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The assessment of groundwater potential zones is crucial for estimating and managing available
groundwater resources. In the proposed study, quantiBcation of groundwater availability is performed
using the information collected from the hydrogeological and geophysical (electrical resistivity) investigation of the aquifer. We delineate groundwater potential zones using a weighted overlay analysis based
on the conventional method with 110 electrical resistivity surveys and 40 lithological data. MODFLOW is
used to calibrate and validate the Cow pattern and groundwater characteristics. The study area comprises
a complex geological formation. The groundwater potential map is prepared using the observed
groundwater level instead of rainfall data as the study area lacks rainfall stations. The Bnal potential map
is validated with the speciBc capacity obtained from the pumping test. This map is divided into 13 zones
and each zone is considered as boundaries for the MODFLOW simulation. The thickness of each zone is
assessed using the electrical resistivity method. The calibration and validation of the groundwater model
are performed for one year and 1.5 years, respectively, between November 2012 and March 2015. We
consider two layers, namely topsoil and unconBned/semi-conBned aquifers in the groundwater model.
During the calibration and validation periods, the groundwater volume is found to be 7.12 and 7.51 Mm3,
respectively. The groundwater mass balance assessment performed in this study will be helpful in the
planning and management of groundwater resources in the area.
Keywords. Groundwater potential zone; visual MODFLOW; groundwater velocity; electrical
resistivity; mass balance.

1. Introduction
In recent years, the depletion of groundwater has
become an alarming issue in many countries. The
continuous lowering of the groundwater table is
attributed to various factors, such as climate
change, rapid urbanization, industrialization, and
changes in land cover and land-use patterns
(Mukherjee et al. 2018; Patra et al. 2018). The
demand for groundwater is increasing every year

due to the growing population, irrigation needs,
urbanization, and the recurrence of drought
(Panda et al. 2007; Gupta et al. 2011; Halder et al.
2020). A major population of rural areas in India is
dependent on groundwater for drinking and
domestic uses. The groundwater investigations in
India are mainly conBned to the unconsolidated
alluvial and semi-consolidated sedimentary areas.
However, nearly 70% of peninsular India is
underlain with hard rocks, and a large extent of
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these areas does not have adequate information
about subsurface water resources (CGWB 2012).
The monitoring and managing of groundwater
resources is a complex task, as the associated
aquifers are vast and unexplored (Zektser and
Lorne 2004). Appropriate strategies are required to
assess the groundwater potential of a region (Kumar et al. 2009; Dar et al. 2010; Oh et al. 2011). In
most groundwater investigations, water quality
analysis and pumping tests are carried out (Bauer
et al. 2004; Bahir et al. 2019). These results are
overlaid with meteorological, geological, and
topographical maps to delineate groundwater
potential zones. Conducting these types of studies
is time-consuming, cumbersome, and Bnancially
expensive.
Groundwater exploration is performed using
geophysical surveys, hydrogeological data, and
remote sensing techniques. Geophysical surveys
are essential, not only for identifying the potential
groundwater zones but also for monitoring the
periodical changes in the availability of groundwater (Ahmed et al. 1988; Cassiani and Medina
1997; Slater 2007; Mastrocicco et al. 2010). The
Beld-scale hydrogeological investigations, such as
the real-time monitoring of the groundwater levels,
provide a more accurate estimation of groundwater
availability. However, such a monitoring approach
is tedious and time-demanding. To this end,
numerical models are used extensively for the
proper management of groundwater resources.
A groundwater model provides a framework to
conceptualize different hydrogeological processes
(precipitation, inBltration, run-oA, evapotranspiration, etc.) and synthesize Beld observations
quantitatively. Numerical simulation is used to
determine the spatial and temporal distributions of
groundwater recharge in an alluvial aquifer system
(Liu et al. 2014; Jha et al. 2015). Hydrologic models
are developed with MODFLOW to estimate the
recent and historical uses of groundwater in the
semi-arid regions (Martınez-Santos and Andreu
2010; Falke et al. 2011) and to explore the proper
groundwater management solutions in overexploited regions (Candela et al. 2009; Zhang and
Hiscock 2010; Mikita et al. 2011; Li et al. 2013;
Wang et al. 2015). Many researchers have used
numerical models to investigate the eAects of
overexploitation of groundwater on its future
availability and management (Palma and Bentley
2007; Zume and Tarhule 2008; Pisinaras et al.
2013; Jha et al. 2014). Numerical models have also
been coupled with GIS techniques to study the
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behaviour of groundwater Cow in a hard rock
aquifer to investigate the hydrological processes
(Sekhar et al. 2004; Sashikkumar et al. 2017).
This study aims to identify the productive and
proliBc aquifer in the study region. The outcome
of this study will guide the governmental and
other national agencies by suggesting the potential
areas and depth of boreholes to be drilled for
potable water in the study region. The present
study focuses on the numerical simulation of
groundwater using the Visual MODFLOW (version 4.6) model to integrate geophysical and
hydrological survey data in a GIS environment.
The main objectives of this study are: (i) to develop
a methodology to map the heterogeneity of the
aquifer in order to delineate the groundwater
potential zones, (ii) to apply an integrated
approach of combining geophysical method,
groundwater quality analysis and pumping test
data in a GIS environment, and (iii) to estimate the
quantity of groundwater in different regions using a
numerical groundwater model and the developed
groundwater potential map.

