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Abstract
The majority of well failures in the khondalitic terrain of northern parts of Eastern Ghats of India are due to the extent of the depth of
kaolinisation (highly weathered material) of the khondalitic aquifer. Since One-Dimensional Vertical Electrical Sounding (VES) surveys show
the similar resistivity values for both kaolinised and weathered khondalitic aquifer, the Electrical Resistivity Tomography (ERT) and Induced
Polarization (IP) techniques are employed along the success and failed well pair in the khondalitic terrain. Very thin kaolinised formation
followed by the aquifer for the success well and the complete kaolinisation up to deeper depths for the failed wells are the characteristic
features for the difference in well yields. The ERT images found that the depth of kaolinised material at the failed wells is extended about
21–50 m deeper than the success wells. The aquifer thickness is varied nearly 15–31 m at success wells while the same is maintained only
about 7–9 m at failed wells. IP images revealed that the layers with moderate chargeability values of 2.63–3.58 m-sec are indicated as
weathered/fractured khondalitic aquifers and the layers with lower chargeability values of 0.23–1.0 m-sec are characterized as kaolinised
formations. The study found that ERT and IP imaging are potential techniques for mapping of contrasts in kaolinised and non-kaolinised
aquifer formations in the khondalitic suit of rocks.

1. Introduction
The khondalitic suit of rocks occupies nearly 15% of total hard rock area of India which are mainly located in the northern parts of Eastern
Ghats of India. The garneti ferrous sillimanite/biotite gneiss is the chemical composition of the khondalitic suit of rocks (Krishna Rao
1952). Upon the action of water, the khondalites are typically altered in two different natures which are, on the surface the rock changes into
lateritic soil and the subsurface formation alters itself into kaoline (Mahadevan 1926). Under humid and subtropical conditions, the
alteration of rock by the weathering in granites, feldspathic rocks and other clay minerals leads to the formation of kaolin in the subsurface
(Blum 1994). The process of kaolin formation is called kaolinisation (Grim 1968). In the case of khondalitic region in the Eastern Ghats of
India, the khondalitic rocks are altered into highly weathered (kaolinised) type of material. This kaolinisation is the main cause of water well
failures due to its presence up to grater depths (> 25 m). Normally this less saturated highly weathered material is underlined by the
saturated weathered/fractured khondalitic aquifer. That means, the geological pro�le has a soil cover underlain by a khondalitic formation
(upper highly weathered aquitard; lower main khondalitic fractured aquifer), which is underlain by basement (granite gneiss). The
khondalitic rocks when becomes partly clay (kaolinized) are unable to produce high well yields (Venkateswara Rao 1990). The low yielding
wells are common in this region due to the presence of kaolinised material in the subsurface up to greater depths. Within few meters of
distances, high yielding wells/success wells (more than 8000 lph) and low yielding wells/failed wells (< 2000 litre per hour) co-exists
(Venkateswara Rao et al. 2013). The several pumping tests conducted by Venkateswara Rao and Prasad (2021) in this khondalitic terrain
and it is revealed that the aquifers which are close to the streams have less productive and their productivity increases as they move away
from the streams to uplands. Well logging investigations have identi�ed the porosity of kaolinised material is in the range of 18–20% and it
is in the order of 26% for the fractured khondalitic aquifer (Venkateswara Rao and Prasad 2021). Therefore, identi�cation of kaolinized
zones before drilling process is one solution and high yields could be achieved at the locations where the absence (or thin) of kaolinised
zones occurs.

