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Managed aquifer recharge (MAR) emerged as a potential technique to solve groundwater problems in
stressed aquifer systems but the site selection for implementation of MAR structures in crystalline and
contaminated aquifers is a challenging task. The current study intends a methodology to demarcate the
suitable sites for MAR in Cuoride-contaminated crystalline aquifer using integrated approach of remote
sensing, geographic information system (GIS) and analytical hierarchy process associated with groundwater quality data. Seven thematic layers were considered in this study, viz., geology, geomorphology,
slope, soil, drainage density, lineament density and land use-land cover. These thematic layers were then
integrated in the GIS environment to identify the aquifer recharge potential zones according to their
suitability for groundwater recharge in the area and it was found to be covenant with the mean
groundwater Cuctuation over the area. After superimposing of drainage and lineament on obtained
aquifer recharge zone map, 41 possible sites for artiBcial recharge were delineated. Among 41 sites, only
13 were considered as MAR sites based on groundwater Cuoride level Cuctuation with recharge in the
area. The proposed methodology could be applicable to other Cuoride-contaminated aquifers also.
Keywords. MAR; remote sensing; GIS; AHP; crystalline aquifer; Cuoride.

1. Introduction
Around 96% of the unfrozen fresh waters of world’s
reserves are represented by groundwater (Shiklomanov and Rodda 2004). The global water crisis
developed slightly over the latter half of the century, especially in arid and semi-arid regions of the
world, and has had an eAect on both quality and
quantity. In India, green revolution evolved in 1970

to uplift food production which motivated access to
irrigation and fertilisers. The negative side of this
has been an extensive stress on groundwater
resources specifically in crystalline drought-prone
regions of south India (Pettenati et al. 2013). The
groundwater resources have not been managed
scientifically, resulting in storage depletion and
quality deterioration in many parts of India, especially in hard rock aquifers (Massuel et al. 2014). In

