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ABSTRACT

Sustainable economic growth requires a reliable supply of water for energy,
agriculture, drinking, and other household functions for the growing population.
The rapid increase in domestic and industrial water demand has put huge stress
on groundwater resources in areas where it is the prime source of water. Due to
improper extraction of groundwater without maintaining the balance by recharging
the existing aquifer system, this problem will further aggravate. Artificial
groundwater recharge is becoming increasingly necessary, as the growing
population demands more water, and therefore diversion of runoff water into
groundwater is needed during the rainy season for recharging the depleting
aquifers. The Mandwara block of Lalitpur district, Uttar Pradesh, was undertaken
for the present study because it is a hard rock terrain area of Bundelkhand region,
where surface water bodies get dried in the summer season and the habitants are
mostly dependent on groundwater irrigation and domestic purposes. Agriculture
is the main source of income in this region and the most irrigation supply is from
the groundwater. Survey of India toposheets and IRS P6 LISS IV satellite imagery
of the year 2009 were utilized to prepare various thematic layers viz. drainage,
lineament, geomorphology, and Land use/Land cover map. SRTM 30m DEM
imagery data has also been used to assess the general runoff direction of the area
and to prepare a slope map of the study area. Vertical electrical surveys were
conducted at 30 sites to collect sub-surface lithological information, identification
of horizontal and vertical disposition of aquifer system, and also for
recommendation of suitable artificial recharge structure for conservation of water
during the rainy season. Collected overburden thickness and aquifer layer thickness
maps were prepared through GIS techniques. All the thematic layers were exported
to ArcGIS platform and different combinations were used to suggest various
artificial recharge structures like check dam, Nalabund, desiltation of a pond,
percolation tank, and recharge pit for the recharge of surface water at suitable sites
of the study area. These thematic layers were integrated into the geographic
information systems (GIS) platform to get the map of groundwater recharge zones.
The area was categorized into five different zones, namely most favorable 10%,
moderately favorable 28%, favorable 18% and least favorable 19%, and not
favorable 25%. The different combinations were used to suggest various artificial
recharge structures at a suitable site. The present study highlighted the capabilities
and potential of remote sensing techniques in combination with geophysical
methods to achieve sustainable groundwater recharge. The suggested technique
can be utilized for areas with similar geology and climatic conditions.
Keywords: Artificial groundwater recharge, vertical electrical sounding, remote
sensing, geophysical technique, ArcGIS, weightage index overlay.
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INTRODUCTION
Groundwater is a very important natural
resource and has a significant role in the economy.
It is the main source of water for irrigation and the
food industry. In general, groundwater is a reliable
source of water for agriculture and can be used
flexibly. There has been a tremendous increase in
the demand for groundwater due to an increase in
population. The available surface water resources
are inadequate to meet the water requirements for
all purposes, as the demand for groundwater has
increased over the years. Groundwater recharge is a
necessity for efficient groundwater resource
development and management, particularly for India
which has widely prevalent semiarid and arid
climates throughout the country. With an exorbitant
increase in water use via groundwater extraction,
the natural recharge is not sufficient, and it needs to
be supplemented with artificial recharge. The
occurrence and movement of groundwater in an
area is governed by several factors such as geological
structures, soil, lineament features, slope, drainage
pattern, geomorphology, land use/land cover,
overburden thickness, aquifer zone thickness, and
the interrelationship between these factors.
Remote sensing techniques have emerged as
effective tools for systematic survey, analysis, and
better management of natural resources (land, soil,
water, forests, mountains) along with the monitoring
of desertification, flood, drought, and landform

