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Characterization of the shear zone with pole–pole electrical resistivity tomography (ERT) was carried
out to explore deep groundwater potential zone in a water scarce granitic area. As existing ﬁeld conditions does not always allow to plant the remote electrodes at suﬃciently far of distance, the eﬀect of
insuﬃcient distance of remote electrodes on apparent resistivity measurement was studied and shown
that the transverse pole–pole array aﬀects less compared to the collinear pole–pole array. Correction
factor have been computed for transverse pole–pole array for various positions of the remote electrodes.
The above results helped in exploring deep aquifer site, where a 270 m deep well was drilled. Temporal hydro-chemical samples collected during the pumping indicated the hydraulic connectivity between
the demarcated groundwater potential fractures. Incorporating all the information derived from diﬀerent investigations, a subsurface model was synthetically simulated and generated 2D electrical resistivity
response for diﬀerent arrays and compared with the ﬁeld responses to further validate the geoelectrical
response of deep aquifer set-up associated with lineament.

1. Introduction
Water scarcity is a well known problem in India
particularly in the hard rock terrain of semiarid climatic condition, where groundwater level
has considerably declined due to over-exploitation
and irregular rainfall. Existing bore-wells (∼60 m
deep) in Andhra Pradesh are not yielding enough
water to fulﬁll the requirement (Rao et al. 2008).
TERI’s report (2003) brings astonishing details on
the existing as well as the impending water crisis in India. The investigation presents the declining trend of water storage since 1947 to 1997 and
projects a dismal scenario of India by 2047. The
annual per capita water availability in India fell by
62% in the ﬁrst 50 years of independence and the