67

Page 2 of 17

most parts of the country, the consumption of
groundwater is very high for agricultural and
domestic purposes, therefore, groundwater level of
aquifers is continuously depleting (Rodell et al.
2009; Long et al. 2016). However, due to complexity of hard rock aquifers, they are very sensitive to overexploitation and there are negligible
numbers of adequate methodology available to
realistically represent or characterise them for
groundwater resource management (Dewandel
et al. 2006; Mar
echal et al. 2006; Perrin et al. 2012).
Groundwater management has not been an issue
in the past as the availability of the groundwater
has been mostly balancing well with the groundwater demand and the system has been renewable
and sustainable on an annual scale. However, with
time the demand has increased much more due to
increase in population as well as industrialisation,
etc., and the recharge to the system, i.e., groundwater recharge from the rainfall is systematically
reduced due to erratic rainfall as a result of climate
change. Thus, in most of the aquifer systems, the
balance of the groundwater availability and
groundwater utilisation has become negative.
EAorts have been made to understand the recharge
processes and to assess the rainfall recharge with
time. Now demand management is also being
worked out to match the groundwater availability
obtained from the recharge estimate. However, it is
imperative to enhance the groundwater availability
to the extent possible and hence the artiBcial
recharge has come into practice. The artiBcial
recharge has passed through a number of failures
due to inadequate planning and site selections. A
well-planned and scientifically formulated artiBcial
recharge together with maintaining the groundwater quality is the managed aquifer recharge
(MAR) (Dillon et al. 2009).
Moreover, most of the crystalline (granitic)
aquifers are reported to contain high Cuoride (F
[1.5 mg/l) concentration problem (Edmunds and
Smedley 2005; Shaji et al. 2007; Reddy et al. 2010).
Long-time consumption of Cuoride contaminated
water causes dental Cuorosis and bone deformities
(Mohammadi et al. 2017). Children are the most
aAected by high Cuoride consumption (Yu et al.
2018). Many countries all over the world are suffering from high F groundwater (Guo et al. 2007).
According to the Central Ground Water Board
(CGWB 2010), 19 administrative states in India
face problems with high Cuoride ([1.5 mg/l)
groundwater. High Cuoride endemic zones are
found in the north-western and southern parts of
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India (Brindha et al. 2016). Among the southern
part, all districts of Telangana state are found to be
Cuoride contaminated (Adimalla and Venkatayogi
2017). Since time, different types of treatment and
mitigation methods have been applied but recently
(Podgorski et al. 2018) have predicted that around
9% of the Indian population are at risk of high
Cuoride groundwater consumption.
MAR plays an important role in solving
groundwater quantity (Muralidharan et al. 2007;
Alderwish 2010; Raicy and Elango 2020) and
quality (Andrade 2012; Gowrisankar et al. 2017)
problems in many of the world’s stressed aquifer
systems. Therefore, an alternate option to mitigate
F concentration is rainfall recharge or artiBcial
recharge through which F concentration can be
reduced by dilution. Different types of MAR
techniques have been used such as check dams and
percolation ponds (Pettenati et al. 2014). Some
studies have shown the lowering of Cuoride concentration after the implementation of MAR
(Andrade 2012; Gowrisankar et al. 2017), and on
the other, few studies witnessed the increment of
Cuoride (F) concentration in groundwater after
the implementation of MAR (Bhagavan and Raghu
2005; Pettenati et al. 2014; Brindha et al. 2016).
Thus, it is necessary Brst to observe the increase or
decrease of Cuoride concentration after recharge
and then to select locations for MAR structures in
any Cuoride-contaminated area.
The remote sensing (RS) and geographic information system (GIS) have emerged as new techniques in the groundwater resource management
such as identiBcation of groundwater potential
zones and delineation of suitable sites for recharge
in different geological terrains throughout the
world. Many researchers (Shankar and Mohan
2005; Chowdhury et al. 2010; Satapathy and Syed
2015; Maheswaran et al. 2016; Fildes et al. 2020)
have applied combined approach of RS and GIS for
the identiBcation of groundwater recharge zone
and suitable artiBcial recharge sites in different
geological terrains. Analytical hierarchy process
(AHP) with a combination of RS and GIS was also
used as a multi-criteria decision-making tool by
several researchers for groundwater management
(Chowdhury et al. 2010; Agarwal et al. 2013;
Agarwal and Garg 2016; Arulbalaji et al. 2019).
Although the above studies have incorporated
the integrated approach in delineation of groundwater recharge potential zones and artiBcial
recharge sites, they did not consider the groundwater quality aspect with respect to recharge in
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their analysis. In case of ignorance of quality
parameters, the artiBcial recharge schemes must be
enhanced for the aquifer water but they may or
may not improve quality issues at the identiBed
sites. It is necessary to understand the relationship
between groundwater quality parameters and
recharge before Bnalising the sites for the implementation of MAR schemes. The novelty of this
research study is to consider a relationship
(established on the basis of 15 (2003–2017) years of
groundwater quality and water level data from 19
bore wells) between Cuoride (F) concentration
and groundwater recharge in the selection of suitable MAR sites. Since the study area is only contaminated by Cuoride and all other quality
parameters are within the safe zone, only Cuoride’s
relationship with recharge has been taken into
consideration in this study.
The current study incorporated GIS, RS and AHP
techniques as well as considered groundwater quality in the delineation of MAR zone and identiBcation
of suitable MAR sites in Cuoridated crystalline
aquifer of semi-arid regions. The current study is
conducted in Maheshwaram watershed of Telangana. Being an agricultural watershed, this granitic
aquifer was facing groundwater overexploitation.
Along with this, the area was facing Cuoride contamination problem with maximum reported concentration of 4 mg/l (Chatterjee et al. 2017).
Children were suffering from dental Cuorosis. Hence,
the objective of the study was to manage its
groundwater resource in terms of quantity and
quality. An integrated approach of RS, GIS and
AHP was applied along with the groundwater
quality data to Bnd out suitable MAR sites in this
area. This integrated approach could be a
respectable solution for the prevailing problems in
the area. It could be applicable to other Cuoridecontaminated aquifers of India as well.

2. Study area
The study area (Maheshwaram watershed, 53 km2)
is located 35 km south from Hyderabad city in
Telangana state, India (Bgure 1). It is semi-arid
region with 750 mm annual average rainfall, of which
more than 90% falls during the monsoon season
(June–October). The main rock type of this area
comprises different types of Precambrian granite
such as biotite granite, leucocratic granite and biotite granite with pegmatites and dolerite dykes
(Dewandel et al. 2006) roofed by a thin layer of soil.

