geodynamics and structural geology of the 

area. Therefore the continuous activity of building and breaking apart of the earth’s crust 

leads to different types of folds, faults, joints, and unconformities. These geological 

features, which form linear or nearly linear features on the surface, are called lineament. A 

detailed explanation of LD can be seen in chapter 4, “groundwater exploration studies”. 

The high lineament density indicates the high intensity of weathering and, therefore, the 

possibility of maximum effective porosity and permeability of the aquifers. Hence, 

lineament density and groundwater potential have a direct relationship (Hardcastle et al. 

1995). Therefore, ranking of 2 and 4 are given to low and high lineament density classes, 

respectively. The LD is classified into 3 classes viz., Good (153.92 km2), Moderate (411.49 

km2), and Low (312.33 km2). 

6.2.2.6 Ground Water Fluctuation (GWF) 

The GWF thematic layer for the Gurpur catchment is prepared using the observatory wells 

data and the water level data collected during field visits for pre-monsoon, monsoon, and 

post-monsoon seasons. The available OB wells data obtained from IMD is used in the 

study. The data is available in Microsoft excel comma-separated value format. This 

attribute data is converted into point shapefiles in the GIS platform. The average of 20 years 

of groundwater level data (from 1998 to 2018) is considered for Pre-Monsoon (January-

May), Monsoon (June-August), and Post-Monsoon (September-December). The lowest 

groundwater level (GWL) is recorded as 1.22 mbgl in Ullala-A OB well during the 2006 

post-monsoon season. The highest GWL, 11.7 mbgl is recorded in Bantwal during the 2007 

pre-monsoon period. And finally, the GW fluctuation is prepared using the IDW method in 

the spatial analyst tools. 

The Groundwater fluctuation is divided into 5 classes from “very low” to “very 

high”. The GWF thematic layer plays an important role in demarcating recharge potential 

zones. The high fluctuation of GWL indicates a higher possibility of recharge capacity as 

well as groundwater storage. Therefore ranking of 5 is given for high GWF, and a ranking 
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of 2 is given for low fluctuation of GWL. From Figure 6.3, it is observed that most of the 

midland region is coming under the “high” and “very high” GWF categories. Therefore, 

the midland region should be given high priority for recharging the GW through artificial 

recharge structures. The subsurface water flow is towards the low land region where built-

up land is high. Here the rainwater harvesting structures could be used effectively.  

6.2.2.7 Slope 

A slope is a slanting surface at an angle of less than 90° to a flat surface. A major portion 

of the earth's surface consists of the slope. Based on the All India Soil and Land Use Survey 

guidelines, the slope categories are prepared. The slope exhibits an inverse relationship 

with the recharge potential, i.e., the lesser slope means the lesser intensity of runoff, 

therefore, more time for infiltration. Thus the ranking of 5 is given to slope categories that 

are under 0 – 5 slope percentage. The ranking of 2 is given to the high slope category. 

6.2.2.8 Drainage order and water bodies 

The drainage network line features are prepared using DEM data in ArcMap and then 

converted into shapefiles. The detailed procedure for preparing drainage order thematic is 

given in chapter 3, “Geology and Geomorphology”. The study area consists of 7th order 

stream. This thematic layer is converted to polygon features using a 1m buffer for all the 

line features so that the drainage orders thematic layer can be used for integration. This is 

one of the important thematic layers which possess information about the possible recharge 

sites. The drainages up to 3rd order are spatial distributed and more in number, suitable for 

effective recharge. Therefore ranking of 5 is given to the drainages up to 3rd order. Also, 

these drainage orders are at a higher elevation, and so the groundwater flow is towards the 

higher order drainages. Though the 6th and 7th drainage orders could have a high volume of 

water, their spatial distribution is limited. Therefore they are assigned the ranking of 4, as 

they still hold good recharge capacity. 
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Figure 6.1 Flow chart for groundwater recharge potential zones mapping. 
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Figure 6.2 Thematic layers used in integration of GRPZ. 
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6.2.2.9 Soil Depth Map 

A soil depth map of the study area, available as authentic data from NBSS/LUP, is used. It 

is georeferenced, vectorized, and provided attribute data in the ArcGIS environment. The 

study area possesses mostly the “deep” soil depth category, which almost covers 90% of 

the study area. A ranking of 4 is given for the deep soil depth class, and for waterbodies 

ranking of 5 is given. The soil depth thematic layer possesses a direct relationship with the 

recharge potentiality. 

 
Figure 6.3 Groundwater fluctuation map (average for 20 years 1998-2018) 

6.2.2.10 Groundwater recharge potential zones 

The thematic layers like groundwater potential zones, geomorphology, lu/lc, depth to 

bedrock, lineament density, groundwater fluctuation, slope, drainage order, and soil depth 

are used to integrate and prepare GRPZ. The theme weights and class ranks are given 

priority based on the relationship of the individual thematic layers with respect to Recharge 
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potential. The results obtained indicate that about 27% of the study area is categorized 

under “high” and “very high” categories. The moderate category of GRPZ constitutes 32% 

of the study area. About 41% of the area is considered under “low” and “very low” 

categories. Based on these results, the site suitability of artificial recharge structures and 

conservation methods are proposed. The GRPZ with “very high” and “high” categories, 

which come in midlands, are prioritized. Because the GWF Figure 6.3in midlands is very 

high, the construction of ARS is highly recommended. The ARS, like check dams, 

percolation ponds, farm ponds, could be constructed in these locations for better results. 

Table 6.1 GRPZ weightage assignment and recharge ratio factors. 

Sl. 

No 

Thematic 

Layer 
Classes 

Area Rank 

(Y) 

Weights 

(X) 

A = 

(X*Y) 

B = 

∑(X*Y) 

Recharge 

Ratio % (Km2) 

1 GWPZ 

Very Good 21.02 5 

20 

100 

300 14.76 

Good 231.35 4 80 

Moderate 420.76 3 60 

Poor 185.05 2 40 

Very Poor 19.56 1 20 

2 
Geo-  

morphology 

Alluvial plain 63.95 5 

15 

75 

480 23.61 

Coastal plain 6.6 5 75 

Flood plain 0.75 5 75 

Waterbody 22.63 5 75 

Denudational hill 43.14 2 30 

Pediplain 579.79 4 60 

Plateau 45.65 1 15 

Settlement 10.06 3 45 

Structural hills 105.17 2 30 

3 LULC 

Agricultural land 147.98 5 

15 

75 

450 22.13 

Forest land 286.32 4 60 

Forest plantation 182.32 4 60 

Grassland 45.66 3 45 

Industrial area 13.37 1 15 

River island 0.75 1 15 

Built-Up area 161.36 3 45 

Wasteland 13.19 4 60 

Waterbody 26.76 5 75 

4 
Depth to  

bedrock 

Low 165.45 2 

14 

28 

140 6.89 Moderate 570.18 3 42 

High 142.11 5 70 

5 
Lineament 

Density 

Low 312.33 2 

11 

22 

99 4.87 Moderate 411.49 3 33 

High 153.92 4 44 

6 
GW 

Fluctuation 

Very Low 32.65 2 

9 

18 

153 7.53 Low 368.64 3 27 

Moderate 228.47 3 27 
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High 215.64 4 36 

Vey High 132.33 5 45 

7 
Slope  

(%) 

000-001 262.32 5 

8 

40 

224 11.02 

000-003 122.53 5 40 

003-005 144.33 5 40 

005-010 106.35 4 32 

010-015 87.12 4 32 

015-035 71.02 3 24 

035-050 84.07 2 16 

8 
Drainage  

order 

1st order 222.56 5 

5 

25 

145 7.13 

2nd order 314.93 5 25 

3rd order 235.94 5 25 

4th order 74.68 3 15 

5th order 29.26 3 15 

6th order 74.68 4 20 

7th order 29.26 4 20 

9 
Soil  

Depth 

Moderately Shallow 

(50 - 75 cm)  
34.718 2 

3 

6 

42 2.07 
Moderately Deep (75 

- 100 cm) 
31.347 3 9 

Deep (>100cm) 788.39 4 12 

Waterbody 23.282 5 15 

Total 100 ∑B = 2033.00 100.00 
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Figure 6.4 Groundwater recharge potential zones of Gurpur watershed. 

6.2.3 Artificial recharge structures 

Artificial recharge may be defined as the process of augmenting natural aquifers by 

artificial means. There are many methods of recharging groundwater viz., recharge wells, 

percolation tanks, sub-surface dams, check dams/vented dams, irrigation practices. Only 

sub-surface dams, check dams / vented dams are ideal methods in the study area. In addition 

to those, the water harvesting methods like roof-top rainwater harvesting, micro watershed 

practices may also directly or indirectly help in improving the groundwater levels. 

Depending upon the hydrogeological framework, there are different types of 

artificial recharge techniques. The following are the broad classification of the artificial 

recharge techniques, 
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I. Direct Methods 

A). Surface Spreading Techniques 

a. Flooding 

b. Ditch and Furrows 

c. Recharge Basins 

d. Runoff Conservation Structures 

i. Bench Terracing 

ii. Contour Bunds and Contour Trenches 

iii. Gully Plugs, Nalah Bunds, Check Dams 

iv. Percolation Ponds 

e. Stream Modification/Augmentation 

B). Sub-surface Techniques 
a. Injection Wells (Recharge Wells) 

b. Gravity Head Recharge Wells 

c. Recharge Pits and Shafts 

II. Indirect Methods 

A). Induced Recharge from Surface Water Sources;  
B). Aquifer Modification 

a. Bore Blasting. 

b. Hydro-fracturing. 

III. Combination Methods 

In addition to the above, groundwater recharge structures like Subsurface dykes 

(Bandharas) and Fracture Sealing Cementation techniques are also used to arrest 

subsurface flows. 

6.2.3.1 Water conservation methods 

In addition to artificial recharge of groundwater, the water conservation/water harvesting 

(WH) methods play a vital role in meeting the necessary water demand. There are three 

main categories of WH techniques that have been devised and perfected over the years. 

Each category has its subset of methods and techniques employed to get the maximum 

amount of benefit from each water source, be it floods water, rainfall or groundwater. The 

following are some water conservation methods that can be implemented to meet the water 

supply demand. 
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I. Watershed  Development 

a) Contour  bunding 

b) Counter trenching 

c) Land terracing 

d) Gully plugging 

e) Afforestation 

f) Localized water conservation  

II. Adopting Modern Irrigation Practices 

a) Drip irrigation 

b) Sprinkler irrigation 

c) Pot irrigation 

d) Selection of water  use efficiency  crops 

III. Rooftop rainwater harvesting 

Besides, there are some other methods of water conservation viz., 

 Conjunctive use 

 Recycling of water 

 Reducing water evaporation 

 Educating people to avoid wastage of water through media, TV, NGOs. 