Fig. 1. Location map of the study area
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change (Shandilya et al. 2013). The integrated use of
remote sensing data, geo-electrical data, and GIS
(geographic information systems) techniques have
been extensively used for groundwater mapping and
exploration (Thakur et al. 2017). Modern sensing
techniques include active sensors such as LiDAR,
Radar, InSAR, and passive sensors include oblique
aerial and ground visible band, and thermographic
Imaging. These techniques have facilitated the
demarcation of suitable areas for groundwater
replenishment by taking into account the diversity
of factors that control groundwater recharge
(Dimitrios et al. 2019). More recently, a unified
approach of using remote sensing, geo-electrical
techniques, GIS, and multi-criteria decision analysis
has emerged as a useful tool for recharge structure
characterization, groundwater potential zone
delineation, conservation, planning, and
management. The present study attempted to
identify the groundwater potential zones for
suggesting the location of artificial recharge structure
for maximum recharge under hard rock terrain of
Mandwara block of Lalitpur district, Uttar Pradesh,
India.
MATERIALS AND METHODS
Study area

The study area belongs to the Mandwara block
of Lalitpur district of Uttar Pradesh, India (Fig. 1).
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It is surrounded in an anti-clockwise direction from
North by Mahrauni and Birdha block of Lalitpur
district. It is bounded by longitudes 78°29′33′′ to
78°59′38′′ East and Latitudes 24°10′35′′ to 24°30′53′′
North. The total Geographical area of the block is
about 72640 Hectares. Geologically the northern
part of the study area is underlain with Bundelkhand
granitic and gneissic complex and the Southern part
by Vindhyan sandstone. The archean system is
characterized by “Bundelkhand massifs” which
largely comprise crystalline igneous and
metamorphic rocks. Based on texture and
composition, several types of granite can be
recognized of which the pink feldspathic coarsegrained variety is the most dominant in distribution
and massive in character, but gray and green varieties
of granites and gneisses showing variable characters
are also present. Normal annual rainfall in the district
is 1034.60 mm whereas normal monsoon July to
Mid-September rainfall is 939.30 mm. The climate
is sub-humid and it is characterized by a hot dry
summer and cold winter. January is the coldest
month of the year when the mean daily maximum
temperature is 24.10°C and the mean daily minimum
temperature is 9.2°C, May is the hottest month with
mean daily maximum temperature is 42.6°C and
mean daily minimum temperature is 28.8°C. The
mean monthly maximum temperature is 32.6°C and
the mean minimum temperature is 19.2°C. The
mean monthly relative humidity is 41%. In the
summer season air is very dry and during the
monsoon season, the moisture content of air is high.
Mean wind velocity 4.8 kmph. In the study area
mainly three types of soil are found based on colour
and topography. The red soil formed by the
weathering of granite and gneisses, Black soil, and
alluvial soil group found along the rivers as valley
fills and comprises coarse sand of quartz and
feldspar. The principal crops in the study area are
pulses, oilseeds, wheat, rice, barley, millets, and
maize. Maximum irrigation by groundwater in
Mandwara Block is 37773 hectares. About 55% of
irrigated area in the block is by groundwater, about
25% is by canals, and the remaining about 15% area
is by ponds and 5% by other sources of irrigation.
(Source: Statistical Diary U.P. Government and
District Irrigation plan PMKSY)

configuration. The Schlumberger array consists of
four collinear electrodes. The outer two electrodes
are current (source) electrodes and the inner two
electrodes are the potential (receiver) electrodes. In
this array, four electrodes are placed along a straight
line in the same order AMNB (Fig. 2), but with AB
≥ 5MN where A and B are current electrodes and, M
and N are potential electrodes. The current electrodes
are increased to a greater separation during the
survey while the potential electrodes remain in the
same position until the observed voltage becomes
too small to measure. Typically, expanding the
current electrodes occurs roughly six times per
decade. The advantages of the Schlumberger array
are that fewer electrodes need to be moved for each
sounding and the cable length for the potential
electrodes is shorter. Schlumberger soundings
generally have better resolution, greater probing
depth, and less time-consuming. The basic
arrangement shown in figure 2 below and formula
for calculating the apparent resistivity is given as:

Slope map was prepared by using contours in
the SOI toposheets with the help of contour interval
slope has been classified. The majority of the study
area was covered with nearly-slope to nearly level
slope, and gentle and moderate slope was prepared
into North to South, West to South, and East to
South categories. The classification of the slope is
used for the analysis to find out groundwater
recharge sites in the study area. The overburden
thickness & aquifer thickness map of the study area
was prepared by using the interpretation of VES
resistivity data with the help of ArcGIS software.
The overburden thickness map and aquifer
thickness map were prepared by 30 interpreted VES
resistivity data of the study area. Geophysical
instrument DDR3 resistivity meter and Oregon 650
GPS are used for the field survey, Survey of India
(SOI) topographical map (54L/11, 54L/15, 54L/16
at 1:50,000 scale), remote sensing data from IRS P6
LISS-IV Satellite Imagery (2009) and SRTM 30m
imagery were used for identifying the potential
groundwater recharge structure (Fig. 3).

Methodology

Geophysical instrument DDR3 resistivity meter
was used for VES data, with Schlumberger

VES Data Interpretation

Quantitative interpretation of resistivity data was
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Fig. 2. Illustration of Schlumberger array in the resistivity meter

Fig. 3. Flow chart of methodology used for identification of location for potential ground water recharge

made based on the available geological information.
Moreover, the resistivity of these rocks is greatly
dependent on the degree of weathering, and the
percentage of the fractures filled with groundwater.
Sedimentary rocks, which usually are more porous

and have higher water content, normally have lower
resistivity values. Wet soils and fresh groundwater
have even lower resistivity values. Normally clayey
soil has a lower resistivity value (50 ohm-m)than
sandy soil resistivity value (50-500 ohm-m).
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However, it has been noted that the overlap in the
resistivity values of the different classes of rocks and
soils. This is because the resistivity of a particular
rock or soil unit depends on several factors such as
the porosity, the degree of water saturation, and the
concentration of dissolved salts. The resistivity of
fresh groundwater varying from 10 to 100 ohm-m
depending on the concentration of dissolved salts.
Whereas low resistivity (about 0.2 ohm-m) of
seawater due to the relatively high salt content. In
hard rock, showing lower resistivity is indicative of
a high level of weathering/fracture. Similarly, an
abnormally low resistivity in a weathered rock mass
indicates the presence of a water table. On the
contrary, observation like high resistivity in the soil
or weathered rock mass might indicate their
Vindhyan sandstone/granite and resistant situation.
This makes the resistivity method an ideal technique
for delineating saline and freshwater interface as
well as delineation of saturated fracture zones in
hard rock areas. Therefore, the resistivity values have
a much larger range compared to other physical
quantities mapped by other geophysical methods.
The results were concluded by the seven thematic
layer observations of geomorphology, lineament

density, slope, drainage density, land use/land cover,
overburden thickness, aquifer thickness. They are
accordingly summarized in this report.
Land use and land cover, slope, lineament,
overburden thickness & aquifer thickness play a
prominent role in artificial recharge soil is gives the
maximum weightage (Table 1). The different units
in each categfory were given a knowledge-based
ranking from 1 to 5, with 5 being most favorable and
1 being least favorable. The weightage of each
thematic category and the ranks to different units in
each thematic category are given in the Table1. The
integrated categories for groundwater potential were
worked out using analytical hierarchy process (AHP)
(Table 2).
Results

The geomorphological map of the study area is
shown in figure 4 which shows different
geomorphological structures. The northeast portion
of the study area lies under the Shallow weathered
pediplain and most area of the northern region of
the study area is moderate buried pediplain. In the
north-east portion, the geomorphological formation

Table 1. Rank and weightage for groundwater artificial recharge zonation under different parameters.
Parameters

Feature Classes (Map units)