2. Study area
The present study is conducted (Bgure 1) in
Walajabad Block which is located between the
geographical coordinates of latitude 13°140 1200 to
12°150 3800 and longitude 79°300 3700 to 80°300 4200
with an estimated area of 325 km2. The Palar river
is the major river draining across the district,
Cowing from west to east near the southern
boundary. Since the Palar river is seasonal in nature, groundwater is the primary source to meet the
drinking and irrigation demands of this area. Based
on the 2011 census, there were 40,143 households
with a population of 161,524 in Walajabad Block.
For household consumption, residents mainly
depend on wells and hand pumps.
The geology of the Walajabad Block is primarily
made up of hard rocks and sedimentary formations
overlaid by alluvium and clay. Figure 2(a and b)
show the geology and land use map of the study
area. Alluvium deposits are found in the northwest
and southeast, while sandstone and granitic gneiss
occur in the remaining part of the study area.
Alluvial deposits are the youngest formation consisting of sand and clay deposited by the river
Vagavathy and Palar. The Palar alluvium consists
of coarse sand and gravel. The average thickness of
alluvium ranges from 1 to 30 m. The sedimentary
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Figure 1. (a) Geographical location of the study area and (b) location of available data along with elevation map in the
background.

Figure 2. (a) Geology and (b) land use map of Walajabad Block.

formation consists of clay, shale, sandstone, and
conglomerate. Shale and clay in the study area are
of the upper Gondwana period. Sandstone is called
Conjeevaram gravel and is similar to Cuddalore
and Rajmundry sandstones of the Tertiary period
that occurs in some pockets. Around 30% of the

study area has hard rock having granite gneiss.
Groundwater is mainly found under phreatic
conditions in weathered, fractured, jointed and
faulted portions of granitic rocks and under artesian conditions in fractured zones situated below
impervious hard rocks.
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The climate of the study area is hot and
semi-arid. The annual maximum and minimum
temperatures of the study area are 37.10° and
20.5°C, respectively. March, April, and May
experience high temperatures while November,
December, and January experience low temperatures. The total annual rainfall recorded at
the nearest rain gauge station, located at
Ayyenkarkulam (Kancheepuram), is 1272 mm.
The rainy season comprises the southwest
monsoon (June–September), northeast monsoon
(October–December) and some transition period. Heavy rainfalls during the northeast monsoon occur due to depressions and storms
occurring in the Bay of Bengal.
3. Data and methods
3.1 Description of dataset
Weather data: Monthly rainfall data of 2.5 yrs at
Ayyenkarkulam (Kanchipuram) rain gauge station
monitored by the India Meteorology Department
(IMD) was used for the analysis. Evapotranspiration data was collected from the Karunguzhi
station.
Groundwater level data: To monitor the depth
of groundwater level and collect samples for the
chemical analysis, Bve observation wells monitored
by the government agencies namely, Tamil Nadu
Public Works Department, Tamil Nadu Water
Supply and Drainage Board, and Central
Groundwater Board in Walajabad Block were
selected. Further, a network of 28 self-monitored
observation wells spread over the entire study area
was established. The Cuctuation in groundwater
levels was monitored monthly for the entire 2.5 yrs.
Observations show that the groundwater level rises
to the maximum level (2 m bgl) during the monsoon and declines to the minimum (6 m bgl) during
summer.
Groundwater chemistry: In January 2013,
total dissolved solid (TDS) in groundwater was
measured in 28 open wells. Wells for TDS analysis were selected as nearly as possible to the
vertical electrical sounding (VES) points to
compare the electrical resistivity measured by
the geophysical method and the TDS. Groundwater samples from open wells were collected
using a rinsed bucket from the depth up to 10 m.
TDS was measured in the sample at the Beld
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using the EQ 8361 EQUINOX pen-type EC/TDS
probe meter.
Slope calculation: The reduced level of the
study area was assessed using a handheld GPS.
The maximum and minimum (elevation) in the
study area range from 100 to 45 m above mean
sea level. The elevation gradient is inclined
from northwest to southeast (see Bgure 1). The
slope map was prepared using the ArcGIS
Spatial Analyst Module from the Differential
GPS (DGPS) data at 110 points collected from
the Beld. The slope of the study area ranges
from 0.2 to 0.4°, indicating that it has a gentle
slope.
Lithological and electrical resistivity data:
Forty lithological data were collected from the
Tamil Nadu Water Supply and Drainage Board to
assess the detailed subsurface proBle of the Walajabad Block. Aquifer parameters (e.g., transmissivity, permeability, and speciBc capacity) were
derived from the pumping test in 15 dug wells. In
the context of this study, only the transmissivity
was considered essential and used in further analysis. The electrical resistivity survey using ABEM
SAS 1000 Terrameters, Sweden, was conducted at
110 VES points. The sounding curves were interpreted to determine the resistivity and thickness of
the subsurface layers.
The Dar–Zarrouk (DZ) analysis was also performed for this study. The longitudinal conductance, one of the DZ parameters, was considered
for this study. It was derived (equation 1) from the
layer thickness (hi) and resistivity values (qi) using
the following relation:
Longitudinal conductance ðS Þ ¼