Nowadays, Roof-top rainwater harvesting structures are being built widely in many 

places and supported by the state and central government to conserve the rainwater.  

6.2.4 Site specific approach for proposing ARS 

The spatial and thematic information generated like slope, soil type & depth, 

geomorphology, lithology, drainage density, lu/lc, GWPZ should have to be properly 

understood to know the effects of those thematic layers over the groundwater recharge. 

Then the integrated theme is overlaid by drainage and water bodies for site selection of 

ARS. Based on the terrain conditions, hydrological and hydrogeological characteristics, 

different artificial recharge structures can be proposed. Therefore, a detailed study on site-

specific recharge structures and ideal water conservation techniques are discussed.  

There are many site-specific artificial recharge methods available, which mostly 

depend on the lu/lc, geomorphology, soil depth, drainage order, lineament density, depth 

to bedrock (thickness of weathered zone), slope, and groundwater level of the area. Also, a 

new thematic layer is generated, i.e., groundwater potential zones resulting from the major 

and minor effects of all the above-mentioned thematic layers and others over groundwater 
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potentiality. Finally, a criterion is prepared using all the above-mentioned thematic layers 

to select the site specific recharge methods for groundwater recharge. Based on these 

criteria, it was found that the following recharge methods are ideal in the study area: The 

construction of check dams / vented dams, nala bunds, percolation tanks, farm ponds, 

contour trenching, subsurface dams, and using the available dug wells/bore wells, for 

recharging.  

Water harvesting structures like reservoirs and tanks are silting up quickly due to 

accelerated topsoil erosion (adverse effects of deforestation, urbanization). The increasing 

number of bore wells and over-tapping of groundwater have caused a rapid decrease in the 

groundwater table. The combination of artificial recharge (groundwater) and rainwater 

harvesting (surface storage) is the only possible economic means of overcoming the 

existing water problems. 

Artificial recharge techniques have been successfully implemented in sedimentary 

terrains with large aquifers. Such practices are rare in hard rock aquifers such as those 

prevalent in peninsular India, consisting of many arid and semiarid zones. Artificial 

recharge practices in granitic or hard rock terrain are prevalent from ancient times. The 

artificial recharge through percolation tanks/bunds is expected to reduce the evaporation 

losses. 

The construction of subsurface dyke, a relatively recent concept in artificial 

recharge, has proved its efficacy in many locations in the hard rock terrain of India and is 

being practiced not only by governmental agencies but even by private agencies and 

landowners. Following are few important artificial recharge structures as well as water 

conservation techniques proposed for the study area. 

6.2.4.1 Check dams 

A check dam is a small barrier constructed across the flow direction of streams to recharge 

the groundwater. The restoration of low foot-print runoff harvesting vegetation on the hill 

slopes strengthens the source-sink relations and increases the streams' runoff (Stavi et al. 

2020). The check dams could be constructed for storing and using the surface runoff for 
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irrigation, for reducing soil erosion, for sediment capture, for promoting surface vegetation 

and soil humidity. The harvested water could also be used for domestic and livestock needs. 

The check dams are economical and easy to install structures which are very effective in 

groundwater recharge. The check dams are proposed based on the site suitability approach 

in the Gurpur watershed. The GRPZ thematic layer is also considered for prioritizing the 

proposed check dam sites. The details of the criteria used for proposed check dam sites are 

provided in Table 6.2. 

6.2.4.2 Nala bunds 

Nala bunds are constructed to arrest the velocity of the streams and increase the possibility 

of infiltration of the water. Nala bunds are also constructed to reduce soil erosion and reduce 

silting of artificial recharge structures. Due to the primary porosity of the lateritic rocks, 

the recharge to groundwater aquifers is significant.  However, in hard rock stream beds, 

secondary porosity is less, and so is the percolation. Therefore, if these bunds are located 

adjacent to some marked discontinuities/lineaments/fractures, the recharge to deeper 

groundwater bodies may be quite significant even if the recharge occurs for a brief time. 

6.2.4.3 Percolation tank 

The percolation tanks are the small tanks constructed across the stream flow. These are 

mostly the spillway type of structures. The percolation tanks are most effective if associated 

with highly weathered and fractured zones.  Therefore greater the lineament (fractures) 

density, the greater is the recharge through percolation tanks. These structures are best 

suitable for high slope regions with streams of 2nd to 4th order. Soil erosion is one of the 

major drawbacks of the construction of percolation tanks. The silt collected hinders the 

groundwater recharge and also leads to regenerated surface flow. Therefore the proposed 

percolation tanks should be closely associated with nala bunds. Most of the eroded soil and 

silt is trapped by nala bunds before entering the percolation tanks.  
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6.2.4.4 Farm pond 

The farm ponds intend to recharge the nearby wells along with irrigation, cattle rearing 

purposes, etc. The farm pond can be of different sizes depending upon the space available 

and surface runoff. They can store the water for some time and can slowly recharge the 

groundwater. With proper maintenance and de-silting, these ponds can recharge a huge 

volume of groundwater. The farm ponds are usually associated with 1st or 2nd order 

drainages; therefore, they can be more in number and spatially distributed. The farm ponds 

associated with high lineament density can accelerate the process of recharge. 

6.2.4.5 Contour trenching 

The contour trenching is done to arrest the immediate flow of surface water downhill. 

Usually, these are suggested for greater slope areas, i.e., hilly terrains. The parallel trenches 

in the hilly regions along the regular elevation intervals reduce the water flow and store the 

water for some time, which serves the groundwater recharge. Therefore the vegetation 

downhill to those trenches can utilize the water in the form of soil moisture. 

6.2.4.6 Rainwater harvesting 

The demand for freshwater is increasing rapidly due to population growth, contamination, 

little availability of groundwater. Therefore, harvesting the surface water, especially 

rainwater (superior quality),properly and efficiently is highly suggested (Baby et al. 2019). 

The physical and chemical properties of rainwater are superior in quality to the surface 

runoff and groundwater, which are prone to contamination due to various reasons. It is 

documented that RWH was practiced by ancient Romans and Greeks (Phoca & Valavanis 

1999). And Nowadays, the popularity and necessity of RWH have grown exponentially 

(Zhang et al. 2009). 
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Table 6.2 Site specific approach for selection of artificial recharge structures. 

 

Sl. 

No 

Recomm- 

endation 
GWPZ 

GW 

level 

(mbgl) 

LULC 
Drainag

e order 
Slope Geomorphology Soil Depth 

D2BR 

(m) 

Lineament 

density 

01 
Check 

Dam 

Very Poor - 

Moderate 
7.9 - 15.8 

Agricultural land 

Forest land 

Grassland 

Wasteland 

2nd - 4th 0-15 

Denudational hill 

Structural hills 

Pediplain 

moderately 

shallow 

moderately 

deep 

deep 

9-44 
Moderate-

High 

02 
Nala 

bunds 

Very Poor - 

Moderate 
4.9 - 7.8 

Agricultural land 

Forest land 

Grassland 

Wasteland 

1st - 2nd 15-50 
Denudational hill 

Structural hills 
deep 3.7 - 9 

Moderate-

High 

03 
Farm 

pond 

Very Good 

- Poor 
4.9 - 7.8 

Agricultural land 

Forest land 

Grassland 

River Island 

1st - 2nd 0 - 5 

Alluvial plain 

Coastal plain 

Flood plain 

Pediplain 

Plateau 

moderately 

shallow 

moderately 

deep 

3.7 - 

44 

Low - 

Moderate 

04 
Contour 

Trenching 

Very Good 

- Moderate 
4.9 - 7.8 

Agricultural land 

Forest land 

Grassland 

Wasteland 

1st - 2nd 15-50 
Denudational hill 

Structural hills 

moderately 

shallow 

moderately 

deep 

deep 

3.7 - 

44 

Low - 

Moderate 

05 
Percolation 

tank 

Very Poor - 

Moderate 
7.9 - 15.8 

Wasteland 

Forest land 

Grassland 

2nd - 4th 0 - 5 

Alluvial plain 

Coastal plain 

Flood plain 

Pediplain 

moderately 

deep 

deep 

9 - 44 Low 
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Figure 6.5 Proposed artificial recharge structures using GRPZ and site specific approach. 

The rainwater can be collected on the ground and from roof surfaces. The rainwater 

could be directly used for drinking, and domestic purposes, provided proper mechanisms 

and filters are used. Once the rainwater falls on the ground and generates runoff, many 

considerations are to be made concerning the water quality. The parameters like organic 

matter & micro-organisms, fertilizers & pesticides, suspended minerals, acidity, etc., are 

considered. Therefore importance is given to rainwater harvesting with different screening 

and purification systems to store the water with superior quality.  

The study area covers 161.37 km2 of built-up (about 18%) area and experiences a 

very high precipitation intensity during monsoon. Therefore almost 600 million cubic 

meters (MCM) / year of rainfall could be encountered and collected if the rooftops are 

utilized one hundred percent. Also, if the storage capacity is exceeded, then the rainwater 

could be diverted to recharge the nearest dug wells/bore wells. This could replenish the 

shallow as well as the deeper aquifers. 
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6.2.4.7 Dug well / bore well recharge 

The bore wells and dug wells are the primary water source for suburban and rural locations, 

where the government could not deliver surface water. The water table is lowering 

significantly every year due to the tapping of deeper aquifers through bore wells or tube 

wells. Therefore these aquifers need to be recharged during the rainy season. The rainwater 

and surface runoff could be diverted to recharge the nearest bore wells, which in turn 

replenish the deeper aquifers. 

6.2.4.8 Quarry reservoirs 

Laterite quarrying is one of the important mining activities in the study area. Most of the 

time, these quarries would cut the hilly terrains into flatlands. But the abandoned quarries 

could be used to store diverted water and eventually lead to groundwater recharge. 

6.2.4.9 Subsurface dams / dykes 

The subsurface dams are the barriers constructed to arrest the base flow. Generally, they 

are constructed at locations where the depth to bedrock is least. The reason for constructing 

these structures is to effectively arrest the groundwater flow on the downstream side and 

minimize the construction cost. The selection of such sites with the help of modern 

technology like remote sensing and GIS is the need of the hour. These methods help to 

bring out the geological and structural features in the area selected for artificial recharge. 