The average annual temperature is 26°C but the
daily maximum temperature approaches up to
45°C in summer (March–May) (Dewandel et al.
2006). The area is characterised by slightly undulating topography, gentle slope from south to north
and sub-dendritic drainage pattern with seasonal
Cows where the elevation ranges from 590 to 670 m
above mean sea level (Khan et al. 2011). The
aquifer in the area consists of two-tier systems of
weathered (top) and Bssured (lower) layers
(Dewandel et al. 2006) where only the fractured
layer is saturated now.
The geology of the area is composed of Archaean
granites with lithology such as biotite granite,
leucocratic granite and biotite granite with intrusions of pegmatitic granite and leucocratic dykes.
As other rural areas in southern India, this area
also has agriculture as its main occupation, but
excessive pumping of groundwater, less rainfall and
high evaporation caused the downfall of water level
from weathered to fractured parts of the aquifer
(Dewandel et al. 2007). Near the growing city of
Hyderabad, the areas are rapidly changing from
agriculture to semi-urban areas (Khan et al. 2011).
Moreover, high Cuoride concentration in the
groundwater was reported (maximum concentration is 4 mg/l), which triggered dental Cuorosis
among children (Pauwels et al. 2015).
3. Methodology
3.1 Creation of thematic layers
With the purpose of deBning the aquifer recharge
zone and sites seven thematic layers, geology (GG),
geomorphology (GM), soil (SL), drainage density
(DD), lineament density (LD) and land use-land
cover (LULC) were used. SRTM 30 m resolution
DEM was used to create slope, drainage, drainage
density, lineament and LD layers and Landsat 8
OLI/TIRS C1 level-1 30 m resolution images were
used to create LULC layers, whereas existing/conventional data were used for the creation of
geology, geomorphology and soil layers using Arc
Map 10.3 GIS software. The methodology used was
illustrated in Bgure 2.

3.2 Assignment of weights and ranks
To assign proper weight and rank to the different
themes and their classes, Saaty’s (1980) AHP (a
multi-criteria decision-making tool) was used on a
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Figure 1. Location of the study area with bore well locations and Cuoride behaviour.

scale of 1–9 with qualitative assessment of excellent (weight = 8–9), very good (6–8), good (4–6),
moderate (2–4) and poor (1–2). These weights and
ranks were given on the basis of relative importance of the themes and their classes to the
groundwater recharge process. After Bnalising the
proper weights, the normalised weights of the
individual themes and their different features were
calculated. Saaty gives a measure of consistency
called the consistency index (CI), which measures
the deviation or degree of consistency of the
assigned weights. It is calculated by the following
equation (1):
CI ¼

kmax  n
;
n1

ð1Þ

where kmax is the principal eigenvalue of the pairwise comparison matrix and n is the number of
factors used in the analysis.
kmax is calculated using eigenvector technique by
dividing the weighted sum of individual layers to
its normalised weight. Furthermore, the consistency ratio (CR), which is a measure of consistency

in pair-wise comparison matrix was calculated
using equation (2) given by Saaty (1980):
CR =

CI
;
RCI

ð2Þ

where RCI is the random consistency index, whose
values were obtained from the Saaty’s standard
(table 1).
Saaty (1980) pointed out that a CR value of
B0.10 is acceptable to continue the analysis. If the
value is greater than 0.10, then there is a need to
check the judgment to Bnd causes of inconsistency
and make it correct accordingly. If the CR value is
0, it means there is a perfect level of consistency in
the pair-wise comparison.
3.3 Delineation of aquifer recharge potential
zone
To delineate the aquifer recharge potential zones
in the study area, weighted overlay analysis was
conducted in Arc Map 10.3 GIS software, where all
the thematic layers and their subclasses with
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Figure 2. Flow chart of used methodology.

Table 1. Values of RCI for different order of matrix (N) (Saaty 1980).
Order of the matrix (N)

2

3

4

5

6

7

8

9

RCI value

0

0.58

0.90

1.12

1.24

1.32

1.41

1.45

suitable assigned weights and ranks were converted
into raster format with the same resolution (10 9 10
m2). These raster formats thereafter re-classiBed and
Bnally integrated into a single layer. The following
equation (3) was used to derive the total normalised
weights of different polygons in the integrated layer

to calculate the aquifer recharge potential index
(ARPI):
ARPI ¼ GMw GMwi þ GGw GGwi þ SLw SLwi
þ SOw SOwi þ DDw DDwi þ LDw LDwi
þ LU w LUwi ;

