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Groundwater recharge is a hydrological process where water Cows from sub-surface layers to the water
table of the aquifer and is the backbone of the hydrogeological system. The present study is carried out in
a granitic hard rock aquifer region within and surroundings of the CSIR-NGRI campus, Hyderabad. The
aim of this study to identify the potential groundwater recharge zone(s) using GIS based multi-criteria
decision making (MCDM) along with sub-surface mapping from Electrical Resistivity Tomography
(ERT) technique. The assigned weight of the different thematic layers of surface and sub-surface
parameters and their speciBc characteristics was determined based on their relative contribution to the
groundwater recharge and thus the normalized weight was computed using MCDM technique. These
thematic layers were integrated with the help of ArcGIS to accurately identify the recharge zones within
the study region. The resulting recharge map has been categorized into Bve classes viz., very poor, poor,
moderate, good and very good. Numerically 23.11% of the study area is in a moderate zone of recharge,
4.97% in good and very good zone, while 71.92% falls under the poor and very poor zone, i.e., unsuitable for groundwater recharge. The recharge zone map of the study area is found to be in agreement with
2D inverted resistivity models for two different time periods, which revealed distinct geological features
and thus identiBed the near surface recharge property, where recharge zone resistivity values lie between
*20 and 70 X.m up to 11 m depth. Thus, the integrated results from the present study delineated
groundwater recharge zone(s) for sustainable groundwater resources in the granitic hard rock system.
Keywords. Multi-criteria decision making (MCDM); electrical resistivity tomography (ERT);
groundwater recharge; granite; Hyderabad; India.

1. Introduction
Groundwater is one of the most important components of a hydrological cycle and found below the
earth surface in the cracks and the porous space of
the soil, sediment and rocks (Al-Garni 2009; Das
2019). It is the exhaustible and conBned natural

resources, which is being utilized for farming,
industry and domestic purposes. The rapid growth
of population and urbanization had enhanced the
demand for groundwater, which led to a global
water shortage, especially in India, as India is the
biggest user of groundwater in the world that utilizes 260 km3 of water every year (Bhanja et al.
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2017). The groundwater intrusion into the subsurface strata relies largely on the size and shape of
the weathered/fragmented layer found within the
basement (Kumar et al. 2014a, b) and its Cow can
be measured by the interaction of hydrological,
geological, and atmospheric factors (Ghosh et al.
2016). Aquifers in the basement rocks are highly
localized and spatially variable (Satpathy and
Kanungo 1976; Das and Pardeshi 2018). Recent
research had shown the increasing groundwater
levels in South India due to rain and political
interventions (Hora et al. 2019). The groundwater
table behaviour is regulated by the intensity, spatial distribution and duration of the rainfall. The
distribution of available groundwater resources in
the region varies unevenly and various fresh water
aquifers are restricted due to naturally contaminated by the exceeding the permissible limit of PH,
TDS, TH, Mg, Na, K, Cl and various other chemical parameters of water (Mukherjee et al. 2015;
Zolekar et al. 2020). Modelling technique or accurate groundwater analysis have a crucial role in
sustainable growth and development of water
resources. Therefore, researchers are interested in
the mapping of various potential groundwater zone
(Das et al. 2018). Currently, remote sensing and
GIS techniques play an important role in the
assessment of the world’s natural resources (Das
et al. 2018). Identifying the potential groundwater
zone is an important part for planning and management of water supply (Garg and Hassan 2007).
Groundwater availability depends on many factors
such as geology, geomorphology, slope, soil structure, drainage density, rainfall and land use
(Ganapuram et al. 2009), whereas net groundwater
recharge depends upon the geology, lineament
density, drainage density, type of soil, intensity of
rainfall, slope, vegetative covers, land-use/land
cover and water bodies present in the region.
Estimates of groundwater storage are frequently
cited in global groundwater assessments (Richey
et al. 2015). The mapping of groundwater resources
in the hard rock is more complex and difBcult due
to the different geological conditions. For modelling and mapping the groundwater resources in
the hard rock region, geospatial and geophysical
method is widely used over the globe (Prakash and
Mishra 1993; Israil et al. 2006; Murasingh 2014).
Geophysical resistivity mapping proved to be
reliable and economical in investigations of the
recharge source, especially in the hard rugged
geological scenarios (Rai et al. 2013). Conventional
one-dimensional and modern two-dimensional
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electrical resistivity imaging shows its usefulness in
the identiBcation of potential groundwater and
recharge zones (Savita et al. 2018) in the granitic
hard rock of Andhra Pradesh, India. A one-dimensional resistivity model is one of the widely
accepted, used, cheap and most Cexible methods
because it injects an electric current into the earth
and then resistivity is measured along two electrodes (Kumar et al. 2014a, b). Whereas ERT
method provides a realistic two-dimensional
sub-surface high-resolution resistivity model that,
given the complexities of geology and topography,
continuously shows changes in resistivity both in
vertical and horizontal directions (Loke 2000;
Kumar et al. 2014a, b, 2016 and 2020). The
inverted model produced using 2D ERT is of high
resolution and highly suitable in groundwater
exploration, assessment and sub-surface identiBcation of saturated and fractured rocks based on
the characteristic resistivity of the sub-surface
geological formations (Kumar et al. 2014b, 2020).
While in geospatial method, Multi-Criteria Decision Making (MCDM) technique is widely applied
in solving different MCDM problems and Analytical Hierarchy Process (AHP) is one of them proposed by Saaty (1980); according to Sener et al.
(2011), it is deBned as a quantitative technique
combining objective of a theoretical expert
prospective to complete decision-making by analyzing multiple variables of hydrogeological system. In addition, the integration of RS and GIS is a
convenient way to use water resources and
groundwater maps for a variety of applications.
These methods are very eAective and reliable to
ensure the availability of groundwater in the area
(Murthy 2000; Prasad et al. 2008; Rahmati et al.
2015; Das et al. 2017; Das and Pardeshi 2018).
MCDM is an eAective decision-making tool that
combines many of the geological and hydrogeological factors that are responsible for delineation
of groundwater recharge and potential zone(s)
(Chenini et al. 2010). Recently, much research has
been done on the application of semi-quantitative
methods such as AHP (Sandoval et al. 2018) and
the frequency ratio model (Arulbalaji et al. 2019).
The MCDM method significantly reduces the
mathematical complexity of the decision-making
process by providing estimates based on expert
appraisal that compare the judgement of similar
eAects, and the estimates are an absolute eAect,
nine parameters representation of interest. The
current study has been carried out using MCDM
and ERT methods to identify the groundwater
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Figure 1. The micro-watershed of the granitic hard rock aquifer region with different order stream and outlet in the study area.