6.2.4.10 Park recharge structures 

The parks in the city corporation limits, institutes/organizations, agglomerates of 

apartments, or mansions and bungalows could be effectively used to divert the surface 

runoff for recharging the groundwater. If a large area is available in the park, then the basins 

(ponds/tanks) can be excavated, recharging and improving the park's aesthetic view. If the 

area available is less, then the dug well/bore well or recharge shafts can be used for 

recharging groundwater. The pits and trenches can be constructed along the borders of the 

park for accommodating infiltration. Also, the storage tank structures can be constructed 

within the park, which may be used for storing the rainwater harvested from nearby 
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rooftops. Therefore, these park structures could reduce urban flooding and divert the water 

for recharge. 

6.2.4.11 Injection wells 

The injection wells (also known as recharge wells) are the shafts/wells which directly allow 

the surface water to flow into groundwater aquifers. These are the only means of recharge, 

where the soil permeability is very less. Also, injection wells are widely used for controlling 

saltwater intrusion in coastal areas. The quality of the injected water is very important as it 

filters through the soil naturally during recharge. The suspended solids, clay content, 

organic and chemical impurities affect the efficiency and utilization of the aquifer. The 

water temperature used for recharge through injection wells is also a point of concern 

because the solubility of air increases with temperature decreases. Therefore, if the surface 

water at 10°C is injected into an aquifer with 20°C of temperature, it releases the saturated 

air into the aquifer. While some air escapes, most of it settles in the pore spaces, becoming 

tiny bubbles. This could seriously reduce the aquifer capacity. On the contrary, if the 

groundwater temperature is lower than the surface water, the saturated air in the 

groundwater is released. Therefore proper temperature is required for recharge through 

injection wells (USDA & NRCS 2010). 

6.2.4.12 Soil Aquifer Treatment (SAT) 

The treated water generated by the Sewage treatment plant (STP) could be used for 

domestic uses, irrigation, and as well as for recharging the groundwater. The usage of 

sewage-treated water slightly reduces the water demand, as this water can be available 

throughout the year. Wastewater reclamation is the most effective strategy in Water 

Ecosystem Impact reduction (Xiong et al. 2020). For recharging the treated water, first, 

quality analysis is to be done, especially for heavy metals, as they tend to pollute the 

aquifers in the long run. Then the SAT can be implemented by excavating infiltration ponds 

for the removal of nutrients and pathogens. The proof-of-concept experiments had shown 

that under normal recharge conditions, some of the pharmaceuticals, pathogens, and other 

organic wastewater compounds would prevail in the treated effluent after SAT (Cordy et 
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al. 2004). The soil adsorption capacity is finite, and considering the long-term SAT, the 

aquifers eventually become polluted (Vengosh & Keren 1996). Therefore proper planning 

and treatment should be conducted before the SAT because, in long term scenario, even the 

treated water could pollute the groundwater resources. 

6.2.5 Recharge estimation methods 

Recharge is defined as the water percolated to the groundwater body. But in recharge from 

rivers, it is considered the transmission loss (water that leaves the river downwards). The 

perched aquifers, evapotranspiration, water stored in unsaturated zones could make a huge 

difference between recharge and transmission loss (Hughes & Sami 1992). The recharge 

estimation methods are classified into five categories according to (Lerner et al. 1990), 

which are direct measurement, correlation methods, tracer techniques, Darcian approaches, 

and water balance methods. The direct measurements use lysimeters to measure percolation 

in open waters, whereas the correlation methods relate the recharge to easily accessible data 

like groundwater level fluctuation or river discharge. The groundwater response function 

yields similar results as in-unit hydrograph and could be a good example for the correlation 

method (Besbes et al. 1978). The estimation of recharge from precipitation has wide 

applicability of the tracer techniques (Sukhija et al. 1996). The Darcian methods include 

field data like hydraulic properties, flow net, infiltration equations, etc., but it is not easy to 

gather enough data to model reality. The water balance methods could use aquifer 

modelling, watershed modelling, watertable fluctuation to estimate the recharge. In the 

present study, few of the methods or approaches are used to estimate the groundwater 

recharge. 

6.2.5.1 Groundwater recharge ratio 

The recharge rate in the watershed can be found using the average of 20 years (from 1998 

to 2018) rainfall is considered in Table 6.3. The details like coordinates of the rain gauge 

stations (RGS), RGS names, and rainfall statistics are given (Table 6.3).  
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Table 6.3 Rainfall statistics for 20 years from 1998 – 2018 for 12 rain gauging stations 

Sl. 

No. 
RGS 

Elevation 

(m) 

Longitude 

(Decimal 

degrees) 

Latitude 

(Decimal 

degrees) 

Avg. RF 

distribution 

(mm/year) 

Min 

(mm) 

Max 

(mm) 

1 bajpe 101 74.883333 12.916667 3434.58 2192.60 4384.90 

2 gurupur 80 74.916667 12.916667 3428.81 2340.00 4503.00 

3 kavalakatte 110 75.183333 12.95 3134.51 1988.20 4416.20 

4 mangaluru DCO 12.8 74.833333 12.85 3283.53 2819.40 4543.10 

5 mangaluru RS 8.84 74.833333 12.883333 3412.82 2887.70 4094.00 

6 naravi 100 75.15 13.133333 5277.98 4380.80 6661.20 

7 panambur 114 74.833333 12.883333 3356.06 2381.70 4713.30 

8 Pudu 60.96 75.1 12.933333 3416.15 2626.80 4317.61 

9 sangabettu 80 75.05 12.983333 3881.98 2867.20 4836.80 

10 sulkeri 110 75.183333 13.066667 4969.99 3867.80 6240.80 

11 ullala 15 75 13 3084.66 2281.20 4334.20 

12 venoor 100 75.15 13 3924.54 3178.80 4886.60 

Average 3717.13  

 

The GRPZ is prepared by integrating 9 thematic layers with respect to their thematic 

weights and individual theme’s rank assessment. The product of average annual rainfall, 

with its corresponding area factor and the recharge factor, gives the recharge rate in the 

watershed (Selvam et al. 2014). Based on these results, the GRPZ is deciphered into 5 

classes from “very high” to “very low”. The estimation of recharged volume (W) is 

calculated using the formula 
equation 6.2.T he formula for estimating the recharge water volume 

𝐖 =  𝐏 𝐱 𝐑 𝐱 𝐀 (equation 6.2) 

Where, W = Recharge water (mm / year); P = Average precipitation (mm / year); R = Recharge 

ratio; A = area (in percentage) 

Table 6.4 calculation of recharge rate factors and statistics. 

Sl. 

No. 
Category Count 

Max 

Area (sq. 

km) 

Total Area 

(sq. km) 

Area 

(%) 

Recharge 

ratio 

(RR) 

(Area*RR) 

1 
Very 

Low 
6647 5.60 182.40 0.21 0.275 0.057 

2 Low 11983 1.02 174.02 0.20 0.325 0.064 

3 Moderate 23516 1.47 282.03 0.32 0.375 0.121 

4 High 22131 1.18 195.26 0.22 0.425 0.094 

5 
Very 

High 
7821 2.22 44.03 0.05 0.475 0.024 

Total 877.75 1.00 1.88 0.36 
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Therefore,  

W = (3262.7*106) * ((0.275 * 0.21) + (0.325 * 0.20) + (0.375 * 0.32) + (0.425 * 

0.22) + (0.475 * 0.05)) 

W = (3262.7 *106) * (0.36) 

W = 1174.57 *106 m3/year 

W = 1174.57 MCM/year 

Also, equation 6.2 can be used to estimate recharge rate in mm per year (or 

percentage) with respect to the unit of the average precipitation considered (Table 6.5), 

which is as follows: 

W = 3717.13 * 0.36 

W = 1339.82 mm / year 

The recharge rate of the Gurpur watershed is 1174.57 MCM/year, which covers 

36% of the total average annual rainfall of 20 years from 1998 to 2018. 

Table 6.5 The rainfall to recharge rate calculations with corresponding units. 

Ppt. (mm/year) 
Recharge 

factor 
Recharge (mm/year) 

Recharge (%) 

3717.13 0.36 1339.82 36.04 

 

The results obtained are then compared with the proposed standards adopted by 

(UN 1967). This methodology yielded 36% recharge of total precipitation occurred.  

6.2.5.2 Validation of the results 

The groundwater recharge estimation can be classified as direct recharge (diffuse from 

recharge structures) and indirect recharge (from rivers and channels) depending upon the 

percolation of the surface water into groundwater. These methods are also used with 

different terminologies like localized or focused recharge (Lerner 1997) and also as direct 

(diffused) and localized (preferential flow) recharge estimation (Rushton 1997). The 

natural groundwater recharge can be estimated from several physical, geochemical, and 

inverse methods. The widely used empirical methods, rainfall infiltration method, 
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hydrodynamic method, and water balance method are employed to estimate groundwater 

recharge and validate the results. 

6.2.5.3 The empirical relationships 

The empirical relationships with the different aspects of recharge having physical meaning 

are considered in these methods. The relationships between precipitation and recharge are 

mainly considered because the runoff and recharge are closely associated with the amount 

and intensity of the rainfall. The natural groundwater recharge can be estimated using the 

following empirical formulae and guidelines (Groundwater Resource Estimation 

Committee 2009). Therefore the empirical relationships proposed (Bhattacharya et al. 

1954; Rao 1970; Chaturvedi 1973; Sehgal 1973; Kumar & Seethapathi 2002) are used in 

this study to validate the results. 

Chaturvedi in 1936 derived a relationship based on groundwater level and rainfall 

to estimate recharge in Ganga-Yamuna doab (Kumar 1996). The empirical relation is given 

by, 
equation 6.3Chaturvedi's empirical relation for est imating groundwater recharge 

𝑅𝑔 = 2 ∗ (𝑃 − 15)0.4 (equation 6.3) 

Where Rg is net recharge (in inches), and P is annual rainfall (in inches). 

This formula helps understand the preliminary relationship between rainfall and 

recharge. Later this formula was updated in 1954 by U.P.I.R.I. as 
equation 6.4UPIRI's empirical relation for estimating groundwater recharge 

𝑅𝑔 = 1.35 ∗  (𝑃 − 14)0.5 (equation 6.4) 

Where Rg is net recharge (in inches), and P is annual rainfall (in inches). 

The U.P.I.R.I formula was again updated as the Amritsar formula (Sehgal 1973). 

