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Abstract Electrical resistivity study assumes a special
significance for mapping aquifers in hard rock areas. A
two-dimensional (2D) resistivity survey of Chikotra basin,
southern part of Kolhapur district in the Deccan Volcanic
Province of Maharashtra was conducted. The aim of this
work was to determine the aquifer zones of the study area
using electrical resistivity imaging technique. The hydro-
geological section derived from the available dug well/
borehole lithology suggests that the top layer comprises red
bole, laterite or black soil followed by weathered/fractured
rock grading into compact basalts. The sources of
groundwater appear to be available in weathered and
fractured basalt trapped between weathered overburden
and hard rock. Results from the 2D inverted models of
resistivity variation with depth suggest the occurrence of
aquifers mostly in weathered/fractured zones within the
traps or beneath it. The resistivity models suggest that the
northern part of the study area represents a promising
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aquifer zone with reasonable thickness of weathered
basement. The models further indicate that there are sev-
eral locations throughout the basin for possible ground-
water exploration as it exhibited strong water-bearing
potential in the subsurface rocks.
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Introduction

Groundwater is the main resource of water supply required
for industrial, agricultural and domestic purposes in many
semi-arid regions. In some cases, over-exploitation has
caused declining groundwater levels and has consequently
limited groundwater flow to deeper weathered/fractured
zones (Rai et al. 2011; Kumar et al. 2011; Maiti et al.
2012). In view of the depleting conditions of water
resources in Maharashtra and increasing demands of water
for meeting the requirements of the rapidly growing pop-
ulation, as well as the problems that are expected to arise in
the future, a holistic, well-planned long-term strategy is
needed for sustainable groundwater resource assessment
and management.

Of all non-intrusive surface geophysical techniques, the
electrical resistivity imaging (ERI) method has been
applied most widely to obtain subsurface information due
to the wide range of resistivity for different geological
materials (Keller and Frischknecht 1966; Bhattacharya and
Patra 1968; Koefoed 1979). Particularly, the resistivity
method has been effectively used by a number of
researchers in various fields of application including
groundwater investigations (Devi et al. 2001; Lenkey et al.
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2005; Hamzah et al. 2007; Gupta et al. 2012; Maiti et al.
2012, 2013a), groundwater contamination studies (Karlik
and Kaya 2001; Frohlich et al. 2008; Kundu and Mandal
2009; Park et al. 2007; Mondal et al. 2013), saltwater
intrusion problems (Edet and Okereke 2001; Hodlur et al.
2006; Song et al. 2007; Hermans et al. 2012; Maiti et al.
2013b), geothermal explorations (El-Qady et al. 2000;
Kumar et al. 2011). This technique helps to delineate top
soil, weathered, fractured and bedrock zone for construc-
tion of suitable groundwater units, because in hard rock
terrain, the weathered and fractured zone constitutes the
potential loci for groundwater flow (Maiti et al. 2012).
Thus, delineation of aquifers is the pre-requisite for the
assessment of regional/local groundwater potential. Several
researchers have carried out systematic hydro-geological
and geophysical investigations in the Deccan Trap region
(Bose and Ramkrishna 1978; Deolankar 1980; Singhal
1997; Pawar et al. 2009; Rai et al. 2011, 2013; Ratnaku-
mari et al. 2012) to delineate fracture zones within the trap
sequence and sedimentary formations below the traps,
which are considered to be a potential resource of
groundwater.

The present study attempts to define the aquifer zones
within the weathered/fractured basaltic rocks as well as
below the traps in the Chikotra basin of the Deccan Vol-
canic Province (DVP) of Kolhapur district for groundwater
investigation using multi-electrode resistivity imaging
technique. Generally in the Trap country, fluviatile and
lacustrine deposits are formed during the interval between
successive lava flows. These sedimentary deposits are
known as intertrappean beds. Each lava flow is composed
of vesicular basalt unit on top and compact basalt unit at
the bottom. Intertrappean beds together with the underlying
vesicular basalt units form groundwater prospective zones
between two compact basalt layers (Rai et al. 2013). Ghosh
et al. (2006) reported that if these intertrappean beds are
clay rich, then it is not a prospective zone of groundwater
and such beds are known as bole beds.

There are several advantages of using multi-electrode
ERI system over the conventional vertical electrical tech-
nique (Dahlin 1996). This is because the multi-electrode
scheme is a fast computer-aided data acquisition system
and simultaneously studies both lateral and vertical chan-
ges of resistivity below the entire profile length. The ERI
technique is being widely used in groundwater exploration,
civil engineering, environmental and mining applications.
There are, therefore, an increasing number of users for ERI
technique in India and abroad for mapping accurate loca-
tion of subsurface geological formations and structures like
faults, fractures, joints for delineation of water-bearing
zones, geothermal, etc. (Griffiths and Barker 1993; Loke
and Barker 1996; Singh et al. 2006; Francese et al. 2009;
Kumar et al. 2010; Zarroca et al. 2012).
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The present study brings out the close relationship
among the geologic, geomorphic and geoelectrical
parameters of sub-surface condition for groundwater in
Chikotra basin, Kolhapur district of Maharashtra. The
results obtained from the present study would produce
detailed groundwater condition within the basin so that the
prospective locations of tube wells could be suggested in
future for water resource use.

Geology and hydrogeology of the area

The study area lies in the southern part of Kolhapur district,
Maharashtra (Fig. 1) and mainly covers a part of Bhudar-
gad, Kagal and Ajara tahsils. The region selected for the
present study is located between 16°10'43” to 16°27'20”
north latitudes and 74°8'9” to 74°22'30" east longitudes
occupying an area of about 351 km?® The study area
comprises hills on the southwestern side and plain area on
the northeastern side forming irregular and diverse nature
of topography.

Geologically, the basalts of the Deccan Volcanic Prov-
ince characterize the Chikotra basin. In general, the basaltic
flows are of simple type with maximum thickness of
3540 m (Mungale 2001). The flows have been separated
by thin clayey horizons of tuffaceous aspect called as the
red boles. The thickness of the red bole varies from less
than a meter to 2.5 m. In some parts (source) the topo-
graphic highs are covered with laterite and in the down-
stream part by a thin veneer of alluvium, which is
developed along the banks of the river and streams. The
thickness of the alluvium varies from 2 to 6 m. The
thickness gradually increases in the downstream areas
where the Chikotra River (length of the river is about
47 km) meets the Vedganga River. Its lateral extent is
highly variable with maximum extent of about 500 m on
either bank in the downstream part. The alluvium mainly
consists of pebble beds, sand and silt derived from the
Deccan Trap basalts and the laterites.

