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Groundwater is under constant threat of exploitation with increasing demands. Therefore,
there is a need for more advanced methods for exploring potential groundwater zones to
meet people requirements. Groundwater in hard terrain areas is present in fractured zones,
whereas in lateritic terrain it occurs in layered strata. Electrical resistivity tomography
(ERT) is an advanced geophysical technique used in our present study; a quasi-3D ERT
survey was conducted using different arrays. 2D Geophysical data were acquired along 18
ERT profiles of Wenner and Wenner–Schlumberger arrays and 13 ERT profiles of Dipole–
Dipole array. Each profile of 200 m length was kept parallel to each other at 5 m spacing in
the E–W direction. The inverted response was generated and, based on resistivity distri-
bution, different geological layers of clay, sand and laterite were delineated using various
ERT arrays. A conductive zone was marked as a potential aquifer zone at depths of 7–10 m
below ground level. Thus, the quasi-3D geoelectrical approach was applied successfully in a
lateritic environment for deciphering potential groundwater zones.

KEY WORDS: Groundwater, Electrical resistivity tomography, Aquifer, Laterite, 2D and 3D
inversion.

INTRODUCTION

Electrical resistivity tomography (ERT) is a
geophysical technique that can delineate and char-
acterize subsurface features. It works as an imaging
tool for the resistivity contrast of the subsurface.
Electrical resistivity methods are applied success-
fully in hydrogeology (Sandberg et al., 2002), mining
engineering (Zhang et al., 2009), archaeology (Noel
& Xu, 1991), and civil engineering (Castilho &Maia,
2008) fields. Many authors contributed their re-
search work to solve the issues related to complex

geology areas (Griffiths & Barker, 1993), environ-
mental application (Dahlin et al., 2002), Ground-
water investigation (AL-Garni et al., 2005;
Arkoprovo et al., 2012, 2013; Aziz et al., 2019; Bharti
et al., 2019; Chandra et al., 2006; Daily et al., 1992;
Kumar et al., 2014, 2016). Groundwater plays a
significant role in sustaining human beings and other
living objects. Out of all water available on the
earth’s surface, groundwater accounts for only
0.60% (Raghunath, 2006). The role of groundwater
role becomes essential in areas where additional
water source is not available, especially in complex
geology, drought-prone areas, and problematic rock
areas where people are suffering due to lack of
water.

Out of all the geophysical methods, electrical
resistivity methods are used mainly for groundwater
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exploration. Vertical electrical sounding takes into
account only 1-D changes in resistivity. In contrast,
electrical resistivity imaging technique measures
resistivity changes in the vertical and horizontal
directions with the presumption that it does not
change perpendicular to the profile line direction
(Dey & Morrison, 1979; Gharibi & Bentley, 2005;
Griffiths & Barker, 1993; Griffiths et al., 1990;
Koefoed, 1979; Loke & Barker, 1996; Park & Van,
1991; Storz et al., 2000; Yi et al., 2001). This limita-
tion is overcome by 3D ERT (Loke, 1999). 2D
inversion is insufficient for mapping the three-di-
mensional inhomogeneity encountered in the sub-
surface. 3D inversion is more efficient than 2D in
eliminating spurious features and increasing the
reliability of inversion images (Loke, 2004; Park
et al., 2016). The present study deciphers mainly
potential groundwater zones in lateritic terrain using
quasi-3D ERT with different electrode configura-
tions.

Laterite is one of soil type that is rich in iron
and aluminum. Nearly all laterites are red because
of iron oxide (Tardy, 1992, 1997; Usifo et al., 2018).
Layers of laterite are typically thick, porous, and
impermeable. In hard rock areas, groundwater is
present in fracture zones. In lateritic terrain,
groundwater is present in layered strata. However, it
is challenging to map groundwater flow in 2D. Thus,
in this area, a quasi-3D ERT survey was planned.
Correct mapping of subsurface water is an essential
demand for protecting human beings and the envi-
ronment. By proper mapping and systematic study
of the site, water scarcity can be solved through
artificial recharge in water scarcity zones.

GEOLOGICAL SETTING OF THE STUDY
AREA

The study area is in Paschim Medinipur Dis-
trict. It lies between 21� 46¢ N and 22� 57¢ N latitudes
and between 86� 33¢ E and 87� 44¢ E longitudes. The
study area lies to the south of the tropic of cancer,
and climatologically, it falls in the Gangetic West
Bengal. The study area, which is drained by the
rivers flowing from the Bihar plateau, includes the
towns of Subarnarekha, Haldi, Kasai, Kalighai,
Rupnarayan, Rasulpur, Damodar, and Hooghly. It
covers an area of 9081.13 km2 (Bhunia et al., 2012).
The district’s average temperature varies widely
across seasons, ranging between a maximum of
43 �C with relatively high humidity and a minimum

of 7 �C with well-distributed rainfall during mon-
soon (Bhunia et al., 2012).