This formula is denoted by 
equation 6.5Amritsar formula of empirical relation for estimating groundwater recharge 

𝑅𝑔 = 2.5 ∗  (𝑃 − 16)0.5 (equation 6.5) 
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Where Rg is net recharge (in inches), and P is annual rainfall (in inches). 

Also, the relationships between rainfall and recharge for a particular climate and 

homogenous area were proposed by Krishna Rao in the 1970s (Kumar 1996). The Krishna 

Rao relationship was given by the following formula, 
equation 6.6Krishna Rao's empirical relation for estimating groundwater recharge 

𝑅𝑟 = 𝐾 ∗ (𝑃 − 𝑋) (equation 6.6) 

Where Rr is groundwater recharge (mm), P is precipitation (mm), K is recharge coefficient, X is 

no. of point rainfall. 

The following relations are suitable for different parts of Karnataka with different 

climatic conditions. 

𝑅𝑟 = 0.20 ∗ (𝑃 − 400) Where annual rainfall is between 400 to 600 mm 

𝑅𝑟 = 0.25 ∗ (𝑃 − 400) Where annual rainfall is between 600 to 1000 mm 

𝑅𝑟 = 0.35 ∗ (𝑃 − 600) Where annual rainfall is >2000 mm 

Bhattacharya et al. (1954) also proposed the empirical relations for estimating 

recharge from rainfall alone.  
equation 6.7Bhattacharya's empirical relation for estimating groundwater recharge using rainfall alone  

𝑅 = 3.47 ∗ (𝑃 − 38)0.4 (equation 6.7) 

Where R is groundwater recharge (inches), and P is precipitation (inches). 

Later, Kumar & Seethapathi (2002)proposed a relationship for recharge estimation 

from rainfall in the upper Ganga canal command area (Kumar & Seethapathi 2002). This 

method considers the rainfall variability during the monsoon period.  
equation 6.8Kumar & Seethapathi's empirical relation for estimating groundwater recharge 

𝑅𝑔 = 0.63 ∗ (𝑃 − 15.28)0.76 (equation 6.8) 

Where Rg is groundwater recharge during monsoon (in inches) and P is mean rainfall in monsoon 

(in inches). 

6.2.5.4 Rainfall Infiltration (RI) method 

The Gurpur watershed is composed of hard rocks like granite and gneiss, which are highly 

impervious. Therefore, water can only be stored in cracks and fractures, creating secondary 

porosity (effective porosity). The storativity of these hard rock aquifers is mainly dependent 

on the weathering activity and associated lineaments. The relationships of recharge and 

rainfall in the rainfall infiltration method can be seen in the following formula, 
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equation 6.9The groundwater recharge estimation using rainfall infiltrat ion method  

GWR = A * RFI * P (equation 6.9) 

Where GWR is the Groundwater Recharge, A is Area, RFI is the Rainfall infiltration factor, and P 

is the average annual rainfall. 

For the Gurpur watershed: 

Area (A) = 877.75 * 106 m2 

Rainfall infiltration factor (RFI) = 0.005 which is 5.5% (Karanth 1994) 

Average annual rainfall = 3.71713 m per year 

Groundwater Recharge = 179.45 MCM per year 

Therefore, the amount of groundwater recharge estimated using the rainfall 

infiltration method is 179.45 MCM for 20 years of average annual rainfall. 

6.2.5.5 Hydrodynamic Method 

The groundwater table fluctuation is the combined effect of many factors like infiltration, 

pumping/drafting, transmission losses, irrigation recharge, and groundwater withdrawal for 

irrigation. Therefore, the need for the network of representative OB wells, which gives 

practical and physical meaning to the groundwater level fluctuations in the field, is 

important. Based on the network of OB wells data, the quantitate changes in water level 

due to recharge or discharge could be measured (CBIP 1976; Adyalkar & Rao 1979).  

The estimation of groundwater recharge using the hydrodynamic method is as 

follows, 
equation 6.10T he estimation of groundwater recharge using the hydrodynamic method 

GWR = Area * Avg. Water level fluctuation * Specific Yield (equation 6.10) 

Area (A) = 877.75 * 106 m2 

Average GWF = 6.64 m 

Specific yield = 0.2 is considered for the study area (Ministry of Water 

Resources & RDGR 2017) 

Groundwater Recharge = 1165.65 MCM per year 

Therefore, the groundwater recharge estimated using the hydrodynamic method 

yielded the groundwater recharge of 1165.65 MCM for the average groundwater level 

fluctuation of 6.64m. This volume of groundwater is the dynamic portion of groundwater 



 

Chapter 6 - Groundwater Recharge 

_____________________________________________________________________ 

_____________________________________________________________________ 

168 

 

that is practically available as a reserve. Also, the result obtained from the hydrodynamic 

method is yielding a similar result as that of the rainfall infiltration method. Also, the 

Groundwater Resource Estimation Methodology of the Ministry of water resources, GOI 

recommends that about 5% to 10 % of the total recharge could be lost as base flow 

discharge or evapotranspiration. Therefore, the average value mentioned earlier is 

considered in the study, i.e., 7.5%, which yields net GWR of 161.73 MCM per year. 

6.2.5.6 Water table fluctuation method 

The water table fluctuation method works under the assumption that the dynamic 

groundwater level is due to groundwater recharge alone, and then it moves to storage 

(Healy & Cook 2002).  
equation 6.11Groundwater recharge estimation using water table fluctuat ion method  

𝑞𝑤 =  𝑆𝑦 ∗  (
𝑑ℎ

𝑑𝑡
) (equation 6.11) 

Where Sy is the Specific yield, h is the GW fluctuation, and t is the time. 

Therefore, the GWR = (0.2) * (6.64 / 1) 

= 1.328 m per year 

= 1328 mm per year 

The total dynamic GWR in the study area is estimated to be about 35.73% per year 

of the average annual rainfall for 20 years. 

6.2.5.7 Water balance method 

The mean temperature (0C) is considered from the Panambur station within the study area. 

The mean temperature (0C) for a monthly average of 30 years from 1981 to 2010 is 

considered and the average number of rainy days (IMD Bangalore).  

The basic water balance equation considers the effects of rainfall, recharge, ET, and 

surface runoff. The water balance equation is as follows, 
equation 6.12T he water balance equation 

P = AET + Q + Rt (equation 6.12) 
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Where P is the precipitation, AET is the actual evapotranspiration, Q is direct runoff, and Rt is total 

recharge (including base flow, soil moisture, and groundwater). 

The soil water balance can be estimated using the Penman-Grindley method, similar 

to the water balance equation. But the only difference is that the PG method considers soil 

water storage (ΔS) instead of groundwater recharge. The equation for PG method (Penman 

1950; Grindley 1967) for a uniform zone and certain time interval is as follows, 
equation 6.13T he estimation of soil water balance using Penman-Grindley  method 

𝑃 =  𝐸𝐴 +  𝑅 +  𝛥𝑆 (equation 6.13) 

Where P is rainfall (in L), EA is actual ET (L), R is runoff (LL-2), and ΔS is change in soil water 

storage. The Soil Moisture Deficit (SMD) is the total of Potential SMD and Groundwater recharge 

(ΔS). 

Many researchers have worked on the SCS-CN method for estimating runoff 

(Nandagiri 2007; Suresh Babu & Mishra 2011; Soulis & Valiantzas 2012; Gundalia & 

Dholakia 2014; Mishra & Kansal 2014). The daily rainfall data of consecutive 5 years is 

averaged for all the rain gauge stations to get the mean daily rainfall. The 5 years mean 

daily rainfall is used to estimate the runoff and reduce possible errors due to various aspects. 

The runoff percentage estimated in the present study is 34.45% of the mean annual rainfall 

and is projected for the total annual mean rainfall of 30 years which yielded 1280.62 

mm/year.  

Evapotranspiration is also an important factor in the water balance equation. In 

coastal Karnataka, the average relative humidity (RH) is about 75.33% throughout the year. 

The RH increases up to 89% (July) during the monsoon season, which indicates the ET is 

an important factor of the water balance equation in the study area. In this present study, 

the AET is estimated using PET. The PET is estimated using one of the basic empirical 

equation by Thornthwaite (1948), 
equation 6.14T he basic empirical equation by  Thornthwaite (1948) for PET estimation  

PET = 16 ∗ (
L

12
) ∗ (

N

30
) ∗ (

10 ∗ Td

I
)

α

 (equation 6.14) 

Where PET is Potential ET, 𝑇𝑑is mean daily temperature, L is the average length of 

a day in a month (in hours), N is the number of days in a month and 𝛼 is estimated to be 

4.078 using the following equation, 
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equation 6.15T he estimation of constant α  for PET equation  

𝛼 = ((6.75 ∗ 10−7) ∗ 𝐼3) − ((7.71 ∗ 10−5) ∗ 𝐼2)

+ ((1.792 ∗ 10−2) ∗ 𝐼) + 0.49239 

(equation 6.15) 

Where I is the Total heat index estimated to be 158.38 using the following equation, 
equation 6.16T he equation for est imating to tal heat index  

𝐼 =  ∑ (
𝑇𝑚𝑖

5
)

1.51412

𝑖=1

 (equation 6.16) 

Where Tmi is the monthly mean temperature of 12 months.  

Therefore, the actual average evapotranspiration (AET) can be estimated using the 

following equation proposed by Chandrashekhar & Naganna (1979), 
equation 6.17T he estimation of the average actual evapotranspiration (AET) 

𝐴𝐸𝑇 =  (
𝑃𝐸𝑇𝑚𝑜𝑛𝑡ℎ𝑙𝑦

𝑁
) ∗ 2 ∗ 𝑟 (equation 6.17) 

Where AET is actual ET, N is the number of days in the month, and r is the number 

of rainy days in the month. 

The statistics of estimated PET, AET, and Climatological data are recorded in Table 

6.6. The monthly mean of 30 years is used in the present study to estimate AET, and it was 

found to be 1224 mm/year (1.224 m3/year) which is 32.9% of the total precipitation.  
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Table 6.6 Climatological data for 30 years from 1981 to 2010 

Sl. 

No. 
Month 

Avg. 

RH  

(%) 

Mean 

Sunshine 

hrs. 