hi
ðSiemensÞ: ð1Þ
qi

3.2 Interpolation and extrapolation of data
The success of any geophysical survey depends on
the validation with actual hydrogeological information. We used interpolation and extrapolation
techniques on geophysical outputs to determine the
type of subsurface formation and groundwater
resource potential zone of the entire study area.
Linear regression was used to estimate the correlation between the DZ parameter (longitudinal
conductance) and hydrogeological parameter
(transmissivity). Subsequently, the thickness of a
layer determined by the electrical resistivity data
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was veriBed with the lithological data collected
from the existing 40 boreholes.
The heterogeneity of the entire study area is
clearly indicated in the qualitative interpretation.
Predominantly H-type and H-type mixture
curves exist in the study area except for hard rock
terrain. The H-type curves are used to assess the
areas of significant aquifers within the study area.
A-type and A-type combination curves are found
in hard rock regions. The K-type and K-type
combination curves uncover the areas of the
aquitard and the Q-type and Q-type combination
curve shows the areas of the clay or salinity of the
subsurface aquifer. Quantitative interpretation
indicates that most of the VES points in the study
area have adequate aquifer thickness and water
holding capacity. The topsoil varies from 0.5 to 5
m with an average of 1.7 m. The unconBned
aquifer ranges from 2.5 to 46 m with an average of
10 m. The detailed qualitative and quantitative
details are provided in Mathiazhagan et al.
(2015).
In addition, we correlated the electrical resistivity values measured in geophysical surveys with
the measured TDS in the groundwater sample. A
good correlation was obtained between the transmissivity and longitudinal conductance (R2 =
0.856 in alluvium, 0.866 in sedimentary and 0.999
in hard rock) and between the TDS and electrical
resistivity (R2 = 0.936 in alluvium, 0.930 in

sedimentary and 0.901 in hard rock). Based on
these correlations, the longitudinal conductance
and electrical resistivity values were extrapolated
to obtain the transmissivity and TDS, respectively,
to generate their spatial distribution map over the
study area (Bgure 3a and b).
3.3 Multi-inCuencing factor
The methodology adopted in the present study is
shown in a Cow chart in Bgure 4. For an integrated
groundwater investigation, aquifer parameters of
different layers, groundwater level, slope, drainage
pattern, land use, and lineaments are required.
Nine inCuencing factors, i.e., lithology, slope, landuse, lineament, drainage, soil, groundwater level,
water quality, and aquifer parameters, have been
identiBed to delineate the groundwater potential
zones. The spatial analysis tool, inverse distance
weighting (IDW) interpolation in ArcGIS, was
used to generate the thematic maps of all the
required parameters. Thematic layers were reclassiBed before performing a weighted overlay analysis. Each pixel size of the map represents an area of
101 m2 and the total number of pixels in the study
area is 32,937. The study area includes complex
geological formations. Because of the limited
number of rainfall stations in the study area, the
groundwater potential map is prepared using the
observed groundwater level instead of the rainfall