trend may likely to worsen in the next 50 years with
a projected 67% decline. The underground reservoirs are expected to dry by 2025 in as many as
15 states in India, if the present level of exploitation and misuse of underground water continues.
Decision support tool developed in granitic terrain of Mahaeshwram watershed in southern India
projected that 50% of the existing wells go dry
in few years causing serious socio-economic consequences, if the present trend of groundwater
exploitation continues. Hence it was suggested
for change in the cropping pattern as well as
artiﬁcial groundwater recharge (Dewandel et al.
2007). Though the groundwater is replenishable
due to rainfall, the imbalance between recharge and
pumping is widening due to increasing population
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associated with high agriculture activity based on
the groundwater.
The entire hydrogeological set-up in the hard
rock region can be divided into two distinct
groundwater systems. One at shallow depth usually
lies in unconﬁned conditions with a local recharge
and dense pumping structures. This system of
aquifer is vulnerable to both for water scarcity as
well as contamination. The other one is at comparatively deeper depth in conﬁned or semi-conﬁned
conditions with recharge source at a longer distance
and comparatively less groundwater withdrawal.
Such a system is less vulnerable compared to shallow one. Hence there is a need to explore the deep
groundwater potential fracture zones to meet the
present demand.
A decade back, depth to groundwater was very
shallow, and exists in the weathered/laminated
portion of the hard rock areas. However, due to
the mounting stress on the groundwater system,
water levels declined to the ﬁssured zone. Even
the deeper wells also turns dry due to limited
potential of fracture system and extensive development. The ﬁssured/fractured zone lying or connected with lineament still have better chances of
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supplying the water even during the pre-monsoon
period (Chandra et al. 2006a, 2010). As density of
fracture reduces with depth, exploration of deep
fractures becomes a challenging task. The volumetric contribution of the deeper fracture to the total
signal measured at surface become insigniﬁcant.
In general, the characteristic features of granitic
aquifers that are found in the southern Indian
peninsula revealed that potential aquifers can be
found up to a depth of around 60 m from the
surface except rarely captured deep fractures of
the tectonic origin. Chandra et al. (2010) explored
>60 m deep high yielding wells associated with
the quartz reef in granite host rock. Such features are mostly one dimensional and quite difﬁcult to delineate using surface geophysical techniques. This paper presents an approach adopted
to explore deep fracture systems associated with
potential groundwater zone, in a water scarce
granitic terrain located at APSP campus, Dichpally, Nizamabad district in India (ﬁgure 1). This
study was done to provide water to approximately
1500 people belonging to the Andhra Pradesh
Special Police (APSP), 7th Batallian, Dichpally,
Nizamabad.
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Figure 1. Location map of APSP campus, Dichpally, Nizamabad (India).
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2. Study area
APSP campus is located in Dichpally village
of Nizamabad district (i.e., ∼135 km NNW of
Hyderabad) in Andhra Pradesh covering 19◦ –
20◦ N and 77◦ –79◦ E (ﬁgure 1). The shallow aquifer
system is having limited groundwater potential
and almost meager groundwater available during
summer months. The area is covered by peninsular gneissic complex, which includes various
litho-units, mainly granites and gneisses with
numerous enclaves of older metamorphic rocks of
diverse mineralogy (Dubbak 1990; Perraju and
Natarajan 1977; Rao et al. 2008). Several proterozoic dolerite dykes and also quartz intrusions are
seen in the area trending in N–S direction. Cretaceous basalts are covered in the south-west and
south-eastern parts.
The study area is the south-western fringe zone
of a major lineament called Godavari rift valley
running NW–SE direction. The multi-stage developed Godavari rift valley created several weak
zones/faults in basement rock at their respective
boundaries (Sarma and Rao 2005). These weak
zones are potential zones for groundwater occurrence. Geophysical methods are used to identify
these weak zones in order to explore deep groundwater potential zones.
3. Hard rock aquifer characteristics
Groundwater resources in crystalline rocks such as
granites, gneisses and schists is mainly restricted to
weathered and to some extent to the fracture zones.
Due to high heterogeneity in the hard rock, especially in terms of fracture system, the aquifer characteristics vary from place to place and therefore
the water holding capacity of these rocks also vary
drastically in space (Chandra et al. 2006a, 2008).
In hard rock regions, groundwater occurs mainly at
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the top in weathered/laminated granite and other
pore spaces found in the form of cracks, joints
and fractures developed as a result of some geological process. Weathering and ﬁssuring are interlinked processes. For example, biotite in granite is
relatively more susceptible to weathering when it
comes in to contact with moisture (Eggler et al.
1969; Ledger and Rowe 1980) and the resultant
swelling increase the volume favouring the development of cracks and ﬁssures (Dewandel et al. 2006).
However, there are other types of fractures generated due to tectonic activities, which are supposed
to be extended to a large distance horizontally as
well as sub-vertically which favour the groundwater
movement (Sukhija et al. 2006). Fissuring is mostly
controlled by geomorphology of the area and thus
their extension may not be very large. Whereas,
the tectonic fractures may be of large dimension
based on the strength of the tectonic activity.
Wyns et al. (2004) have given a simpliﬁed geological model describing various litho units in hard
rocks (ﬁgure 2). The units are described from top
to bottom as: (i) saprolite or regolith, derived from
prolonged in situ decomposition of bed rock with a
thickness varying from negligible, where eroded to
few tens of meters. The base of the saprolite is frequently laminated, constituted by a relatively consolidated weathered parent rock (Eswaran and Bin
1978; Acworth 1987; Sharma and Rajamani 2000;
Chigira 2001; Dewandel et al. 2006), (ii) ﬁssured
layer consists of dense horizontal, sub-horizontal
and sub-vertical ﬁssures (Houston and Lewis 1988;
Howard et al. 1992; Maréchal et al. 2003; Wyns
et al. 2004), and then (iii) compact bedrock, that
may locally exhibit tectonic fracturing. The ﬁssured layer is generally characterized by two sets of
ﬁssures like sub-horizontal and sub-vertical, where
density decreases with depth (Houston and Lewis
1988; Howard et al. 1992; Dewandel et al. 2006;
Chandra et al. 2008) and assume the transmissive
function of the composite aquifer. The lithological

Figure 2. Simpliﬁed geological weathering proﬁle of hard rock aquifer (after Wyns et al. 2004).
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model shows dominance of lateral fracture over vertical, which is probably the characteristic property
of the hard rock generated due to ﬁssuring; however, the deeper fractures could be generated due
to tectonic activity.
With the consequence of groundwater overexploitation, water level is receding annually and
thus, at present, conﬁned to ﬁssured/fractured
zones. Groundwater movement in the fractured/
ﬁssured zone is dependent on the fracture network.
Therefore, this zone is also called as semi-conﬁned
aquifer as water struck while drilling at deeper
level rises upward to maintain the hydraulic and
atmospheric pressure balance.
4. Methodologies used
Referring to Wyns et al.’s (2004) lithological model
of hard rock, it was planned to explore the deep
fractured granite associated with lineament that
may qualify into potential aquifer. Thus, Shuttle Radar Topographic Mission (SRTM) data as
well as geological map of the area were studied to prepare lineament map followed by ﬁeld
ground surveys. Four ERT proﬁles with Wenner–
Schlumberger array were carried out ﬁrst to conﬁrm the existence of lineament in the ﬁeld followed by deep characterization by pole–pole ERT.
To overcome the practical problem of insuﬃcient
distance for remote electrodes, these were planted
in transverse direction of the proﬁle and correction factor (to be multiplied with the measured apparent resistivity data before its inversion
for true resistivity) was computed for the existing ﬁeld condition. Based on the ERT results, a
site was selected and drilled to cross-check the
ERT results and also to understand the hard rock
complexity. Temporal hydro-chemical data were
analyzed to ﬁnd out the interconnectivity of the
observed fractures. Hydraulic conductivity for different zones has been estimated from electrical
resistivity parameters. To have a cross validation
of all the geophysical results, synthetic simulation has been carried out to generate 2D electrical
resistivity response of shear zone across proﬁle.
5. Results and discussions
5.1 Geomorphology
It is quite evident from the earlier studies that
lineaments play a vital role in exploring the
groundwater potential sites (Lattman and Parizek
1964; Mabee et al. 1994; Magowe and Carr 1999;
Chandra et al. 2006a; Solomon and Quiel 2006).
Field studies were carried out to map the lineament
pattern in the study area using the Shuttle Radar