(L) 

Temperature 

(°C) Td = Mean 

Temperature 

(°C) 

mean 

monthly 

Rainfall 

(mm) 

r = Mean 

monthly 

Rainy 

Days 

Tot. Heat 

Index 

(equation 

6.16) 

 

PET 

(equation 

6.14) 

 

AET = 

((PET/d)*2*r) 

(equation 

6.17) 

Daily 

Min 

Daily 

Max 

1 Jan 62 313 21 33.1 27.1 1.2 0.2 12.88 146.69 1.89 

2 Feb 66 296 21.9 33.3 27.6 0 0 13.28 145.12 0.00 

3 Mar 68 299 23.7 33.9 28.8 3.1 0.2 14.17 205.21 2.65 

4 Apr 71 292 25 34.3 29.7 29.7 1.7 14.80 223.61 25.34 

5 May 71 276 25 33.7 29.4 168.6 6.1 14.58 238.73 93.95 

6 Jun 87 119 23.5 30 26.8 1079.6 23.9 12.67 158.26 252.16 

7 Jul 89 94 23 28.7 25.9 1502 27.3 12.03 162.55 286.29 

8 Aug 88 133 23 28.7 25.9 757.3 24.8 12.03 162.55 260.08 

9 Sep 85 178 23.2 30 26.6 285.9 13.9 12.56 154.67 143.33 

10 Oct 79 226 23.2 31.2 27.2 223.8 9.9 12.99 175.05 111.80 

11 Nov 73 271 22.7 32.7 27.7 82.8 3.9 13.36 156.40 40.66 

12 Dec 65 292 21.4 33.1 27.3 9.8 0.6 13.03 151.17 5.85 

 Annual 75.333 2789 23.1 31.9 27.5 3693.7 112.4 158.38 173.33 102 
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Table 6.7 The groundwater recharge estimated for12 rain gauging stations (20 years data from 2008 to 2018) using empirical equations. 

Sl. 

No. 
RGS Name 

Annual 

Rainfall 
Chaturvedi U.P.I.R.I Bhattacharjee Sehgal 

Kumar 

&Seethapathi 

Krishna 

Rao 

20 yrs 

avg. 

Recharge 

(%) 

Recharge 

(%) 

Recharge  

(%) 

Recharge 

(%) 

Recharge 

(%) 

Recharge 

(%) 

1 Bajpe 3434.58 10.05 20.19 16.01 20.19 17.71 28.89 

2 Gurupur 3428.81 10.05 20.20 16.02 20.20 17.72 28.88 

3 Kavalakatte 3134.51 10.56 21.00 16.66 21.00 17.94 28.30 

4 Mangaluru DCO 3283.53 10.30 20.58 16.33 20.58 17.83 28.60 

5 Mangaluru RS 3412.82 10.08 20.24 16.06 20.24 17.73 28.85 

6 Naravi 5277.98 7.90 16.66 13.02 16.66 16.52 31.02 

7 Panambur 3356.06 10.17 20.39 16.17 20.39 17.77 28.74 

8 Pudu 3416.15 10.08 20.23 16.05 20.23 17.73 28.85 

9 Sangabettu 3881.98 9.39 19.13 15.14 19.13 17.39 29.59 

10 Sulkeri 4969.99 8.17 17.13 13.42 17.13 16.69 30.77 

11 Ullala 3084.66 10.65 21.14 16.77 21.14 17.98 28.19 

12 Venoor 3924.54 9.33 19.04 15.06 19.04 17.36 29.65 

Average 3717.13 9.73 19.66 15.56 19.66 17.53 29.19 
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The average total annual recharge (in inches) for 20 years from 1998 to 2018 is 

26.96 inches. And the total recharge in percentage is about 18.56 %. Also, the 

groundwater recharge is estimated using few other methods. Therefore, the estimated 

GWR is considered an average of these methods. 

Avg. of empirical methods = 18.56% 

GWR using integration of thematic layers = 36.04% 

GWR using water balance equation = 32.65% 

GWR using water table fluctuation method = 31.36 

Average GWR = (18.56 + 36.04 + 32.65 + 31.36)/4 

Average GWR = 29.65% which is 1102.1 mm/year 

Therefore, the percentage of error can be calculated from equation 6.18, and the 

formula for error percentage calculation is as follows, 
equation 6.18T he formula for error percentage calculation 

𝐸𝑟𝑟𝑜𝑟 (%) =  
(A − B)

(A + B)
∗  100 

 
(equation 6.18) 

Where, A is precipitation (3717.13 mm/year) and B = Q+AET+R (3606.72 

mm/year) for the water balance equation (equation 6.12). 

𝐸𝑟𝑟𝑜𝑟 (%) =  
(3717.13 – 3603.72)

(3717.13 + 3603.72)
 * 100 

𝐸𝑟𝑟𝑜𝑟 (%) = 01.51 % 

Therefore, an error of 1.51 % is observed, which is very less, because few of 

the results are based on empirical methods. Also, the terminologies used in this context 

are broad; hence, further research is needed to reduce the error. 

6.3 Summary 

In this chapter, a few of the thematic information discussed in the earlier chapters are 

used directly to integrate groundwater recharge potentiality studies. The results indicate 

that 27% of the study area is having high and very high GRPZ. Therefore, these 

locations are more suitable for bigger recharge structures for maximum recharge. The 

low and very low categories of GRPZ are the least suitable. However, the smaller ARS 



 

Chapter 6 - Groundwater Recharge 

_____________________________________________________________________ 

_____________________________________________________________________ 

174 

 

and recharge methods are most suitable for such locations as they are spatially 

distributed to cover the whole study area. The ARS like park recharge structures is more 

suitable for urban locations, whereas the check dams are more suitable for higher 

altitudes. Several recharge methods can be associated together to obtain the most 

efficient recharge in terms of volume. The recharge estimation methods yielded an 

average recharge of 29.93%, which is 1112.54 mm/year. 
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7 Chapter 7 

SUMMARY AND CONCLUSIONS 

The sustenance of life is dependent on the water. Statistically, water covers a large 

portion of the earth, but the actual availability of freshwater is a precarious point of 

concern. The surface water cannot tend to the needs of the growing population. 

Therefore, groundwater is considered one of the primary water sources. Though 

groundwater provides ease of access and availability, overexploitation has made it a 

scarce and unpredictable commodity. Therefore, numerous factors and their 

relationship that influence groundwater resources are to be studied to draft efficient 

management plans for groundwater exploration and exploitation. This study utilizes the 

relationship between geology, geomorphology, groundwater exploration, groundwater 

quality, and groundwater recharge to understand the groundwater availability scenario. 

The present work establishes the relation between electrical resistivity methods, RS, 

and GIS-based methodology for the identification and mapping of groundwater 

potential & recharge potential zones. The brief conclusions of the research work carried 

out are presented below. 

 The climate, geology, geomorphology, and drainage characteristics are some of the 

factors which have influence groundwater availability. The climatic factors include 

hydrometeorological parameters like precipitation (rainfall), surface temperature, 

humidity, number of rainy days, and rainfall intensity. The geological factors include 

lithology, stratigraphy, and structures (like folds, faults, joints). These geological 

factors play an important role in providing boundary conditions for the geological 

units (aquifers). The geomorphological studies provide an understanding of the 

surface features, river morphometry, and terrain conditions. The hydro-geochemical 

studies provide information about the chemical interaction of water with aquifer 

litho-units and its quality for drinking purposes. 

 The major litho unit is PGC or Achaean MGTG. The Gurpur watershed is divided 
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into high land, midland and low land (ghats, hinterland, and coastal area) depending 

on terrain features and altitude. The major water-bearing capacity of the granitic-

gneiss aquifers is due to secondary porosity (cracks and fractures). More than 75% 

of the study area is covered with fine and fine loamy soil types. Also, the soil depth 

in the study area is deeper (greater than 100 cm) soils and covers greater than 80% 

of the total area. 

 The false-colour composite process of satellite imagery effectively classifies the 

vegetation and other important lu/lc features. This thematic information shows that 

greater than 50% of the total area is covered by vegetation (forest, forest plantation, 

and plantation). More than 10% of the area is identified as built-up land. 

 There is increasing use of RS and GIS for spatial analysis on diverse applications. 

This study shows that the GIS can also be efficiently used for landform and 

watersheds studies. The Remote sensing and GIS techniques are also proven to be 

efficient in delineating, updating, and morphometric analysis of drainage basins. 

 The groundwater is a natural resource influenced by the climate, geology, 

geomorphology, and drainage characteristics. The geological factors like lithology, 

stratigraphy, and structures play an important role in providing boundary conditions 

for the aquifers. The morphometric analysis has been carried out by measuring 

linear, aerial, and relief aspects of the Gurpur watershed. The result of morphometric 

analysis provides information about watershed development and areas vulnerable to 

land degradation. The morphometric study helps in understanding the hydrological, 

geological, and geomorphological characteristics of the drainage basin. 

 The sub-surface indicators like GW fluctuation and depth to bedrock play an 

important role in providing hydro-geological information of the study area and 

surface indicators.  

 In MCA or WOI methods, more thematic information provides accurate results. 

Understanding geological, structural, geomorphological characteristics are 
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necessary as it is the basis for assigning Rank/Weights. It is necessary to consider 

maximum information available, especially information like sub-surface lithology, 

major and minor fractures, soil moisture, aquifer thickness, pumping test data 

yielding hydraulic conductivity, specific yield, etc. It can help provide more accurate 

results.  

 The CartoSAT-1 DEM data with a spatial resolution of 30m is used in the present 

study. The DEM derivatives like drainage network, slope, hill shade, and contour 

are extracted and utilized in the study. The drainage order of up to the 7th order 

stream is delineated. Slope categories “nearly level” are observed towards the beach, 

whereas the “very steep slope” is observed towards the Western Ghats. 

 It is observed that electrical resistivity methods are best suited for groundwater 

exploration and recharge studies compared to other geophysical methods. Though 

1D studies (VES) can provide good results, they are still confined to depth alone. 

With the help of electrical resistivity data, the thickness of the weathered zone (depth 

to bedrock) is in the range of 20 - 40m from the surface. 

 The formations which come under the H, KH, KHQ, KQ, QH, and QQ curve types 

shows good groundwater potential, which covers about 43% of the study area. The 

formations which come under AH, HA, HK, KHA, QKA curve types exhibits 

moderate groundwater potential, which is about 34%. The formations that come 

under A, AA, and HKA curve types exhibit poor groundwater potential, which 

comprises about 23%. Based on the Geo-electrical sections, the Hydro-geological 

layers were inferred, which are laterite, sandy clay, fractured/weathered rock, and 

hard rock.  