recharge source within the surrounding of the
National Geophysical Research Institute (NGRI)
campus, Hyderabad. The reliability of MCDM has
been validated using geophysical – both VES (1D)
model and the 2D ERT model of two different time
periods in the study area.

2. Geology and hydrogeology of the study
area
The present study is carried out in a granitic hard
rock aquifer, and a micro-watershed (Bgure 1) is
focussed for the detailed study within and surrounding the CSIR-NGRI campus, where the total
area is 53.8 km2, whereas NGRI campus covers an
area of about 147.5 acres (0.60 km2), which is situated in Hyderabad, Telangana, India (Bgure 2).
Hyderabad is the largest city of Telangana, which
is situated at about 60 km away on the way of
NH-65, Hyderabad–Suryapet highway and is located between latitudes 17240 28.800 –17250 8.400 N and
longitude 78320 49.200 –78330 25.200 E. It has undulating topography with elevation ranges from 460
to 560 m above sea level (asl). The area experiences
a hot and dry climate. The maximum average
annual temperature ranges from 39–43C and the
minimum average annual temperature ranges
between 13 and 17C from December to January
in a year (Ravi 2012). The mean annual rainfall is

854.6 mm. The study area is drained by a major
river named Musi River. The pattern of wide valley
drainage is generally dendritic to sub-dendritic in
nature. Inside the NGRI campus, Bve old large
diameter dug wells are located for water supply to
the whole campus whose static water levels vary
from 7.35 to 9.15 m below ground level (bgl).
Water is regularly pumped out from these dug
wells to meet the water requirements of CSIRNGRI campus, both in oDce and in the residential
areas. The exact location of these dug wells is
shown in Bgure 2. The entire study area is underlain by granite rock of the Archaean age, which is
one of the known varieties of the crystalline rock.
The portion of the sub-surface granitic rocks,
which is saturated with water, is an indicator of
fracture within the host rock and thus it shows low
resistivity formations. The basement rock, which is
underlain in the study area is igneous rock, mostly
undifferentiated soil cover, highly weathered
granite, semi-weathered granite, fractured and
massive granite thus constituting the entire geological setting of the study region. Geologically, the
area around Hyderabad created an exclusive
landscape magnificent granite structure, which is
of Pre-Cambrian age. Figure 3 highlights the local
geology of the region, which falls in the granitic
terrain. Most of the area is covered with alkali
feldspars granite. It strikes approximately in NS
(north–south) direction and with lineament zone
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and dolerite rock. Granite has structural properties such as fractures, joints, cracks and Bssures,
which are the major conduits for groundwater
Cow. In the upstream region, the area is dendritic
and Bnely structured. This type of trough drainage is most often observed in shallow horizontally stretched basaltic rock, i.e., uniformly
resistant along a gentle regional slope (Horton
1945). Commonly the region under the study
shows the hilly topography. Since the topography
is hilly, there are many streams of the Brst order
and second order. Rocks are mostly of Archaean
period mainly pink and grey granite with a less
amount of quaternary alluvium. Therefore, there
are two aquifers in the region, such as aquifers of
granite and alluvium. Alluvial aquifer located
near the Musi riverbed having medium- to Bnegrained sand, silt deposits at depth up to 5 m in
the region. It is less deep than sedimentary and
fractured rock aquifer. While the crystalline
aquifer consists of igneous and metamorphic rocks
having insignificant porosity are permeable only
in fractured zone(s), which is hydrogeologically
complex and the movement of water depends on
the fractures and their connectivity present in
such rocks. The water level is usually between 5
and 20 m and the average water level is 12 m
below ground level (bgl). The water level varies
between 5 and 20 m bgl during pre-monsoon