2. Literature Review
Intensive process of rock kaolinisation is most characteristic in the humid tropics (Sachiavon 2007). Kaolin is not a common clay and it is a
mixture of different clay minerals. The kaolinite as the main component (85–95%), kaolin contains quartz, mica, feldspar, illite, and
montomorillonite. Kaolin is formed by rock weathering and has rapid cation exchange capacity (Grim 1968). Conditions favourable for
kaolinite formation are strong dissolution of Ca+ 2, Mg+ 2, and K+ 2 ions and the presence of H+ ions (pH 4–5) (Parker 1988). According to
the formation process of recrystallization, solubilized aluminum and silicon oxides (from weathering of clays) recrystallize to form other
type of clay into kaolinite (Grim 1968). The optimum concentration of clay is higher in Kaolinite and hence koalinite with a high percentage
of clay minerals have a relatively low polarization. The water content in soil can increase the Induced Polarization (IP) effect and this effect
is most pronounced in the presence of clay minerals, in which the pores are particularly small and the magnitude of polarization decreases
with the clay mineral concentration (Telford and Sheriff 1990). The clay minerals are effectively studied by the IP phenomenon which
occurs in the bulk volume of the rock (Vacquier et al. 1957; Marshall and Madden 1959; Ogilvy and Kuzmina 1972; Cohen 1981; Alabi et al.
2010; Gazoty et al. 2012; Burtman and Zhdanov 2015). The silty beds are associated with the maximum polarizability and medium
apparent resistivities whereas clay and contaminated formations are indicated by low resistivities and low polarizabilities (Draskovits and
Smith 1990; Mondal et al. 2010; Kumar et al. 2021).

Multi-electrode resistivity and chargeability methods are developed for the investigation of areas of complex geology where the use of
resistivity sounding is unsuitable (Gri�ths and Barker 1993) and have great signi�cance to delineate horizontal and vertical sections at
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different depths of various geological features, aquifers and basement characteristics (Ritz et al. 1999). The Two-Dimensional (2D)
electrical surveys can give high resolution subsurface resistivity or chargeability images with the help of large number of data points.
Resistivity methods applicable widely for identifying variations in lithological units (Vargemezis et al. 2015) while the Induced Polarization
(IP) imaging phenomena is applied to the identi�cation of clay minerals (Vacquier et al. 1957; Telford and Sheriff 1990). The subsurface
based multi-electrode geophysical methods are very e�cient in areas with high contrasting resistivity (Muchingami et al. 2012) and these
methods are useful to characterize geophysical signatures of various subsurface features (Owen et al. 2005; Casado et al. 2015;
Mohamaden et al. 2016). The IP method is not to determine the type of rock, but this method is used to know the amount of conductive
minerals (either metal or clay) found in the rock (Apparao 1997; Kiberu 2003). In general, the electrode polarization is greater than the
membrane polarization, depending on the presence of metal minerals in rocks (Telford et al. 1990) and the concentration of the conductive
mineral (Slater and Lesmes, 2002). Geophysical resistivity and chargeability surveys are the most appropriate methods for delineating the
contaminated and fresh water aquifer zones (Kanagaraj et al. 2018; Kumar et al. 2021). The IP method extends the Resistivity method by
making an additional measurement for the ability of the ground to store electrical charge (Slater and Lesmes 2002). Materials that contain
clay minerals such as montmorillonite, illite and kaolinite give IP response due to their ability to have exchangeable cations in their lattice.
The presence of clay in rocks greatly in�uences the IP response (Vanhala and Soininen 1995; Deceuster and Kaufmann 2012). Braga et al.
(1999) have estimated the relationship between resistivity and chargeability of clay formations and concluded that pure clayey layers are
characterized by low resistivities (12–16 Ωm) and low chargeabilities (1.5–1.9 m-sec). Mondal et al. (2010) have conducted 2D Resistivity
and IP surveys in granitic gneissic terrain, India and they found that that the high contaminated zones are correlated by the low resistivity
(7.42–8.00 Ωm) and low chargeability (1.5–2.8 m-sec) and the aquifer zones are indicated with the high resistivity (36 Ωm) and high
chargeability (16 m-sec). They also described in their study that the correlation of resistivity and chargeability data is useful to distinguish
different aquifer zones of similar resistivities. Aizebeokhai and Oyeyemi (2014) have carried out an integrated study of electrical resistivity
with time-domain IP imaging for groundwater exploration in a sedimentary terrain, southwestern Nigeria to identify the lithologic units and
delineated the underlying aquifer with the resistivity and chargeability values. The impact of compact or massive clay decreases the
resistivity value and increases in the value of chargeability (Yatini 2018).