Geomorphology

Pediplain Moderate buried/Weathered
Pediplain Shallow buried/Weathered
Striped Plain Shallow Basement
High
Medium
Low
0-1
1-4
4-8
8-13
13-27
Low
Medium
High
Cropland, Fallow land, Plantation
Wasteland without scrub
Land with scrub, scrub forest
Forest, Built-up land, Gullied land
>24m
16-24m
8-16m
<8m
>20m
15-20m
10-15m
<10m

Lineament density
Slope (Degree)

Drainage density
Landuse /Landcover

Overburden thickness

Aquifer thickness

Ranks for thematicunits
4
3
2
3
2
1
5
4
3
2
1
3
2
1
4
3
2
1
4
3
2
1
4
3
2
1
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Table 2. Groundwater potential categories for groundwater recharge zones with expected discharge, and lower and upper
weight value [using analytical hierarchy process (AHP)]
S.N.

Categories of groundwater potential

1
2
3
4
5

Most Favorable
Moderate Favorable
Favorable
Least Favorable
Not Favorable

Expected discharge (in lpm)

Lower and upper weight value

250-350
200-250
150-200
50-80
< 50

>15
13-15
10-12
7-9
<7

is moderately weathered pediplain. The southern
portion near the boundary of the study area having a
highly dissected plateau region.
The lithology of overburden thickness and
aquifer thickness is an important criterion that is to
be considered while drawing the study area into
favorable zones for artificial recharge as it has a
mentionable impact on the infiltrate and runoff of
the precipitated water. The study area is an underlain

by crystalline rocks manes of Bundelkhand and
granite gneiss and sandstones. Around 44% of the
total area is covered with thick-bedded/massive
granite gneisses and sandstone.
Lineament is defined as large-scale linear
structural features such as fracture, deep-seated
faults, and joints set of drainage lines and boundaries
of different rock formations. It is hydrological very
important for providing the pathways of
groundwater movement. In addition, they reflect
rock structures throughout which water can percolate
and travel up to several kilometers were identified to
a suitable site for artificial recharge.

Fig. 4. Geomorphology map of the stuidy area

Fig. 6. Structure map of the study area

Landuse and landcover (LULC) also plays an
important role, and therefore LULC thematic map
was drawn for four featured classes (thematic units)
(Fig. 7).

Fig. 5. Lithology map of the study area

Lineament play very significant role in rocks
formation, and in providing secondary porosity,
permeability and intergranular characteristics which
together influence influence groundwater
movement. Two or more lineaments in the
intersected area was considered as ground water
recharge zone. In hard rock terrain, the lineament
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Fig. 7. Land use and land cover map of the study area

Fig. 8. Drainage density map of the strudy area

cats as a conduit for groundwater movement, and
with the blend of fractures and topographic low
ground, it can provide the best aquifer recharge.
For analysis purposes lineament density was
prepared and categorized into three classes; low
medium, and high (Fig. 6). The higher density of
lineament indicates a very favorable zone for
groundwater recharge compared to where there is
less density. Therefore higher weightages were
assigned for higher density and lower weights were
given to low lineament density. In the hard rock
terrain, geomorphological landform plays an
important role because it is formed due to slope, the
extent of weathering, different types of weathered
materials, and overall assemblage of groundwater
region. Geomorphology was assigned a higher
weight because it has a predominant role in the
groundwater movement and storage of the study
area.
The drainage density map is an inverse function
of permeability. In the present study, the drainage
density can indirectly indicate the groundwater
potential of an area due to its relation to surface
runoff and permeability. It was considered as one of
the indicators of groundwater occurrence. Lesser
drainage density leads to more infiltration. Drainage
density can be given by stream length divided by
basin area. This map was prepared from Cartosat
DEM in Arc GIS 10.3. The drainage density for the
study area was categorized into three zones as shown
in figure 8. Drainage density of 1143 to 2611m per
sq. km leads to more infiltration.
A slope map was prepared by using contours in
the SOI toposheets, and with the help of contour
interval, the slope was classified (Table 1). The