The laterite occurs in the upstream part in the source of
the Chikotra River at an elevation of about 840 m above
mean sea level. They occur as capping over the flat-topped
basaltic hills. The basaltic bedrock show typical spheroidal
weathering that gives rise to large rounded boulders on the
outcrops. The weathering starts along the well-developed
joints, first rounding off the angles and the corners and then
producing thin concentric shells or layers, which become
soft and fall off gradually. Basalts display two sets of
prominent vertical as well as horizontal joints and the flows
are highly jointed and fractured all over the basin. Promi-
nent columnar joints have been observed at Murukte vil-
lage. Elsewhere, like at Hasur Khurd and Khadak Ohol
stream on way to Belewadi-Kalamma, the joints and
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Fig. 1 Location map of Chikotra basin in Kolhapur district

fractures are profusely present. These joints attribute sec-
ondary porosity to the basalts making them potential
aquifers (Deolankar 1980).

The drainage pattern is not uniform in the basin. In the
upstream areas, the pattern is dendritic and fine textured.
This type of drainage pattern is usually observed on hori-
zontally disposed basaltic rock that is uniformly resistant
with gentle regional slope (Horton 1945). In addition this,
the laterites covering the flat-topped basaltic plateaus with
slopes less than 5 % have favored the initiation of this
drainage pattern. In the middle reach of the basin, the
drainage represents dendritic pattern but is medium tex-
tured. This indicates that basaltic rock is characterized by
joints and fractures. It can thus be inferred that rocks in the
watershed are low to moderately permeable and their per-
meability is developing low-yielding aquifers. In the mid-
dle to lower reaches of the basin, the drainage pattern
becomes sub-parallel and coarse in texture. The parallelism
of the streams along a particular direction is indicative of
some amount of structural control over the drainage.

In general, the area under study exhibits hilly topogra-
phy. As the topography is rugged, large number of first
order and second order streams are present. At some pla-
ces, perennial springs are also observed at the contacts
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between different lithologies. They are responsible for
contribution of water to the streams. In general, due to
availability of water in the downstream part of Chikotra,
the fertile alluvial plain is under irrigated agriculture. The
basin receives an annual rainfall ranging from 1,000 to of
2,800 mm, mainly from south-west monsoon. The tem-
perature ranges from maximum of about 40 °C in the
month of May, while it is minimum of 10-15 °C in the
month of November in a year.

The discharge values from the wells in the study region
vary from 135 to 5,890 I/s (Mungale 2001). These values
do not include the bore well discharge. These variations
can be attributed to the hydraulic and morphologic char-
acteristics of the tributaries of Chikotra River. The static
water level depth in the dug wells of the study area varied
from an average of 3.76 m in winter to an average of
5.09 m in summer during the year 2012, while in the year
2013, the depth to water level in the dug wells varied from
an average value of 3.6 m in winter to an average value of
6.2 m in summer. The status of the bore wells as inferred
from interaction with local farmers indicates that the bore
wells have limited depth not exceeding 76 m. These bore
wells essentially tap the fractured basaltic aquifer. The
detailed bore well logs are not available from the area.
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However, the dug wells in the area are productive and
yielding water. Litho log data obtained from 12 dug wells
in the study area reflected that in general the top section at
9 litho logs consists of alluvium/laterite/black cotton soil.
Two litho logs showed volcanic breccias with red bole
matrix as the top layer, whereas one litho log delineated
partly weathered compact basalt as the top layer. The
geological map of Chikotra basin along with resistivity
profile locations are shown in Fig. 2.

Litho logs of some selected dug wells will be discussed
in detail along with the resistivity models in “Interpretation
and results”. The hydro-geological section of the study
area derived from the available dug well lithology is shown
in Fig. 3.

Electrical resistivity imaging technique
The electrical resistivity method consists of measuring the
potential at the surface, which results from a known current

flowing into the ground (Bhattacharya and Patra 1968;
VanNorstrand and Cook 1966; Ritz et al. 1999). A pair of
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current electrodes, A and B, and a pair of potential elec-
trodes, M and N, is used. The apparent resistivity (p,) is
given by.

p, = KAV/I,

where K denotes a geometric coefficient dependent upon
the electrode array, AV denotes the measured potential
difference and 7 denotes the current intensity.

The ERI technique consists of using a multi-core cable
with as many electrodes plugged into the ground at specific
spacing, according to a sequence of readings predefined
and stored in the internal memory of the equipment. The
various combinations of transmitting (A, B) and receiving
(M, N) pairs of electrodes construct the mixed sounding/
profiling section, with a maximum investigation depth that
mainly depends on the total length of the cable.

In electrical methods, the spatial resolution and depth of
investigation is linked to the distance between electrodes.
In a first approximation, for Schlumberger and Wenner
arrays, the maximum depth of investigation is of the order
of 20 % of the total length of the cable and the total length
of the resistivity profile. This depth is reached for the
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combination of the two extreme left and the two extreme
right electrodes of the profile, and in the measuring report,
plotting point corresponds to the bottom angle of the tri-
angle of the pseudo section (Loke 2012). Nonetheless,
Dahlin and Zhou (2004) are of the view that the precise
resolution and penetration depth of arrays also depends on
the electrical properties, anomalous features and the noise
contamination levels, all of which may be simulated by
numerical approaches.

Various types of electrode configuration can be used in
ERI method. In the present case, data acquisition was
performed using Wenner—Schlumberger configuration, a
hybrid between Wenner and Schlumberger arrays (Paz-
direk and Blaha 1996) with a constant inter-electrode
spacing of 5 m. This array is moderately sensitive to both
horizontal and vertical geological structures. The average
investigation depth is greater than the Wenner array and the
intensity of the signal is weaker than that of Wenner array
but greater than that of dipole—dipole array and twice that
of pole—dipole array, resulting in a higher signal-to-noise
ratio (Dahlin and Zhou 2004). The horizontal data coverage
is somewhat wider than the Wenner arrangement, but
narrower than that achieved using dipole—dipole array

(Loke 2012). Electrical resistivity imaging survey was
carried out at 13 stations using IRIS make SYSCAL R1plus
switch 48 system with 5 m inter-electrode separation. The
maximum length of the profile was 235 m which resulted
in a depth of investigation of about 50 m. The length of the
profiles surveyed depends on the availability of free stretch
land. As the top layer in the study area is dry and hard, the
electrical coupling of the electrodes with the subsurface
was enhanced by adding water dissolved with salt to each
electrode, so as to minimize the contact resistance between
the electrodes and the earth. The contact resistance was
checked before data acquisition and was kept below 2 KQ
(Zarroca et al. 2014).

