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Identifying a good site for groundwater exploration in hard rock terrain is a challenging task. In hard
rocks, groundwater occurs in secondary porosity developed due to weathering, fracturing, faulting,
etc., which is highly variable within short distance and contributing to near-surface inhomogeneity.
In such situations topographic, hydrogeological and geomorphological features provide useful clues
for the selection of suitable sites.

Initially, based on satellite imagery, topographical, geomorphological and hydrogeological fea-
tures, an area of about 149 km2 was demarcated as a promising zone for groundwater exploration
in the hard rock tract of Seethanagaram Mandal, Vizianagaram District, Andhra Pradesh, India.
A total of 50 Vertical Electrical Soundings (VES) were carried out using Wenner electrode con-
figuration. An interactive interpretation of the VES data sharpened the information inferred from
geomorphological and hydrogeological reconnaissance. Ten sites were recommended for drilling.
Drilling with Down-The-Hole Hammer (DTH) was carried out at the recommended sites down to
50 to 70 m depths. The interpreted VES results matched well with the drilled bore well lithologs.
The yields of bore wells vary from 900 to 9000 liters per hour (lph).

1. Introduction

There are several difficulties in developing ground-
water resources in hard rock areas. Wide and
erratic variations of aquifer parameters characte-
rize the groundwater regime. Spatial variation of
these characteristic parameters attribute to, among
other causes, tectonic set-up and degree of weather-
ing of near-surface rocks (Barker et al 2001). These
processes induce directly or indirectly secondary
porosity in the hard rocks to a variable extent. As a
result, the groundwater potential also varies signifi-
cantly from place to place, sometimes within few
meters and even within the same geological forma-
tions. In the Indian context, the situation becomes
more precarious due to negligible primary poro-
sity and low permeability of host rocks restricting

groundwater storage as well as movement. Further,
low rainfall, high evaporation and run-off limit
recharge to the groundwater systems (Rangarajan
and Athavale 2000). However, experience in hard
rock terrain, granite areas in particular, has shown
that a systematic surface exploration succeeds in
locating sites for high yielding wells.

Seethanagaram Mandal in Vizianagaram district
of Andhra Pradesh lies in hard rock terrain.
Groundwater is available only in weathered and
fractured zones. In this area assured surface
water supplies are nominal and most of the
farmers depend on groundwater for drinking
and irrigation purposes. Average annual rain-
fall is around 1158.9 mm which is mostly lost
as surface runoff and evaporation. Only one-fifth
of it is recharging to groundwater. Therefore,
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Figure 1. Location map of Seethanagaram Mandal, Andhra Pradesh.

groundwater development assumes great signifi-
cance in improving the quality of life of the most
deprived and vulnerable people of this mandal
by improving their access to safe drinking water.
Attempts were made to gather maximum informa-
tion about the subsurface hydrogeological signa-
tures favourable for groundwater occurrence using
an appropriate mix of different techniques viz.,
satellite imagery, hydrogeological reconnaissance
and geophysical exploration, etc. A conscious inte-
gration of the data helped to focus on the targeted
zones and locate prospective drilling sites.

2. Background of the area

Seethanagaram Mandal is situated in the north-
ern part of Vizianagaram district. The study area
lies between latitudes: 18◦35′ 23′′ and 18◦43′ 56′′N,
and longitudes: 83◦18′ 56′′ and 83◦28′ 25′′E, and
spreads over an area of 149 km2 covering 44 vil-
lages, as shown in figure 1. It is bounded on the east
by Srikakulam district, on the south by Suvarna-
mukhi river, Bobbili and Balijipeta mandals, on the

west by Makkuva Mandal, and on the north by Par-
vathipuram and Garugubilli mandals. The type of
drainage is subdendritic to dendritic. This mandal
is mostly covered by red loamy, sandy loamy and
silty clay soils with the thickness varying from 0.50
to 4.00 m (SGWD 2005). The chief crops grown
in the mandal are paddy, ragi, green-gram, black-
gram, sugarcane, sesamum and mesta. The area
receives an average annual rainfall of 1158.9 mm.
The population density of the area is 370 person
per sq. km. Due to scarcity of surface water, peo-
ple are using groundwater through dug wells, dug-
cum-bore wells, bore wells and infiltration wells for
irrigation and drinking purposes.