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season and from 2 to 15 m bgl in post-monsoon
period.
3. Materials and methods
3.1 Review of 1-D VES data interpretation
The aim of the Vertical Electrical Sounding (VES)
is to determine the vertical variation of resistivity
of the sub-surface rock strata in hard rock aquifer.
The VES is an economical geophysical method
where current is injected into the ground using two
current electrodes for investigation of geological
sub-surface medium. This is based on the electrical
conductivity and/or resistivity of the sub-surface
rock strata. The application of VES has become
very popular in groundwater research because of its
technical simplicity and low cost. But VES has
many limitations as the survey depth is limited by
the distance between the current electrodes. While
operating the VES survey, one should concern in
mind that the last layer should be of the same
thickness otherwise, if it is thinner than the middle
and upper layers, the output of the resistance will
be uneven. The resistance of the thin middle layer
aAects the measured value. This conventional VES
is carried out at one location in the campus area
with a maximum current electrode spacing (i.e.,
maximum proBle distance) of 200 m with a station

Figure 2. Location map of the study area with respect to the basin where ERT proBle and dug well locations situated inside the
NGRI campus, study area.
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Figure 3. Showing the different geological setting and hydrogeological scenario within and surrounding of the CSIR-NGRI
campus in a granitic hard rock aquifer.
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Figure 4. Showing the interpretation of VES data (the square box is the Beld result and the sleek line is the calculated curve)
along with the model layer parameters resistivity vs. depth model.

spacing (AB/2) that vary from minimum 1.5 m to
a maximum 100 m (Kumar et al. 2014a, b). The
potential can be measured with a resolution of up

to 0.1 mV and acquired the measured apparent
resistivity data. The raw VES Beld data was Brst
plotted on a log–log graph paper with a modulus of
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Table 1. Pair-wise comparison matrix for the nine themes and calculation of weights by multi-criteria decision technique.
Sl. no.

Thematic layer

1
2
3
4
5
6
7
8
9

Lithology
Lineament
GM
LULC
Soil
Slope
DD
Rainfall
DEM

Lithology

Lineament

GM

LULC

Soil

Slope

DD

Rainfall

DEM

1
1
1/2
1/2
1/3
3
1/2
2
3

1
1
1/5
1/3
1/7
1/5
1/2
1
1/5

2
5
1
1
1/5
1
1/3
5
2

2
3
1
1
1/5
1
2
5
3

3
7
5
5
1
1
1/3
3
2

1/3
5
1
1
1
1
1
2
1/3

2
2
3
1/2
3
1
1
3
1/2

1/2
1
1/5
1/5
1/3
1/2
1/3
1
3

1/3
5
1/2
1/3
1/2
3
2
1/3
1

62.5 mm and later manual interpretation was
performed using a conventional master curve
(Orellana and Mooney 1996; Rijkswaterstaat
1969). Such interpreted results were further
improved utilizing a computer-aided system and
curve matching technique (Jupp and VozoA 1975).
The process of iteration goes on till the root mean
square (RMS) error is minimized and Bnally display fairly the good match between the Beld and
theoretical curves representing the Bnal sub-surface model parameters in terms of true resistivities
and thickness (qi, hi, i = 1, 2,…,n) for given subsurface geological formations/layers (Bgure 4). The
model converges within 5–7 iterations indicating
that the quality of data is good and it is also seen
from the RMS error value for the individual model
results. On analysis and interpretation of VES
results, it revealed three distinct geoelectric layers
of the sub-surface formations. Qualitative interpretation indicates the VES of H’ type of curves
(Bgure 4). The interpreted VES results corroborated with the sub-surface geological formations
of the area. It is found that the resistivity values
*84 X.m correspond to weathered granite with a
thickness of 1.2 m, then follows the highly weathered rock of resistivity about 47 X.m of sufBcient
thickness of 8.5 m and later follows the high
resistivity, which corresponds to the basement
hard granite rock as shown in Bgure 4.