3. Hydrogeology Of Study Area
The 2D Resistivity and IP surveys are carried out at the three water well pairs of success and failed wells where exactly the VES surveys
were conducted earlier in Kandivalasa River Sub-Basin (KRSB) to characterize the extent of spatial variability of kaolinized formations as
well as aquifer zones. The KRSB comprises of mostly khondalitic terrain and it is located in the Vizianagaram district of Andhra Pradesh
State of India and the locations of the three sites (near Chipurupalli town) are shown in Fig. 1. The geological map of Eastern Ghats
(northern part) is collected from Ramakrishnan et al. (1998) and it consists of four longitudinal litho tectonic zones such as khondalite,
charnockite, migmatite and transition groups Khondalites, charnockites and migmatite rocks in this region are the geological succession of
Archaean age. Sediments of Upper Gondwana, Cainozoic laterite and Quaternary deposits overlie the Archaeans. The lithological units of
Khondalite Group include quartzite, talc-granulite and talc-silicate rock with bands and pockets of crystalline limestone and garnet-ferrous
quartzo-feldspathic gneiss with sillimanite graphite. Khondalite is at places sheared and silici�ed with thin bands of chert (DMG 2018).

Venkateswara Rao (1990) has conducted Vertical Electrical Soundings (VES) in the Kandivalasa river sub basin (consists of mainly
khondalites) in the Eastern Ghats and found that the fractured khondalitic aquifers and the kaolinised formations show the similar
resistivity values. It is con�rmed that the kaolinised and fractured aquifer zones are di�cult to distinguish using VES surveys. The
difference in yields in the three pairs of success and failed wells (not more than 150 m apart) and their VES curves is shown in Fig. 2. It can
be observed from Fig. 2 that, a high yielding well and low yielding well co-exist (within few tens of metres of distances) due to the variation
in the depth extension of kaolinisation that is not properly distinguished by the 1D resistivity sounding surveys (Venkateswara Rao et al.
2013; Venkateswara Rao and Prasad 2021). Hence the determination of resistivity and thickness of the subsurface layer comprising both
kaolinised and aquifer layers is quite ambiguous in the one dimensional sounding data interpretation. In contrast, the 2D resistivity and
chargeability imaging techniques gives the lateral as well as vertical variations in resistivity/chargeability at the subsurface that could help
infer the differences between both the kalinised and aquifer layers.

4. Material And Methods

4.1 Resistivity method
In resistivity surveys, the current is injected into the ground by using two metal electrodes and measures the potential difference between
two other potential electrodes to measure the apparent resistivity (ρ) which is calculated for each electrode array by the following equation
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ρ = k V/I

Where, ‘V’ is the voltage, ‘I’ is the current and ‘k’ is a geometrical factor.

For 2D ERT surveys, numerous equal-spaced electrodes are positioned over single or multiple pro�les. The current can be injected from any
chosen pair of current electrodes and the potential difference can be measured from any of the pair of electrodes. The position of current
and potential electrodes pair varies automatically and the Res2DInv software (Loke and Barkert 1995) is used to map the subsurface
variations (resistivity and thickness).

4.2 Induced Polarization method
Induced polarization method is similar to and is an extension of the resistivity method. The electrode arrangement and data acquisition is
the same as resistivity. When direct current introduced into the ground at two points (electrodes) is interrupted, a small voltage, which may
take several minutes to decay, appears between another pair of electrodes. This effect is called Induced Polarization (IP) (Burtman and
Zhdanov 2015). The Induced Polarization effect is a measure of the formation ability to be polarized when it is under the in�uence of an
electric �eld. This polarization occurs at the interface between a non-metal (silica or clay minerals) and a �uid which is traditionally called
membrane polarization. The rocks that contain lots of clay, the membrane polarization mechanism dominate the measurement of IP
response while the electrode polarization is caused by the presence of metal mineral deposits which are electrical conductors in rocks
(Apparao 1997). The IP effect is due to membrane polarization as well as electrode polarization. Metallic minerals disseminated in the earth
surface cause electrode polarization whereas membrane polarization is usually associated with clays. Membrane polarization is primarily
produced by the existence of clay mineral in sediments. In contrast, electrode polarization is produced because of conductive minerals in
host rocks where electric current �ows in partially electrolytic (in groundwater) and partially electronical (in conductive mineral). When pore
space is blocked by metallic particles, electrode polarization occurs and charges accumulate on application of an electric �eld.

