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The present study deals with groundwater prospecting in hardrock terrain. Initially,
the Wenner—Schlumberger array and the dipole—dipole array data have been acquired using Syscal Junior
Switch-48. Furthermore, data acquired using both arrays have been merged using Prosys-11 data handling
software for the inversion of the cumulative data for possible mapping of water-bearing fracture rock
masses with different structural distribution in a complex geological environment. The data have been
analysed using RES2DINV software, based on the smoothness constrained least-square technique. T'wo
numbers of 2D electrical resistivity tomography profiles (AA” and BB’) have been selected over an official
colony of the Turamdih uranium mine for groundwater prospecting, which is located at about 24 km west
of Jaduguda, Jharkhand, India. High-resistivity features associated with a dyke-like structure have been
delineated in both the profiles. Three low-resistivity features have been delineated as water saturated
alluvium/aquifers in profile AA’. A low-resistivity feature associated with the water-saturated fracture
zone has been identified in profile BB, which is well correlated with the surficial location of an ephemeral
channel at the bottom of the hill across the slope. It is observed that geoelectric sections generated by
the inversion of cumulative data of both arrays provide superior results compared with the Wenner—
Schlumberger and dipole-dipole arrays, separately.

Keywords. ERT; Wenner—Schlumberger; dipole-dipole; inversion of cumulative data; groundwater
prospecting.

1. Introduction water charging and transporting. These structural

variations are scattered in the hard-rock areas

Groundwater in hardrock terrain is a serious issue,
which occurs in limited areal extent within
secondary porosity generated by weathering, frac-
turing, jointing and faulting. In hardrock ter-
rain, the fractured rocks are only the channel for

(Yadav and Singh 2007). Unplanned drilling with-
out suitable information regarding subsurface for-
mation may lead to unsuccessful results. As the
drilling is costly, geophysical methods are used for
subsurface investigation. Thus, proper technique
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is a key factor for the optimised exploration of
groundwater resources, which involves the map-
ping of source location, its depth, extension and
optimised drill locations

There are different successful case studies on
different integrated remote sensing and geograph-
ical information system techniques for targeting
groundwater potential zones (Saraf and Chowd-
hury 1998; Biswas et al. 2012, 2013; Jha 2014).
The depth of occurrence of groundwater zones and
locations of well sites can be determined more
effectively by the electrical resistivity method. The
ground resistivity is related to various geological
parameters such as the mineral and fluid content,
porosity, degree of fracturing, the percentage of the
fractures filled with groundwater and the degree
of water saturation in the rock. Generally, deep
resistivity sounding is the conventional technique
used for groundwater exploration (Bhattacharya
and Patra 1968; Zohdy et al. 1974; Telford et al.
1976; Parasnis 1986; Karous and Mares 1988; Giao
et al. 2003; Kumar et al. 2007; Bhattacharya and
Shalivahan 2016), which provides subsurface infor-
mation of the centre point of a profile. With the
advancement of recent technology, the electrical
resistivity tomography (ERT) method is being used
for 2D subsurface imaging in terms of resistiv-
ity distribution. Recently, ERT method, a well-
established tool, is being widely used for groundwa-
ter exploration (Krishnamurthy et al. 2003; Kumar
et al. 2014, 2016) an environmental (Singh et al.
2004; Leucci 2006; Cardarelli et al. 2010; Baner-
jee et al. 2011; Mondal et al. 2013; Singh 2013b;
Sarma 2014; Bharti et al. 2015, 2016a, b, ¢) study
over different complex geological environments.