The region reveals primarily geological forma-
tions categorized from Proterozoic to Quaternary:
fluvio–deltaic sediments, younger alluvium, older
alluvium, platform margin conglomerate, and base-
ment crystalline complex (Fig. 1). In the coastal
plains of West Bengal, large areas of Quaternary
surface formations exist. The city lies in the south-
western part of the Bengal geosynclinal basin (Sen-
gupta, 1966). The Kharagpur upland is one of the
geomorphic divisions of this area with a NNE–SSW
trending belt, whose surface is masked by lateritic
soil and represented by hard crust mottled clay soil.
The age of this is considered middle Pleistocene
(Niyogi, 1975). The laterite deposits in the study
area were produced by lateralization of Quaternary
alluvium.

The site at IIT Kharagpur (Fig. 2) is located
120 km west of Kolkata and it lies south of the Kasai
River. The hard layer covers the Kharagpur area
near the soil’s surface. Ranges of layer thicknesses
are from a few centimeters to several meters. The
Kharagpur area is covered with low ridges and hills
with red gravelly soil. Moderate groundwater
potential zones and average drainage density are
attributed to the previous study (Mondal, 2012). The
site is covered, from the top of the surface to a depth
of 170.688 m, with laterite granules, laterite dust,
and medium- to coarse-grained sand, silt, and clay.
The soil types are identified from borehole data
(Fig. 3). Two nearby boreholes, BH-1 (170.688 m
depth) and BH-2 (201.168 m depth) are present in
the study area (Mukherjee & Sengupta, 2014). BH-2
(Fig. 3) is situated near the ERT survey area. It
shows the presence of lateritic granules up to 6 m in
depth. The basement complex in the study area is
found as low recharge and poor storage groundwater
zone (Chowdhury et al., 2009).

METHODOLOGY

Nowadays, ERT is used generally for delineat-
ing potential groundwater zones. It is an active
geophysical method in which direct current or low-
frequency alternate current injected into the ground.
The required input signal generated from the battery
was used for measuring the apparent resistivity of
the subsurface. The ERT was carried out using a
multi-electrodes (41) system in which electrodes
were placed at equal distance and measuring the
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resistivity variation corresponding to the subsurface.
Different arrays were used for ERT data acquisition
(Fig. 4). The distance between the consecutive
electrodes and parallel profiles was 5 m.

Apparent resistivity values (in ohm-m) were
calculated as (Telford et al., 1990):

qa ¼ k
DV
I

ð1Þ

where qa is apparent resistivity, DV is measured
potential difference (in volt), I is current (in am-
pere), and k is the geometric factor. For Wenner
array, k ¼ 2pa. For Wenner–Schlumberger array.
k ¼ pna nþ 1ð Þ. For Dipole–Dipole array,
k ¼ pna nþ 1ð Þ(n + 2) where a is the distance be-
tween electrodes.

We took 18 profiles of 5 m interval each at site
location (Fig. 5). Measurements were done for
Wenner, Wenner–Schlumberger, and Dipole–Di-
pole arrays to see the horizontal and vertical varia-
tion of resistivity within the study area. All the
profiles were taken side by side from the east to the

west direction. The area covered for quasi-3D data
measurement was 200 m 9 85 m. The data acquisi-
tion strategy was to get the maximum resolution to
interpret subsurface features in the lateritic area.
The spacing between each profile and between each
electrode along the profile was 5 m to reduce the
banding effect in the 3D inversion model (Loke &
Dahlin, 2010). The length of each profile was 200 m.
ABEM LS resistivity imaging equipment and elec-
trodes were connected through a multi-core cable.
This equipment was user friendly; it makes mea-
surement automatically. The position of current
electrodes and potential electrodes depends on the
geometry chosen by the user. This way, we measured
the apparent resistivity values for Wenner, Wenner–
Schlumberger, and Dipole–Dipole arrays (Dahlin,
2001; Kumar et al., 2020; Terrameter, 2012).

After the data acquisition, a program RE-
S2DINV was used for the inversion of 2D data. The
inverted model was involved in getting a true resis-
tivity of the subsurface. Rectangular blocks in the
model signify resistivity values. A program was used

Figure 1. Geology of the study area (modified after Chowdhury et al., 2009).
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to determine the blocks’ resistivity. The apparent
resistivity values and the electrodes� location were
specified in a text file and perused by the RE-
S2DINV program. The least-squares inversion
method was used for the subsurface model.