Data processing and inversion

The acquired apparent resistivity datasets were tomo-
graphically inverted to obtain true electrical resistivity
distribution of the study area using the “RES2DINV”
finite-difference software, based on the smoothness-con-
strained least squares inversion by a quasi-Newton opti-
mization method (Loke and Barker 1996). An initial 2D
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electrical resistivity model is generated, from which a
response is calculated and compared to the measured
apparent resistivity values of the field data. The optimiza-
tion method then attunes the resistivity value of the model
block iteratively until the calculated apparent resistivity
values of the model are in close agreement with the mea-
sured values of the field data. The absolute error provides a
measure of the differences between the model response and
the measured data which is an indication of the quality of
the model obtained. Using this scheme, 2D inverted models
of true resistivity variation of sub-surface geological for-
mations for all the 13 sites have been computed.

The RES2DINV software offers two inversion options-
robust inversion (Loke et al. 2003) and smoothness-con-
strained least squares inversion (Loke and Dahlin 2002). It
has been reported by Dahlin and Zhou (2004) that the
robust inversion is better than the smoothness-constrained
least squares inversion. In situations where the subsurface
geology comprises a number of almost homogeneous
regions but with sharp boundaries between different
regions, the robust inversion scheme attempts to find a
model that minimizes absolute changes in the model
resistivity values (also known as L1 norm or blocky
inversion method), thereby giving appreciably superior
results. The smoothness-constrained optimization method
(also known as L2 norm) on the other hand tries to mini-
mize the squares of the spatial changes (or roughness) of
the model resistivity values and tends to construct a model
with a smooth variation of resistivity values. This approach
is used only if the subsurface resistivity varies in a smooth
or gradational manner.

In the present study, the 2D inversion of the field data
along the 13 Wenner—Schlumberger profiles was carried
out using the robust (L1 norm) inversion approach. The
area surveyed is more or less flat and thus elevation cor-
rection was not included in the measurements. As the
survey area was anticipated to be infested with urban noise,
the robust inversion scheme was applied to the model
resistivity values as well. The noisy data at a few sites were
automatically filtered by removing the resistivity records
having negative resistivity values or with a standard vari-
ation coefficient over 1 %. The convergence between the
measured and calculated data was achieved after 7-12
iterations. The absolute error in the inverted models were
below 5 % except at three profiles (absolute error values
6.5, 8.3 and 8.8 %) which appears to be rather noisy even
after exterminating bad data points and increasing the
damping factor. To reduce the distortion caused by the
large resistivity variations near the ground surface and to
obtain significantly better results, an inversion model with
a cell width of half the unit electrode spacing was used for
all the 13 imaging profiles (Loke 2012). These stations
have been grouped into four zones for the sake of
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discussion. Site numbers 4, 5, 6 fall in the north-eastern
part of the Chikotra basin, whereas sites 7, 8 and 9 are in
the north-western part. The northern region of the basin is
the downstream part of Chikotra River. The central part of
the basin occupies sites 1, 2, 3 and 10 while the southern
part comprises sties 11, 12 and 13, which is the upstream
part of Chikotra River. All the imaging profiles are E-W
oriented (Fig. 2).

Interpretation and results

The interpretation of the 2D resistivity models of 13 ERI
profiles has been carried out to ascertain groundwater
potential zones in Chikotra basin in view of the hydro-
geological scenario. A generalized resistivity ranges for
different litho units vis-a-vis water-bearing zones in the
Deccan basalts (after Rai et al. 2013) is given in Table 1
below.

Deccan Trap Basalt forms an important water-bearing
formation of the Chikotra basin. The nature of vesicular
and massive basaltic unit of different lava flows has given
rise to multi-layered aquifer system. The water-bearing
capacity of vesicular basalt mostly depends upon size and
shape of vesicles, density of vesicles and the degree of inter
connection of vesicles. Massive basalt generally possesses
negligible primary porosity or permeability and thus acts as
an impermeable zone. However, due to fractures, joints and
weathering of massive basalt at places, reasonably per-
meable structure is developed, which can be observed in
open dug well section in the study area. In basaltic terrain,
groundwater generally occurs under water table conditions
in shallow aquifer and semi-confined to confined condi-
tions in deeper aquifer. The groundwater here is alkaline in
nature and is mostly Ca-HCOj; type. However, detailed
water chemistry data are not available in the study area.

ERI Profiles R4, R5 and R6
Site R4 belongs to Arjuni village, R5 belongs to Gaikwadi

village, while R6 belongs to Kodni village in the north-
eastern part of the study area (Fig. 2). The 2D resistivity

Table 1 Resistivity values for different litho units in Deccan Traps

Litho units Resistivity
range (Qm)

Alluvial, black cotton soil, bole beds 5-10

Weathered/fractured vesicular basalt 20-40
saturated with water

Moderately weathered/fractured vesicular 40-70
basalt saturated with water

Massive basalt >70
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Fig. 4 a Inverted resistivity model of profile R4 (using Wenner—
Schlumberger configuration) in west—east direction. The resistivity
model is obtained using L1 norm (robust inversion method) with an
electrode spacing of 2.5 m, iteration 7 and ABS error 2.0 %. The top
7-10 m consists of alluvium/weathered formation saturated with
water followed by fractured basalt and massive basalt. The average
sensitivity of the model is 1.232. Also shown is the dug well lithology
(DW4) depicting top layer soil followed by weathered jointed rock

inversion model sections for the sites R4, R5 and R6 are
shown in Figs. 4a, b and 5.