Several studies on groundwater exploration in
hard-rock terrain have been successfully carried
out using resistivity methods (Saxena et al. 2005;
Dutta et al. 2006; Chandra et al. 2008; Mohammed
2011; Srivastava et al. 2012; Surinaidu et al. 2012;
Kumar et al. 2014, 2016; Martinez-Moreno et al.
2014; Rai et al. 2015; Shishaye and Abdi 2016).
The work by Kumar (2012) indicates the efficacy
of the resistivity tomography technique for the
mapping of a shallow anomaly including deeper
groundwater resources in different geological ter-
rain of hard-rock systems in various parts of India.
Sharma and Baranwal (2005) used an integrated
resistivity study comprising the VLF electromag-
netic method; resistivity method and the self-
potential method for groundwater exploration over
the hard-rock areas near Purulia, West Bengal,
India. Yadav and Singh (2007) conducted gradient
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profiling and Schlumberger sounding, in which they
have successfully delineated the water-bearing frac-
tured formation over hard-rock areas. The present
study was conducted in the official colony of the
Turamdih uranium mine of Uranium Corporation
of India Ltd. (UCIL), East Singhbhum, Jharkhand,
India, which falls in the west-central part of the
Singhbhum Shear Zone (figure 1). Initially, UCIL
attempted the boring of tube wells several times in
the official colony of the Turamdih uranium mine,
most of which was unsuccessful. Thus, a state-
of-the-art technique is required for groundwater
prospecting.

2. Geology of the study area

The main rock types are quartzite, feldspathic-
schist, chlorite sericite, schist with magnetite,
apatite and quartzite, which belong to the Dalb-
hum Formation of the Proterozoic age (Mishra and
Johnson 2005). Uranium in the form of the mineral
uraninite is disseminated within the schistose rocks
and appears to follow the foliation planes. This
mineralised (Cu-U) stretch is a part of the 160 km
arcuate belt known as the Singhbhum Shear Zone,
mainly known for its geological attributes and
extensive mining activities. Chlorites-chist and
feldspathic-quartzites-chist are the two major pre-
dominant litho-units hosting uranium mineralisa-
tion at Turamdih. The overlying quartzite horizon
with the NW-SE elongation is devoid of min-
eralisation. Quartzite and sericite schists are in
the hanging-wall and footwall horizons of uranium
mineralisation, respectively. Central Ground Water
Board (CGWB) India and Ministry of Drinking
Water and Sanitation, India, conducted some stud-
ies based on different geomorphological, geological
and geophysical approaches. These studies reveal
that the groundwater occurrence and movement in
this area are basically controlled by the prevailing
morphology and intensity of structural disconti-
nuities. The structures are the main controlling
factors of the occurrence and movement of ground-
water over the area.

3. Methodology

The Syscal Junior Switch 48 (IRIS Instrument)
system has been used for ERT data acquisition
(figure 2). ERT measurement involves the pass-
ing of electric current into the ground through
two metallic electrodes and measuring the result-
ing voltage difference at two potential electrodes.
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Figure 1. Location map of the study area.
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Figure 2. SYSCAL Jr Switch-48 (Iris Instrument) data-acquisition field setup using 48 electrodes.

From these measurements, the true resistivity of
the subsurface is estimated. Such surveys are usu-
ally carried out using the number of electrodes (48
or more) in a series connected to a multicore cable.
A microcomputer together with an electrode-
switching unit is used to automatically select the
relevant four electrodes for each measurement.
Apparent resistivity measurements are recorded
sequentially and afterward, any quadripole (cur-
rent and potential electrodes) sweep within the
multielectrode array. As a result, high-definition
pseudo-sections with dense sampling of apparent
resistivity variation at shallow depths are obtained
in a short time, which are then used for the gener-
ation of the 2D inverted true resistivity section. It
allows for a detailed interpretation of 2D resistivity
distribution in the subsurface formation. Generally,
the vertical changes, i.e., horizontal features are
well resolved in the Wenner array. Whereas the hor-
izontal changes, i.e., narrow vertical structures are
poorly detected in the Wenner array (Loke 1999).
The Schlumberger array is moderately sensitive to
both horizontal and vertical structures. Further-
more, the dipole—dipole array is good in mapping
the vertical structures, such as dykes, cavities, etc.
It is comparatively insensitive to vertical varia-
tions in the resistivity distribution, but much more
sensitive to the difference in horizontal resistivity
distribution. This array has better horizontal data
coverage than the Wenner (Loke 1999).