Figure 3. (a) Spatial map of computed transmissivity and (b) spatial map of computed total dissolved solids (TDS).
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Figure 4. Flow chart describing the adopted methodology for this research.

data. Each layer was assigned a suitable weight to
perform the overlay analysis. The groundwater
potential zones were obtained by this process using
the generated thematic layers in ArcGIS. MultiinCuencing factor (MIF) of the ranking was then
assigned to each parameter of a thematic map, as
shown in Bgure 5 (Shaban et al. 2006). The result of
each major and minor factors was assigned a
weight of 1.0 and 0.5, respectively. Major (weight
1.0) means it is a two-way process and minor
(weight 0.5) means a one-way process. A two-way
process means that equal importance is given to
each of the two parameters. These processes (arrow
marks) are clearly shown in Bgure 5. The output of
each inCuencing factor may delineate the groundwater potential zones; however, these factors are
interdependent. The cumulative weight of both
major and minor eAects was considered for calculating the relative weight (table 1), which was

further used to calculate each inCuencing factor
score. The proposed score for each inCuencing
factor was calculated using equation (2).
Score ¼ ½ðA þ B Þ=RðA þ B Þ  100;

ð2Þ

where A and B are the major and minor
connections between two factors. Based on the
output score from equation (2), groundwater
potential zones were classiBed into Bve parts, i.e.,
‘very good’, ‘good’, ‘moderate’, ‘poor’ and ‘very
poor’. The output weight (proposed score) for
inCuencing factors obtained from the MIF method
was divided into subsequent sub-categories as
shown in table 2. Higher weights were assigned to
the factors supporting high groundwater potential.
As an eAect of overlay analysis, the groundwater
potential map was obtained for the study area
using the weight classiBcation presented in table 2.
Lineament is found dominated in 750 pixels and is
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Figure 5. Representation of interrelationship between the multi-inCuencing factors.

Table 1. Calculation of weightages for inCuencing factors.
Factor
Lineament density
Drainage density
Landuse
Geo lithology
Geo soil
Depth to groundwater level
Computed aquifer parameters
Computed water quality
Slope

Major eAect

Minor eAect

1+1
1+1
1+1
1+1+1+1
1
1+1+1+1+1+1+1
1+1+1+1+1+1
1+1+1+1+1
1

–
0.5
0.5+0.5+0.5
–
0.5
–
–
–
0.5

considered for high values and the remaining region
is given with low values. In the land-use map, tanks
are given higher values followed by agricultural
land, and wasteland and built-up area for the
lowest values. Considering the drainage density of
the water bodies, the river is given higher values
followed by the water bodies, the canal and the
land area for the least values. The Bnal
groundwater potential map is validated with the
speciBc capacity obtained from the pumping test.
3.4 Groundwater Cow modelling
Most of the groundwater models are deterministic in
nature and are based on the conservation of mass,
momentum, and energy. Deterministic groundwater

Proposed relative
weightage A + B

Proposed score for
each inCuencing factor

2
2.5
3.5
4
1.5
7
6
5
1.5
R = 33

06
08
10
12
05
21
18
15
05
R = 100

models like MODFLOW works on the principle of
Darcy’s law combined with the continuity equation.
The three-dimensional movement of nearly incompressible groundwater through the porous medium is
described by the partial differential equation as shown
in equation (3) (McDonald and Harbaugh 1988).






o
oh
o
oh
o
oh
Kxx
þ
Kyy
þ
Kzz
þW
ox
ox
oy
oy
oz
oz
oh
ð3Þ
¼ Ss ;
ot
where Kxx, Kyy, and Kzz represent the values of the
hydraulic conductivity in the x, y, and z directions,
respectively; h is the water table head; W is a
volumetric Cux per unit volume. W \ 0.0 indicates
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Table 2. Weightage classiBcation.
Factor
Lineament density