another pair of potential electrodes are measured
during each datum acuisition stage, which leads to
the measured apparent resistivity value for each
measurement in ERT method (Barker 2001). ERT
data has been acquired from two proBles within
NGRI Campus using three different namely
Dipole–Dipole, Wenner and Gradient array in
order to visualize high resolution resistivity data of
near-surface layers and the characteristics of
hydrogeological scenario. Each of the proBle consists of 81 and 40 electrodes with an electrode
spacing of 0.5 and 2.0 m, respectively, and covered
the total proBle distance 40 and 80 m, respectively,
on the ground. The measured apparent resistivity
Beld dataset was initially processed for eliminating
any noisy or bad data points (e.g., spike type, etc.)
in the gathered dataset with respect to various
depth levels and subsequently on the quality and
the smoothness of resistivity data, damping factors, convergence limit, various mesh parameters
and number of iterations to be undertaken have to
be assigned to the individual dataset (Dahlin 1996;
Loke 1999) before going for inversion of the
individual data, in order to achieve realistic subsurface resistivity models of the area.

3.2 Acquisition and processing of 2D ERT data

Multi-criteria decision-making technique is commonly used for groundwater and analytical hierarchy process (AHP) developed by Saaty (1980),
has been used as a method to obtain and Bnalize
the weights assigned to different parameter and the
feature used in the groundwater recharge zonation.
According to Sener et al. (2011), it is characterized
as a holistic technology that incorporates realistic
and subjective expert opinions to complete decision-making by assessing several factors. For this

Electrical resistivity tomography (ERT) is the
most common and precise method among all
groundwater exploration geophysical methods due
to the wide variation of resistivity of the geological
formations and the changes that occur due to the
saturated conditions of the rock strata. A pair of
current electrodes injected the current into the
ground and the potential difference between

3.3 Determination of the rank and weight
normalization for the thematic layer
integration using MCDM technique
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Table 2. Normalized and assigned weights for the individual features of parameter for groundwater recharge zone.
Parameter
Lineament density

Rainfall

DEM

Slope

Lithology

Geomorphology

Drainage Density

LULC

Soil

Features classes

Percentage
(%) inCuence

Assigned
weight

Geometric
mean (Gm)

Normalized
weight

24

2
4
5
7
9
3
5
7
8
9
8
7
6
3
2
9
8
5
3
2
2
3
1
9
1
2
7
2
1
3
5
7
9
1
9
5
7
2
2

4.79

5.64

5.97

5.36

4.58

5.68

4.64

5.81

1.82

3.30

3.02

6.95

3.94

6.35

3.63

6.61

2.00

2.00

0–0.45
0.46–1.2
1.3–2.1
2.2–3.5
3.6–6.1
699.9–702.2
702.3–704.2
704.3–705.8
705.9–707.4
707.5–709.3
385–417
418–440
441–461
462–481
482–549
0–2
35
69
1016
17–35
Dolerite
Migmatite gneiss
Alkali Feldspar granite
Water bodies
Residual hills
Residual mound
Fluori-older Cood plain
Pediment
0–1.1
1.2–2.1
2.2–3.2
3.3–4.3
4.4–5.3
Built–up
Water bodies
Natural vegetation
Wet land/Grass land
Open land/Barren land
Clayey

technique, every factor is evaluated based on a
combination of elements between one (book value)
and nine (significant values), where value 1 represents equal importance between the thematic layer
and the value 9 represents the extreme importance
between the layers (Saaty 1980). This analysis
assesses the significance of the parameters aAecting
groundwater availability (Razandi et al. 2015). The
weights assigned to all thematic layers and each of
their individual feature classes were decided
according to the past Beld experience, as well as on

17

13

10

9

8

7

7

5

expert opinion. For a pair-wise comparison matrix
(table 1), the line follows the mutual significance
of each parameter and the significance of the
second parameter based on the relative importance of all other parameters (Saaty 1980). It also
gives the percentage inCuence to every thematic
layer. This is done by normalizing the comparative matrix, which integrates the two-way comparison matrix. A thematic layer with high
weightage will have higher impact and with low
weightage will have a smaller impact on
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Figure 5. Showing the collection of data and maps generation for identiBcation of groundwater recharge zone in the methodology
Cow chart of the study area.