3. Methodology

The satellite imageries (1:50,000 scales, collected
from NRSA) were visually interpreted to delin-
eate various hydro-geomorphological units based
on structural trends, lineaments, and drainage and
topographic features. The water-level fluctuations
in the existing dug and bore wells were observed
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through well inventory. These wells are in the
Archaean group of rocks (i.e., khondalites, por-
phyroblastic gneissic granite, gneisses and intru-
sive quartz veins) and alluvium. A total of 50
vertical electrical soundings (VES) were conducted
using Wenner electrode configuration. An interac-
tive interpretation of the VES data sharpened the
information obtained from geomorphological and
hydrogeological studies. Then site-specific infer-
ences were drawn for recommending locations of
bore wells. The bore wells were drilled by Down-
The-Hole-Hammer (DTH) and the step draw down
tests were conducted in the bore wells to compute
specific capacity of wells.

4. Hydrogeomorphology features

The satellite images were examined based on visual
interpretation and the study area was divided into
several geomorphological units such as flood plains,
pediments, pediplains, residual and structural hills.
The denuded landforms are the products of weath-
ering and erosion caused by different exogenetic
geomorphic agents. Pediments and pediplains are
distributed all over the area. The interpretation of
satellite images in the mandal shows undulating
topography with scarped strike ridges. The resid-
ual hills are located in the northern and south-
eastern parts of the study area. The structural
hills identified are found on the western side and
eastern side of Repativalasa, and western side
of Jaggunayudupeta village. These hills are gen-
tly sloping towards east. The trend of the struc-
tural hills varies from NNE to SSW. The run-off
is high with negligible infiltration, making them
poor aquifers (Raju et al 1989). Flood plains and
alluvial plains are found along the Suvarnamukhi
river.

4.1 Lineaments

Lineaments, the large-scale linear features which
are surficial expressions of underlying structural
features like faults or joints in hard rock areas, are
considered as potential good water zones. Areas
in the up gradient of dykes or other intrusions
within the host rock often possess good water
potential as the dyke/intrusive constitutes bar-
rier to groundwater flow. Lineament has gener-
ally been used as an indicative tool for locating
potential groundwater zones (Yin and Brook 1992;
Mabee et al 1994; Sander et al 1997; Magowe
and Carr 1999; Mabee et al 2002), but with the
present scenario of over-exploitation of the aquifer,
characterization of the lineament becomes essen-
tial to ensure the possibility of locating potential
groundwater zones and managing over-exploited

aquifers in hard rock areas. A number of mega- and
micro-lineaments are identified from the satellite
imagery and further checked by field studies, and
demarcated on a 1:50,000-scale map of the study
area. The three major lineament sets in NE–SW
directions are parallel to each other towards south-
eastern side of the area (figure 1). The other two
sets are on the northern side. The maximum lin-
eament density is found on the southeastern side.
The lineaments are of varying dimensions and ori-
entations; trending NE–SW. The drainage pattern
in general and tributaries in particular, are con-
trolled by the geological structures in the area, as
revealed by the perfect linearity of the second- and
third-order streams.

4.2 Hydrogeology

Major parts of this mandal are underlain by the
Archaean group of rocks, while few patches are
occupied by recent alluvium along the Suvarna-
mukhi river and other hill streams. The Archaean
group of rocks comprise khondalites, porphyroblas-
tic gneissic granite, gneisses and intrusive quartz
veins. The depth of the weathered zone varies from
7.00 m to 13.00 m. Hydrogeological surveys car-
ried out in the mandal reveal that ground water
occurs under water table conditions in the weath-
ered and fractured zones. The alluvium consists
of sand, silt and clay with the thickness vary-
ing from 5.00 m to more than 15.00 m. Ground-
water in alluvium occurs under both water table
and semi-confined conditions. The depth of dug
wells vary from 8.00 m to 12.00 m below ground
level (bgl). The depth of water level ranges from
2.00 to 10.30 m bgl. The yield of the dug well
ranges from 16,000 to 30,000 litres per hour (lph)
depending on the nature of geological formation.
The depth of bore wells on average ranges from 40
to 80 m with a discharge of 4000 to 15,000 litres
per hour (lph). The infiltration wells are also con-
structed near river beds by removing the sand bed
up to a suitable depth and putting percolation
cement rings. The main objective of constructing
infiltration wells is for providing drinking water
to villagers. These wells have a very high yield
ranging from 15,000 to 30,000 lph depending on the
rainfall.