ð3Þ
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where GM is the geomorphology; GG is the geology; SL is the slope; SO is the soil; DD is the
drainage; LD is the lineament density; LU is the
land use-land cover; w is the normalised weight of a
theme and wi is the normalised weight of individual
features of the theme.
The array of ARPI values was divided into
four equal classes (Singh et al. 2013) known as
zones and its different polygons falling under
different ranges were grouped into one class.
Thus, the entire study area was qualitatively
divided into four groundwater recharge potential
zones.
3.4 Demarcation of artiBcial recharge sites
The drainage and lineament maps were superimposed on generated aquifer recharge potential map
to demarcate the artiBcial recharge sites in this
area. The locations where lineament lines and
drainage lines intersect each other within the
favourable recharge zone were considered as suitable sites for aquifer recharge structures.
3.5 Relationship between recharge and Cuoride
concentration
Being a Cuoride (F)-contaminated aquifer, it is
important to understand the relationship between
recharge and Cuoride contamination. Therefore,
F concentration and groundwater level data of 15
years (2003–2017) were used for the evaluation of
Cuoride behaviour with water level Cuctuation (or
recharge) for every pre-monsoon (May) and postmonsoon (December) season. Nineteen bore wells
were selected for the groundwater sampling and
water level monitoring. Groundwater samples were
(total 570) collected in 500 ml polythene, pre-labelled bottles. Prior to sampling, bottles were
rinsed 2–3 times with the water to be sampled. The
groundwater samples are Bltered with 0.45 lm pore
size Blter paper, then analysed for F by ion
chromatography following the method mentioned
in APHA (1998) at CSIR-National Geophysical
Research Institute, Hyderabad.
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the behaviour of Cuoride with recharge, i.e., equal
sign (Cuoride decrease with recharge), opposite
sign (Cuoride increase with recharge) and random
sign (Cuoride random with recharge). Among the
identiBed artiBcial recharge sites, the sites which
have close proximity to the equal sign of monitoring wells were considered as MAR sites because
they will improve the quantity as well as quality of
aquifer water, and which have close distance to the
opposite sign and random sign type of monitoring
wells were considered as unsuitable for MAR
scheme because these sites are in fact favourable
for the enhancement of quantity of groundwater
but will deteriorate the quality of water due to
release of more Cuoride during the recharge.

4. Results and discussion
4.1 Thematic layers
4.1.1 Geology
The geological map of the watershed prepared from
the existing geological map was given by Dewandel
et al. (2006). The area mainly comprises of
Archaean granites where the main rock types are
biotite granite, leucocratic granite, biotite granite
with pegmatites, dolerite dykes and quartz vein
(Bgure 3a). Quartz vein and dolerite dykes either
act as a groundwater repository or conduit or
barrier for groundwater Cow depending on their
fracturing, weathering, dimension and orientation
with respect to groundwater Cow direction
(Chandra 2018) but their contact zone with host
rock act as a good site of groundwater potential.
Advanced degree of rock weathering, joints and
fracturing ease the inBltration hence making it
suitable for groundwater recharge (Krishnamurthy
et al. 2000). The feasibility of weathering of maBc
minerals is more prominent than the felsic minerals; hence, biotite granite is deeply weathered in
this area. On the basis of weathering proBle and
fractured depth higher weights were assigned to
the biotite granite followed by biotite granite with
pegmatite then leucocratic granite. Assigned
weights are described in table 2 for the individual
themes and in table 3 for their different features.

3.6 Selection of MAR sites
Finally, to delineate the sites for the implementation of MAR schemes in the area, the locations of
19 monitoring wells were posted on the map of
artiBcial recharge sites. These 19 bore wells show

4.1.2 Geomorphology
Geomorphology is the key parameter to evaluate the
aquifer recharge potential and prospect (Chowdhury
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Figure 3. Thematic layer of (a) Geology, (b) Geomorphology, (c) Soil, (d) Slope, (e) Drainage, (f) Drainage density,
(g) Lineament density and (h) LULC of the study area.

et al. 2010). In terms of geomorphology (Bgure 3b),
the area consists of valley Blls, pediplains, pediments
and rocky out crops. Amongst these features, valley