Topographic Mission (SRTM) images, remote sensing data of Landsat image of ETM+2000 (Path-144
and Row-47 form USGS website www.landsat.org).
Visual interpretation of the SRTM data, revealed
cluster of regional lineaments within the basement rock trending in diﬀerent directions such
as NW–SE, NNW–SSE, NNE–SSW and NE–SW
(ﬁgure 3a, b). The NW–SE lineaments are predominant in the region running hundreds of kilometers.
The geological map of Nizamabad district
obtained from Geological Survey of India (1995)
has also been studied for structural interpretation of the study area around Dichpally (ﬁgure 3c,
d). It has also revealed similar features, i.e., there
are three sets of lineaments trending in NW–SE
and NE–SW and N–S to NNE–SSW directions.
The major lineaments of NW–SE are cross-cut by
NE–SW lineaments. The NW–SE trend resembles
a major deformed zone, which acts as a shear zone
and other directions of lineaments could be fractures resulting from the shear zone. Deccan basaltic
ﬂows are also covered in the surface area in the
south of Dichpally. The major NW–SE lineament
running from Dichpally joins Godavari river, oriented in the east-west direction locally. Several
dolerite dykes with varying length (few meters
to several kilometers) and width (10–50 m) are
also seen traversing N–S direction passing east of
Dichpally (ﬁgure 3c, d). But majority of dykes
are running in NE–SW direction located at the
southern portion.
Field observations reveal that the tonalities and
younger granites have undergone brittle to ductile
deformation at several places. Phyllonitic nature
and shear zone imprints of small scale arcuate patterns found in the basement tonalities at Dusgaon
village represent NW–SE ductile shearing. Grey to
pink porphyritic granites of younger intrusions in
basement tonalities were observed at several places.
The fractures in the granites have been intruded
by number of thin quartz veins that may interrupt
the groundwater movement.

5.2 Electrical resistivity
Having wide range of resistivity for diﬀerent geological materials, electrical methods are the ﬁrst
preference for the various hydrogeological problems
(Keller and Frischknecht 1966; Kelly and Frohlich
1985; Singhal et al. 1998; Barker et al. 2001; Jain
et al. 2003; Chand et al. 2004; Rao and Chandra
2005; Krishnamurthy et al. 2006; Chandra et al.
2006b,c, 2010; Dhakate et al. 2008). Vertical electrical sounding by Schlumberger array is the most
commonly employed method to demarcate the vertical resistivity distribution. The geomorphological study reveals that the APSP campus falls on
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Figure 3. (a) SRTM; (b) interpreted lineament map from SRTM; (c) geological map; and (d) interpreted lineament from
geological map of the study area and its surroundings.

a shear zone lineament, and hence, 1-D soundings are vulnerable to the near surface inhomogeneity (NSI) eﬀects that mislead the resistivity
interpretation (Chandra et al. 2004). Therefore,
2D electrical resistivity measurements were carried out to get the high resolution data. Four
2-D ERT proﬁles (ER1, ER2, ER3 and ER4)
with Wenner–Schlumberger were carried out in and
around the campus to investigate deep weatheredﬁssured/fractured granite associated with lineament. The proﬁles are 470 m long except ER2,
i.e., 710 m long. The acquired data has been
inverted by RES2DINV inversion program (Loke
and Barker 1996; Loke 2000). The inverted resistivity images are arranged as per their layout in
ﬁgure 4. Although the proﬁles ER1 and ER3 did
not give any expected response to lineament, a little indication of low resistivity anomaly (marked
by arrow at 360 m on lateral scale in ﬁgure 4)
was observed in ER2. Chandra et al. (2010) studied ERT response of lineament for varying ﬁeld