Inverted resistivity model for R4 (Fig. 4a) suggests that
the top layer is 7-10 m thick consisting of alluvium/
weathered formation saturated with water having a resis-
tivity of about 1040 Qm. This layer is underlain by a very
thin layer of fractured basalt (45-70 Qm) throughout the
profile. However, at lateral distance between 40 and 70 m,
this zone is extending down. This zone which is bounded
by high-resistivity bodies (80-120 Qm) on either side is
likely being vertically recharged down to depths of about
33 m. A thick high-resistivity feature (>100 Qm) is
delineated at depth of 12 m between lateral distances
80-160 m which extends beyond the depth of study

Unit electrode spacing 2.50 m.

—
o

and jointed compact basalt. b Inverted resistivity model of profile R6
(using Wenner—Schlumberger configuration) in west—east direction.
The resistivity model is obtained using L1 norm (robust inversion
method) with an electrode spacing of 2.5 m, iteration 8 and ABS error
3.5 %. The top 6 m consists of alluvium intercepted by jointed rock
followed by compact basalt. Also shown is the dug well lithology
(DW6) indicating top layer soil up to 5 m underlain by jointed
compact basalt

(45 m). This feature lies at the center of the profile, which
is a rather high sensitive zone of the Wenner—Schlumber-
ger array. The model sensitivity section indicates high
values of sensitivity near the surface (up to depths of about
10 m) with decreasing values with depth. The average
sensitivity of the model is estimated to be 1.232. The
eastern part beyond 160 m distance is characterized by
high resistivity (80-120 Qm) below depths of 7 m. The
dug well litho section (DW4) at Arjuni (Fig. 4a), which is
at a distance of about 3 km from the imaging profile,
suggests that the top 2 m comprises black cotton soil fol-
lowed by weathered jointed fractured basalt up to about
5.2 m below which a thin layer of red bole seems to have
developed and the bottom layer is the compact basalt

@ Springer



8132

Environ Earth Sci (2015) 73:8125-8143

(resistivity value of >70 Qm). The depth of the well is only
7 m. The water table in the year 2012 was 6.0 and 3.8 m
during summer and winter season, respectively, whereas in
the year 2013, the water table recorded was 6.5 m during
summer and 1.85 m during winter. Being far away from
the imaging profile, no quantitative conclusion can be
drawn from the litho log and the imaging model. However,
there is some agreement between the thickness of the top
layer and the layer of fractured basalt in both the lithology
of the dug well as well as the inverted resistivity model.
The resistivity model for profile R6 (Fig. 4b) indicate
that the top 0—6 m is dry alluvium intercepted by jointed
rock throughout the profile length having resistivities
between 60 and 110 Qm. At depths below 6 m, the model
depicts a horizontal layer of massive basalt along the entire
length of the profile having resistivities of the order of
140-200 Qm. Below the center of the profile at lateral

a
<€—W jteration 8 Abs. error = 8.8 %

0.0 40.0 80.0
Il

I T T T T S T T N B 0 B A

distance 120 m, a moderately low resistivity zone is seen at
depths of 21 m increasing to deeper depths up to depth of
investigation, having resistivity value of about
100-120 Qm. This feature suggests that a sub-horizontal
layer exists between 21 and 33 m, which could be a
probable groundwater zone at deeper levels. Further, it is
interesting to note two low-resistivity (30-70 Qm) anom-
alies at the bottom edges of this feature, which is indicative
of the fact that this could be a possible aquifer zone
beneath the Traps. The lithological section (DW6)
observed at Kodni (Fig. 4b) shows the top 5 m to be black
cotton soil followed by jointed basalt. This dug well is
located at a distance of about 2 km from the imaging site
and has a total depth of 10 m. The water table levels during
summer and winter in 2012 are 3.1 and 2.9 m, respectively,
while the water table during summer and winter for the
year 2013 are 4.2 and 3 m, respectively. The thickness of
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Fig. 5 a Inverted resistivity model of profile RS (using Wenner—
Schlumberger configuration) in west—east direction. The resistivity
model is obtained using L1 norm (robust inversion method) with an
electrode spacing of 2.5 m, iteration 8 and ABS error 8.8 %. The
western part is very resistive representing massive basalt, while the
eastern part is relatively conductive. A fault structure between
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resistive block and conductive zone at the center of the profile reveals
prospective groundwater zone on the right side of the section.
b Showing model resistivity relative sensitivity section of profile R5.
The average model sensitivity is 1.04 while high value of sensitivity
is observed up to depths of 13-25 m at the center of the profile where
the fault zone is demarcated
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the top 5 m in the lithology matches well with the thickness
of the top layer in the inverted resistivity model, wherein
black cotton soil has been delineated. The next layer in the
litho log section depicts jointed basalt, which is also evi-
dent in the inverted resistivity model as high-to-moderate
resistivity layers representing basalts.

The resistivity model for RS (Fig. 5a) represents a het-
erogeneous image of the sub-surface litho units throughout
the profile. On the western flank, the top layer up to depths
of 6 m is characterized by high resistivities in the range of
140-300 Qm. At lateral distance 40 m, a low-resistive zone
(50-100 Qm) is delineated from depths of 6 m extending
downward. Further below lateral distance 80 m, another
low-resistive block is identified having resistivities of the
order of 50 Qm at depths ranging from 7 to 15 m. The

subsurface zone below 110 m is occupied by a high-resistive
block from shallow depths up to the depth of investigation
having resistivities in excess of 300 Qm. This massive west
dipping basaltic block seems to get wider at deeper levels. A
linear low-resistivity zone is seen at the center of the profile
extending upward from the deep to the shallow levels, which
is indicative of the location of a fault. The massive basaltic
block to the west is separated by this fault zone at 120 m
lateral distance, beneath which lies a potential groundwater
zone (40-100 Qm) up to the depth of study. Further east, the
top 6 m consists of soil/jointed weathered rocks having a
resistivity of about 70-100 Qm below which a homoge-
neous layer with resistivities of about 160 Qm is delineated
up to the depth of investigation. The resistivity model con-
verged after eight iterations, however, high absolute error
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Fig. 6 a Inverted resistivity model of profile R7 (using Wenner—
Schlumberger configuration) in west—east direction. The resistivity
model is obtained using L1 norm (robust inversion method) with an
electrode spacing of 2.5 m, iteration 8 and ABS error 6.5 %. The
western part is characterized by jointed basalt below which low
resistivity zone is observed, while the eastern part is occupied by
massive basalts. b Inverted resistivity model of profile R9 (using
Wenner—Schlumberger configuration) in west—east direction. The