Blls are more important in groundwater prospects,
which are unconsolidated alluvial material with high
permeability consist of pebble, gravel, sand and silt
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deposited along the Coor of the narrow stream valley.
About 10% of the area in the central region is characterised by it and assigned a higher weight. Pediplains are erosional features formed by the
coalescence of several pediments and characterised
by extensive Cat terrain with a gentle slope. Two
types of pediplains are found in this area, shallow
weathered pediplain and moderately weathered
pediplain. Shallow weathered pediplain covered 50%
of the area described as Cat topography with a gentle
slope where weathered material stretched from 0 to 5
m. The groundwater recharge outlook in such regions
is labelled as moderate. Moderately weathered pediplain covered more than 10% area found in different
places has more than 5 m weathering proBle and
considered as good recharge zone. Pediments are
expanse of rock debris in a gentle sloping surface
extending outwards from the foot of the hill. Its patches are found in different regions of the area except in
the western region. It is moderately suitable for
groundwater recharge prospect. The rocky outcrop
occupied very small area scattered in the western and
the southwestern region. This zone is deBned as poor
groundwater recharge potential.
4.1.3 Soil
The soil map (Bgure 3c) of the watershed is prepared by existing soil map given by Rashid et al.
(2012). Soil is the complex mixture of weathering
products, organic material, water and gas. Soil
type and its texture directly control the transmission and inBltration of surface water to the aquifer
system and is a very important parameter for the
characterisation of groundwater recharge potential
(Rahardjo et al. 2018). The study area is mainly
covered by Bne red loamy soil followed by loamy
skeletal soil, coarse red loamy and rocky outcrops.

Red loamy soil is formed by the weathering of
different types of Archaean granite. On the basis of
their water-holding capacity and permeability, the
weights were assigned to the different soil types.
4.1.4 Slope
RunoA and inBltration is directly related to the
slope of the area. The gentle slope has slow runoA
which gives more residence time for inBltration of
water to the aquifer whereas higher slope results in
rapid runoA with less inBltration. The slope map
(Bgure 3d) of the watershed was classiBed into Bve
classes. Most of the areas are characterised by Cat
topography (0–2°). The area having 0–1° slope
assigned the highest weight because of slow runoA
and higher inBltration rate whereas the area having
more than 4° slope considered as poor groundwater
recharge unit and assigned the lowest weight.
4.1.5 Drainage density
Drainage density is deBned as the total length of the
entire stream segment in watershed per unit area. It
indicates how well or how poorly a watershed/basin is
drained by stream segments. It has an inverse relationship with permeability, which is a function of
lithology and fracturing of the underlying rock or
surface bedrock controls inBltration and runoA relationship (Edet et al. 1998). The high permeable rock
has high inBltration of rainfall which decreases the
surface runoA, gives rise to a poorly developed drainage system and vice versa. Hence, high drainage
density areas act as poor groundwater recharge
prospect whereas low drainage density areas are
favourable for recharge.
The study area shows dendritic drainage pattern, which is typical of a granitic terrain

Table 2. Pair-wise comparison matrix for the seven themes and calculation of normalised weights by the Saaty’s AHP.
Theme
GG
GM
SO
SL
DD
LD
LU
Column
total

Assigned
weight

GG

GM

SO

SL

DD

LD

LU

4
8
7
2.5
6
9
6.5

4/4
8/4
7/4
2.5/4
6/4
9/4
6.5/4

4/8
8/8
7/8
2.5/8
6/8
9/8
6.5/8

4/7
8/7
7/7
2.5/7
6/7
9/7
6.5/7

4/2.5
8/2.5
7/2.5
2.5/2.5
6/2.5
9/2.5
6.5/2.5

4/6
8/6
7/6
2.5/6
6/6
9/6
6.5/6

4/9
8/9
7/9
2.5/9
6/9
9/9
6.5/9

4/6.5
8/6.5
7/6.5
2.5/6.5
6/6.5
9/6.5
6.5/6.5

Geometric
mean

Normalised
weight

5.40
10.80
9.45
3.37
8.10
12.15
8.77
58.04

0.09
0.19
0.16
0.06
0.14
0.21
0.15
1.00

GM: geomorphology, GG: geology, SL: slope, SO: soil, DD: drainage, LD: lineament density, LU: land use-land cover.