Land use

Geo lithology

Drain density

Slope

Depth of groundwater

Geo soil

Computed water quality

Computed aquifer parameters

Domain of eAect

Weightage

NW–SE (502 cells)
SW–NE (244 cells)
No lineaments (32191 cells)
Water bodies
Agriculture
Waste lands
Built up
Charnockite
Weathered charnockite
Shale
Unconsolidated sediment
Unconsolidated lose sediment
Sand aquifer
River
Tanks/lake/pond
Canal
Drainage channel
0–0.2
0.2–0.4
0.4–0.8
0.8–2.3
\5
5–10
10–15
[15
Clay
Silt clay
Sandy
Alluvium
\200
200–400
400–600
[600
\200
200–400
400–800
[800

6
4
2
10
7
4
1
2
4
6
8
10
12
8
6
4
2
5
3.5
2
0.5
21
15
9
3
0.5
2
3.5
5
15
11
7
3
3
8
13
18

that Cow is going out of the groundwater system,
and W [ 0.0 indicates that the Cow is going into
the system; Ss represents the speciBc storage of the
porous material, and t denotes the time. Equation (3) describes the groundwater Cow in a
heterogeneous and anisotropic medium under
unsteady conditions.
Visual MODFLOW version 4.6 uses an integrated Bnite-difference approximation and iterative approach to simulate groundwater Cow. The
simulated model domain of the study area was
prepared in two layers with a grid framework of
160 9 160 cells. The size of a cell was 170 9 157 m2,
with the total active cells equal to 12,177. The

region outside the study area was assigned with an
inactive Cow. The groundwater potential map was
divided into 13 zones and each zone was considered
as boundaries for MODFLOW. The limitations of
boundaries were derived from the groundwater
potential map and the thickness of each boundary
was derived from the electrical resistivity method.
Figure 6 speciBes the 3D model layer with mean sea
level of ground elevation (colour code different
ranges of elevation). The aquifer permeability
based on the pumping test varied from 0.008 to 12
m/d as shown in table 3. High permeability value
prevailed in the alluvium region, which was mainly
located under the highly weathered rock formation.
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Figure 6. Three-dimensional view of the MODFLOW model for Walajabad Block.

November 2012 water level data was used as the
initial head value. In the model boundary condition, the pumping rate was given a negative value
due to the extraction of groundwater from the
study region. The speciBc yield and speciBc storage
values were chosen on the basis of geological formation. The model was run with the steady-state
conditions initially and later changed to transient
state conditions. The speciBc yield/storage coefBcient is dependent on the area and rainfall. In this
model, we considered constant value for both of
these conditions. The control factor of this model
was changed with all parameters except the
observed head. In groundwater modelling, 10% of
the total rainfall quantity was taken as recharge
quantity to the groundwater. Also, visual PEST
(parameter estimation) and EVT (evapotranspiration) software packages were used for this study.
The general purpose of a parameter estimation
software tool PEST (Doherty 2004) was to estimate the model parameters required to calibrate
the solute transport model properly. PEST
includes
the
Gauss–Marquardt–Levenberg
method which potentially suggests the advantages
relative to manual calibration, especially for a

multi-dimensional and
solute transport model.

multi-species

reactive

3.5 Groundwater model calibration
and validation
The observed groundwater head (hobs) and simulated head (hsim) at the observation point ‘i’ are the
two major parameters in the calibration and validation process of a groundwater model. The root
mean square error (RMSE) of the residual was
calculated using equation (4) and the standard
error of the estimation (SEE) was calculated using
equation (5).
"

n
1X
ðhsim  hobs Þ2
RMSE ¼
n i¼1

"
SEE ¼

R¼

1
n1

Pn 
i¼1

Ri  R

#1=2
ð4Þ

#1=2

n
n
1X
ðhsim  hobs Þ;
n i¼1

ð5Þ

ð6Þ
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Table 3. Sensitivity values of aquifer parameters obtained from the groundwater Cow model.
Kx/Ky [m/d]
Zone
1
2
3
4
5
6
7
8
9
10
11
12
13

Type of formation

Initial

Max

Min

Kz
[m/d]

Ss

Sy

Effective
porosity

Total
porosity

Observed pumping
test (K [m/d])

Hard rock very poor
Sedimentary very poor
Hard rock poor
Sedimentary poor
Hard rock moderate
Sedimentary moderate
Sedimentary good
North alluvium good
Hard rock good
Sedimentary very good
Hard rock very good
North alluvium very good
West hard rock very good