resistivity model is obtained using L1 norm (robust inversion method)
with an electrode spacing of 2.5 m, iteration 8 and ABS error 1.27 %.
Groundwater potential zone is observed at depths of about 21 m on
the western part located beneath a basaltic layer. The average model
sensitivity is 1.320. Also shown is the dug well lithology (DW9)
indicating a 3 m thick top layer of soil below which a thin layer of
weathered jointed rocks is revealed. Jointed compact basalt form the
last unit of the dug well
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«Fig. 7 a Inverted resistivity model of profile R8 (using Wenner—
Schlumberger configuration) in west—east direction. The resistivity
model is obtained using L1 norm (robust inversion method) with an
electrode spacing of 2.5 m, iteration 8§ and ABS error 4.9 %. A
groundwater potential zone is observed at the center of the profile at
depths of about 25 m. The dug well lithology (DW8) reveals a 1.5 m
thick weathered basalt below which weathered jointed porphyritic
basalt is seen. b Showing model resistivity relative sensitivity section
of profile R8. The average model sensitivity is 1.231. Higher
sensitivity values are observed at the top 10 m of the resistivity model
which decreases with depth. ¢ Model resistivity percentage uncer-
tainty section of profile R8 in order to assess the accuracy of the
inverted model. d, e Inverse model minimum and maximum
resistivity section of profile R8. It can be observed that features
common to both model sections can be considered more reliable. Two
shallow minor low-resistive features are developed in the vicinity of
lateral distance 10 and 170 m extending up to depth of 10 m from the
surface having resistivity in the range of 10-20 Qm. These two low-
resistive features and the low-resistive aquifer zone at the center of
the profile can be considered as conducive for groundwater
prospecting

(8.8 %) was obtained due to laterally heterogeneous media.
The inverted data were thus checked for sensitivity distri-
bution wherein the minimum and maximum sensitivity was
0.08 and 10.4, respectively (Fig. 5b). The average model
sensitivity was found to be 1.04 and high value of sensitivity
was observed up to depths 13-25 m corresponding to the
center of the profile where the fault zone was delineated
(Fig. 5a). In a hard rock terrain, the electrolytic conduction
is primarily responsible for current flow and thus the low
resistivity is an indication of weathered, fractured zone
saturated with water (Chandra et al. 2012) and therefore the
highly sensitive region below lateral distance 120 m is an
ideal aquifer zone.

ERI Profiles R7, R8 and R9

Profiles R7, R8 and R9 are located in Khadakewada,
Hamidwada and Arjunwadi villages, respectively, in the
northwestern part of the Chikotra basin (Fig. 2). The
inverse resistivity models of these profiles have been
shown in Figs. 6, 7. The resistivity model for R7 (Fig. 6a)
exhibits that below a depth of 6—8 m, the sub-surface is
divided into two different formations. The western part of
the profile up to 140 m is characterized by jointed basalt up
to about 17 m (resistivity ranging 100-150 Qm) below
which low-resistivity formation (50-90 Qm) is observed,
whereas the eastern part is occupied by massive basalts
having resistivity values in excess of 180 Qm up to depths
of about 35 m. An aquifer zone is evident at 7 m depth
continuing up to the depth of study at lateral distance
140 m. This aquifer is connected to the top layer by a
fracture zone which appears to aid in recharging the
aquifer. Another zone of weathered basalt saturated with
water is observed at 40 m distance at depths of 8 m which
is bounded by high-resistive bodies on either side. The

western part of the profile between 10 and 20 m is char-
acterized by a compact basaltic layer at 6 m depth. Simi-
larly a 13 m thick compact basalt unit is seen at 160—170 m
distance. Further east, potential aquifer zone is noticeable
at 200 m distance at depths of about 13 m.

The inverse model resistivity section at R9 (Fig. 6b)
delineated a 7-m top conductive layer between lateral
distance 90-230 m having resistivities of the order
4-25 Qm followed by a horizontal layer having thickness
of about 15 m and resistivities in excess of 70 Qm along
the entire stretch of the profile with a root zone extending
beneath 160 m distance. At depths beneath 21 m towards
the western part between lateral distances 40-120 m, a
groundwater potential zone (30-50 Qm) is observed which
extends up to the depth of investigation. This part which is
located beneath the basaltic layer seems to be a prospective
aquifer zone suitable for groundwater exploration. The
average model sensitivity is calculated to be 1.320. The
litho section (DW9) at Arjunwadi (Fig. 6b) which is at a
distance of about 2 km from the imaging line depicts a 3 m
thick top layer of black cotton soil, below which a thin
layer of weathered jointed basalt is observed. The jointed
compact basalt is underlying this thin layer up to depth of
13 m. The static water level of this well is 3 m in both
summer and winter season for the year 2012, while it is 5.8
and 3 m for summer and winter, respectively, during the
year 2013. The top conductive layer in the imaging section
represents black cotton soil and the underlying resistive
layer is indicative of weathered/jointed compact basalt, as
inferred from the dug well litho section. The prospective
groundwater zone delineated in the resistivity model is
observed beneath the weathered/jointed compact basalt. It
has been reported by Deolankar (1980) that the weathered
basalt shows highest aggregate porosity (34 %) in DVP,
whereas the specific yield is less (around 7 %). Though the
porosity is high, the specific yield is very small signifying
higher specific retention of the weathered basalt. This may
be caused due to the presence of clay minerals in the
weathered basalt which has higher water retention capacity.