Page 9 of 17 67

J. Earth Syst. Sci. (2022)131:67

Table 3. Assigned and normalised weights of the individual features of the themes for
aquifer recharge potential zoning.
Themes

Classes/features

Geology

Biotite granite
Biotite granite with pegmatite
Leucocratic granite
Dolerite dyke
Quartz vein
Geomorphology
Valley Blls
Shallow weathered pediplains
Moderately weathered pediplains
Pediment
Rocky outcrop
Soil
Coarse red loamy
Fine red loamy
Loamy skeletal
Rocky outcrop
Slope (°)
0–1
1–2
2–3
3–4
[4
Drainage density (km/km2) 0–0.8
0.8–1.6
1.6–2.2
2.2–3
[3
LD (km/km2)
0–0.4
0.4–0.8
0.8–1.2
1.2–1.6
1.6–2
LULC
Forest
Water bodies
Build up
Barren rocky
Barren land
Crop land
Mixed plantation

(Bgure 3e). The drainage density map (Bgure 3f) of
the watershed has been grouped into Bve classes,
viz., 0–0.8, 0.8–1.6, 1.6–2.2, 2.2–3 and [3/km.
Low-density zones were assigned higher weight,
whereas the lowest weights were due to the highdensity zones.
4.1.6 Lineament density
Lineaments are structurally controlled and naturally occurring linear or curvilinear features

Assigned Normalised
weight
weight
3.5
3
2.5
5
5
6
4
4.5
1.5
1
6
4
5
1
8
7
5
3
1
7.5
6
5
3
2
2
4
6
7
8
8
9
1
1
2
7.5
7

0.18
0.16
0.13
0.26
0.26
0.35
0.24
0.26
0.09
0.06
0.38
0.25
0.31
0.06
0.33
0.29
0.21
0.13
0.04
0.31
0.26
0.21
0.13
0.09
0.07
0.15
0.22
0.26
0.30
0.23
0.25
0.03
0.03
0.06
0.21
0.20

which indicate the presence of faulting and fracturing zones. Lineaments play an important role
in groundwater replenishment in crystalline
aquifer system and act as a high groundwater
potential zones (Koch and Mather 1997). In
crystalline terrain, the occurrences and dynamics
of groundwater primarily depend on secondary
porosity and permeability. Lineaments enhance
the permeability and secondary porosity thus act
as a good indicator of groundwater potential
zones.
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LD is deBned as the total length of all lineaments
present in the watershed per unit area. In the
watershed, LD varies from 0 to 2/km (Bgure 3g).
The highest value is found in south-eastern and
north-western regions and these zones are considered as potential areas of groundwater recharge.
The central region of the area has lowest LD, hence
assigned the lowest weight.
4.1.7 Land use-land cover
InBltration, runoA, evapotranspiration and rate of
aquifer recharge are aAected by diverse LULC
features. The runoA yield is increased gradually
from forest cover, grassland, farmland, barren land
and urban built-up land (Anbazhagan et al. 2005).
The density of vegetation cover directly controls
evapotranspiration and inBltration rate. The major
LULC types in the watershed are forest, barren
land, barren rocky, cropland, built up, water bodies
and plantation (Bgure 3h). More than 50% region is
occupied by agricultural land followed by built up
land, barren land and forest. The dense forest is
found especially in north, northwestern and central
regions of the study area, whereas water bodies are
dispersed throughout the watershed with varying
dimensions. The northeast and southwest regions
are mainly characterised by barren rocky/land.
The weights were assigned on basis of their
importance to the aquifer recharge prospects.
4.2 Assignment of weight to the themes
and their features
The weight was assigned to the individual themes
and their classes/features using AHP at a scale of
1–9 on the basis of their relative importance to the
recharge under the watershed scale (tables 2 and
3). Since, the study area is characterised by crystalline aquifers, where groundwater mostly occurs
in fractured zones and lineaments play a key role in
this context, hence the highest theme weight is
assigned to the LD. Since the area is mostly Cat
(maximum slope 6–7°) and there is not much
variation in the slope, hence it is considered of
equal importance throughout the watershed, and
therefore assigned the lowest weightage to the
slope, despite being an important parameter for the
recharge and the highest scorer in high undulating
terrain. A moderate value was assigned to the
geology because they do not have primary porosity
for the accumulation of water, but it becomes very
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significant where they perform primary porosity
such as in the Indo-Gangetic plain.
Saaty’s (1980) AHP was used to calculate the
normalised weights of the individual themes and
their different classes/features. In this multi-criteria
decision-making technique, pairs of criteria Xr (in
row) and Xc (in column) were considered, and two
questions were asked: (i) which criterion is more
important, Xr or Xc, and (ii) how much/how many
times are they more relative to each other and the
answer was given to the numeric scale (1–9) as
described above in ‘Assignment of weights and
ranks’. The cell values in pair-wise comparison
matrix (table 2) for all themes were given on the
basis of these two answers. Since individual theme
has equal importance to itself, the diagonal of the
square matrix Blled by 1. If Xr (row element) and Xc
(column element) are of equal importance, then Zrc
(value in matrix at the intersection of row r and
column c) equals 1; if Xc has more importance than
Xr, then Zrc would be[1 and Bnally, if Xr has more
importance than Xc, then Zrc would be equal to the
reciprocal of the importance score (i.e., 1/score) and
its value is \1. To generate this pair-wise comparison matrix of relative importance, the assigned
weights of all the thematic layers are divided by the
weight of each thematic layer one by one (table 2).
Thereafter, normalised weights of themes were
obtained by dividing the individual geometric
means with the total value of geometric means
where individual geometric means were calculated
by the sum of row values of the matrix (table 2).
Similarly, weights of different classes/features of
individual themes were also calculated (table 3).
The collective Bnal weight of all themes and their
features with respect to recharge were calculated
by equation (3).
The principal eigenvalue (kmax) which was computed by the eigenvector technique is 7 and the CI
value, calculated using equation (1) is 0. Finally, the
CR was computed by equation (2) and it was found
to be 0, which is much less than the recommended
value of 0.1 (Saaty 1980). Thus, the value of CR
suggests, there is a perfect level of consistency in the
pair-wise comparison and weights which were
assigned to the individual themes and their features
for this analysis are acceptable.
4.3 Aquifer recharge potential zone map
All seven thematic layers and their features with
suitable assigned weights were integrated using the
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weighted overlay analysis in Arc Map 10.3 GIS
software and created the aquifer recharge zone map
(Bgure 4). The map was categorised into four distinct classes, viz., very good, good, moderate and
poor on the basis of the ARPI values. About
17.49% of the total area falls under the ‘very good’
zone, 32.32% falls under ‘good’ zone, 36.3% falls
under ‘moderate’ zone and 14.34% of the study
area falls under ‘poor’ zone. North-western, southcentral and eastern regions of the area show very
high groundwater recharge potential whereas
north-eastern and south-western parts show very
poor recharge potential.
4.4 ArtiBcial recharge sites
To delineate the artiBcial recharge sites in watershed, the drainage and lineament maps were
superimposed on generated aquifer recharge
potential zone map. The locations where lineament
lines and drainage lines intersect each other within
the favourable recharge zone were considered as
suitable sites for aquifer recharge structures
(Bgure 5). In total, 41 artiBcial recharge sites were