 The inverse slope method is rather a direct method of interpretation compared to 

CMT. This method yields a slope based on the relationship between current 

electrode spacing and apparent resistivity. The ISM and CMT methods of 

interpretation yielded almost similar results. Therefore, the depth to bedrock and 

geoelectrical parameters, hydraulic parameters, and Dar-Zarrouk parameters are 
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calculated based on the data obtained from the interpretation of ISM.  

 The data obtained are interpreted using the Inverse Slope Method of interpretation. 

The ISM gives sharp boundaries for different layers. The geoelectrical resistivity 

data is used for the identification of depth to bedrock. The data is also interpreted to 

get hydraulic conductivity, transmissivity, porosity, and formation factor. From the 

interpretation of the VES data, it is inferred that there are 05 three-layered 

formations, 24 four-layered, and 06 five-layered formations out of 35 soundings. 

 The correlation for hydraulic and geoelectric parameters shows weak to good 

correlation. This method of calculating hydraulic parameters can be economical, 

time-saving, and an alternative for pumping tests. Geo-electrical resistivity data 

interpreted with CMT is correlated with the Borehole Lithologs, which gave a good 

correlation. Therefore this method is used for the identification of GRPZ. 

 This study also aims at thematic database creation, and a total of 46 thematic layers 

are prepared and used in this study. The thematic layers prepared are lithology, 

geomorphology, DEM, drainages, slope, hill shade, contours, drainage density, lu/lc, 

soil types, soil depth, aquifer thickness, anisotropy, formation factor, porosity, 

hydraulic conductivity, transmissivity, longitudinal unit conductance, transverse 

unit resistance, layer resistivity, rainfall distribution, depth to bedrock, lineaments, 

lineament density, groundwater contours, groundwater potential zones using CMT, 

groundwater potential zones using WOI, groundwater recharge potential zones, and 

proposed locations of ARS. The thematic database created for groundwater quality 

is as follows, pH, electrical conductivity, total dissolved solids, total hardness, total 

alkalinity, sodium, potassium, magnesium, calcium, nitrate, Sulphate, iron, chloride, 

fluoride, bicarbonates, and GQI for three phases. This thematic database with WOI 

analysis helps understand the physical relation of the themes and deduce the suitable 

zones for groundwater exploration and recharge. 

 The GWPZ thematic layer provides information about the suitable bore well 

locations for drilling and extraction of groundwater. A total of 13 thematic layers 
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are utilized for integration. The weights for different themes are assigned based on 

their physical influence over the groundwater potential. The category with “Very 

Good to Moderate” groundwater potential zones covers about 77% of the total area. 

The category with “Poor” and “Very Poor” groundwater potential zones covers 13% 

of the total area. The fact also remains that the sub-surface is highly heterogeneous 

and complex. Therefore this methodology serves as preliminary results before 

conducting direct drilling. 

 The GRPZ thematic layer provides information about the suitable recharge methods 

and preferable locations for constructing ARS for effective recharge. The results 

obtained indicate that about 27% of the study area is categorized under “high” and 

“very high” categories. The moderate category of GRPZ constitutes 32% of the 

study area. About 41% of the area is considered under “low” and “very low” 

categories. The midlands are associated with high groundwater fluctuation. 

Therefore priority for ARS site selection is given to midlands. 

 The implementation of the suggested methodology of ARS and water conservation 

techniques may help improve the groundwater recharge and slightly reduce the 

groundwater demand. Though several ARS are proposed, only the most impact-full 

locations & methods are suggested. A total of 11 check dams, 40 nala bunds, 33 

farm ponds, 30 contour trenches and, 26 percolation tanks are suggested in this 

study. Also, the combination of these ARS may yield more recharge.  

 Several groundwater recharge estimation methods are also discussed in the study. 

These estimation methods are correlation and water balance methods. Therefore, 

they could provide only the general idea of the recharge that could occur and not the 

real-time measurements.  

 The groundwater quality with respect to drinking water standards is conducted in 

the study to understand the groundwater quality scenario. The samples were 

collected in three phases (Phase I, II, III) during the peak seasons like Monsoon 

(August-2017), Post-Monsoon (December-2017), and Pre-Monsoon (April-2018), 
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respectively. 

 The major deduction from the GQI studies is that phase-II is the most affected phase 

with reduced water quality. The parameters like pH, Fe, SO4, NO3, and Cl are of 

major concern as they extend over the desirable limits (but within the permissible 

limits).  From the correlation studies, it can be concluded that there is a strong 

positive correlation between different equations used to check the correctness of the 

analysis. 

 The weighted arithmetic WQI method is used in this study. It is observed that the 

drinking water quality for the variables like TDS, Cl, TH, Ca, Na, K, Mg, TA, Fe, 

NO3, and SO4 are rated as “excellent water quality” category. It is observed that the 

groundwater quality parameter “pH” is the only outlier identified, which could affect 

human health. The variables EC falls under “poor” water quality conditions 

observed only at the sampling locations near the sea and during the summer. This 

could mean that the variation is due to saltwater intrusion.  

 The study also provides a database for assessment, management, suitable borehole 

drilling locations for GW extraction in the Gurpur watershed. This study can be 

implemented for other coastal aquifers.  

7.1 Limitations 

 If associated with electrical cables, the sounding location, conductive materials, 

metal ore deposits, underground pipes, fences may influence the resistivity results. 

Therefore proper care must be taken for conducting VES. Otherwise, the distorted 

data may be misinterpreted.  

 The apparent resistivity data obtained for any depth is not based on a single factor. 

It is based on the cumulative effects of heterogeneous sub-surface, obtained from 

reflection and refraction of electrical signals of several materials. Therefore, the 

research based on resistivity data is dependent on the interpretation method, in-depth 

knowledge of geology, terrain, and other aspects of the study area. Based on this 
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limitation, it can be safely assumed that the validation of electrical resistivity data 

with borehole lithology may increase the accuracy of the interpretation.  

 Probing for greater depths was not possible in some VES locations because of the 

non-availability of the open space on the surface. Therefore in such locations 

maximum depth of investigation is considered as the lower basement of the aquifer. 

7.2 Scope for future work 

 The further implementation of 2D (imaging) and 3D (tomography) studies can 

significantly improve the results and less time-consuming compared to 1D (VES) 

studies. They also cover more area in less time compared to 1D studies. 

 Further studies like Normalized Difference Vegetation Index (NDVI) and 

Normalized Difference Water Index (NDWI) can be incorporated as a thematic layer 

and integrated for water resources studies. 

 Groundwater discharge data could also be used for further validation of runoff 

generated from the SCS-CN method. 

 The field-generated data derived from pumping tests and soil moisture data can also 

be integrated for water resources study.  

 The spatial distribution of thematic evapotranspiration information generated from 

satellite imagery of National Oceanic and Atmospheric Administration - Advanced 

Very High-Resolution Radiometer (NOAA-AVHRR) data could also be used for 

integration and water resource studies. 

 The accuracy assessment for satellite imagery supervised classification can also be 

done using different error matrix methods including; commission and omission 

error, sensitivity and specificity, positive and negative predictive power, and kappa 

statistics. 

 Sensitivity analysis could be conducted for the integration of thematic layers, so that 

the bias of the weights assigned can be understood. 
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9 APPENDIX-A 

Electrical resistivity plots generated using Curve matching interpretation technique 

for 35 VES locations 
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Electrical resistivity plots generated using inverse slope interpretation technique for 35 VES 

locations 
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10 APPENDIX-B 

Groundwater quality data 

Appendix - B 1Groundwater Quality analysis and anion – cation balance for Phase-I (Monsoon) 

Sl. 

No. 

Smpl. 

No. 
Ca2+ Mg2+ Na+ K+ Fe+ 

Cations 

[C] 

(C-A) 

< 

(±0.2) 

Anions 

[A] 
F- Cl- TA NO3- SO42- 

  mg/l mg/l mg/l mg/l mg/l meq/l meq/l meq/l mg/l mg/l mg/l ppm ppm 

1 G1 1.44 0.51 9.30 2.38 0.03 0.58 0.02 0.56 0.05 17.16 2.98 0.17 0.68 

2 G2 6.81 1.60 7.42 1.75 0.00 0.84 -0.01 0.84 0.16 14.41 0.57 0.37 20.16 

3 G3 17.40 0.68 10.11 2.63 0.24 1.43 0.03 1.40 0.06 17.93 0.39 9.40 35.40 

4 G4 19.68 0.76 10.07 2.35 0.01 1.54 0.06 1.48 0.10 18.04 0.57 8.36 39.70 

5 G5 7.59 0.90 3.22 0.29 0.00 0.60 0.02 0.58 0.14 5.71 20.65 0.00 0.09 

6 G6 11.32 1.49 4.56 0.59 0.26 0.90 0.02 0.88 0.00 8.31 29.22 0.64 2.48 

7 G7 19.67 0.49 7.24 1.75 0.00 1.38 0.02 1.36 0.00 13.74 34.52 2.02 12.03 

8 G8 7.32 4.04 2.93 0.47 0.00 0.83 0.01 0.83 0.15 6.18 0.09 7.33 25.55 

9 G9 2.46 0.86 3.40 0.32 0.00 0.35 -0.01 0.36 0.06 6.68 2.07 1.52 4.86 

10 G10 6.74 0.89 6.68 1.70 0.00 0.74 0.04 0.71 0.06 12.06 10.88 1.61 5.90 

11 G11 9.55 0.61 6.31 1.42 0.06 0.84 0.03 0.80 0.13 11.52 20.65 0.23 2.88 

12 G12 0.43 2.99 5.15 0.81 0.00 0.51 0.08 0.43 0.07 8.89 3.83 0.92 4.39 

13 G13 11.01 4.72 3.25 0.58 0.00 1.09 0.07 1.02 0.06 5.99 4.83 7.09 30.87 

14 G14 3.96 8.13 4.09 0.70 0.00 1.06 0.00 1.06 0.11 8.23 2.80 7.66 31.32 

15 G15 3.65 0.39 3.51 0.78 0.00 0.39 0.05 0.34 0.09 6.78 3.83 0.24 3.06 

16 G16 11.33 0.88 7.85 1.68 0.00 1.02 0.01 1.01 0.00 14.70 26.38 0.37 2.99 

17 G17 10.02 1.37 3.59 0.94 0.00 0.79 0.06 0.73 0.02 6.63 26.38 0.07 0.91 

18 G18 3.43 0.51 3.41 0.61 0.00 0.38 0.09 0.29 0.15 5.92 2.98 0.50 2.56 

19 G19 12.73 0.56 3.99 0.60 0.00 0.87 0.06 0.81 0.03 6.93 2.80 4.50 23.35 

20 G20 12.23 2.65 4.25 0.45 0.00 1.02 0.04 0.99 0.05 7.41 0.89 7.20 30.96 

21 G21 10.52 1.14 11.93 2.69 0.07 1.20 0.05 1.15 0.00 21.92 2.26 4.01 20.34 
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22 G22 2.01 6.25 3.38 0.65 0.00 0.78 0.02 0.76 0.00 6.41 26.38 0.45 1.92 