For 3D inversion, the whole 2D data set was
collated and converted into a 3Ddata set called quasi-
3D. RES3DINV program was used for the inversion
of quasi-3D data. Horizontal cross sections obtained
from the inverted field data setwere presented in the x
and y planes. Inverted 3D data were used in the Para
view (3D open-source software) to visualize the sub-
surface in three dimensions and to interpret the sub-
surface features based on resistivity contrast.

2D AND 3D INVERSION OF ERT DATA

We removed negative resistivity values, spikes,
and bad data points before carrying out the inver-
sion to obtain a correct model. RMS (root-mean-
square) error statistics are shown in Figure 6 for

collated 3D Wenner array. The smallest error is
represented by the highest bar in the bar chart, and
with increasing error, the bar’s height decreases. The
bad data points were due to poor contact of elec-
trodes with the ground, break-in cable, and telluric
current. Thus, such points were removed before any
inversion process (Loke, 2004). After that, the
inversion procedure was executed on the data set to
achieve an optimum result.

RES2DINV and RES3DINV software pack-
ages were used for the smoothness constrained
inversion method (de Groot-Hedlin & Constable,
1990; Loke, 2003; Sasaki, 1992). This method is
generally used for inversion of 2D and 3D resistivity
data. The purpose was to minimize the difference
between measured and modeled data called data
misfit. The inversion technique was applied to find a
subsurface model whose response agrees with the
measured data. It tries to reduce other quantities to
improve the resulting model and stabilize the
inversion process. The program attempts to find an
improved model to reduce misfit error. The mathe-

Figure 2. Google image showing the location of the study area in IIT Kharagpur (Paschim Medinipur).
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matical form for the smoothness constrained inver-
sion method is (Loke, 2004):

ðJTJþ uFÞd ¼ JTg� uFr ð2Þ

where F is a smoothing matrix, J is a Jacobian ma-
trix of partial derivatives, r is a vector containing the
logarithm of the model resistivity values, u is the
damping factor, d is a model perturbation vector,
and g is a discrepancy vector. The g describes the
difference between the calculated and measured
apparent resistivity values. The discrepancy vector’s
magnitude gives a RMS value, and d express the
change in the model resistivity values calculated
using Eq. 2. This equation tries to minimize the
difference between the calculated and measured
apparent resistivity values. The damping factor u is
for the model smoothness. If a more considerable
value of the damping factor is taken, then the model

Figure 3. Borehole section shows soil type from top to

201.168 m depth (after Mukherjee 2014).

Figure 4. Electrode configuration for (i) Wenner array, (ii) Wenner–Schlumberger array and, (iii) Dipole–Dipole array.

Figure 5. Layout showing parallel arrangement of ERT lines

used for quasi-3D ERT acquisition in the Tata sports complex

(IIT Kharagpur).
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will be smoother, but the RMS error can be more
prominent (Loke, 2004). In this study, 2D and quasi-
3D inverted models were presented to produce
images of the investigated site�s subsurface structure
within the campus of the IIT Kharagpur (Paschim
Medinipur) West Bengal, India.

RESULTS AND INTERPRETATION

Wenner Array

Wenner array gives a high signal-to-noise ratio
and good lateral resolution for layered structures in
nature. However, as one goes down in-depth, signal
strength will decrease, and resolution will reduce.
After processing all collected profiles with Wenner
array, pseudo-section for profile numbers P2 and P3
are presented in Figure 7. This figure shows that the
Wenner array gives a good response for shallow
depth of investigation in laterite terrain. Low resis-
tivity (< 50 X-m) in blue in Figure 7 is interpreted as
an aquifer. Laterites of high resistivity (> 90 X-m)
are characterized by red and purple colors observed
in the Wenner array’s inverted model.

Inverted images from profiles 15 to 18 are dis-
played in Figure 8. Resistivity distribution in all
these images is almost the same. In Figure 8, it is
observed that laterites (impermeable layer) exist
from the near-surface (6.0 m) to a depth of 19.0 m in
the middle of the profile. Some signatures of water
accumulation and water percolation are visible at
the near-surface and at the eastern end and western
end of the pseudo-sections.