delineated, of which 17 sites fall in ‘very good’
zone, 16 sites fall in the ‘good’ zone and eight sites
under ‘moderate’ recharge zone.
4.5 Recharge and Cuoride concentration
To understand the relationship between recharge
and Cuoride concentration, 15 years data
(2003–2017) for every pre- and post-monsoon of
Cuoride concentration and water level have been
taken into consideration. Water level Cuctuation
(difference between pre- and post-monsoon) and
Cuctuation of F concentration were plotted along
the Y- and X-axis, respectively. The plot (Bgure 6)
shows the relationship between these two parameters along the watershed. It was seen that the
samples were plotted in four quadrants. Within the
two quadrants, the parameters have equal signs
(either positive or negative) and in the remaining
quadrants, the parameters have opposite signs.
The parameters with equal sign indicate the shallowing of the water level in post-monsoon and
subsequent decrease of F content in groundwater
and vice versa. On the contrary, the parameters

Figure 4. Aquifer recharge potential zone map.
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Figure 5. Map showing the artiBcial recharge sites in the study area.

with opposite signs represent the fact that with the
shallowing of water level, F concentration increases, or with the deepening of water level F concentration decreases. Because, F concentration
does not show the perfect linear relation with water
level Cuctuation at all times in the respective wells
(Bgure 6), we considered the wells to have equal
sign which is more than 50% times and those wells
that show much less than 50% are considered to
have opposite sign and the wells that are close to
50% are considered as random sign (i.e., they show
identical time of opposite sign and equal sign)
(Bgure 7).
On the basis of the above classiBcation method,
out of 19 monitoring wells, nine wells (W5, W6,
W10, W11, W14, W15, W16, W17 and W19)
exhibit equal sign, Bve wells (W1, W2, W4, W7
and W9) show opposite sign and the remaining Bve
wells (W3, W8, W12, W13 and W18) were categorised as random sign. From this observation, it
can be concluded that implementation of artiBcial
recharge would be beneBcial at or nearby those

sampling points where F concentration generally
decreases after monsoon or recharge.