conditions and noise levels and shown that such
poor resistivity anomaly could also be the result of
random noise in the ﬁeld data. Still it cannot be
ignored completely as the anomaly lies at the centre of the proﬁle, which is high sensitive zone of
the Wenner–Schlumberger array. However, it needs
further detailed investigation to the deeper level.
The proﬁle ER4 lying outside the campus has given
signiﬁcant anomalous low resistivity zone at 265 m
lateral scale. A line joining to these points found
oriented in NW–SE direction corresponding to the
major lineament as shear zone marked in lineament
map and geological map of Nizamabad. Although,
ER4 has reﬂected higher degree of anomaly, it lies
outside the campus. The objective was to provide
deep groundwater potential well inside the campus
and hence, in spite of poor indication in ER2 image
that falls inside the campus, was selected for deeper
subsurface investigation, with the help of pole–pole
ERT of 10 m electrode spacing using Syscal pro 72
instrument.
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Figure 4. Wenner–Schlumberger ERT proﬁles at APSP campus and its vicinity and line of probable shear zone.

In pole–pole array, two electrodes (one current
‘B’ and one potential ‘N’) need to be planted at
inﬁnity distance called as remote electrodes, and
other two electrodes (i.e., current ‘A’ and potential
‘M’) take part in the measurement along the proﬁle
(ﬁgure 5a) called active electrodes. It is not always
possible to maintain the ideal inﬁnity distance to
the remote electrodes due to various reasons such
as topographic undulations, busy road/rail tracks,
forests, villages, cattle, etc. As the study area is of
triangular in shape and surrounded by roads and
rail track, arranging the remote electrodes at far
oﬀ distance is not possible. In such situation, the
placement eﬀect of the remote electrodes on the
apparent resistivity was studied.
Two arrangements of pole–pole array have been
considered here, viz., (1) collinear pole–pole, where
the remote electrodes are planted in the line of
proﬁle, and (2) transverse pole–pole, where remote
current and potential electrodes are planted in
transverse direction on either side of the proﬁle line
(ﬁgure 5).
For the ΔV potential diﬀerence (mV) measured
due to current injection ‘I’ (mA), the apparent

resistivity ρa for half space can be calculated using
equation (1) given below:
ΔV
(1)
I
where K is called as geometrical factor that is
determined solely by the geometry of the electrode
set-up and can be calculated as:
−1

1
1
1
1
−
−
+
K = 2π
.
|AM| |BM| |AN| |BM|
(2)
ρa = K

Using the above formula, geometrical factor Kc and
Kt respectively for collinear and transverse polepole arrays can be formulated as per ﬁgure 5(a):
n2 − 1
(3)
Kc = 2πa 2
n −n−4
−1

1
1
−√
Kt = 2πa 1 −
(4)
2n
1 + n2
where ‘a’ is the distance between active electrodes AM and ‘na’ is the distance of the remote
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Figure 5. (a) Collinear and transverse pole–pole arrays, (b) inﬂuencing factor of remote electrodes on apparent resistivity
measurement against normalized remote electrode spacing with active electrode spacing AM, and (c) zoom view of (b) for
the n in the range of 4–10.

electrodes from M . The array become ideal pole–
pole when n is extremely large for which the above
geometrical factor reduces to:
K∞ = 2πa.

(5)

In this condition, it is immaterial which direction
the remote electrodes are planted, the apparent
resistivity measurement is unaﬀected.
To visualize the eﬀect of the collinear and transverse pole–pole arrays on the apparent resistivity,
the geometrical factor has been calculated with
varying distance of remote electrodes. Figure 5(b)
shows the computed geometrical factors (Kc and
Kt ) for collinear and transverse pole–pole arrays
normalized with K∞ plotted against n, i.e., remote
electrode spacing (BM) normalized with the active