Fig. 9. Slope map of the study area

classification of the slope was used for the analysis
to find out groundwater recharge sites in the study
area (Fig. 9).
The location of 30 VES (Vertical electrical
sounding) sites surveyed in different villages of
selected watersheds is shown in Fig. 10.
Schlumberger electrode configuration with a
maximum spacing of 400 to 600 m was used during
the survey. Direct current electrode resistivity meter
DDR-3 powered with (360 V with a power pack
with 1.5-volt cells) was employed during the data
acquisition. The resistivity data were correlated with
the available lithology of the study area.
The overburden thickness map indicates that the
average depth of overburden thickness in the study
area is 8-16 m in the east to the west region (Fig. 11).
In the north region, the area indicated with dark red
colour had the depth of overburden thickness greater
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Fig. 10. Vertical Electrical Sounding map of the study area

Fig. 12. Aquifer thickness map of the study area

Fig. 11. The overburden thickness map of the study area

Fig. 13. Groundwater recharge map of the study area

than 24 m. The depth of overburden thickness in the
northwest region was 16-24m. The depth of
overburden thickness in the southwest region was
less than 8m. In the east region, there was some
portion having overburden thickness less than 8 m.

categorized into five zones (most favorable,
moderate favorable, favorable, least favorable & not
favorable). The recharge zonation map of the
Mandwara block is presented in Fig. 13. In the study
area, favorable to most favorable region is present in
the northwest to northeast. The northern region of
the study area had some 14528 ha area under
favorable and 10896 ha area under most favorable.
Yet the maximum area of 39952 ha was under the
moderately favorable category for groundwater
recharge. In the southern region, some portions
could be categorized into least favorable but the
maximum portion is not favorable for groundwater
recharge.

In the aquifer thickness map, the aquifer
thickness is more in the northern region as compared
to the southern region. In the central region, aquifer
thickness was between 15 m to 20 m, and the aquifer
thickness in the eastern region lied between 10 m to
15 m. In the southeast region, the aquifer thickness
was less than 10 m. In the study area, aquifer
thickness varied from 15 to 20 m from the northeast
to the central portion and the central to the west
portion of the study area. The aquifer thickness map
showing above in Fig. 12.
The groundwater recharge zonation map of
Mandwara block, district Lalitpur could be

Different combination of thematic layers was
analyzed to suggest site for various artificial recharge
structures shown in Fig. 14. Based on the recharge
structure map, the Nala bunds are recommended in
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recharge. For example, geomorphology, landuse &
land cover, slope, lineament, overburden thickness,
and aquifer thickness maps play a prominent role in
artificial recharge so they were given the maximum
weightage. The different units in each theme also
given knowledge-based ranking from 1 to 4, with 4
as most favorable and 1 as least favorable. The
weightage of each theme and the ranks for different
units in each theme are given in Table 1.

Fig. 14. Recharge structure map of the study area

the plain area in Nayagaon, Naralia, Gadora, Khiria,
Baraudiya, Gora Khurd, and Badwar villages. The
desiltation tanks are recommended in the area having
ponds such as in Gona, Dhawa, Patna,
MahadwaraDhaurisaga, and Madanpur villages.
The check dams are recommended for construction
in the village Badgana, Bahapur, Naraha, Nhahti,
Solda, GodolKhurd, Gora, Gangchari, Gidwaha,
Chhitapur, Bhikhampur, Balna, Pindar, and
Laitupura. Percolation tanks should be built across
small streams by creating low elevation, Terrain
with highly fractured and weathered rock for speedy
recharge are suggested at different sites at Lidhora,
Uldanakhurd, Bardwa, Gonthra, and Dhaurisagar.
All locations of the recharge structures like Nala
bund, check dam, Percolation tank, and desiltation
tank are shown in Fig. 14.
RESULTS AND DISCUSSION