The inverted model resistivity section at R8 (Fig. 7a)
delineated an aquifer in the central part below lateral dis-
tance 120 m. This aquifer zone has a resistivity in the range
of 30-70 Qm at depths of 25 m and seems to become
wider at deeper levels. The sensitivity function of the
resistivity model has been accounted for wherein the
minimum and maximum sensitivity was 0.0434 and 13.3
respectively, and the average sensitivity value obtained was
1.231. The inverse resistivity section converged after 8
iterations with absolute error of 4.9 %. The inverted
resistivity model, the model resistivity sensitivity section,
the model uncertainty values and the minimum and max-
imum resistivity values are given in Fig. 7a—e. It can be
seen from Fig. 7b that higher sensitivity values are
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Fig. 8 a Inverted resistivity model of profile R1 (using Wenner—
Schlumberger configuration) in west—east direction. The resistivity
model is obtained using L1 norm (robust inversion method) with an
electrode spacing of 2.5 m, iteration 9 and ABS error 0.95 %. The
section reveals three low resistivity zones at 85 m, 140 m and 200 m
distances with thickness varying from 5 to 10 m having resistivities of
the order of 20-35 Qm. This is underlain by a 10 m thick moderately
resistive (~60-65 Qm) layer, attributed to jointed basalt beneath
which high-resistive formation is observed. Also shown is the dug

observed at the top 10 m of the resistivity model which
decreases with depth as the near-surface materials have a
large influence on the measured apparent resistivity values.
Figure 7c shows the model uncertainty values obtained in
order to assess the accuracy of the inverted model. For
estimating the uncertainty, smoothness constraint is inclu-
ded in the model, so that the model uncertainty values are
less sensitive to the size of the model cells. The minimum
and maximum resistivity values of each cell at the limits of
the model uncertainty range are shown in Fig. 7d, e. It can
be discerned from the figure that features common to both
model sections can be considered more reliable. Two
shallow minor low-resistive features are developed in the
vicinity of lateral distance 10 and 170 m and extend up to
depth of 10 m from the surface having resistivity in the
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Unit electrode spacing 2.50 m.

well lithology (DW1) indicating a 1.5 m thick top layer of soil below
which jointed basalt is revealed. b Inverted resistivity model of profile
R2 (using Wenner—Schlumberger configuration) in west—east direc-
tion. The resistivity model is obtained using L1 norm (robust
inversion method) with an electrode spacing of 2.5 m, iteration 12
and ABS error 1.09 %. The top 6 m is low resistive intercepted by
patches of moderately resistive zones. A thick horizontal high
resistivity (>100 Qm) below 6 m and extending up to depth of
investigation is due to compact basalt

range of 10-20 Qm. These two low-resistive features and
the low-resistive aquifer zone at the center of the profile
reflect very well in Fig. 7d, e and thus can be considered as
conducive for groundwater prospecting. The top and
underlying layers at the central part of the profile is having
resistivities of about 70-150 Qm. These layers are perhaps
devoid of alluvium and are characterized by weathered and
jointed basalt. The lithological dug well section (DWS) at
Hamidwada (Fig. 7a), which is about 200 m from the
imaging profile, suggests that the top 1.5 m comprised
weathered basalt below which weathered jointed porphy-
ritic compact basalt is encountered. There is a fair degree
of corroboration between the litho log and the resistivity
section, at least up to the depth of the dug well (13 m). The
static water level during the year 2012 is 4.8 and 3.2 m for
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Fig. 9 a Inverted resistivity model of profile R3 (using Wenner—
Schlumberger configuration) in west—east direction. The resistivity
model is obtained using L1 norm (robust inversion method) with an
electrode spacing of 2.5 m, iteration 7 and ABS error 8.3 %. The top
15 m is characterized by high resistivity (>160 Qm) beneath which a
3 m thin horizontal layer is delineated having resistivity of about
45-80 Qm. Underlying this layer, a relatively low-resistive (about
20 Qm) layer is observed at 18 m depth extending up to the depth of
study. Vertical anomalies and inversion artifacts characteristic of
fracture zone is observed at the center of the profile just above the low
resistivity layer. The lithological section (DW3) shows that the top
3.2 m comprises volcanic breccias followed by a 6.5 m thick layer of
weathered and fractured basalt. The last unit here is the compact

summer and winter, respectively. Static water levels of 5.7
and 3.5 m for summer and winter seasons, respectively,
was obtained for the year 2013. Due to limited depth of the
dug well, the aquifer zone delineated in the inverted
resistivity model beneath the weathered jointed basalt at
depths of 25 m could not be confirmed.

ERI Profiles R1, R2, R3 and R10

Profiles R1 (Mugli), R2 (Tamnakwada), R3 (Madyal) and
R10 (Bolaiwadi) are located in the central part of the

basalt. b Inverted resistivity model of profile R10 (using Wenner—
Schlumberger configuration) in west—east direction. The resistivity
model is obtained using L1 norm (robust inversion method) with an
electrode spacing of 2.5 m, iteration 8 and ABS error 2.8 %. The top
6—7 m is conductive due to wet alluvium beneath which a thin
moderately resistive layer is revealed. At the center of the profile a
high-resistive anticlinal feature is observed at depths of about 35 m.
At the two edges of this feature, low resistivity zones seem to
develop. No promising aquifer zones are seen at this profile up to the
probing depths. The lithological section (DW10) shows that the top
6.7 m comprises volcanic breccias followed by weathered and
fractured basalt up to 13 m

Chikotra basin. The inverted resistivity models are shown
in Figs. 8 and 9. Imaging section at R1 reveals three low
resistivity zones at 85, 140 and 200 m distances (Fig. 8a).
The thickness of these zones varies from 5 to 10 m having
resistivities of the order of 20-35 Qm. This is underlain by
a thin (about 10 m) moderately resistive (~60-65 Qm)
layer, attributed to jointed basalt. Below this layer, high-
resistive formation (>85 Qm) is encountered throughout
the profile up to depths of investigation. The inverted
model converged after 9 iterations with absolute error of
0.95 %. The lithological section (DW1) at Mugli (at a
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Fig. 10 a Measured apparent resistivity pseudo section of profile
R11. b Calculated apparent resistivity pseudo section of profile R11.
¢ Inverted resistivity model of profile R11 (using Wenner—Schlum-
berger configuration) in west—east direction. The resistivity model is
obtained using L1 norm (robust inversion method) with an electrode

distance of about 800 m from the imaging profile) suggests
that the dug well comprised a 1.5-m-thick layer of soil
followed by jointed basalt up to depths of 10 m (Fig. 8a).
The low-resistive zone and the underlying moderately
resistive zone observed in the resistivity model can thus be
attributed to soil and jointed basalt. The dug well is only
10 m deep. The static water levels of the dug well are
measured as 0.15 m during summer and winter for the year
2012. These values are 4.6 and 0.6 m for summer and
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spacing of 2.5 m, iteration 13 and ABS error 1.35 %. The top layer is
conductive due to alluvium. A small low-resistive zone below lateral
distance 160 m at depth of about 8 m appears to be a potential
aquifer. The deeper layers are resistive and can be attributed to
massive basalts

winter, respectively, during the year 2013. It is pertinent to
mention here that Chikotra River is flowing in vicinity to
the west of this dug well as well as the resistivity profile.
Perhaps the very shallow static water levels observed are
due to the influence of the river.