electrodes spacing (AM). The eﬀect of remote
electrode reduces exponentially with increasing
value of n and more or less become constant after
n reaches 10 or more. Therefore, it is universally
adopted to keep remote electrode at least 10 times
of the proﬁle length for 1-D or largest value of AM
in case of 2-D survey. Thus for 300 m long proﬁle,
remote electrodes are to be planted each at 3 km
away that means total 6 km long wire has to be
spread out solely for remote electrodes. But the
problem was diﬃcult even to maintain 10 times far
distance to the remote electrodes and hence looking for small value of n, a clear diﬀerence can be
seen between the Kc and Kt (ﬁgure 5c). The Kt
has lesser eﬀect than the Kc . For example, Kc and
Kt reach to 1.42 and 1.55 respectively for n = 5.
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Therefore in the present ﬁeld, transverse pole–pole
ERT was planned with remote electrode position 5
times (i.e., ∼1500 m) of the largest value of AM,
i.e., 300 m.
Due to the existing ﬁeld constraints, the remote
electrodes distance was compromised to 5 times
instead of 10, correction factor (C.F.) was computed (i.e., C.F. = Kt /K∞ ) to overcome the eﬀect
of remote electrodes on the apparent resistivity.
Figure 6(a) demonstrate the computed correction
factor curve with varying electrode separation
(AM) keeping the remote electrodes at varying distances, viz., 500, 525, 550, 600, 750, 1000, 1500,
2500, 4500 and 7500 m. For each curve, position
of the remote electrodes is ﬁxed. Closer the remote
electrodes, higher the degree of inﬂuence on apparent resistivity and hence higher the correction factor which is quite obvious. Thus the pole–pole

ERT were processed by incorporating the remote
electrodes location and inverted to get the actual
formation resistivity distribution.
The pole-pole ERT has revealed subsurface electrical resistivity response up to 285 m depth
(ﬁgure 6b). The central low resistivity anomaly
observed in the Wenner–Schlumberger image was
well resolved, which is signiﬁcantly low in the range
of 300–500 Ωm continuing to the bottom of the proﬁle. High RMS error (i.e., 9.7) was expected due
to laterally heterogeneous media, but the low resistivity anomaly of the order of 100 Ωm observed
on the bottom edges was surprising. Therefore, the
inverted data was checked for sensitivity distribution that is found in the range of 0.0785–19.4 and
hence applying the cut-oﬀ sensitivity 0.125, low
sensitive part was removed (ﬁgure 6c). Now the
high sensitive resistivity section was found up to
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Figure 6. (a) Correction factor curve computed for varying positions of the remote electrodes, (b) transverse pole–pole
ERT section, and (c) transverse pole–pole ERT section after blanking out the low sensitive zone.
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The mechanism of groundwater ﬂow in fractured
hard rocks, where inhomogeneties and discontinuities have a dominant role to play, is as
important as that siting a well. Yield of a bore
well in the multi-fracture system is depending
on the individual fracture thickness, its water
source and inter-communication, between the different fracture systems. To understand the aquifer
inter-communication, hydrochemical and isotopic
methods are quite useful (Mazor 1991; Sukhija
et al. 2006).
Geomorphological and geosynthetic methods
adopted in the study area resulted drilling of 270 m
deep bore well with existence of three groundwater potential fracture zones. In order to ﬁnd out
its interconnectivity, hydrochemical analysis and
C-14 dating were attempted. Apart from the drilled
deep well (NB-1), two more samples were also collected for hydrochemistry and C-14 dating from the
nearby existing shallow bore wells (∼67 m) (i.e.,
PB-2 at ∼25 m and PB-3 at ∼300 m distance)

Table 1. Temporal hydrochemical distribution in 270 m deep well (NB-1).

6.1 Hydrochemical analysis

HCO3

6. Validation
To validate the above results, a well (NB-1) has
been drilled at the recommended site down to a
depth of 270 m, where number of fracture zone
has been encountered at diﬀerent depths with
the ingress of water at ∼31, 110, and 180 m
respectively. Drilling authority reported occurrence
of enormous amount of water yielding around
∼15 m3 /h and hence drilling was stopped at 270 m.
A motor has been installed at 225 m depth to
exploit the groundwater for drinking purposes. The
bore well is supplying the water with the same yield
since 2008. The well was logged for electrical resistivity measurement that has conﬁrmed the water
ingress depths in the form of low resistivity (ﬁgure 6d). There is an additional low resistivity zone
encountered at ∼67 m depth indicating a thin sheet
joint. Further validation was carried out by analyzing the temporal hydro-chemical distribution of
pumped groundwater and synthetic simulation of
ERT response of shear zone lineament.

1.1
0.6
1.2
0.7
0.7
0.7
0.9
1.1

Water type

240 m depth, where one can rely and take the
decision.
As the electrolytic conduction is mainly responsible for current ﬂow in granite, the low resistivity
is an indication of weaker, i.e., weathered-fractured
zone saturated with water. Such thick and deep
anomalous zone is considered as an indication of
deep tectonic fractures saturated with water and
hence recommended for drilling of the deep well at
the centre of ER2 proﬁle.