groundwater recharge zone. The weight is calculated as the arithmetic mean. The geometric mean
was calculated by the summation of the assigned
weights divisible by the number of variables. The
normalized weight of each parameter has been
calculated using the formula NW=AWN/GM, where
NW is normalized weight, AWN is assigned weight
and GM is geometric mean (Ahirwar et al. 2019).
The percentages of assignment of normalized
weights and integration of thematic layers and
these weights are presented in table 2. This study
is based on a combination of a remote sensing
database and a geographic information system
that provides a groundwater potential zone map
(Bgure 5). Nine types of the parameters are considered, which are of good quality and resolution:
lineament density, rainfall, digital elevation model
data (DEM), slope, lithology, geomorphology
(GM), drainage density (DD), land use/land cover
(LULC) and soil and these parameters are discussed in detail (table 2). The thematic maps were
analyzed using MCDM normal weights (table 2)
to assess the groundwater recharge zone. Lithology and geomorphology maps have been

downloaded from the Bhukosh and clipped for the
study area in ArcGIS by using clip tool. Drainage
density and slope map are adapted from DEM
data, that are obtained from Earth data. LULC
map and lineament density map obtained from
Sentinel 2A satellite data of USGS. Land use/land
cover map was prepared from USGS Earth
Explorer satellite data Sentinal 2A of 2020. The
maximum likelihood algorithm technique was used
for generating it. In the preparation, false colour
combination has been processed and supervised
classiBcation applied to obtain LULC map.
Lineament density map was prepared using various tools present in Geomatica software. A soil
map is prepared from the Bhuvan and extracted
using various tools in ArcGIS and lastly, a rainfall
map is obtained from the Commodities Research
Unit (CRU) and processed in ArcGIS. Finally, the
output, i.e., groundwater potential/recharge map
was evolved through the integration of all layers in
ArcGIS. The detailed methodology adopted for
the delineation of groundwater recharge zones
in the study region is demonstrated using the
workCow diagram and is shown in Bgure 5.
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4. Results
4.1 Description of information obtained
from thematic maps

‘moderate’. The fourth (10–16) and Bfth (17–35)
categories are considered as poor due to higher
slope values, which cause high runoA.

4.1.1 Lineament density

4.1.5 Lithology

Lineaments are the linear feature that represents
the sub-surface geological structure such as faults,
cleavages, fractures, etc. This type of linear features plays an important part in groundwater
occurrence and movement. Lineament density map
has been prepared which was further divided into
Bve classes namely, 0–0.45, 0.46–1.2, 1.3–2.1,
2.2–3.5 and 3.6–6.1 (Bgure 6a). High lineament
density areas are considered very good prospect
zone for groundwater recharge.

In the study region, three types of geological rocks
are found namely, dolerite, migmatite gneiss, and
feldspar granite as shown in Bgure 6(e). Migmatite
is the metamorphic rock, whereas granite and
dolerite are igneous rocks. When the migmatite
gneiss developed fracturing then it acts as a carrier
for groundwater. The dolerite rock occurs in the
form of a dyke across, the area underlain by
dolerite dyke acts as a conduit or a barrier for
groundwater Cow, while weathering and fracturing
of the granite rock lead to formations of aquifers in
the hard rock region.

4.1.2 Rainfall
Rainfall is one of the most important parameters
of groundwater recharge where water is absorbed
into the soil, other rainfall characteristics such as
intensity, duration and distribution are also
important to measure the runoA. The annual
rainfall map of the area was categorized into Bve
classes which are h699.9–702.2, 702.3–704.2,
704.3–705.8, 705.9–707.4 and 707.5–709.3i mm/
year as shown in Bgure 6(b).

4.1.3 Digital Elevation Model
The elevation map of the study area represents the
ground surface undulations available for depression
storage. The elevation of the study area ranges
from 385 to 549 m from mean sea level. It is categorized into Bve classes as shown in Bgure 6(c).
The elevation of the study area indicates surface
changes that may persist with depression.
4.1.4 Slope
The slope in the area varies from 0 to 35 as shown
in Bgure 6(d). Based on the slope, the study area
can be classiBed into Bve slope classes. The area
having 0–2 slope falls into the ‘very good’ category
because of the nearly Cat terrain. The area with a
3–5 slope is considered as good for groundwater
storage due to slightly undulating topography with
some runoA. The areas with a slope 6–9 cause
relatively high runoA and low inBltration to the
sub-surface layers and hence are categorized as

4.1.6 Geomorphology
Geomorphology is deBned as the study of the
landscape and plays a significant role in groundwater potential and prospect mapping of a study
area. Our study area consists of water bodies,
residual hill, Cuori-older Cood plain, pediment and
residual mond as shown in Bgure 6(f). Waterbody
deposits have been given the highest weighted,
since it is incessant recharge to groundwater.
Floodplain deposits were weighted higher than
pediment. The lowest priority was given to residual
mond and residual hill.