0.6
0.008
3
0.07
4
5
6
7
8
9
10
11
12

1.1
0.013
8
0.12
9
10
11
12
13
14
15
16
17

0.1
0.003
0.5
0.02
0.8
0.9
1
2
3
4
5
6
7

0.06
0.0008
0.3
0.007
0.4
0.5
0.6
0.7
0.8
0.9
1
1.1
1.2

0.00011
0.000011
0.0002
0.00002
0.0003
0.00003
0.0004
0.0005
0.0006
0.0007
0.0008
0.0009
0.0012

0.02
0.002
0.04
0.004
0.06
0.006
0.08
0.1
0.21
0.25
0.28
0.31
0.35

0.015
0.0015
0.018
0.0018
0.021
0.0021
0.025
0.028
0.03
0.04
0.051
0.058
0.064

0.03
0.003
0.032
0.0032
0.042
0.0042
0.05
0.056
0.06
0.08
0.102
0.116
0.128

1.1
0.05
2.1
0.4
4.2
–
–
–
–
–
–
–
–

where Ri is the difference between hsim and hobs at a
given point. R is a measure of the average residual
value, as calculated in equation (6).
In this study, calibration and validation were
performed using the Visual MODFLOW model.
November 2012 to October 2013 was used as the
calibration period, and November 2013 to May
2015 was used as the validation period. We use
correlation coefBcient (R2), RMSE, and SEE as the
statistical parameters. Uncertainty in groundwater
modelling is inevitable for a number of reasons such
as elevation, permeability, speciBc yield, etc.
Therefore, the conBdence intervals at a 0.05 significance level were considered in the analysis.
In order to calculate the groundwater potential
zone (as shown in Bgure 7b), an unconBned aquifer
was divided into 13 zones. The groundwater
potential zone was classiBed using an unconBned
aquifer proBle from the subsurface geology map.
The output map of the multi-inCuential factor
(section 3.3), i.e., groundwater potential zones
were classiBed into 5 classes, i.e., ‘very good’,
‘good’, ‘moderate’, ‘poor’ and ‘very poor’. Furthermore, the ‘very good’ class was divided into
four sub-classes, namely ‘hard rock’, ‘north alluvium’, ‘south alluvium’, and ‘sedimentary’, and the
‘good’ class was divided into three sub-classes
namely ‘hard rock’, ‘alluvium’, and ‘sedimentary
formations’. The classes ‘moderate’ to ‘very poor’
was divided into two sub-classes, namely ‘hard
rock’ and ‘sedimentary formations’.
To analyse the groundwater trends in and
around the observation wells, the groundwater

estimation methodology (GREM 1997) was used,
in which observation wells act as an indicator for
the periodical changes in groundwater level measurement. Dynamic groundwater potential and the
amount of recharge/discharge of the study area
was assessed using the monthly groundwater level
Cuctuation. Finally, the water balance was estimated as the difference between the volume of
water leaving and entering the area. For the speciBed sub-regions, zone budgets can be computed
using the cell-by-cell Cow option with the transient
simulation. The zone budget does not determine
the cumulative budget; instead, it only provides
output for a particular day.
4. Results and discussion
4.1 Evaluation of multi-inCuencing factors
To apply the multi-inCuencing factors (as discussed in section 3.3), we divided layer-1 into four
zones based on soil classiBcation and layer-2 into
13 zones based on the subsurface geology (see
Bgure 7a and b, respectively). The classiBed ranges
of the computed parameters are shown in table 2.
These results are used in developing groundwater
potential maps, in which transmissivity was used
as a water quantity parameter, and TDS is used as
a water quality parameter. The spatial distribution
map of transmissivity and TDS (Bgure 3a and b)
indicates that most of the study area falls in the
least transmissivity and moderate TDS zone. The
high transmissivity occurred in the region with
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Figure 7. (a) Layer-1 divided into 4 zones based on the soil classiBcation; (b) Layer-2 divided into 13 zones based on the
subsurface geology classiBcation with groundwater potential zone.

Figure 8. (a) Groundwater potential zonation map by integration of various parameters (geophysical, computed geochemical,
computed aquifer parameters, groundwater level, landuse, slope, soil, and lineament) through weighted overlay technique.
(b) Statistical output of groundwater potential area.

alluvium formation. Figure 8(a) presents the
groundwater potential map for the Walajabad
Block determined by the overlay analysis using the
soil classiBcation and geology maps, as discussed in

section 3.3. The statistics, shown in Bgure 8(b)
revealed that about 77% of the study area has
‘moderate’ to ‘very good’ groundwater potential.
The rest of the study area was classiBed as ‘poor’ to

187

Page 12 of 18

J. Earth Syst. Sci. (2021)130:187

Figure 9. Comparison of calculated and observed head during the calibration period at the time step (a) 360 days, (b) 720 days,
and (c) 840 days.