Furthermore, inversion of the cumulative data of
both arrays have been carried out for the mapping
of water-bearing fracture rock masses with different
structural distributions in complex geological envi-
ronments (De la Vega et al. 2003; Stummer et al.
2004; Athanasiou et al. 2007; Bharti et al. 2016a, b;
Das and Mohanty 2016). In theory, the combined
inversion of data sets coming from different elec-
trode arrays obtained over the same site along the
same profile would allow us to combine the rela-
tive advantages of every array and thus to produce
superior results (De la Vega et al. 2003; Stummer
et al. 2004; Athanasiou et al. 2007). The resolu-
tion capability and signal-to-noise ratio are also
optimised in the joint inversion of combined array
data (Zhou and Greenhalgh 2000; Dahlin and Zhou
2006). De la Vega et al. (2003) presented combined
inversion results of the dipole—dipole and Wenner
array data obtained from a hydrocarbon contam-
ination site. They recommended that combined
inversion results have superior depth of investiga-
tion and better lateral resolution when compared
to the inversion results obtained from each array
separately.

4. Results and discussions

Two numbers of 2D ERT profiles, viz, AA’ and
BB’ have been selected over an official colony
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of the Turamdih uranium mine, which is located
at about 24 km west of Jaduguda, Jharkhand,
India. Two electrode configurations, viz, Wenner—
Schlumberger and dipole—dipole have been consid-
ered for mapping the fracture zone and the asso-
ciated groundwater prospecting. ERT data have
been acquired along profiles AA’ and BB’ cover-
ing lengths of 141 and 235 m with an electrode
spacing of 3 and 5 m, respectively. The Wenner—
Schlumberger array collects 529 data points,
whereas the dipole-dipole array collects 944 data
points. Initially, each data set has been processed
separately in Prosys-II data handling software for
Syscal Junior Switch 48 IRIS Instrument. Fur-
thermore, both data sets collected by Wenner—
Schlumberger and dipole—dipole arrays have been
merged using the Prosys-II data handling soft-
ware. The Prosys II software allows to process
data in various ways. Once a data file is open in
the master window, data merging could be done
using the ‘Add’ menu button in the Prosys II
software. This resulted in a total number of 1473
data points with corresponding locations of the
data points. Subsequently, the data sets have been
examined through the extermination of bad data
points filtering technique, which is then exported
for processing using the RES2DINV software. Dur-
ing processing using Prosys-II data handling soft-
ware, all data points were considered for analysis
and inversion in the RES2DINV software. After
the elimination of spicks and noises, data sets
have been inverted based on the regularised least
square optimisation technique using RES2DINV
(Loke and Barker 1996). The inverted geoelectrical
sections have been interpreted based on the varia-
tion of anomalous high- and low-resistivity values.
The 2D ERT sections of profile AA’ and profile BB’
estimated using Wenner—Schlumberger and dipole—
dipole arrays and the inversion of the cumulative
data of both arrays are shown in figures 3 and 4
respectively.

4.1 Geoelectric model of profile AA'

As per the geoelectrical section of profile AA" gen-
erated by the Wenner—Schlumberger array, two
zones (AL1Y and AL2Y®) of water saturated allu-
vium/aquifer zone have been delineated near a
reduced distance (RD) of about 7-42 m (AL1™ and
75-130 m AL2™®) with relatively low resistivity of
about 30-80 Qm at the depth of about 3-14 m
(figure 3a). A prominent signature of relatively
high resistive fractured rock/weathered rock
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(AH1™®) at RD of 66-86 m with the depth of about
14-25 m has been identified with a resistivity of
about 250-500 Qm.

Three zones of a moist soil /water saturated allu-
vium/aquifer have been (figure 3b of profile AA’
which is estimated based on the dipole—dipole
array. These are near the RD of about (i) 6-48
m (AL19) with a depth range of 2-18 m, (ii) 72~
130 m AL2) with a depth range of 3-14 m and
(iii) 61-69 m (AL3%) with a depth range of 17—
24 m, all having relatively low resistivity of about
10—60 Qm. There is hardly any prominent signa-
ture associated with hard rock near RD 72 m.