Ca-Mg-HCO3
Ca-Mg-HCO3 -Cl
Ca-Mg-HCO3 -Cl
Ca-Mg-HCO3 -Cl
Ca-Mg-HCO3
Ca-Mg-HCO3
Ca-Mg-HCO3
Ca-Mg-Na-HCO3 -Cl
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to understand the communication between shallow
and deep aquifers.
Initially, one sample was collected from the
newly drilled bore well using a simple bailor for
hydrochemical measurements 10 days after the
drilling. A 17.5 HP submersible pump was installed
in the well at a depth of 225 m and has been
pumped continuously for their use. The pump was
stopped for few days before the C-14 sample collection. At the time of C-14 sample collection, as
soon as the pump started, a sample is collected for
hydrochemistry and four more samples were collected at diﬀerent intervals during the 50 min. of
pumping (table 1). For carbon-14 dating ∼150 ltr
sample collected after ∼10 min. of pump started.
Hydrochemical analysis (major ions including
pH, conductivity and TDS) and C-14 dating were
made at NGRI Laboratory. The hydrochemical
data provided some useful information on interconnectivity of diﬀerent fractures. As it can be seen
from table 1, the concentration of diﬀerent chemical constituents are having great diﬀerence when
the sample was bailed out from the water table
10 days after the drilling and the 1st sample collected from the deep aquifer by submersible pump
(table 1). The ﬁrst sample is relatively more mineralized (∼1.5 times) than the shallow well waters.
The total dissolved solids (TDS) of deeper water

is 680 mg/l and the shallow water (sample collected with the bailor) is only 480 mg/l. Sodium
concentration also maintain the same ratio as that
of TDS, but calcium (Ca) and magnisium (Mg)
concentrations are having lesser variation between
deep and shallow waters. Deeper water has very
high chloride concentration (134 mg/l) in comparison to shallow groundwater (60–80 mg/l) and the
bicarbonate is almost same in shallow and deep
groundwater. Shallow aquifer water type is Ca-MgHCO3 and the deeper water type is Ca-Mg-HCO3 Cl. However, the concentration of diﬀerent chemical constituents reduced gradually with in 50 min.
of pumping and reached to the levels of shallow
aquifer/shallow wells nearby (ﬁgure 7).
The ﬁrst sample at zero time (immediately after
switching on the pump) represents the deeper zone
water, i.e., the water around the pump at a depth
of 230 m. Since the deeper fracture groundwater
yield is lesser than the pumping rate, with time,
pump captured more water from the shallow zone.
This capture is through inter-connectivity of different fracture systems and also directly through
the well. Due to this, hydrochemistry of the pumping water changed gradually and reached to same
as that of shallow water. Presence of more nitrate
in deeper water than the shallow water indicates
that the deeper fracture also connected to top
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Figure 7. Temporal hydrochemical parameters of NB-1 270 m deep and PB-2 and PB-3 surrounding shallow (∼60 m) wells.
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shallow fractures/vadose zone in the nearby area.
The C-14 results of the deep as well as shallow
wells indicated only Modern age (about 50 years).
These two observations indicate that though the
deep well encountered multilayer aquifer system
(sheet joints), being the shear zone, the sheet joints
are connected by a network of vertical joints.

6.2 Synthetic 2D resistivity modelling
Although, all the observations have been found
corroborating with each other, a little diﬀerence
or some additional information was given by different approaches such as the resistivity response
in ER2 Wenner–Schlumberger image was conﬁned
to shallow level (i.e., 91 m) with little indication of lineament, whereas transverse pole–pole
ERT has strongly reﬂected lineament with an

1465

indication of second weak (aquifer-II) zone below
80 m depth continuing to 240 m with high resolution data. Drilling results show encountering of the
fractures with water ingress at 31, 110 and 180 m
depth. Thus the second aquifer derived from ERT
got subdivided into two fractured zones (i.e., subaquifers). Hydrochemical analysis indicates that,
in spite of being three diﬀerent fracture systems,
they get inter-connected due to leakage through
few cracks/joints in the basement rock at the time
of pumping. Therefore it was decided to do a synthetic simulation incorporating all the possible scenario observed above and analyze the 2D electrical
response.
A 470 m long and 290 m deep 2D synthetic
model was prepared representing the actual ﬁeld
conditions. The 2D model has been divided into
2632 blocks of equal breadth (2.5 m) but varying
height. The blocks were assigned resistivity values

(a)

(c)

Pole-Pole

(b)

Pole-Pole

(d)