4.1.7 Drainage density
Drainage density measurements have been made
for all the micro-watershed in the area, which
ranges from 0.5 to 24.8 km/km2. Based on the
drainage density of micro-basins, it can be reclassiBed into Bve classes, (1) 1.1 km/km2, (2) 1.2–2.1
km/km2, (3) 2.2–3.2 km/km2, (4) 3.3–4.3 km/km2
and (5) 4.4–5.3 km/km2 as shown in Bgure (6g).
4.1.8 Land use/land cover
The following classes are distinguished: (i) built-up
area, (ii) water bodies, (iii) natural vegetation, (iv)
wetland/grassland, and (v) open land/barren land
(Bgure 6h). The water bodies were given the
highest weight over other land-use features since
its incessant recharge to ground, ensured by
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Figure 6. Various thematic maps namely (a) lineaments density, (b) rainfall, (c) DEM, (d) slope, (e) lithology area,
(f) geomorphology, (g) drainage density, (h) land use/land cover and (i) soil, derived from MCDM-based weighted
overlay technique in the study area.
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Figure 7. (a) Showing the groundwater prospect recharge zone map, (b) a percentage (%) of the areal distribution of the
groundwater recharge zones and (c) groundwater potential classes of the study area.

natural vegetation only, which pull maximum
amount of water from the deep root zone for sustaining, resulting in the presence of water below
the ground surface. Natural vegetation was
weighted higher than open land/barren land. Open
land/barren land is poor in groundwater potential
as compared to wetland/grassland, which is very
good for groundwater potential. The lowest priority was given to the built-up area as it lack vegetation cover. Built-up or concrete does not allow
the inBltration of water to percolate down the
earth.
4.1.9 Soil
Soil emerged from rock fragments as a result of the
weathering process. The predominant classes present in the area are only one clay type of soil
(Bgure 6i). Clay soil is a kind of hard soil, beneBting
from the high nutrients. These soils are made of
more than 25% clay and clay soils retain a large
amount of water due to space/pores between clay
particles.
4.2 Groundwater recharge zone
Finally, the groundwater recharge zone (Bgure 7)
map has been developed by overlying the