Additionally, a 2D geoelectrical model of pro-
file AA’ have been estimated by the inversion of
the cumulative data of both dipole-dipole and
Wenner—Schlumberger data sets, as shown in
figure 3c. Three broad zones of moist soil/water
saturated alluvium/aquifer have been delineated
in the 2D geoelectric section (figure 3c) of profile
AA’ estimated by the inversion of the cumulative
data of both arrays These are near the RD of
about (i) 6-48 m (AL1®) with a depth range of
2-19 m, (ii) 72-130 m (AL2°) with a depth range
of 3-15 m and (iii) 61-69 m (AL3°) with a depth
range of 16-26 m, all having relatively low resis-
tivity of about 10-60 Qm. A prominent signature
of relatively high-resistive (AH1¢) rock/fractured
rockweathered rock/dyke like structure at RD of
about 70 m at a depth of about 10 m has been
identified with resistivity of about 500 m. The
bed rock with high-resistivity signature has been
delineated in both the 2D geoelectrical models of
profile AA’ estimated by the dipole-dipole array
and inversion of cumulative data of both arrays.

4.2 Geoelectric model of profile BB

The traverse of profile BB’ was taken at the bot-
tom of a hill slope across an ephemeral channel.
Three layered formation: (i) moist soil/water sat-
urated alluvium with average thickness of 15 m
having relatively low resistivity of about 2-200 Qm,
(ii) weathered rock/fractured rock with average
thickness of 4 m having moderate resistivity of
about 200—400m and (iii) bedrock with aver-
age thickness of 9 m having high resistivity of
about 500—2000 2m; have been delineated in the
2D geoelectrical model of profile BB’ based on the
Wenner—Schlumberger array (figure 4a). A signa-
ture of quite low resistivity of about 1—17 Q2m has
been identified between RD of about 137-144 m
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Figure 3. 2D ERT section along profile AA” over the lower ground near Basti: (a) Wenner—Schlumberger array, (b) dipole-
dipole array and (c) inversion of cumulative data of both arrays with a quality factor 5.

(BL1Y*) with a depth range of 3-15 m within the
first layer

A prominent signature of low resistivity of about
2—12Qm has been identified in a 2D geoelectri-
cal model of profile BB’ based on the dipole-
dipole array figure 4b, between the RD of about
135-146 m (BL1Y®) with a depth range of 4-19 m.
This is further spreading out to the greater depth
of about 41 m with a larger horizontal expansion.
In addition, a high-resistivity signature BH19¢ of
about 400 Qm associated with a rock/fractured
rock/weathered rock/dyke like structure between

RD of about 110-130 m and a depth of about 19 m
has also been identified

Furthermore, two noticeable signatures of (i)
quite low resistivity of about 3—15Qm between
RD of about 135-146 m (BL1°) with a depth
range of 3-24 m, which is further continuing to
a greater depth of about 44 km with a larger
horizontal expansionand (ii) a high-resistivity sig-
nature (BH1¢) of about 400 Qm between RD of
about 110-130 m with a depth of about 19 m
have also been identified in the 2D geoelectrical
model of profile BB’ estimated by the inversion



J. Earth Syst. Sci. (2019) 128:107

Page 7 of 10 107

Water charged zone from ephemeral channel

Bepth Iteratioa 7 dbs. ervor = .00 %
Bo 'K} 1.0

120 1600 pL R n

1.5
(R}

1.4
1

.0
n1

i
kLR

Inuerse Mogel Resistivity Section
ENENEOEEEECONEN
1B 561 e S L 415 1439
Besistivity is oba.n

Depth Iteration b Abs. error = 2.7 %
(X 0.0

Urit electrede spacing 5.00 .

100 g b0 n
L . L

6. (b)
2.4
159
1.4
pLR ]
w7
RS

A

Inverse Model Besistisity Sectimn

ENERECOEOEOOEIeEEN
P T T X R O R T

Hesistivity in om.n nit electrode spacing sl

Dyke / fractured roc

weathered rock
Depth Iteration 7 abs. ervor = 11,3 %
]

Water charged zone from ephemeral
channel within fractured rock mass

1L
154
1
2.8

w7

LR

Inverse Mde] Resistivity Section
ENERECNOROCOSONENE
L% 6N $E X1 WA 1 15 50
Resistivity in shn.n

Unt electrofe spacing 5.00 n.
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of the cumulative data of both dipole-dipole and
Wenner—Schlumberger data sets (figure 4c).