‘very poor’ groundwater potential zone due to clay
formation in the northwest part and granitic and
charnockite rock formation in the southeast part of
the study area (see Bgure 8a).
4.2 Calibration and validation results
of the groundwater Cow model
The MODFLOW model was set up for the study
area (see section 3.4). The groundwater Cow model
was calibrated for 360 days and validated for the
rest of the period up to 840 days. The match
between model generated and observed head values
are shown in Bgure 9(a–c) for the period of 360,
720, and 840 days, respectively. The MODFLOW
output shows a strong correlation (R2 = 0.982,
0.979, and 0.97 on day number 360, 720, and 840,
respectively) between the calibrated/validated and
observed groundwater heads.
Table 4 shows the quantitative summary of
results obtained from the groundwater Cow model

during the calibration and validation periods. The
minimum and maximum SEE of all heads range
between 0.60 and 0.84 m for the calibration and
0.73–1.04 m for the validation period. The RMSE
of the observation wells ranges from 3.08 to 4.53 m
and 4.03 to 5.17 m for calibration and validation,
respectively. The R2 varies between 0.857 and
0.958 in the model run period.
Furthermore, the deviation between the
observed and calibrated/validated water level for
the whole calibration and validation period is
shown as a time series for three selected wells (#4,
#13, and #16) in Bgure 10(a–c), respectively. A
good match between the observed and simulated
water levels was observed for all the three wells.
These wells are selected as representative of the
three separate geological formations: #4 is installed in hard rock, #13 in sedimentary rocks, and
#16 in alluvium formation. The water level Cuctuation in a particular well was due to seasonal
recharge and discharge. The crest of the diagram
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Table 4. Statistics report of calibration (Nov 2012–Oct 2013) and validation (Nov 2013–May 2015).
Time (day)
Calibration
30
60
90
120
150
180
210
240
270
300
330
360
Validation
390
420
450
480
510
540
570
600
630
660
690
720
750
780
810
840

SEE

RMSE

R2

0.60
0.72
0.62
0.62
0.64
0.62
0.63
0.70
0.81
0.84
0.86
0.83

3.08
3.61
3.10
3.09
3.20
3.14
3.20
3.70
4.22
4.34
4.53
4.49

0.958
0.935
0.953
0.957
0.953
0.956
0.953
0.940
0.911
0.916
0.912
0.913

0.81
0.75
0.73
0.77
0.81
0.79
0.79
0.85
0.84
0.92
0.98
1.04
1.01
1.02
0.98
0.98

4.57
4.03
4.07
4.34
4.51
3.75
3.79
4.19
4.20
4.79
4.88
5.17
5.02
5.09
4.84
4.83

0.928
0.922
0.921
0.918
0.913
0.939
0.934
0.922
0.933
0.928
0.899
0.857
0.863
0.858
0.873
0.881

indicates the post-monsoon and the trough
indicates the pre-monsoon seasons.
The groundwater contours and its Cow direction
were investigated. Figure 11 shows the results of
the unconBned aquifer for October 2013 (time step
360 days). Within the model domain, there is one
direction of Cow, which is the plane Cow (red
arrow). The plane direction Cows indicate the
storage of groundwater. Since the unconBned
aquifer is thick, the groundwater table in these
areas has sufBcient water contributing to high
velocity in this regions.
4.3 Assessment of groundwater quantity
The quantity of groundwater depends on the
aquifer’s properties. The aquifer properties derived
from the MODFLOW with PEST were adopted to
obtain the aquifer parameters. Different aquifer

properties such as aquifer anisotropy, speciBc
storage, speciBc yield, eAective porosity, and total
porosity as obtained from MODFLOW for different geologic formations in layer-1 and -2 are shown
in table 3.
We estimated the groundwater quantity as the
difference between the volume of water entering
and leaving the study area. There are two significant sources of groundwater inCow: recharge from
precipitation and groundwater Cow to the storage.
Similarly, three significant sources of groundwater
outCow are the discharge from the aquifer,
groundwater Cow from the storage and evapotranspiration. The net cumulative groundwater
balance for different categories in the respective
year is shown in Bgure 12. The net cumulative
inCow and outCow during the calibration and validation were found to be 7.12 Mm3 (sum of instorage and recharge/sum of out-storage, discharge
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Figure 10. Comparison of time series plots of observed and simulated heads at well number (a) 4, (b) 13, and (c) 16.