4.6 MAR sites for the implementation
of recharge structures
For the purpose of delineation of MAR sites in this
area, the locations of 19 bore wells were posted on
artiBcial recharge site map and the sites of those
locations where recharge increases the Cuoride are
ignored (Bgure 8). Among the identiBed artiBcial
recharge sites, the sites that have close proximity to
the opposite sign (Cuoride increases with recharge)
and random sign (Cuoride random with recharge)
type of monitoring wells were considered as unsuitable for MAR scheme because these sites are in fact
favourable for the enhancement of quantity of
groundwater but will deteriorate the quality of
water as they release more Cuoride during the
recharge, and which have close proximity to the
equal sign (Cuoride decrease with recharge) of
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Figure 6. Fluoride behaviour with water level Cuctuation.

Figure 7. Showing types of well (equal sign, opposite sign and random sign).

monitoring wells were considered as MAR sites
because they will enhance the quantity as well as
improve the quality of aquifer water.
Although no single well of equal sign is 100%
favourable, it could play a vital role when no
other option is available. Among 41 artiBcial
recharge sites, only 13 were considered as suitable for the implementation of MAR structures in
this area.

4.7 Model validation
The aquifer recharge potential zone map was validated by the water level Cuctuation map (Bgure 9).
The water level Cuctuation (difference between premonsoon and post-monsoon) map was developed by
using 12 years (2007–2018) of water level data (below
the ground level, m) from 105 sampling points in
the watershed. It is considered that where the
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Figure 8. Map showing the MAR sites in the study area.

groundwater Cuctuation is high, the area has more
potential for groundwater recharge (Mar
echal et al.
2006). The aquifer recharge potential zone map was
found to be covenant with the map of the mean
groundwater Cuctuation depth over the area. The
groundwater Cuctuation depth map (Bgure 9) was
categorised into Bve different classes, viz., 0–2, 2–4,
4–6, 6–8 and [8 m with respect to groundwater
recharge perspective as very poor, poor, moderate,
good and very good, respectively. The validation
studies showed that the higher Cuctuation depth is
within the good recharge potential zone and lower
and medium Cuctuation depth are in the zone of poor
and moderate recharge potential except for a few
locations.

5. Conclusion
There is a need of replenishment of storage of
depleted aquifers by the means of MAR structures,
but the site selection for their implementation is

quite difBcult in Cuoridated crystalline aquifer
because of their dynamic behaviour. The current
study proposed a methodology for demarcation of
suitable MAR sites using RS, GIS and AHP techniques associated with groundwater quality
parameter. Seven thematic layers (geology, geomorphology, soil, slope, drainage density, LD and
LULC) weighted by AHP on a scale of 1–9 were
integrated in the GIS environment to Bnd out the
recharge potential zones. According to the recharge
variability, Maheshwaram watershed was divided
into four different zones, namely ‘very good’,
‘good’, ‘moderate’ and ‘poor’. Only 17.49% of the
total area falls under the ‘very good’ zone, 32.32%
falls under ‘good’ zone, 36.3% falls under ‘moderate’ zone and 14.34% of the study area fall under
‘poor’ zone. About 41 artiBcial recharge sites were
identiBed by superimposing of drainage and lineament on the obtained recharge potential zone map
and only 13 sites were considered as suitable for the
implementation of MAR structures when Cuoride
behaviour with recharge was taken into account.
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Figure 9. Mean groundwater Cuctuation depth of the study area.

The results of the current study showed the
importance of chemical behaviour of groundwater
during the recharge which is generally ignored in the
selection of artiBcial recharge sites. It has been shown
in earlier studies that groundwater of this watershed
is unsaturated in terms of Cuoride concentration
(Atal 2009), hence contamination vulnerability is
high. Since the leaching processes cannot be stopped
in-situ, dilution is the only mechanism to reduce the
Cuoride concentration. At the same time, the area
being in rain shadow zone, water availability for
artiBcial recharge is in question. It is, therefore, very
useful that the sites for MAR are carefully decided
with an integrated approach from the current study.
The proposed methodology will be helpful in
order to ensure sustainable groundwater management on a long-term basis and could be applicable
to other Cuoride-contaminated aquifers too.
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