5. Geophysical survey

Some empirical, analytical and numerical meth-
ods have been developed for determining resistivity
characteristics of the various subsurface formations
(Tagg 1934; Roman 1934; Moore 1945; Mooney and
Wetzel 1956; Compagnie Generale de Geophysique
1963; Orellana and Mooney 1966; Van Dam 1967;
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Figure 2. Plot of 1/2ΠR versus electrode separation based
on Hummel’s principle.

Ghosh 1971; Patra and Nath 1999). In the mean-
time Narayan and Ramanujachary (1967) showed
that it is possible to solve the field equation directly
to get resistivities and thicknesses of the subsurface
layers from the field data by inverse slope method.
It can be seen that the field data fall on discrete
straight-line segments with sharp changes in slope
in all the cases, representing the subsurface resis-
tivity variations. The basic theory underlying this
slope method is discussed here. If we begin by con-
sidering only a homogeneous medium of resisti-
vity ρl, with an electrode separation ‘a’ in Wenner
configuration then,

ρl = 2ΠaR,

where R is the actual measured resistance. Since it
is a homogeneous layer, ρl is constant for all values
of ‘a’ and

a

ρl

=
1

2ΠR
.

If now a plot is made of 1/2ΠR against ‘a’ the
graph will have a slope with the a-axis given by
l/ρl, and will pass through the origin (figure 2).

Next, we consider a two-layer case of resistivity
ρl for the top layer and ρ2 for the bottom layer
and ‘h’ for depth to the discontinuity. It is assumed
that the depth of sampling is equal to the electrode
separation. The apparent resistivity for electrode
separation ‘a’ will be equal to the average resistiv-
ity ρave of the material to a depth of ‘a’. Under

these conditions, Hummel’s principle (1931) states
that

h1

ρl

+
(a − h1)

ρ2

=
a

ρave

. (1)

Rearranging terms gives

h1(ρ2 − ρl)
ρlρ2

+
a

ρ2

=
a

ρave

. (2)

The first term on the left hand side is a constant.
The graph of a/ρave(= 1/2ΠR) versus ‘a’ will be
a straight line with a slope 1/ρ2 and an inter-
cept on the a/ρave-axis given by h1(ρ2 − ρl)/ρlρ2

(figure 2). It will intersect the segment of slope
l/ρ1 (corresponding to the first layer) at a point
whose abscissa will give the thickness h1 of the
first layer. If we consider a third layer of resistiv-
ity ρ3 and thickness h2, equation (2) now takes the
form

(h1 + h2)(ρ3 − ρave1,2)
(ρave1,2)ρ3

+
a

ρ3

=
a

ρave

, (3)

where ρave1,2 is the average resistivity of the first
and second layers and ρave is now the average resis-
tivity of all the three layers down to a depth ‘a’.
On the graph this will be represented by another
segment of slope l/ρ3 and cutting the a/ρave-axis at
an intercept (h1 + h2)(ρ3 − ρave1,2)/(ρave1,2)ρ3. The
intersection of this segment with the previous one,
projected down to the a-axis will give the quantity
(h1 + h2) which is the depth to the second discon-
tinuity (figure 2). This treatment can be extended
to any number of layers.

In practice, one makes a plot of 1/2ΠR,
where R is the measured resistance versus
electrode separation ‘a’. On drawing the best
fitting straight line segments through the points
the intersections are read off for depths h1,
(h1 + h2), . . . , (h1 + h2 + · · · + hn) with n being
any number of layers. The reciprocals of the
corresponding slopes of the segments now give
the absolute resistivities of the respective layers
directly.

In Seethanagaram Mandal under Vizianagaram
district of Andhra Pradesh, based on the geomor-
phological and hydrogeological studies, promising
zones were demarcated for carrying out detailed
vertical electrical soundings; and for gathering spe-
cific and reliable information about the occurrence
and geometry of subsurface structures which may
not have any surface signatures. VES method was
used, and good resistivity contrast was measured
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Figure 3. Plots of reciprocal resistance versus electrode separation, Seethanagaram Mandal.