23 G23 1.44 4.46 3.34 0.43 0.08 0.59 0.05 0.55 0.12 6.32 17.92 0.05 0.41 

24 G24 1.85 0.50 2.91 0.49 0.00 0.27 0.07 0.20 0.13 5.23 2.26 0.14 0.48 

25 G25 3.91 0.25 3.81 0.53 0.00 0.39 0.06 0.33 0.09 6.37 1.63 1.42 4.78 

26 G26 0.64 0.04 6.96 1.58 0.08 0.38 0.01 0.37 0.09 12.30 0.39 0.11 0.46 

27 G27 5.89 4.31 3.78 0.94 0.00 0.83 0.01 0.82 0.00 8.02 0.39 1.95 26.89 

28 G28 0.73 5.08 4.57 1.17 0.00 0.68 0.00 0.69 0.00 9.43 0.39 3.25 17.29 

29 G29 2.13 0.46 6.58 1.63 0.00 0.47 0.03 0.44 0.13 11.96 0.89 0.91 3.40 

30 G30 8.71 0.88 4.61 0.79 0.02 0.73 0.03 0.70 0.00 8.52 15.35 0.89 6.47 

31 G31 3.66 4.39 5.19 1.09 0.01 0.80 0.06 0.74 0.08 9.03 15.35 0.84 7.77 

32 G32 6.53 2.90 4.69 0.69 0.00 0.78 0.04 0.75 0.16 9.21 2.80 0.61 20.34 

33 G33 4.04 0.48 5.35 0.78 0.01 0.49 0.08 0.42 0.10 9.66 6.01 0.21 1.02 

34 G34 20.87 1.17 5.47 0.90 0.00 1.39 0.03 1.37 0.16 10.32 7.40 2.50 42.78 

35 G35 33.30 2.35 4.94 0.90 0.00 2.09 0.04 2.04 0.19 8.92 20.65 15.54 54.22 

36 G36 20.90 1.31 6.45 1.47 0.00 1.47 0.03 1.43 0.08 12.08 0.89 9.17 44.62 

37 G37 31.29 2.36 4.99 0.77 0.07 1.99 -0.02 2.01 0.03 9.78 42.46 7.52 36.58 

38 G38 22.63 1.52 11.14 2.77 0.00 1.81 0.05 1.75 0.02 21.02 43.83 3.19 11.15 

39 G39 20.47 2.58 8.78 1.97 0.00 1.66 0.01 1.65 0.00 16.46 38.99 3.07 17.15 

40 G40 19.40 3.67 13.31 2.89 0.00 1.92 0.02 1.90 0.06 24.27 31.96 3.20 25.08 

41 G41 7.42 5.17 4.15 0.96 0.00 1.00 -0.01 1.01 0.15 8.59 9.02 7.06 22.71 

42 G42 10.95 2.87 5.96 1.05 0.00 1.07 0.05 1.02 0.16 10.39 15.35 0.12 19.96 

43 G43 0.84 9.12 5.01 1.07 0.00 1.03 0.04 1.00 0.00 9.35 17.92 3.59 15.29 

44 G44 3.41 0.58 3.51 0.75 0.00 0.39 0.03 0.36 0.03 7.07 1.63 1.51 4.85 

45 G45 7.27 1.58 4.73 1.23 0.01 0.73 0.07 0.66 0.00 8.71 13.00 1.04 6.59 

46 G46 14.75 7.75 4.92 1.23 0.05 1.61 0.02 1.59 0.05 9.68 2.98 13.75 49.96 

47 G47 4.13 0.36 12.05 2.84 0.12 0.83 0.05 0.78 0.21 21.96 3.83 0.18 3.82 

48 G48 4.25 0.35 3.84 0.83 0.00 0.43 0.03 0.40 0.11 6.80 6.01 0.92 3.58 

49 G49 14.87 2.10 4.24 0.46 0.00 1.11 0.04 1.07 0.03 7.57 40.85 0.12 1.66 

50 G50 6.55 1.42 6.72 1.65 0.00 0.78 0.01 0.77 0.17 13.11 3.83 0.46 15.12 

51 G51 5.27 0.14 10.73 2.80 0.00 0.81 0.03 0.78 0.11 19.50 2.98 1.63 7.05 
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Appendix - B 2Groundwater Quality analysis and anion – cation balance for Phase-II (Post-monsoon) 

Sl. 

No. 

Smpl. 

No. 

Ca2+ Mg2+ Fe Na+ K+ 
Cations 

[C] 

(C-A) < 

(±0.2) 

Anions 

[A] 
F- Cl- HCO3 NO3

- SO4
2- 

mg/l mg/l ppm mg/l mg/l meq/l meq/l meq/l mg/l mg/l mg/l ppm ppm 

1 G1 3.74 1.99 0.11 11.32 4.16 0.95 0.10 0.85 0.18 17.92 9.5 0.42 7.24 

2 G2 3.33 2.1 0 12.28 4.31 0.98 0.09 0.90 0.16 20.81 8.15 0.42 6.71 

3 G3 7.38 0.72 0.3 7.93 3.59 0.86 0.07 0.80 0.13 13.29 11.43 0.39 8.97 

4 G4 1.25 3.06 0.06 9.03 2.87 0.78 0.07 0.71 0.16 14.45 7.36 0.35 7.01 

5 G5 9.06 1.31 0 18.13 5.71 1.49 0.08 1.41 0.18 30.63 20.23 0.37 6.73 

6 G6 27.16 2.81 0.27 8.27 3.6 2.03 0.08 1.96 0.69 13.29 67.13 0.36 11.22 

7 G7 66.48 1.07 0 10.44 3.47 3.94 0.10 3.84 0.74 16.76 148.31 0.36 18.95 

8 G8 1.28 2.98 0 22.89 8.13 1.51 0.08 1.43 0.19 39.88 5.06 0.40 9.4 

9 G9 4.22 0.96 0 20.44 5.56 1.32 0.06 1.26 0.19 34.68 4.94 0.36 8.65 

10 G10 56.27 0.5 0 14.17 5.66 3.60 0.09 3.51 0.15 24.28 123.8 0.66 16.53 

11 G11 38.61 0.31 0.1 9.57 3.78 2.46 0.08 2.38 0.21 15.61 88.68 0.55 7.68 

12 G12 17.77 1.13 0 13.22 5.95 1.70 0.14 1.57 0.1 21.96 39.93 0.48 6.81 

13 G13 11.86 3.13 0 19.41 5.08 1.82 0.05 1.77 0.1 33.52 31.24 0.95 9.03 

14 G14 17.05 0.97 0 37.83 11.01 2.85 0.08 2.77 0.12 65.89 34.5 5.87 6.23 

15 G15 14 0.96 0 18.17 4.1 1.67 0.06 1.61 0.16 30.63 30.05 0.95 6.37 

16 G16 55.44 2.78 0.35 22.12 7.1 4.13 0.09 4.04 0.34 37.57 136.31 0.40 12.04 

17 G17 36.08 0.72 1.11 6.81 3.55 2.24 0.09 2.15 0.28 10.98 76.94 0.39 14.08 

18 G18 16.29 3.53 0 30.81 9.2 2.67 0.08 2.59 0.17 53.18 40.71 2.68 11.24 

19 G19 3.23 1.55 0 32.11 8.81 1.91 0.08 1.83 0.14 55.49 5.41 0.59 6.96 

20 G20 5.96 0.5 0 28.16 8.92 1.79 0.08 1.71 0.15 49.71 5.65 0.34 9.09 

21 G21 3.19 1 0.08 8.47 3.56 0.70 0.06 0.64 0.15 14.45 2.59 0.40 8.35 

22 G22 54.99 0.17 0.97 9.77 1.92 3.22 0.03 3.19 0.37 16.18 116.57 0.36 19.27 

23 G23 32.53 0.95 0.1 9.95 2.86 2.20 0.05 2.15 0.24 16.18 69.76 0.41 13.97 

24 G24 36.59 2.9 0 13.58 4.98 2.78 0.09 2.69 0.15 22.54 92.81 0.85 8.81 

25 G25 14.45 0.91 0 11.53 3.74 1.39 0.07 1.32 0.16 19.07 28.14 0.35 10.43 

26 G26 5.54 0.9 0.09 14.71 4.77 1.11 0.09 1.03 0.17 24.85 8.36 0.40 7.25 
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27 G27 3.47 1.76 0 21.46 5.51 1.39 0.06 1.34 0.36 36.99 5.22 0.41 8.75 