and evapotranspiration) and 7.51 (sum of in-storage and recharge/sum of out-storage, discharge
and evapotranspiration), respectively. There was
no net difference in the volume of inCow and outCow (Bgure 12). It is clear from the plot that the
recharge of groundwater is comparable to the
extraction of taping groundwater. Since the time
period was not interrupted for in-storage and outstorage, the eAective area can extract more
groundwater and increase groundwater recharge in
poor regions.
The groundwater potential with respect to
groundwater volume was measured through
MODFLOW. The groundwater quantity at each
layer classiBed under different classes (Bgure 8a
and b) with respect to different time periods are
shown in Bgure 13. The cumulative groundwater
quantity and the area of groundwater potential
were compared in the unconBned aquifer (see section 3.4). The statistical output of the groundwater
potential zones reveals that 42.4% of the study area
falls in ‘good’ and ‘very good’ categories with a

groundwater resource of 0.56 and 1 Mm3 in
calibration and validation, respectively. The
remaining 57.6% of the study area showed characteristics of ‘very poor’, ‘poor’, and ‘moderate’
with a groundwater resource of 0.29 Mm3 (in calibration) and 0.66 Mm3 (in validation) (Bgures 8b
and 13). Thus, groundwater extraction can be more
in a ‘good’ and ‘very good’ region than the accelerated recharge of groundwater in a ‘very poor’,
‘poor’, and ‘moderate’ regions.
The volume of groundwater, distributed zone
wise on three particular days (360, 720, and 840) is
shown in Bgure 14. The quantity of groundwater
was found to be high in zone 7 of the unconBned
aquifer region. This zone of the study area was
comprised of unconsolidated sedimentary formation. While zones 8 and 9 show more groundwater,
zones 1 and 2 show a much lower volume of
groundwater. It is worth pointing here that the
area covered by zones 1 and 2 was also less. The
geological formations and their classiBcations are
presented in table 3, and regions are shown in

Page 15 of 18 187

J. Earth Syst. Sci. (2021)130:187

Figure 11. Groundwater potential with velocity directions.

Figure 12. Net cumulative groundwater balance with different category in different time duration.

Bgure 7(b). Such information will help in determining the area where the recharge/discharge
of groundwater activity can take place in the
region. Quantifying the groundwater volume under

different zones and formations will be helpful in
groundwater management practices to improve
the use of groundwater resources in the study
area.
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Figure 13. Net cumulative groundwater availability in the groundwater potential categories in the respective year.

Figure 14. Net groundwater availability in four zones of layer 1 and 13 zones of layer 2 on day 360, 720, and 840.

5. Conclusion
This study demonstrates the delineation of the
groundwater potential zones in the Walajabad
Block to eDciently minimize time, labour, money
and enable quick decision making for sustainable
water resources management in the area. Based on
the hydrogeological parameter, inferences are
obtained in MODFLOW. The velocity of the
groundwater Cow was found to be high in the
sedimentary moderate groundwater potential zone.
The radial inward Cow and outward Cow of

groundwater were observed in some parts of the
study area. The Bndings of different classes (potential category) and subclasses (zone-wise) can be
useful in exploiting the available groundwater
resources. The recharging of groundwater is more
compared to the depletion of taping groundwater.
About 42.4% of the study area has 0.56 Mm3 (in
calibration) of groundwater, and 0.29 Mm3 (in
calibration) of groundwater was found in the
remaining study area, suggesting an uneven spatial
distribution of groundwater. The study area can
be categorized into classes depending on the

J. Earth Syst. Sci. (2021)130:187
concentration of the produced groundwater and
recharged groundwater. The production of
groundwater can be concentrated more in a ‘good’
and ‘very good’ area than the rapid recharging of
groundwater, concentrated in a ‘very poor’, ‘poor’,
and ‘moderate’ area. The Bndings from this study
can be used to develop natural recharge practices
in the low potential region. The sensitivity values
of aquifer parameters derived from the model can
act as standard aquifer parameters for future
studies in the Walajabad region. The approach
used in this study is an empirical method for the
exploration of groundwater potential zones, which
successfully delineated groundwater potential
zones in the Walajabad Block.
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