In Figure 9, horizontal depth slices are dis-
played. The geoelectrical layers were divided into
eight layers segment, with a depth range of 34.3 m.
The first to eighth layers had thicknesses of 2.5 m,
2.88 m, 3.3 m, 3.82 m, 4.4 m, 5.0 m, 5.8 m, and
6.6 m. In the first layer, the lowest resistivity range
of 14–30 X-m indicates water signatures. From layer
one to layer five, resistivity range beyond 90 X-m
represents lateritic soil. From the inference of
borehole data (Fig. 3), the resistivity range 30–90 X-
m in the entire layers segment gives the signature of
medium- to coarse-grained sand and clay composi-
tions.

The 3D models were plotted using Para view
(open-source visualization). Figure 10 is a 3D dia-
gram of the combined resistivity distribution of in-
verted resistivity data. This figure indicates variation

Figure 6. (a) RMS error statistics for the 2d inversion scheme. (b) Plot of calculated vs. apparent resistivity values.
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Figure 7. Two-dimensional resistivity inversion results (Wenner array: profiles 2 and 3).

Figure 8. Two-dimensional resistivity inversion results (Wenner array: profiles 15–18).
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in ground resistivity in the three orthogonal direc-
tions. Some profiles were taken during the running
tap water (ground man giving water to sports
ground). Its effect appears as low resistivity distri-
bution on the surface; its connectivity with the
aquifer can be seen in the 3D model of the Wenner
array. The laterites zone of high resistivity and the
aquifer of low resistivity were observed and marked
in the image.

Wenner–Schlumberger Array

This is a composite technique of the Wenner
and Schlumberger arrays and well known as the
Wenner–Schlumberger array. The data points for
this array are more than those in the Wenner array.
This hybrid technique’s signal strength is weaker
than the Wenner array but higher than the Dipole–
Dipole array. The 2D inverted results for profiles
from P15 to P18 are displayed in Figure 11. In this
figure, the imaging depth (33.8 m) exceeds that of
the Wenner array. In the image of P1, laterite layer
is clearly observed, but a picture of the other profiles
shown in Figure 11 signifies laterite deposits are in
patches. Subsurface water plume is observed from
P16 to P17 in the blue color of low resistivity. The
high resistivity region shows the presence of laterite
deposits marked as red color in the 2d image.

3D inversion result for Wenner–Schlumberger
array on the x and y planes is presented in Figure 12,
where signatures of laterites are observed from layer
one to layer five up to 16.9 m. Low resistivity dis-
tribution in all layers is irregular, and it is not cor-
related. Patches of water are seen only in the first
layer but not in the other layers. After correlating
with borehole data, the distribution of moderate to
high resistivity values from layer 3 to layer 8 signifies
the presence of fine sand to moraine sand.

Depth slices in a three-dimensional environ-
ment with quasi-3D Wenner–Schlumberger elec-
trode configurations are displayed in Figure 13. Low
resistivity is observed linearly in the x–y plane at the
shallow surface. The zone of low resistivity in blue
color with the same color contrast is observed at
greater depth (z-axis) in the fourth and seventh sli-
ces, which signifies water percolating from near-
surface to more profound depth. High resistivity
zones in red color, which are interpreted as laterites,
are observed in first to fifth slices with decreasing
resolution.

The 3D model derived by using quasi-3D in-
verted data of the Wenner–Schlumberger array is
presented in Figure 14. The resolution to interpret
the features near the surface is not fair, as the
Wenner 3D model is shown. The conductive zone
present in the 3D model is interpreted as a probable
aquifer zone. It is also observed that the overall
resolution is fair but not the best in this image to
interpret other features. The ambiguity in the 2D
view of inverted images has been removed in three-
dimensional visualization of subsurface resistivity
distribution.

Dipole–Dipole Array

In the Dipole–Dipole array, signal strength is
lower, and the horizontal coverage is narrower than
the Wenner–Schlumberger array. The Dipole–Di-
pole electrode configuration is sensitive to lateral
changes in resistivity. However, it can resolve satis-
factorily the vertical structures compared to the
horizontal anomaly present in the subsurface. The
pseudo-sections for profile P15 to P18 are displayed
in Figure 15. Laterite deposits (red color) shown in
patches not as continuous as displayed in Wenner
array’s inversion result. A low resistivity anomaly is
observed in all inverted profile images interpreted as
water plume at the center of the profile in-depth
section.

3D inversion result for Dipole–Dipole array on
the x and y plane is shown in Figure 16, where sig-
natures of laterites of high resistivity are observed in
all layers. However, low resistivity appearances in
blue color are observed from near-surface to layer
five at 8.74 m depth. From the depth point of view,
the resistivity values for water signatures increases.
It may be because of the mixing of sand in water or
the cumulative effect of host bodies.