Figure 3(a) shows the induced polarization effect in the ground for a polarizable ore body. If the current is interrupted, a difference in
potential which decays with time is observed in the IP methods. The ratio between IP voltage (Vt) and measured voltage (Vp) is known as
chargeability as shown in Fig. 3(b). The IP method measures the magnitude of this polarization in terms of chargeability. In some systems,
the decay is registered over the length of time (milliseconds). This corresponds to IP measurements in time-domain. The IP method deals
with chargeability (in m-sec) which indicates the strength of polarization effects experienced by ions in the vicinity of metallic grains in
rocks. IP method measures the effect on current �ow of charge storage below the subsurface. The rate of decay of this induced polarization
potential depends on its pore geometry and degree of water saturation. The main parameters used in the IP method are the time and
frequency domain to display the induced polarization effect (Loke et al. 2013). The time domain IP response in rock depends on metal
mineral content, grain size and porosity.

For the present study, the 2D ERT and IP surveys are attempted using an ABEM SAS 1000 Terrameter to delineate the horizontal and vertical
distribution of the subsurface. All the ERT and IP pro�les are laid across the slope of the ground surface. Either the success well or the
failed well is located exactly in the middle of the pro�le in order to obtain deeper information at the well location. The IP surveys are
conducted with the 48 electrodes with 3 winchesand16 takeouts each winch resulting in the 43 m depth of investigation whereas the 2D
resistivity surveys are carried out with the 64 electrodes with 5 m spacing (4x16) in order to get more depth of investigation (57 m).
Depending on the objectives, the subsurface data is acquired using Wenner-Schlumberger con�guration (Loke et al. 2003) for both ERT and
IP surveys. The chargeability/resistivity data is collected along the line at different electrode separations. The Terrameter measured the
chargeability and resistivity data at each data point in the form of measured points. After the acquisition of data, it is processed and
interpreted using Res2DInv software (Loke et al. 2003). There are no removed data in data section windows as all the measurements have
good quality. It is ensured that the data points in edit window sections and pseudo-sections are consistent. The thickness of various layers
and their corresponding resistivity and chargeability values have been identi�ed from the resistivity and chargeability images. The
comprehensive methodology is developed from the ERT and IP surveys for identi�cation of kaolinised and aquifer formations in the
khondalitic terrain.

5. Results Of Ert And Ip Surveys
The 2D ERT and IP surveys were conducted at three pairs of success and failed wells in the khondalitic terrain. The success well and failed
well pair has less than 150 m apart from each other and they are in similar hydrogeological setting. The resistivity values of the kaolinised
layers are considered to be less than 25 Ωm. Layers having resistivities between 25–65 Ωm are identi�ed as aquifer layers which are
composed of moderately weathered/ fractured khondalite. Layers with resistivities greater than 65 Ωm are interpreted to have basement
characteristics (granitic gneiss) (Venkateswara Rao et al. 2013). Various layers with different resistivity ranges have been identi�ed from
the resistivity images.
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Site 1: Sivaram village-near the road

At the site 1, the success and failed wells are having 70 m apart and the drilled depth was 30 m. The layers with the low resistivity range of
7.71–22.6 Ωm ( up to 21 m depth) and 4.64–22.7 Ωm (up to 26.2 m depth) are categorised as highly weathered material or kaolinised
zone formed at success and failed well locations (vertically downwards) respectively (Fig. 4a). Hence the depth of kaolinisation at failed
well is nearly 5 m more compared to the success well (Fig. 4a). The relatively low resistivity values for the kaolinised layer obtained at the
failed well than at the success well indicates that the formation is more kaolinised at the failed well location. Apart from the kaolinised
depths, the high aquifer thickness (15.9 m) with the two favourable resistivity layers (32.4 to 46.3 Ωm) is found at success well while at the
failed well, a thin single aquifer layer (38.6 Ωm) of thickness 7.8 m is found (Table 1). In addition to the less kaolinised depths and high
aquifer thickness, deeper depth to basement is found at success well. In the case of failed well, the basement characteristics (> 65 Ωm) are
formed immediately after thin aquifer layer. The failed well is characterized by higher kaolinisation thickness and also has less aquifer
thickness as well as shallow basement.