Pole-Pole
Pole-Pole

Wenner-Schlumberger

Colour Index of Inverse Resistivity Section

Colour Index of subsurface physical Resistivity Model

Figure 8. Synthetic ERT simulations for: (a) tabular/layered 2D model with increasing resistivity with depth, (b) central
conductive zone representing 60 m deep weathered and 20 m underlying ﬁssured/fractured granite in layered 2D model;
(c) central conductive zone with increased ﬁssured column down to 150 m depth; and (d) increasing the fracture column
down to depth of 270 m.
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in increasing order with depth considering the
alteration in the granite reduces with depth resulting in reduction of volumetric percentage of water
which causes rise in resistivity. Although number of synthetic simulations were performed, only
four typical models are presented in ﬁgure 8, i.e.,
(i) horizontal stratiﬁed subsurface with increasing
resistivity with depth; (ii) horizontal stratiﬁed
subsurface with 80 m deep central low resistivity
blocks; (iii) horizontal stratiﬁed subsurface with
150 m deep central low resistivity blocks; and (iv)
horizontal stratiﬁed subsurface with 270 m central
low resistivity blocks. The central blocks were
assigned 20 Ωm resistivity to represent water saturated pores found due to fractures. Apparent resistivity data were generated for Wenner–Schlumberger
and pole–pole arrays using RES2DMOD and produced true resistivity subsurface model after inversion of apparent resistivity data by RES2DINV.
Prior to inversion, 2% random error was added to
the apparent resistivity data to bring the simulation results to the real ﬁeld conditions.
The ﬁrst inverted true resistivity model has produced almost similar layered 2D resistivity structure as well as same order of resistivity to the
synthetic subsurface model. As the depth level of
the low resistivity blocks are increasing in second, third and fourth synthetic models, lowering
of the low resistivity front could also be seen in
the inverted resistivity models of the corresponding
proﬁles. Figure 8(d) represents both the Wenner–
Schlumberger and pole–pole images for the same

synthetic model. The inverted 2D synthetic sections are reasonably close to the ﬁeld sections.
It is important to note that, even the shallow
low resistivity blocks produce the low resistivity
anomaly to the greater depths than the actual. For
example, low resistivity blocks assigned up to 80 m
and 150 m in ﬁgure 8(b and c) respectively were
given relatively signiﬁcant anomaly to the corresponding depth. But anomaly pattern (with less
contrast) also continue roughly to its double the
actual depth level. Thus, a care should be taken
while considering the depth of the geological target
and hence suggested to look for the signiﬁcantly
strong anomaly.
Thus, the investigation results obtained from the
various methods are validated and the synthetic
model in ﬁgure 8(d) can be taken as quite close
to real subsurface condition. Although the present
data is not suﬃcient to prepare actual weathering
cross section, but to visualize ground condition, all
the observations are integrated and prepared 2D
cross section of weathering proﬁle of the shear zone
that shows top saprolite followed by underlying
weathered-ﬁssured, ﬁssured and compact granite
(ﬁgure 9). The central zone with dense fractures is
nothing but the shear zones and the fracture zone
demarcated through geophysics and conformed by
drilling can be seen at diﬀerent depths.
The integrated study has helped in exploring a
deep potential groundwater zone in APSP campus falling in water scarce granitic terrain in
Nizamabad district, Andhra Pradesh (India). It

Shear zone

NB-1

PB- 2

PB-3

Saprolite
Weathered fissured granite

Depth (m)

Fissured granite

Sheet joint

Compact granite

Distance (m)