Similar to the occurrence and movement of
groundwater in an area, the potential for artificial
groundwater recharge is also controlled by various
factors, such as geomorphology, Geology, Soil type,
Slope, etc., based on the influence of each theme on
artificial recharge. In addition to that, each class in a
particular theme is also given a weightage based on
their ability to store water. In the present study, we
have identified locations that could potentially
benefit from artificial recharge techniques and
groundwater recharge zonation map of Mandwara
block, Lalitpur district, UP, suitable sites for
implementing artificial recharge structures were
identified each theme is assigned a weightage based
on their significance of potentiality to artificial

Overburden thickness and aquifer thickness are
important criteria that are to be considered while
drawing the study area into favorable zones for
artificial recharge as it has a mentionable impact on
the infiltration and runoff of the precipitated water.
The study area was underlain by crystalline rocks
masses of Bundelkhand granitic, gneissic complex,
and sandstones. Around 44% of the total study area
is covered with thick-bedded massive sandstones and
it is located in the southern and westerly southern
side of the study area. Lineament is defined as largescale linear structural features such as fractures, deepseated faults, joints set of drainage lines, and
boundaries of different rock formations. It is
hydrologically very important for providing the
pathways for groundwater movement. In addition,
the rock structures throughout where water can
percolate and travel up to several kilometers were
identified at suitable sites for artificial recharge.
Lineaments have a very significant role in rocks
formation and their secondary porosity,
permeability, and intergranular characteristics
influence groundwater movement. Two or more
lineament points in the intersected area were
considered as groundwater recharge zone. In hard
rock terrain, the lineament act as better conduits for
groundwater movement, and the blend of fractures
and topographically low ground can provide the
best aquifer horizons. It was derived in four
directions N-S, NE-SW, N-S, and NW-SE. For
analysis purposes, lineament density was prepared
and categorized into three classes: low, medium,
and high. The higher density of lineament is
considered favorable for groundwater recharge,
therefore higher weightage can be assigned for higher
density (Fashae et al., 2014).
In a hard rock terrain, geomorphologic
landforms can play an important role because it is
formed due to relief, slope, and extent of weathering,
different types of weathered materials and overall
assemblage of groundwater regime. Geomorphology
was assigned the highest weight because it has a
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predominant role in the groundwater movement and
storage of the study area. Different types of
landforms were identified in the area such as hilltop
weathered, residual hill, linear ridge, denudation
hills, highly dissected, pediment, pediplain shallow
buried, pediplain moderately buried, plateau highly
dissected, and striped plain shallow basement (Fig.
4). Different combinations of thematic layers were
analyzed and after assigning the weights to each
theme they were overlaid by using the Arc GIS to
get the favorable zones for artificial recharge area
delineated.
CONCLUSION
The groundwater recharge zonation mapping by
integration of several thematic layers using a GISbased model helped categorize the Mandwara block
of Lalitpur district in Uttar Pradesh into five different
zones namely most favorable (10%), moderately
favorable (20%), Favorable (18%), least favorable
(19%), and not favourable (25%). Superimposition
of drainage network map over the artificial recharge
map, and taking into consideration the terrain
conditions for constructions of artificial recharge
structures helped to demarcate the locations of check
dams, nala bunds, recharge wells, percolation tanks,
and desiltation tanks.
Areas suggested for the construction of check
dams include those having 1st to 4th order streams
along the foothill zones, and 0 to 5 degree slope.
These covered areas in Balna, Solda, Bhikampur,
BhontiMandwara, Gangchari, Gadolikhurd, Gora
kachhya and Narhat. Percolation tanks are suggested
for the area having 2nd to 3rd order streams with 1
to 5 degree slope in weathered zone/loose material/
fractures, and these are found suitable in Lidhora,
Bardwa, Uldanakhurd, Gonthra, and DhauriSagar
villages. Desiltation tanks are recommended in the
area having ponds, and were marked in Gona,
Dhawa, Patna, Madanpur, DhauriSagar, and
Mandwara villages.
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