The 2D IP images at success and failed well locations have shown the similar kind of characteristics in terms of chargeability as appeared
in the 2D ERT images for delineating the kaolinised zones as well as aquifer formations. At the success well location, the clay mineral
composition in the kaolinite is clearly observed as the low chargeability of 1.03 m-sec in the top surface (up to 21.5 m depth) and in the
entire depth of the image at bottom right side of the image (Fig. 4b). The low chargeability zone is also appeared as low resistivity layers in
the resistivity image at the success well location. From the vertical depth of 21 m down the success well, the chargeability values are
varying between 1.03–3.58 m-sec whereas in the case of failed well, low chargeability value of 0.3 m-sec is maintained up to the depth of
31.3 m (Fig. 4b) due to presence of kaolin. More polarization in the subsurface is produced from the 21 m depth due to the higher
interactions between clay minerals and groundwater at the success well location. Hence due to more polarization effect, the layers have
produced moderate chargeability values of 3.58 m-sec which are interpreted as saturated weathered/fractured khondalitic formation. This
moderate chargeability for the aquifer layers in the IP image is supported with the moderate resistivity values (32.4–46.3 Ωm) in the ERT
image at the same depths of 21 m downwards. In the case of failed well, the higher concentration of clay mineral in the kaolin is appeared
as low chargeability of 0.3 m-sec due to membrane polarization is responsible for the failure of the well. The chargeability values greater
than 6 m-sec is the indication of basement characteristics (granitic gneiss) at both success and failed well locations due to the presence of
highly conductive metal minerals in the bedrock (electrode polarization) at deeper depths. It is con�rmed that the failed well is drilled in the
low resistive and low chargeable formation as indicated by the both ERT and IP methods respectively. The thick aquifer layers and thin
kaolinised formations are responsible for success well.

Site 2: Sivaram village-near the stream

At the site-2, the success and failed wells are located 100 m apart and have the drilled depth up to 40 m. The success well has very high
yield (more than 8000 lph) while the failed well has no yield in spite of similar hydrogeological settings at both the wells (Fig. 5a). The
kaolinisation (15.1 Ωm) is limited to shallow depths (up to 25 m) and below that, the favorable conditions arose for aquifer layers or
fractured khondalite with the resistivity values of 36.3–56.3 Ωm up to the deeper depths (57.4 m) at the success well location. The thin
kaolinised layer is existing on either side of the success well and the effect of kaolinisation is also very less, and hence the well yields are
high. At the failed well, there is intense kaolinisation (7.17–26.6 Ωm) that has occupied the entire depth up to 57.4 m as such even drilling
couldn’t be completed at this location (Fig. 5a). The kaolinisation up to deeper depths followed by the basement characteristics and
absence of aquifer formation led to the failure of this well. In view of the fact that the resistivity of the kaolinised formations is less than 25
Ωm, the resistivity of the kaolinised formation is at the higher side (15.1–23.5 Ωm) at success well while the same are at lower side (7.16–
26.6 Ωm) at failed well location. The resistivity images at success and failed well locations are showing the large difference in kaolinised
depths within few tens of meters of distance (Fig. 5a).

The 2D IP images of success and failed wells at site-2 are shown in Fig. 5(b). The IP image of success well couldn’t be delineated the
chargeability variations effectively due to the high RMS error (28.9%). The last electrode at success well location has poor contact to the
ground surface due to the exposure of basement rock which may be the cause for noise in the subsurface and resulted in the form of high
error in the chargeability image. Owing to this, the chargeability values have abnormally increased from 1.07 to 82.0 m-sec without proper
variation (Fig. 5b). Hence this chargeability image is not adequate for the delineation of aquifer zones in terms of chargeability. Therefore
the analysis has carried out at the success well location from less information. The low chargeability layer (< 1.07 m-sec) is appeared at
right side and few pockets on top surface of the image (success well location) which may be due to the dominance of clay mineral content
(membrane polarization). The high chargeability values at the bottom (from 35 m downwards) of success well are the indication of
interactions between rock and water due to the electrode polarization.
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At the failed well location, the IP response is more due to clay mineral content (membrane polarization) in the majority of chargeability
image. The low chargeability value of 1.06 m-sec is maintained up to the depth of 36.9 m due to the thick clay mineral content in the
subsurface which is supported by the resistivity image as well as the drilling results (large amount of thick kaolinized material obtained
from the subsurface) at the failed well. This could be interpreted as, when the electric current is passed, the cation reactions between the
kaolinite and its associated clay minerals with the water content developed at faster rate and the less strength of polarization (or
chargeability) appears as low chargeability for the highly weathered/kaolinised zones. This indicates that, the magnitude of polarization
decreased due to the higher clay mineral concentration up to the deeper depths. The chargeability value of 5.57 m-sec indicates the hard
rock (khondalite) which is underlying the clay material. The high polarization values (10.1 m-sec) have appeared for the bedrock (in the
bottom of the image) due to the absence of clay mineral with water content at deeper depths.