between the water saturated weathered rock and
the unsaturated hard rock. Thus, 50 vertical elec-
trical soundings were carried out in 2005 using
Wenner electrode configuration with the help of
SSR-MPL instrument fabricated by IGIS, Hyder-
abad. Totally 5 VESs were carried out individu-
ally in and around each village. Considering the
variation in the apparent resistivity for each elec-
trode separation, while keeping the place of obser-
vation constant, quantitative interpretation of the
electrical resistivity data was undertaken using the
inverse slope method. Six VES curves are shown
in figure 3. Based on the resistivity data, 20 sites
were recommended for drilling. The depths to the

basement values computed from VES, were in good
agreement with the actual figures obtained from
the lithologic data of bore wells. This interpreta-
tion helped us to understand the subsurface lay-
ering, and depth to basement. But 10 out of 20
locations have given a good indication of water
bearing zones (table 1). A comparison of resistiv-
ity results of table 1 with lithologs of bore wells
and cross section of open well indicates that the
resistivity of top layer varies from 12.0 to 42.0Ωm.
The subsequent layers are weathered and massive
granite. A perusal of table 1 shows that the ranges
of resistivitiy values of the subsurface strata are as
below:
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Table 1. Results of geoelectrical layers at drilling sites.

Resistivity (ρ) in Ωm
Thickness (h) in m

Village name Geomorphic units Depth (d) in m Layer-wise inferred litholog

ρ1 ρ2 ρ3

h1 h2 h3

d1 d2 d3

Tamarakandi colony Pediplain 20.93 58.31 High Top soil, clay, kankar and sand
20 20 20 Highly weathered and fractured Khon-

dalites, gneissic granite and gneisses
20 40 60 Hard rocks (gneissic granite and gneisses)

with minor fractures

Gummadivaram Pediplain 19 79 372 Top soil, clay, and kankar
25 20 15 Highly weathered and fractured Khon-

dalites, gneissic granite and gneisses
25 45 60 Hard rocks (gneissic granite and gneisses)

Repativalasa Pediment 12.56 113.04 465 Top soil, clay, kankar and sand
15 15 20 Highly weathered to semi weathered Khon-

dalites, gneissic granite and gneisses
15 30 50 Hard rocks (gneissic granite and gneisses)

with minor fractures

S.S. Puram Pediplain 39.25 87.92 High Top soil, clay, and kankar
15 15 25 Weathered Khondalites, gneissic granite

and gneisses
15 30 55 Hard rocks (gneissic granite and gneisses)

Janumalluvalasa Pediplain 31.4 73.26 High Top soil, clay, and kankar
20 15 30 Weathered and fractured Khondalites,

gneissic granite and gneisses
20 35 65 Hard rocks (gneissic granite and gneisses)

Lachyyapeta Pediplain 23.55 104.66 301 Top soil, clay, and kankar
25 25 20 Weathered to semi-weathered Khondalites,

gneissic granite and gneisses
25 50 70 Hard rocks (gneissic granite and gneisses)

with minor fractures

Venkatapuram Pediplain 15.7 22.42 104.66 Top soil, clay, kankar and sand
15 25 20 Highly weathered and fractured Khon-

dalites, gneissic granite and gneisses
15 40 60 Hard rocks (gneissic granite and gneisses)

with minor fractures

Yegotivalasa Pediplain 39.25 52.33 157 Top soil, clay, and kankar
15 25 20 Weathered to semi-weathered Khondalites,

gneissic granite and gneisses
15 40 60 Hard rocks (gneissic granite and gneisses)

with minor fractures

Punibuchampeta Pediplain 18.84 28.78 75.36 Top soil, clay, kankar and sand
20 10 35 Highly weathered and fractured Khon-

dalites, gneissic granite and gneisses
20 30 65 Hard rocks (gneissic granite and gneisses)

with minor fractures

Avalavalasa Pediplain 43.96 78.5 High Top soil, clay, and kankar
15 10 35 Weathered and fractured Khondalites,

gneissic granite and gneisses
15 25 60 Hard rocks (gneissic granite and gneisses)

< 40Ωm : Top soil/sand and clay
40–80Ωm : Weathered granite and gneissic

granite
80–170Ωm : Semi-weathered granite and

gneissic granite

130–300Ωm : Morrum and kankar
170–400Ωm : Minor fracture and unweathered

gneissic granite and gneisses
>400Ωm : Hard rock (gneissic granite and

gneisses)
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Figure 4. Location of VES and drilling sites showing depth of well and water table, thickness of weathered zones and
number of fractures.

Figure 4 presents the depth of bore wells, thick-
ness of weathered zone, depth to water level and
number of existing fractures. It implies that the
thickness of weathered zones varies from 10 to 25 m
and at least 1–2 fractures exist in the weathered
zones at the 10 drilling sites.