determinant groundwater contributing the nine
thematic layers namely, lineament density, rainfall, digital elevation model data, slope, lithology,
geomorphology, drainage density, land use/land
cover and soil data using the weightage overlay
tool of ArcGIS and MCDM technique as showing in
Bgure 7. The outcome produced from weighted
overlay analysis for groundwater potential is evaluated by integrating all the layers in the ArcGIS
raster calculator. The value of groundwater
potential index ranges from 2 to 7 and is classiBed
into Bve categories of possible groundwater
potential zones. They were categorized namely
very poor (4.32 km2), poor (34.5 km2), moderate
(12.4 km2), good (2.21 km2) and very good (0.46
km2) covering about 7.87, 64.05, 23.11, 4.10,
0.87%, respectively, as well as the same is presented as a pie graph in groundwater potential map
(Bgure 7). A huge area covers very poor and poor
categories, which signiBes that groundwater is
scarce in the region. Our study region is highly
covered with an urban settlement and rocky hard
rock geology. So, groundwater availability is very
less. Only 2.67 km2 area lies in a good and very
good zone of groundwater due to saturated fractures present in the region (Bgure 7). Fractures are
the most important source of groundwater
recharge in the hard rock area.
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4.3 Interpretation of 2D resistivity models
4.3.1 Interpretation of resistivity models
during the post-monsoon period
The two-dimensional electrical resistivity datasets were acquired during the pre-monsoon period
using dipole–dipole, Wenner and gradient arrays
to study the sub-surface recharge property of the
near-surface layers in a granitic hard rock aquifer
system. The resistivity scenario of the models
shows that the top layer is high resistivity hard
layer, followed by semi-weathered layers and
then follows the highly weathered granitic rock
formations in all the three resistivity models. The
dipole–dipole array is very sensitive to changes in
the geological formation’s resistivity horizontally.
The near-surface layer in the model shows the
high resistivity *80–140 X.m up to 1.5 m depth
(Bgure 8a). In this true resistivity model, another zone with moderate resistivity values, i.e.,
25–50 X.m revealed at *2 m depth. Subsequently,
resistivity values are very low, i.e., *6–20 X.m
between depth 5 and 11 m. It suggests the
presence of a highly weathered zone and is
interpreted as the potential groundwater strata
with groundwater recharge. The given 2D subsurface true resistivity model is constructed by
using the Wenner array. This array covers a
total lateral distance of 40 m and investigated
depth up to 7.26 m. In Bgure 8(b), resistivity
ranges from *98 to 135 X.m up to 1.3 m depth
showing high resistivity near the top layer. Later
followed by a zone with low resistivity values,
i.e., below 40 X.m at 3–7 m depth and between
lateral distance 4 and 37 m. The gradient array
provides advantages with a higher signal-to-noise
ratio in the structure resolution in quicker data
acquisition (Loke 2004). There is a steady
decrease in resistivity from 2 m to a depth of 6.5
m (Bgure 8c), which suggests there is substantial
moisture content within the granitic rock formation and is inferred as highly fractured geological
structure present around this depth. The inverted
resistivity models obtained from dipole–dipole,
Wenner and gradient arrays revealed that the
resistivity values are high, i.e., *98–136 X.m at
near-surface depth, right from the top layer with
depths lying between *0.1 and 1.5 m, there is no
traces of water as the surface is totally hard,
which is shown as high resistivity of the granitic
rock at the top layer. The model result is shown
in table 3.
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4.3.2 Interpretation of resistivity models
during the pre-monsoon period
Similarly, the 2D electrical resistivity tomography
data were acquired during the pre-monsoon period.
The 2D inverted resistivity models show distinct
geological features as revealed from three different
electrical arrays namely dipole–dipole, Wenner, and
gradient in the pre-monsoon period. In dipole–dipole
array (Bgure 9a), at 13 m lateral distance, there is a
near-surface groundwater recharge source up to *9
m depth and resistivity value is low\25 X.m. There
is another water-saturated zone of resistivity *15–25
X.m equally visible *10 m depth between lateral
distance 42 and 74 m. At a lateral distance between
16 and 48 m indicated weathered zone with higher
resistivity *50–90 X.m. Similarly, between lateral
distance 48–80 m another highly weathered zone
with low resistivity of *40–60 X.m up to depth 2.5
m. This shows the existence of two saturated zones
inferred as the potential groundwater recharge zone,
which are separated by inclined to the vertical geological structure in the study area. Whereas,
Bgure 9(b) shows true resistivity model constructed
by Wenner array. The Wenner array has a moderate
investigation depth, i.e., 14.8 m in our case study
compared with other arrays. In this true resistivity
section, a zone with moderate resistivity value, i.e.,
25–40 X.m at lateral distance 6–14 m is revealed.
Subsequently, resistivity values are high, i.e., 50–90
X.m at lateral distance 16–40 m. Later followed by a
zone with a low resistivity value, i.e., below 35 X.m
at 3–8 m depth and located at a lateral distance
44–68 m of the resistivity section (Bgure 9b). It
reveals the presence of a saturated weathered zone
and is inferred as the potential groundwater strata.
In Bgure 9(c), the given 2D sub-surface true resistivity model is constructed by gradient array. The
gradient array model shows that there is a variation
in the resistivity values laterally and vertically and
the true resistivity model delineated up to 17.2 m
depth. Initially, the resistivity value is low, i.e., \40
X.m at 2–8 m depth between the lateral distance 42
and 68 m. The low resistivity values at these two
sites indicated the presence of groundwater recharge
zones and are separated by a high resistivity body/
barrier between lateral distance of 18 and 42 m, with
a resistivity value between 50 and *100 X.m at 2–17
m depth. This type of high resistivity signature
indicated a vertical to inclined geological structure,
e.g., a dyke or the massive granite between the two
low resistivity zones. The model result is shown in
table 3.
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Figure 8. Shows the dipole–dipole, Wenner and gradient 2D inverted resistivity models with substantial resistivity values at
shallow depth seen during the post-monsoon period.
Table 3. Comparison between resistivity values obtained
through 2D inverted resistivity models results at different depth
levels.
Sl no.
1
2
3

Formation
Top soil
Weathered zone
Highly weathered
zone

Depth
(m)

Resistivity
(X.m)