Site 3: Khondasambham village

The success and failed wells are located nearly 150 m distance and have the drilled depth up to 35 m and 25 m respectively at Site-3. Even
in this case also the kaolinised layer thickness at failed well is much higher when compared to success well as observed in the other two
sites. In the case of kaolinised layer resistivity, the formation is more kaolinised (9.96 to 17.4 Ωm) at failed well compared to the success
well (16.9 to 23.9 Ωm). The well is failed due to the thick kaolinised layer starting from top surface to 25 m depth (Fig. 6a) that is correlated
with the drilling results as the drilling bit couldn’t be penetrated to deeper depths due to the kaolinised formation. Except few pockets on top
surface, the resistivity image of the failed well location has shown the kaolinisation problem up to the depth of 35 m. The higher depth of
kaolinisation and the lesser aquifer thickness are encountered at failed well when compared to the success well. Broader range of aquifer
resistivity is obtained at success well (33.8 to 67.9 Ωm) when compared to the failed well (30.2 to 52.7 Ωm). The kaolinised layer is also
limited to the shallow depths (up to 15 m) at success well and hence the well yields are high.

The chargeability images at success and failed wells at the Site-3 are shown in Fig. 6 (b). The thick clay mineral content (kaolinisation) with
the chargeability values of 0.43 m-sec has been accumulated up to 25 m depth on either side of the success well. These low chargeability
zones are due to the presence of clay mineral composition (kaoline) which is correlated with the low resistivity values (16.9–23.9 Ωm) of
success well location (Fig. 6a). The success well is further penetrated into the deeper depths up to 35 m where the well has contacted the
weathered rock with water content. At these depths (21.5 to 43.1 m), the chargeability values are gradually increased from 1.53 to 3.73 m-
sec. These moderate chargeabilities are due to higher induced polarization effect by the saturated weathered khondalite. Hence the
saturated formations are delineated as aquifers with moderate chargeability values of 1.53–3.73 m-sec and with resistivity values of 47.9–
67.9 Ωm at the success well location. The high chargeability value of 4.84 m-sec may be the indication of bed rock formation as appeared
in the resistivity image (96–136 Ωm) at success well location. Except few pockets on top, the failed well location is faced with the problem
of kaolinisation as indicated by the low chargeability value of 0.23 m-sec. These low chargeability values of entire IP image are correlated
with the low resistivity values (9.96–17.4 Ωm) in the resistivity image up to 35 m depth which is also indicated in drilling results (the
extension of kaolinization to the deeper depths) at failed well location. The rate of decay of the induced polarization potential is appeared
as low (0.23 m-sec) due to the higher clay mineral concentration at the failed well location.

5.1 Discussion of Results
The ERT and IP images have provided the resistivity and chargeability values of kaolinised layer and aquifer formations at success and
failed wells in the khondalitic terrain. The depth extension and thickness of both layers is clearly demarcated with ERT and IP methods. The
greater thickness of kaolinised formation is the main difference in success and failed well. It is identi�ed from the ERT images that more
depth of kaolinisation and the less thickness of the aquifer are characteristic features at failed wells when compared to success wells
(Table 1). That means, the failed wells are associated with thin or no aquifer thickness below the kaolinised layer. The thickness of the
kaolinised material at the failed wells is extended from about 21–50 m while the same is at success wells is about 10–26 m. This extended
deeper kaolinisation of the aquifer is responsible for failure of wells. The kaolinisation is not only deeper at failed wells but also followed by
the basement characteristics either with very thin or no aquifer layer immediately below the kaolinised layer. The kaolinised layer
resistivities are at lower side of the range at the failed wells than success wells which indicates that the formations are more kaolinised at
the failed wells compared to the formations at success wells. The aquifer thickness is varied nearly 15–31 m at success wells while the
same is maintained only about 7–9 m at failed wells.