The inverted resistivity model at R2 (Fig. 8b) is almost
similar to that of R1. The model indicates the top layer to
be 6 m thick comprising low-resistivity pockets intercepted
by patches of moderately resistive zones. The low
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Fig. 11 a Inverted resistivity model of profile R12 (using Wenner—
Schlumberger configuration) in west—east direction. The resistivity
model is obtained using L1 norm (robust inversion method) with an
electrode spacing of 2.5 m, iteration 8 and ABS error 3.3 %. The
image reveals a broad aquifer zone (resistivity of 15-50 Qm) located
between 100 and 150 m in the central part of the profile extending
downward beyond the depth of study (47 m) and is bounded by two
vertical blocks of high-resistive massive basalt on either side. This
aquifer body is lying beneath a horizontal layer of massive basalt at
depths of 13 m. Two fault zones with surface projection at 100 and
150 m separates this aquifer body from the massive basalts.
b Inverted resistivity model of profile R13 (using Wenner—

resistivity in the range of 20-50 Qm is observed at 2040,
80-110, 160-175 and 185-205 m distance over the profile.
The moderate resistivity zone has a resistivity value of
about 60 Qm. The bottom-most layer in the model below
6 m depicts a thick horizontal high-resistivity layer with
values in excess of 100 Qm extending up to the depth of
study, which could be the compact basalt.

The imaging section at R3 (Fig. 9a) suggests that the top
15 m is characterized by high resistivity (>160 Qm)
throughout the lateral distance of the profile. Below this, a
3-m thin horizontal layer is delineated having resistivity of

Unit electrode spacing 2.50 m.

Schlumberger configuration) in west—east direction. The resistivity
model is obtained using L1 norm (robust inversion method) with an
electrode spacing of 2.5 m, iteration 8 and ABS error 2.5 %. The
model suggests a high-resistive (>150 Qm) thick horizontal layer
delineated up to depths of 25 m along the entire length of the profile.
A groundwater prospective zone with resistivity values of 30-60 Qm
is observed at 30 m depth at the center of the profile which extends up
to the bottom depth of 47.8 m. This zone is being vertically
recharged. The lithological section (DW13) at Chimne delineated
about 2 m thick layer of lateritic soil at the top below which jointed
basalt is seen up to depth of 8 m which is indicative of potential
groundwater aquifer zones in the jointed basalt and beyond

about 45-80 Qm. Underlying this layer, a relatively low-
resistive (about 20 Qm) layer is observed at 18 m depth
extending up to the depth of study. At the center of the
profile (120 m distance), vertical anomalies and inversion
artifacts characteristic of fracture zone is observed just
above the low resistivity layer. The lithological section
(DW3) at village Madyal (Fig. 9a), which is at a distance
of about 200 m from the resistivity profile, shows that the
top 3.2 m comprises volcanic breccias followed by a 6.5-
m-thick layer of weathered and fractured basalt. The last
unit here is the compact basalt. The litho log section at
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Madyal (Fig. 9a) broadly matches with the resistivity
section (R3) wherein the top layer is resistive which can be
attributed to the volcanic breccias. Volcanic breccias
comprise blocks of lava in an ash matrix and are the
product of an explosive eruption. The second and third
layer in the inverted model can be considered as weathered
fractured and compact basalt. The dug well litho log is up
to a depth of only 10.5 m and thus the low-resistivity zone
at depths of about 18 m depicted in the resistivity model
could not be accounted for. The static water levels
observed here are 9.7 and 9 m during summer and winter,
respectively, for the year 2012. During the year 2013, these
values are 10 and 9.2 m for summer and winter season,
respectively. The water table here is at a deeper level
presumably due to the top layer volcanic breccias. The
resistivity model also suggests that the low-resistive layer
is at a depth of about 18 m.

The inverted resistivity model at R10 (Fig. 9b) indicates
that the top 6-7 m is conductive (resistivity of about
10-50 Qm) throughout the profile length. This is due to the
wet alluvium zone. Below this, a thin moderately resistive
(80-100 Qm) layer is delineated throughout the profile
length. Below lateral distance 110—140 m, a high-resistiv-
ity (about 150 Qm) feature is seen at depths of 7 m
extending up to the depth of study. On either side of this
feature the sub-surface is highly resistive (in excess of
150 Qm). These could be attributed to massive basalts. At
lateral distance 120 m, an anticlinal body with resistivities
of the order of 110 Qm is deciphered at depth of about
35 m. At the two edges of this body small lobes of low
resistivity (60-70 Qm) seems to develop. However, there
are no signatures of aquifer zones being developed at this
profile at least up to the penetrating limits of investigation.
The dug well lithological section (DW10) (about 200 m
from the imaging profile) derived at Bolaiwadi (Fig. 9b)
suggests that the top 6.7 m is infested with volcanic breccia
followed by weathered fractured basalt up to 13 m, which
is comparable to the inverted resistivity model. The static
water levels as observed in this dug well are 8.2 and 6 m
during summer and winter, respectively, for the year 2012,
while these values are 9 and 5.4 m for summer and winter,
respectively, during the year 2013.

ERI Profiles R11, R12 and R13

The imaging stations R11 (Pimpalgaon), R12 (Begavade)
and R13 (Chimne) are located at the southern portion of
Chikotra basin which is the upstream part of the Chikotra
River. The inverted resistivity models are shown in
Figs. 10 and 11. The measured and calculated apparent
resistivity pseudo sections along with the inverted resis-
tivity model for profile R11 are shown in Fig. 10a—c. The
inverted model at imaging site R11 (Fig. 10c) shows low-
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resistive (5-20 Qm) alluvial deposits up to depth of 11 m
from lateral distances 10-70 m. At rest of the profile, the
resistivity varies from 10 to 60 Qm up to depths of 15 m.
The small low-resistive zone below lateral distance 160 m
at depth of about 8 m appears to be a potential aquifer. On
the western part, at depth of 15 m between lateral distances
30-70 m, a high-resistive (up to 120 Qm) layer is seen.
Below 15 m at rest of the profile, the sub-surface is char-
acterized by resistivities of the order of 30-70 Qm indic-
ative of weathered fractured basalt. Two small lobes of
very high resistivity (120-200 Qm) is visible at the edges
(100 and 130 m, respectively) at depths of 47 m, which
could be attributed to massive basalts at these depths.