Three-dimension representation of ground
resistivity distribution displayed as a 3D model in
Figure 17 for Dipole–Dipole array. In the Dipole–
Dipole array, aquifer signature and laterite deposits
are poorly resolved compared to the Wenner array.

DISCUSSION

The study incorporates the quasi-3D ERT data
acquisition for exploring the groundwater zones in a
lateritic environment. We have found the substantial
signature of conductive zones beneath the subsur-
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face. Using borehole data information, these con-
ductive zones are interpreted as aquifer zones of
clay to sand signature. From inversion results, these
zones are well delineated in the 2d as well as 3d
images of the different array. The previous study in
this area (Panda et al., 2018) found different geo-
logical layers based on resistivity obtained from
sounding data, as clay (20 X-m), sand (15–40 X-m)
and laterite (120–192 X-m). According to their
study, laterites can be problematic for the infiltration
of rainwater. However, their study was limited to

exploring the lateral extension of laterites, as they
have used only 2D geophysical investigation. How-
ever, from the present quasi-3D survey, the subsur-
face geological layers of clay, sand, laterite are well
resolved. In this study, similar ranges of resistivity
values were found for clay (20–30 X-m), sand (30–
45 X-m) and semi-permeable to impermeable later-
ite deposits (350–1000 X-m).

The Wenner array provides the most sub-
stantial signal strength, and it helps resolve hori-
zontal structures. It is observed that the Wenner

Figure 9. Three-dimensional resistivity inversion results (Wenner array) on the x, y plane (from 0 to 34.3 m depth).

Figure 10. Three-dimensional subsurface model (x, y, and z directions) showing resistivity variations for the Wenner array.
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array has resolved shallow aquifer zones and la-
terite deposits significantly as compared to the
other arrays. In the Wenner–Schlumberger array,

the investigation depth was much greater than the
Wenner array. The laterite and water signatures in
this array were seen in patches. The Dipole–Dipole

Figure 11. Two-dimensional resistivity inversion results (Wenner–Schlumberger array: profiles 15–18).

Figure 12. Three-dimensional resistivity inversion results (Wenner–Schlumberger array) on the x, y plane (from 0 to 34.3 m

depth).
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array was very sensitive to vertical structures but
not so for horizontal structures. Hence, the laterite
layer appeared in patches irregularly, and the wa-
ter plume extended into greater depth compared to

the other arrays used in the study. Depth slices in
three-dimensional environments with Wenner–
Schlumberger array showed water percolation from
near-surface to the aquifer zone. The 3D model

Figure 13. Depth slices in three-dimensional environment (x, y, and z directions) showing resistivity variations for the

Wenner–Schlumberger array.

Figure 14. Three-dimensional model (x, y, and z directions) showing resistivity variations for the Wenner–Schlumberger

array.
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displayed the three-dimensional visualization of the
distribution of resistivity in the subsurface. The
laterite zones and aquifer are observed and
marked in the Wenner array (Fig. 10). The reso-

lution of these features decreases for the Dipole–
Dipole array (Fig. 17) in shallow depth of investi-
gation in layered formation.

Figure 15. Two-dimensional resistivity inversion results (Dipole–Dipole array: profiles 15–18).

Figure 16. Three-dimensional resistivity inversion results (Dipole–Dipole array) on the x, y plane (from 0 to 24.0 m depth).
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CONCLUSIONS

The quasi-3D resistivity imaging technique was
conducted successfully for deciphering groundwater
potential zones in lateritic terrain of the study area.
The Wenner array has given the best results in the
layered structures with better resolution compared
to the other arrays used in this study. For more in-
depth investigation, the Wenner–Schlumberger ar-
ray will help identify deeper aquifers. This 3D
technique can be applied adequately in complex
geological areas. However, sometimes non-avail-
ability of a large area to be survey, especially in
massive urbanized areas, practical problems exist.
Therefore, this technique is recommended for de-
tailed high-resolution groundwater exploration.

High resistivity zones were observed in the
study area due to the presence of laterite deposits.
The resistivity distributions in the east end and west
end of the profiles were quite similar. The area’s
central part presents significantly high resistivity
values. The 2D resistivity method assumes that
resistivity varies only in x- and z-directions. 3D
resistivity inversion considers resistivity variations in
x, y, and z-directions. In this way, the quasi-3D
resistivity imaging technique was more beneficial for
subsurface spatial and temporal characterization.
Hence, quasi-3D ERT can help monitor groundwa-

ter and its contaminations based on resistivity values
characterization.
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