Table 1: Resistivity range, thickness and interpretation of subsurface layers at success and

failed well pair
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Location Success well Failed well

Resistivity
range

(Ωm)

Depth
range,
bgl

(m)

Thickness
(m)

Type of formation Resistivity
range

(Ωm)

Depth
range,
bgl (m)

Thickness
(m)

Type of formation

Site-1 7.71 − 
22.6

0–21 21 Soil and Kaolinised
formation

4.64–
22.7

0–26.2 26.2 Soil and Kaolinised
formation

32.4 − 
46.3

21–36.9 15.9 Weathered/fractured
khondalitic aquifer

38.6 26.2–34 7.8 Weathered/fractured
khondalitic aquifer

66.3–95 36.9
onwards

  Basement rock 65.6–189 34
onwards

  Basement rock

Site-2 15.1 − 
23.5

0-26.2 26.2 Soil and Kaolinised
formation

7.16–
26.6

0–49.9

and
more

49.9

and more

Soil and Kaolinised
formation

36.3–
56.3

26.2
onwards

31.2 Weathered/fractured
khondalitic aquifer

Site-3 16.9 − 
23.9

0-9.94 9.94 Soil and Kaolinised
formation

9.96–
17.4

0–21.75 21.75 Soil and Kaolinised
formation

33.8–
67.9

9.94–
26.2

16.26 Weathered/fractured
khondalitic aquifer

30.2–
52.7

21.75–
31.55

9.8 Weathered/fractured
khondalitic aquifer

96.2–193 26.2
onwards

  Basement rock 91.8–485 31.55
onwards

  Basement rock

bgl: below ground level

In the IP method, depending upon pore geometry and degree of water saturation, the large difference in potential decay with time (induced
polarization) is observed between the success and failed well pair. The chargeability in the subsurface is varied at success and failed well
locations due to the difference of interactions between clay minerals and groundwater. The IP strength is increased at clay mineral
concentration by the membrane polarization and it is higher at hard basement due to electrode polarization. The chargeability values of
different subsurface formations at success and failed wells (vertically downwards) are shown in Table 2.

Table 2: Chargeability range, thickness and interpretation of subsurface layers at success and

failed well pair
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Location Success well Failed well

Chargea

bility

(m-sec)

Depth

range,
bgl

(m)

Thick-
ness
in m

Formation Chargeability

(m-sec)

Depth
range

in m.

Thickness
in m

Formation

Site-1 1.03 0–20.0 20 Soil and Kaolinised with
associated clay minerals

2.42 − 4.54 0–6.76 6.76 Soil and
Weathered
formation

3.58 20–
31.3

11.3 Weathered rock saturated
with water

0.30 6.76–
36.9

30.14 Kaolinised
formation with
associated
clay minerals

3.58–
6.13

31.3
onwards

  Basement rock 2.42 36.9
onwards

  Basement rock

Site-2 1.07 0–6.76 6.76 Soil and Kaolinised
formation with associated
clay minerals

1.06 0–36.9 36.9 Soil and
Kaolinised
formation with
associated
clay minerals

< 1.07 10–21.5 11.5 Kaolinised formation with
associated clay minerals

5.57 36.9
onwards

  Basement rock

>1.07 21.5
onwards

- weathered rock saturated
with water

Site-3 1.53 0–11 11 Soil and Clay with dry sand 0.235 0–43.1
and
more

43.1 and
more

Soil and
Kaolinised
formation with
associated
clay minerals

0.33 11–
21.5

10.5 Kaolinised formation with
associated clay minerals

1.53–
2.63

21.5–
36.9

15.4 Clay with dry sand

2.63–
3.73

36.9
onwards

6.2 Weathered rock saturated
with water

The formations with thickness range of 12–21 m at the deeper depths with the moderate chargeability values of 2.63–3.58 m-sec are
identi�ed as saturated aquifer formations due to saturated water content in the weathered rock. At success well locations, the kaolinisation
is limited to the shallow depths with low chargeability values of 0.3–1.0 m-sec while in the cases of failed wells, the magnitude of
chargeability decreased due to the higher clay mineral concentration. The membrane polarization is more pronounced due to the kaolin and
its associated minerals. The lower chargeability range of 0.23–1.0 m-sec is characterized as kaolinised layers at failed wells up to the
greater depths of 6.76–43 m. It is found that the weathered/fractured kondlaitic aquifer has moderate chargeability values giving high
yields at the success wells. The kaolin and associated clay minerals exhibit the low chargeability values resulting in the failure or low yield
of wells.