Recharge
source

0–2
2–11
11–17

*80–200
*45–70
*20–40

Poor
Moderate
Good to
very good

5. Discussion
The entire work was accomplished comprising the
detailed hydrogeological study, multi-criteria
decision making (MCDM), remote sensing, GIS
and high-resolution resistivity tomography in the
study area for understanding the near-surface

layers for groundwater recharge. The detailed
geological study and hydro-geomorphological
analysis provided extensive information about the
formation of surface and sub-surface of the study
area, which is crucial for groundwater analysis.
The thematic maps evolved using nine surface and
sub-surface geological and hydrogeological parameters (Bgure 6) were analyzed using MCDM normal
weights to assess and delineate the groundwater
recharge zone. Further, GIS-based multi-criteria
analysis has been used to identify potential
groundwater recharge zone (Devanatham et al.
2020), which is classiBed into very poor, poor,
moderate, good and very good category (Bgure 7)
as well as it shows a good integration with both
VES and ERT high-resolution geophysical work
and their results (Prakash and Mishra 1993;
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Figure 9. Shows the dipole–dipole, Wenner and gradient 2D inverted resistivity models with substantial resistivity values at
shallow depth revealed during the pre-monsoon period.

Murasingh 2014; Kumar et al. 2016). The one-dimensional and two-dimensional resistivity results
were compared with the outcome from various
thematic maps of the area. The result of VES data
revealed top-soil and weathered granite resistivity
is \100 X.m and highly weathered granitic rock
shows resistivity *47 X.m of substantial thickness
of 8.5 m. This highly weathered granitic layer is
indicative of water storage repository in the
weathered-fractured coupled aquifer system. This
1D result is corroborative with respect to the major
sub-surface layers, when compared with two

different time-period results of 2D resistivity
models. It is understood that the hydrogeological
condition within the NGRI campus is varying
abruptly with the depth to the static water levels in
the dug wells vary from 7.35 to 9.15 m bgl. This
result coincides with the hydrogeological interpretation of the inverted 2D resistivity models especially in terms of the saturated part of the aquifer.
This shows that there is a large variation of saturated part of the aquifer within a small campus
area, which is totally dependent on the active
source of recharge to the water table of the granitic
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aquifer in this area. Nevertheless, 2D resistivity
models revealed that the near-surface potential
groundwater recharge source and is quite visible at
shallow depth in high-resolution dipole–dipole,
Wenner and gradient array models (Bgures 8 and
9). The resistivity ranges between \100 X.m indicated weathered zone while 100–200 X.m delineated as hard granitic rock, which restricts the
movement of groundwater Cow to the water
table of the aquifer. The combined results indicated the lithological contact zones between the
weathered and highly weathered granitic rock in
the present geological medium, which are the main
target for groundwater recharge sources in the
present geological setting of the area.

6. Conclusions
The integrated study utilizing multi-criteria decision making (MCDM), remote sensing, GIS and
high-resolution resistivity tomography, their
results and Bndings, etc., exemplify and delineate
the groundwater recharge zones into different
classes – very poor to very good. The appropriate
and successful application of RS data on the GIS
platform has helped in achieving a detailed scenario of the groundwater scenario in and around
the study area. The integration of the geological
and hydrogeological parameters resulted in Bve
different groundwater recharge zones namely, very
poor, poor, moderate, good and very good, which is
further used in better planning and management of
groundwater resources. While the outcome of the
weighted ranges for various classes of groundwater,
recharge zones were categorized such as very good
6.1–7, good 5.1–6, moderate 4.1–5, poor 2.1–4, very
poor 0.0–2.0. These Bndings reCected that the poor
zone revealed the least favourable area for
groundwater prospect, whereas good and very good
zones show the most favourable area for groundwater prospecting and development. Numerically
23.11% of the study area is in a moderate zone of
recharge, 4.97% in good and very good zone, while
71.92% falls under the poor and very poor zone,
i.e., unsuitable for groundwater recharge. The
potential groundwater recharge zone map is validated using 1D and 2D high-resolution geophysical
results both qualitatively and quantitatively. The
weathered granite resistivity ranges from *45 to
70 X.m up to 11 m depth where recharge is moderate, while *20–40 X.m up to 17 m depth represents highly weathered granite, which leads to

maximum recharge in the area. The integrated
result based on pie graph reCected that *87% of
the study region falls in the range of poor to
moderate recharge, and otherwise *28.1% leads to
moderate to very good recharge in the area.
Therefore, these delineated recharge areas are used
for the groundwater recharge strategy, management as well as development of groundwater
resources. The entire results and Bndings from the
present study are very useful for prospecting and
sustainable management of groundwater resources
in the similar granitic hard rock system.
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