4.3 General discussions

It is observed from both profiles AA’ and BB’ that
horizontal features have been delineated well in 2D
geoelectric generated by the Wenner—Schlumberger
array but it is poor for resolving vertical structures
(Dahlin and Zhou 2004, 2006; Loke 2004; Das et al.
2017). Whereas the dipole-dipole array is quite

good to resolve the vertical resistivity variation.
From figures 3 and 4, it is found that generally
all the resistivity signatures associated with differ-
ent subsurface features have been delineated using
the inversion of the cumulative data of both arrays
(figures 3¢ and 4c). As such, any single array hardly
delineates all signatures. As a whole, the resistiv-
ity signatures delineated by the inversion of the
cumulative data of both arrays are mostly the com-
bination of the features of each array. It is also
observed that the 2D geoelectric section generated



107 Page 8 of 10

by the inversion of the cumulative data of both
arrays provides greater in-depth investigation than
any single array. These results are consistent with
the earlier observation indicating that the inver-
sion of cumulative data of multi array data sets
provides collective advantages of all arrays with
superior results (De la Vega et al. 2003; Stum-
mer et al. 2004; Athanasiou 2004; Athanasiou et al.
2007; Bharti et al. 2016a,b). It is already theoret-
ically established that combined data sets coming
from different geoelectric arrays carry supplemen-
tary information compared with the individual
data sets. De la Vega et al. (2003) conducted a
study for gasoline contaminated soil using Wen-
ner and dipole—dipole arrays. Furthermore, they
used both the data sets for combined inversion,
which results in superior in-depth investigation and
better lateral resolution compared to the inversion
results obtained from each array separately

5. Conclusions

From profile AA’, the low-resistivity features AL1
and AL2 have been delineated with the low-
resistivity range (~10to~80Qm) in all three dif-
ferent techniques (i) Wenner—Schlumberger array
AL1™®, (ii) dipole-dipole array (AL19%) and (iii)
inversion of the cumulative data of both arrays
(AL1°). However, AL3 has been delineated with
the low-resistivity range (~10 to ~50 Qm) using (i)
the dipole-dipole array (AL3%?) and (ii) inversion
of cumulative data of both arrays (AL3%). All these
low-resistivity features indicate moist soil water
saturated alluvium/aquifer. A high-resistivity fea-
ture AH1 identified in the Wenner—Schlumberger
array (AH1%®) and inversion of cumulative data of
both arrays AH1®, inferred to be a dyke-like struc-
ture

From profile BB, the low-resistivity feature BL1
has been delineated with the low-resistivity range
(~1 to ~15 Qm) in all three different techniques
(i) Wenner—Schlumberger array BL1™*, (ii) dipole—
dipole array (BL19Y) and (iii) inversion of the
cumulative data of both arrays BL1°, which indi-
cate water saturated clayey formation. The spread-
ing out of BL1 to the greater depth with a larger
horizontal expansion indicates a water-saturated
fracture zone. Interestingly, it is well correlated
with the surficial location of an ephemeral chan-
nel at the bottom of the hill across the slope. It is
observed that the low-resistivity feature (BL1™)
delineated in the Wenner—Schlumberger array is

J. Earth Syst. Sci. (2019) 128:107

limited to a shallow depth only, which indicates
a relatively deeper extension using dipole—dipole
(BL199). However, this is well delineated to a
greater depth and horizontal extension using the
inversion of the cumulative data of both arrays
(BL19Y). A high-resistivity feature BH1 identi-
fied in the dipole-dipole array (BH19%) and the
inversion of cumulative data of both arrays BHI1,
inferred to be a dyke-like structure. The present
study reveals that the geoelectric sections gener-
ated by the inversion of the cumulative data of both
arrays provides superior results, which delineates
all features with a greater depth of investigation
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