5.2 Results of newly drilled bore well
Based on resistivity and chargeability values obtained at above three well pair, a new bore well was drilled where the extent of kaolinisation
is less. The location of drilled well site is presented in Fig. 7 and the newly drilled well is 50 m apart from the existing failed well at site-2
location. The resistivity image (57.4 m depth) and chargeability image (43.1 m depth) at newly drilled well site are shown in Fig. 8. A thick
massive sticky clay content having low resistivity of 8.7 Ωm and relatively high chargeability anomaly of 5.82 m-sec is appeared in the left
side of the image up to deeper depths (Fig. 8). The aquifer layers are overlain with the low resistive zone (kaolinised) (8.7–18.7 Ωm) up to
17 m depth range in the middle top of the resistivity image. This low resistivity zone is appeared as very low chargeability zone in the IP
image. The entire right bottom of the resistivity image is occupied by massive hard rock. Below the drilled well, the kaolinised layer is
occupied up to 15 m depth followed by the aquifer layer (weathered/fractured khondalite) with the moderate resistivity (27.3–58.6 Ωm) and
chargeability (2.11 m-sec) values. During the drilling process, a thick kaolinised layer (sticky clay) is encountered up to the depth of 20 m
underlined by weathered khondalitic aquifer which is followed by hard granitic basement. The moderate yield (the yield not so high) is
obtained from the drilled well which may be due to the fact that the pore geometry of the aquifer is dominated by overlain kaolinised
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formation. However, subsurface data from more drilled wells could further con�rm the aquifer’s resistivity and chargeability values in this
khondalitic region.

6 Conclusions
The ERT and IP images have provided a clear view of the thickness of the highly weathered zone (kaolinised zone) and the aquifer
formations in the khondalitic suit of rocks. The ERT images con�rmed that the layers with the resistivity values less than 25 Ωm as
kaolinised formation and the layers with resistivity range of 25–65 Ωm are identi�ed as aquifer layers which are composed of moderately
weathered/ fractured khondalite. The ERT images are revealed that the depth of kaolinisation and the aquifer thickness are characteristic
features to differentiate the success and failed wells. The extended deeper kaolinisation and thin or no aquifer thickness is responsible for
failure of wells. The IP surveys have also effectively delineated the kaolinised zones and aquifer formations in the khondalitic terrain. The
saturated formations having the high thickness of 12–21 m at greater depths (21–43 m) with the moderate chargeability values of 2.63–
3.58 m-sec are identi�ed as aquifer layers. The low chargeability values of 0.3–1.0 m-sec are limited to the shallow depths at the success
well locations. At the failed wells, the chargeability values of the kaolinised layers are con�ned to less than 0.23–1.0 m-sec due to high clay
mineral content and extended up to deeper depths which is responsible for the failure of wells. The magnitude of chargeability decreased
due to the higher clay mineral concentration and it is increased due to the interactions between rock and water. The study showed that IP
imaging is a potential technique for mapping of contrasts in kaolinised and khondalitic aquifer formations. In order to delineate kaolinised
and aquifer layers, 2D ERT and IP surveys are more informative when compared to 1D resistivity soundings in view of the larger measuring
points and e�cient inversion in 2D imaging process. The resistivity and chargeability images have provided a reasonable clarity about the
occurrence of the kaolinised and aquifer formations.
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Figures

Figure 1

Locations of ERT and IP investigation sites in the Eastern Ghats Kondalites, India

Figure 2

Yield logs, lithologs and VES curves of success and failed well pair in the khondalitic terrain (Venkateswara Rao et al. 2013)

Figure 3

The induced polarization effect (a) Flow lines of primary and polarization current in    the ground for a polarizable ore body (b) Measured
voltage Vp between P1 P2 for time t0 to t1, Vt being the IP voltage
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Figure 4

(a) resistivity and (b) chargeability images of success and failed well pair at site-1

Figure 5

2D (a) resistivity and (b) chargeability images of success and failed well pair at site-2 

Figure 6

(a) resistivity and (b) chargeability images of success and failed well pair at site-3

Figure 7

Location of newly drilled site near Sivaram village-near the stream

Figure 8

Resistivity and chargeability images at newly drilled well location 