Figure 9. 2D proﬁle of weathering cross section of shear zone prepared based on the investigations.
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has shown the existence of multi-aquifer set-up
associated with lineament in granitic hard rock
terrain.
7. Summary and conclusion
In the present study, groundwater potential zone
at much deeper level was investigated using integrated geomorphological and geophysical investigations. The deep aquifer system appears to
have multi-fractured zones with higher permeability than usually expected. As the area experienced several tectonic events and is associated with
Godavari rift valley, it is supposed to create a wide
shear zone.
The geomorphology played an important role in
selecting suitable sites for carrying out deep geophysical surveys with high degree of chances to
meet the objective. Brittle deformation features are
water bearing and are associated with the formation of deep open cavities that enhance the permeability of the country rocks. The studies suggest
that the structures having a NW–SE strike direction are more likely to be under extension and
therefore open, hence they are the primary hydrogeological targets.
Integrating all the factors, such as, the study
area is the part of the NW–SE trending shear zone,
SW fringe of the Godavari rift zone, major lineament traversing in NW–SE as well as conductive
thick zone obtained at deeper level; the site was
considered favourable for deep water potential zone
and was recommended for drilling. The 270 m deep
drilling conﬁrmed the geophysical anomalies. A
multi-aquifer system with two deep thick tectonic
fracture zones at ∼110 and 180 m depths are ﬁrst
time encountered. Interconnectivity of diﬀerent
water bearing zones validated through change in
hydrochemical concentration during the pumping.
The study also demonstrated that the transverse
pole–pole array is preferable over the collinear
pole–pole array where remote electrodes are diﬃcult to plant at suﬃciently far distance. The previous array has lesser inﬂuence compared to later
one on the apparent resistivity measurement.
Although the geophysical, drilling and hydrochemical results revealed either little diﬀerent or
some additional information, the synthetic simulation incorporating all the information produce
quite close response to the ﬁeld ERT. Hence the
ﬁeld ERT supported the existence of the multiaquifer system composed of fractures in the
granitic terrain at Nizamabad. Synthetic simulation study also alerts that the depth of the hydogeological target should be carefully decided based
on the resistivity anomaly. The anomalous pattern is roughly seen continuing double the depth of
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the hydrogeological target in pole–pole ERT with
weaker anomaly below the target depth.
The integrated approach has ﬁnally helped in
exploring deep thick fracture zones in granitic terrain at Nizamabad district in Andhra Pradesh.
This is a potential aquifer, which is yielding copious
water to fulﬁll the groundwater demand of APSP
campus.
Acknowledgements
The authors acknowledge the support provided
by the Director, NGRI, Hyderabad to carry out
this work. They are also thankful to Andhra
Pradesh Special Police, 7th Battalion, Dichpally,
Nizamabad for the ﬁnancial and logistic support
to carry out this study. Special thanks to APSP
oﬃcers Sri T Vijay Kumar, Executive Engineer,
Sri V Ravi Kumar, Deputy Executive Engineers,
Sri Srinivas and Sri Devender, Assistant Engineers
for taking the extra care. Help extended by Dr
Dewashish Kumar, Mr T Yellappa, NGRI in data
collection and their valuable suggestions in preparing the manuscript are greatly acknowledged. The
constructive comments and suggestions by anonymous reviewers are greatly appreciated, which has
tremendously improved the quality of the paper.
References
Acworth R I 1987 The development of crystalline basement
aquifers in a tropical environment; Quart. J. Eng. Geol.
20 265–272.
Barker R, Rao T V and Thangarajan M 2001 Delineation of
contaminant zone through electrical imaging technique;
Curr. Sci. 81(3) 277–283.
Chand R, Chandra S, Rao V A and Jain S C 2004 Estimation
of natural recharge and its dependency on sub-surface
geoelectric parameters; J. Hydrol. 299 67–83.
Chandra S, Rao V A and Singh V S 2004 A combined
approach of Schlumberger and axial pole-dipole conﬁgurations for groundwater exploration in hard rock areas;
Curr. Sci. 86(10) 1437–1443.
Chandra S, Rao V A, Krishnamurthy N S, Dutta S and
Ahmed S 2006a Integrated studies for characterization of
lineaments to locate groundwater potential zones in hard
rock region of Karnataka, India; Hydrogeol. J. 14 767–776.
Chandra S, Atal S, Murthy N S K, Subrahmanyam K,
Rangarajan R, Reddy D V, Nagbhushanam P, Murthy J
V S, Ahmed S and Dimri V P 2006b Oozing of water in
parts of Andhra Pradesh, India; Curr. Sci. 90 1555–1560.
Chandra S, Atal S, Reddy D V, Nagabhushanam P, Murthy
N S K, Subrahmanyam K, Rangarajan R, Ahmed S and
Dimri V P 2006c Explication of water sprouting phenomenon observed in parts of Andhra Pradesh; J. Geol.
Soc. India 68 157–159.
Chandra S, Ahmed S, Ram A and Dewandel B 2008 Estimation of hard rock aquifers hydraulic conductivity from
geoelectrical measurements: A theoretical development
with ﬁeld application. J. Hydrol. 35 218–227.
Chandra S, Dewandel B, Dutta S and Ahmed S 2010 Geophysical model of geological discontinuities in a granitic

1468

Subash Chandra et al.

aquifer: Analyzing small scale variability of electrical
resistivity for groundwater occurrences; J. Appl. Geophys.
71 137–148.
Chigira M 2001 Micro-sheeting of granite and its relationship with landsliding specially after the heavy rainstorm
in June 1999, Hiroshima Prefecture; Japan Eng. Geol. 59
219–231.
Dewandel B, Gandolﬁ J-M, Zaidi F K, Ahmed S and
Subrahmanyam K 2007 A decision support tool with
variable agroclimatic scenarios for sustainable groundwater management in semi-arid hard rock areas; Curr. Sci.
92(8) 1093–1102.
Dewandel B, Lachassagne P, Wyns R, Maréchal J C and
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