28 G28 28.53 2.48 0 61.15 19.06 4.77 0.11 4.66 0.15 108.66 73.13 0.00 6.48 

29 G29 34.99 1.85 0 42.6 11.46 4.04 0.05 3.98 0.18 75.14 83.37 0.59 9.08 

30 G30 28.88 3.44 0.05 8.53 4.38 2.20 0.09 2.11 0.41 14.45 79.23 0.36 5.54 

31 G31 4.73 3.35 0.07 13.85 3.91 1.21 0.08 1.13 0.2 22.54 22.03 0.41 2.44 

32 G32 5.52 0.21 0 26.31 6.85 1.61 0.05 1.56 0.19 45.08 10.25 1.11 2.98 

33 G33 6.08 2.13 0.08 8.92 2.94 0.94 0.06 0.88 0.17 15.03 18.37 0.39 3.9 

34 G34 4.35 1.8 0 7.93 3.9 0.81 0.11 0.70 0.18 12.14 14.91 0.30 2.44 

35 G35 9.52 0.29 0 9.85 3.96 1.03 0.08 0.94 0.2 16.18 21.88 0.38 2.15 

36 G36 4.35 2.32 0 31.27 9.31 2.00 0.10 1.90 0.2 53.75 14.79 1.70 2.97 

37 G37 39.34 3.22 0.11 11.22 4.06 2.81 0.07 2.75 0.22 19.07 96.82 0.58 12.69 

38 G38 97.99 1.19 0 22.35 6.21 6.10 0.05 6.05 0.22 38.73 222.5 3.18 21.92 

39 G39 30.83 3.6 0.42 12.96 4.05 2.50 0.05 2.44 0.35 22.54 83.53 0.38 6.31 

40 G40 35.58 3.28 0 11.56 2.28 2.60 0.06 2.54 0.25 18.5 91.76 0.49 8.52 

41 G41 41.57 0.28 0 15.76 4.22 2.88 0.07 2.81 0.3 26.59 88.3 0.45 14.01 

42 G42 14.14 3.16 0 11.66 5.43 1.61 0.08 1.52 0.27 20.23 41.21 0.67 5.68 

43 G43 38.31 0.97 0 10.79 2.28 2.51 0.03 2.49 0.31 17.92 89.18 0.38 9.2 

44 G44 4.95 1.74 0 11.41 3.15 0.97 0.07 0.90 0.27 19.07 11.33 0.67 5.95 

45 G45 32.98 1.44 0.09 26.69 6.42 3.08 0.03 3.06 0.37 46.24 77.52 2.01 8.2 

46 G46 3.84 1.32 0.06 9.81 3.19 0.81 0.06 0.75 0.21 16.18 9.05 0.35 5 

47 G47 3.61 3.6 0.15 10.14 4.8 1.04 0.08 0.96 0.25 17.34 17.68 0.44 5.14 

48 G48 23.66 2.93 0 13.19 4 2.09 0.06 2.03 0.26 22.54 50.25 0.44 18.34 

49 G49 106.17 2.89 0 19.28 6.5 6.52 0.09 6.44 0.24 32.95 246.25 3.71 25.17 

50 G50 8.05 3.39 0 10.05 2.18 1.17 0.03 1.14 0.26 16.76 27.15 0.42 5.78 

51 G51 15.95 1.04 0 17.21 5.42 1.77 0.08 1.69 0.26 29.48 34.27 2.25 6.62 
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Appendix - B 3 Groundwater Quality analysis and anion – cation balance for Phase-III (Pre-monsoon) 

Sl. 

No. 

Smpl 

No. 
Ca2+ Mg2+ Fe Na+ K+ 

Cations 

[C] 

(C-A) 

< 

(±0.2) 

Anions 

[A] 
F- Cl- TA NO3- SO42- 

  mg/l mg/l ppm mg/l mg/l meq/l meq/l meq/l mg/l mg/l mg/l ppm ppm 

1 G1 2.86 0.12 0.17 18.61 4.77 1.09 -0.06 1.15 0.26 32.95 5.71 1.97 3.0074 

2 G2 2.38 1.34 0.09 14.84 3.50 0.96 -0.07 1.03 0.23 26.01 8.87 2.84 3.1589 

3 G3 0.95 1.28 0.07 20.22 5.26 1.17 -0.06 1.23 0.17 35.84 4.29 1.91 4.5773 

4 G4 0.95 2.21 0.08 20.15 4.71 1.23 -0.07 1.29 0.22 35.26 10.22 1.53 2.8697 

5 G5 2.38 1.81 0.05 9.12 1.18 0.69 -0.08 0.77 0.27 15.03 11.85 1.93 3.214 

6 G6 11.90 7.65 0.02 14.48 3.49 1.94 -0.11 2.05 0.37 25.43 60.58 1.90 3.5032 

7 G7 26.19 12.92 0.19 6.81 0.63 2.68 -0.14 2.82 1.01 10.98 112.15 2.46 8.1855 

8 G8 0.95 1.28 0.04 13.37 3.41 0.82 -0.10 0.92 0.32 23.70 5.97 1.96 4.0678 

9 G9 0.48 1.11 0.02 12.62 2.85 0.74 -0.11 0.85 0.28 21.96 6.85 2.45 1.9057 

10 G10 17.14 7.72 0.02 10.31 1.61 1.98 -0.11 2.09 0.33 17.34 63.34 2.19 13.433 

11 G11 20.48 8.02 0.14 6.50 1.16 1.99 -0.09 2.08 1.02 10.98 79.97 2.18 4.0127 

12 G12 24.76 7.13 0.02 8.19 1.39 2.21 1.11 1.10 0.42 13.87 31.21 0.67 2.305 

13 G13 7.14 4.50 0.05 7.01 1.57 1.07 -0.10 1.17 0.42 12.14 32.55 2.48 5.6515 

14 G14 1.43 3.32 0.00 15.70 3.36 1.11 -0.11 1.23 0.32 27.17 17.83 2.22 2.429 

15 G15 12.38 8.75 0.03 7.18 1.87 1.69 -0.11 1.80 0.60 12.72 62.88 2.18 5.6378 

16 G16 18.57 16.61 0.14 6.83 1.23 2.62 -0.10 2.72 0.88 11.56 109.20 2.62 5.8581 

17 G17 9.05 13.56 0.25 7.97 1.21 1.94 -0.10 2.04 0.74 13.29 72.91 2.28 6.3539 

18 G18 3.81 3.73 0.04 8.50 0.90 0.89 -0.09 0.97 0.33 13.87 20.83 2.51 5.2522 

19 G19 1.43 0.53 0.13 23.87 5.38 1.29 -0.05 1.34 0.28 41.62 0.25 2.16 5.445 

20 G20 1.43 10.29 0.05 6.59 1.66 1.24 -0.06 1.31 0.27 11.56 42.68 2.76 3.3379 

21 G21 6.67 17.33 0.05 6.76 1.30 2.08 -0.06 2.14 0.28 11.56 85.27 2.43 2.8008 

22 G22 8.57 11.53 0.14 5.82 0.98 1.65 -0.14 1.79 1.15 9.83 52.32 1.86 17.95 

23 G23 10.00 17.17 0.12 7.63 1.06 2.27 -0.09 2.36 0.61 12.72 84.70 2.09 11.504 

24 G24 6.19 4.61 0.09 13.93 3.17 1.37 -0.10 1.48 0.36 24.28 30.28 2.87 5.8581 

25 G25 3.81 6.52 0.04 7.57 1.87 1.10 -0.11 1.21 0.43 13.29 33.38 3.72 3.9301 

26 G26 2.86 2.45 0.03 7.44 0.81 0.69 -0.11 0.80 0.37 12.14 15.05 1.24 5.445 
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27 G27 0.95 1.75 0.04 5.70 1.25 0.47 -0.11 0.58 0.31 9.83 6.20 3.04 5.3792 

28 G28 2.38 1.34 0.04 13.15 3.25 0.88 -0.12 1.00 0.40 23.12 10.52 3.20 3.3188 

29 G29 0.95 0.82 0.02 9.23 1.58 0.56 -0.05 0.61 0.30 15.61 1.83 2.72 3.4036 

30 G30 11.43 11.19 0.28 10.39 2.17 2.00 -0.10 2.10 1.46 17.92 70.37 2.43 3.4619 

31 G31 4.29 2.98 0.00 9.38 1.37 0.90 -0.14 1.04 0.50 15.61 17.42 4.66 7.0425 

32 G32 1.43 1.46 0.01 10.95 1.81 0.71 -0.11 0.82 0.45 18.50 6.54 3.64 4.0678 

33 G33 3.33 3.09 0.03 9.88 1.80 0.89 -0.12 1.02 0.48 16.76 17.97 3.42 5.1558 

34 G34 1.90 1.17 0.00 12.91 2.95 0.83 -0.09 0.92 0.46 22.54 6.84 2.49 4.1091 

35 G35 3.81 3.26 0.04 9.98 1.55 0.93 -0.12 1.05 0.57 16.76 21.91 2.48 3.4205 

36 G36 1.90 2.56 0.01 22.28 5.53 1.42 -0.11 1.53 0.46 39.30 14.50 2.70 2.9661 

37 G37 28.10 14.55 0.00 17.56 3.94 3.45 -0.08 3.53 0.72 30.63 112.33 2.40 16.71 

38 G38 51.43 34.78 0.03 26.63 5.79 6.72 -0.13 6.85 0.62 46.24 236.65 2.82 35.233 

39 G39 19.52 6.74 0.02 8.30 1.92 1.93 -0.10 2.04 0.71 14.45 67.66 2.92 9.301 

40 G40 12.86 10.32 0.04 11.93 2.11 2.06 -0.10 2.15 1.04 20.23 64.51 3.21 9.0118 

41 G41 13.33 16.07 0.03 13.04 2.75 2.62 -0.12 2.74 1.08 22.54 79.16 3.77 19.437 

42 G42 9.52 14.67 0.05 10.02 2.14 2.17 -0.12 2.29 1.44 17.34 60.01 2.67 22.962 

43 G43 24.76 9.14 0.01 7.02 1.50 2.32 -0.12 2.45 0.78 12.14 91.00 2.89 9.5076 

44 G44 2.38 1.81 0.03 9.46 2.47 0.74 -0.09 0.83 0.48 16.76 2.33 2.57 11.615 

45 G45 10.48 13.16 0.01 24.10 5.67 2.79 -0.13 2.92 0.88 42.19 69.79 6.24 9.2184 

46 G46 2.86 1.52 0.01 7.69 1.66 0.64 -0.12 0.76 0.68 13.29 10.19 2.75 5.1144 

47 G47 2.86 3.38 0.02 8.49 0.92 0.81 -0.08 0.89 0.57 13.87 13.31 4.26 6.6706 

48 G48 10.95 5.44 0.01 13.44 3.30 1.66 -0.08 1.74 0.52 23.70 33.32 3.51 15.636 

49 G49 58.57 23.01 0.02 21.46 5.60 5.88 -0.16 6.04 0.75 38.15 216.52 4.22 25.069 

50 G50 4.76 3.15 0.02 9.06 1.17 0.92 -0.09 1.01 0.79 15.03 19.26 2.88 5.4863 

51 G51 4.29 6.23 0.01 20.50 4.11 1.72 -0.08 1.80 0.54 35.26 30.07 1.84 7.0149 
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11 APPENDIX-C 

Plates of field and laboratory studies 

  
VES – Resistivity data acquiring VES – Resistivity data acquiring 

  

Surface water sampling Existing recharge structure 

  
Handpump groundwater sampling GW Sampling in an Arecanut plantation 
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Groundwater sampling in settlement UV Spectrophotometer 

  
Borewell groundwater sampling Handpump for water (less than 3m depth) 

  
GW Sampling near rubber plantation GW Sampling in an agricultural field. 
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VES in the forest area Laboratory analysis of samples 

  

Preparation of reagents and indicators Surface level water (during summer) 

  
Preparation of EDTA VES in Open ground 
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