The resistivity model for imaging profile R12 (Fig. 11a)
indicates a broad aquifer zone bounded by two vertical
blocks of high-resistive massive basalt on either side. This
aquifer zone is located between 100 and 150 m in the
central part of the profile which extends downward beyond
the depth of study (47 m). This aquifer body has a resis-
tivity in the range of 15-50 Qm and is lying beneath a
horizontal layer of massive basalt at depths of 13 m. Two
fault zones with surface projection at 100 and 150 m sep-
arates this aquifer body from the massive basalts. This zone
is being vertically recharged (Fig. 11a) and appears to be
excellent for groundwater exploration.

The resistivity model of R13 (Fig. 11b) suggests a high-
resistive thick horizontal layer delineated up to depths of
25 m having resistivities greater than 150 Qm along the
entire length of the profile. A groundwater prospective
zone with resistivity values of 30-60 Qm is observed at
30 m depth at the center of the profile which extends up to
the bottom depth of 47.8 m. This zone is also being ver-
tically recharged. Two small low-resistive features are seen
at the edges at 100 and 120 m distance at depths of 47 m,
which further suggests that this zone is saturated and
containing clay, though the present study limits to depth of
47 m. The lithological section (DW13) at Chimne
(Fig. 11b), located at about 2 km away from the imaging
profile, delineated about 2-m-thick layer of lateritic soil at
the top below which jointed basalt is seen up to depth of
8 m which is indicative of the fact that potential ground-
water aquifer zones could be present in the jointed basalt
and beyond. This dug well with a depth of 8 m recorded
static water levels of 2.2 and 2 m in summer and winter,
respectively, during 2012 and 2.6 and 2.2 m in summer and
winter seasons, respectively, for the year 2013.

Discussions
The resistivity models obtained after inversion of measured

apparent resistivity data at 13 profiles suggests that the sub-
surface structure is fragmented into multiple units due to
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weathering, fracturing and faulting. The massive basaltic
units are covered by a thin veneer of alluvium and
weathered and jointed rocks formed by erosion and sub-
sequent deposition, which form unconfined aquifer zones
which are the main sources of groundwater to the dug wells
in DVP. The lithology of the limited shallow dug wells
available in the study region reveal that the top layer
comprised volcanic breccias with red bole matrix and/or
laterite or black soil followed by weathered/fractured bas-
alts and compact basalts as bedrock. The low-resistive
feature shows downward extension of resistivity decreasing
with depth which appears to be linked with a fault zone
extended to deeper levels beyond 47 m. It has been
reported by Zhu et al. (2009) that if a low resistivity zone
extends to near-surface terrain from the deep, only then it
can be interpreted that the low-resistivity zone can be an
indication of the location of fault zone.

The study demonstrated the efficacy of using electrical
resistivity in imaging the sub-surface from which the
underlying structures and extent of fractures and faults
that influence the occurrence of groundwater in basaltic
rocks can be evaluated, thus enhancing the accuracy of
interpretation with minimum error. Resistivity models
produced by inverse modeling of measured apparent
resistivity data indicate prospective groundwater zones at
several sites in the top layer which can be explored for
groundwater. Likewise, resistivity models have further
deciphered groundwater potential zones within and below
traps in the hard rock terrain of Deccan volcanics. In
general L1-based resistivity inversion results are stable
and well correlated with the available geological infor-
mation. Moreover, 2D resistivity model based on robust
inversion appears to be appropriate to infer sharp lateral
resistivity variation caused by multiple episodes of lava
flows and genesis of hard rock terrain of DVP. It is
worthwhile to note that L1-based inversion scheme is
more robust than that of L2-based inversion scheme to
take care of the uncontrolled error/outliers in the data, and
hence provide some confidence to apply the algorithm for
modeling the resistivity data. The reliability of the resis-
tivity models of the subsurface formations is also vali-
dated by the litho log of the available dug wells in the
study area. In addition to sharply mapping the detailed
geological features such as faults, lineaments, fractures,
etc., in the hard rock terrain, the present analysis also
define the potential groundwater prospecting zones which
is of considerable significance for groundwater explora-
tion. Further these results are useful to gain better insights
of the hydro-geological system of the study area.

Conclusions

In the present study, groundwater potential zones were
investigated using electrical resistivity imaging (ERI)
technique over Chikotra basin located in the hard rock
terrain of DVP. The L1 norm-based robust inversion
scheme has been used to infer the sharp resistivity changes
laterally while the presence of the uncontrolled error in the
data/outlier are taken into care by sound mathematical
background of the robust inversion scheme. The inverted
resistivity models are well correlated with the existing
lithology. The main results are summarized as follows:

1. The top layer in the study area comprises red bole,
laterite or black soil followed by weathered/fractured
rock grading into compact basalts. The sources of
groundwater appear to be available in weathered and
fractured basalt trapped between weathered overbur-
den and hard rock.

2. Results from the 2D inverted models of resistivity
variation with depth suggest the occurrence of aquifers
mostly in weathered/fractured zones within the traps or
beneath it. Resistivity images at almost all the stations
have delineated a wet zone in the top 5-7 m followed
by weathered zone up to depths of about 30 m. These
models have further delineated potential groundwater
locales in the top layer as well as within and below the
traps in the basin which can be targeted for ground-
water exploration.

3. The present results also suggest that there is a potential
aquifer zone in Gaikwadi village at depth of 47 m
which could be targeted for groundwater exploration.
The robust resistivity inversion indicates the presence
of potential aquifers in the places of Kodni at depth
25 m. At Khadkewadi and Hamidwada, the aquifer
depth lies in the range of 18—42 m.

4. The present robust inversion scheme is found to be useful

to map the sharp changes of the resistivity distribution by
utilizing L1-based robust inversion algorithm. The pres-
ent results provide deep insights to define precisely the
extension of aquifer in the hard rock terrain of India
which is of considerable societal interest.
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