6. Step draw down pumping test

A step draw down test helps in computation of well
efficiency, well productivity and also in determin-
ing the safe discharge rate for any well for selec-
tion of a suitable pump set. The draw down at a
well includes not only that of the logarithmic draw
down curve at the well face, but also a well loss
caused by flow through the well screen and flow
inside of the well to the pump intake. Because the
well loss is associated with turbulent flow, it may
be indicated as being proportional to nth power of
the discharge as Qn, where (n) is a constant greater
than one. The draw down (S) in a well pumped
with a discharge rate (Q) is given by the sum of the
draw down (BQ) of the aquifer at the well, and the

draw down (CQn) due to the movement of water
into the well through the developed zone or gravel
envelope and screen or slot in the casing. The rela-
tion of draw down is given by

S = BQ + CQn, (4)

where B = coefficient of aquifer loss and C = coeffi-
cient of well loss.

Jacob (1947) suggested that a value n = 2 might
be reasonably assumed, but Rorabaugh (1953)
pointed out that n can deviate significantly from
2. An exact value for (n) cannot be stated because
of differences of individual wells. The detailed
investigations of flow inside and outside of wells
show that the considerable variations occur from
assumed flow distributions. The time draw down
data obtained from the step draw down test help
in the determination of the coefficient values of B
and C.

The time draw down and time recovery data for
different steps were plotted on a semi-log graph.
The time required for achieving complete recovery
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Figure 5. Cross plots of (Sw/Q) vs. Q for determination of B and C.

(SWL) is estimated by proper extrapolation of the
recovery curve. The recovery period thus estimated
is subtracted from 24 hours, which gives the opti-
mum time period for pumping the well. The time
draw down curves is extrapolated to this time and
the draw down is noted for each step. The ratio of
draw down (S1) and the corresponding discharge
rate (Q1) are calculated. Values of (S1/Q1) are
plotted against Q1, and the least square straight
line is fitted through the points (as shown in fig-
ure 5). The intercept and slope give the coefficient
of the aquifer losses, B and well losses, C, respec-
tively by trial and error.

6.1 Specific capacity and well efficiency

Specific capacity (Q/Sw) of a well is the discharge
per unit draw down in the well and is usually
expressed in lpm/m. This is a measure of well effi-
ciency. The specific capacity of a well is not con-
stant but decreases with the increase in pumping
rate (Q) and prolonged pumping (t). If the well
is small in diameter and is pumped at a higher
rate, the frictional losses will increase. The maxi-
mum safe yield (recommended yield) of a well is
the capacity of the aquifer to supply water without
causing a continuous lowering of the water table
and is therefore, limited by the rate at which the

ground water is replenished by the recharge. Exces-
sive lowering of the ground water table by pumping
may affect the surrounding water sources.

The efficiency of the well for a particular dis-
charge is calculated by

BQ

Sw

(5)

where, B = coefficient of aquifer or formation loss,
Q = discharge and Sw = specific draw down.

The efficiency of 10 bore wells are calculated by
well loss divided by the draw down, BQ/Sw (pre-
sented in table 2). This result also provides the
specific capacity of the well which is a measure of
productivity.

7. Discussions and conclusions

Figure 4 presents locations and results of investi-
gation of 10 favourable sites. Tamarakandi colony
of Seeethangaram Mandal is one of 10 sites on
a major lineament and on the bank of the Suvarna-
mukhi river. The interpreted geoelectrical section
matches well with the borehole litholog. The VES
carried out at Tamarakandi colony reveals a 20 m
top layer of clay, kankar and sand zone with resis-
tivity of 20.93Ωm. It shows weathered and highly
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Figure 6. Comparison of geoelectrical layers and lithologs
at Tamarakandi Colony.

fractured zones having resistivity of 58.31Ωm and
that of massive gneissic granite and gneisses with
minor fractures and high resistivity at a depth
below 45 m (figure 6). The water saturated zone
was first encountered at 23.0 m depth in the highly
weathered and fractured khondalites, gneissic gran-
ite and gneisses with an initial yield of 1500 lph.
The main aquifer occurs at a depth of 40 m, which
extends down to 50 m depth recording drilling dis-
charge of 5500 to 9000 lph. The yield of this bore
well was also confirmed by conducting the step
draw down pumping test which showed optimum
yield of 15,480 lph and recommended a yield of
9000 lph (table 2).

Gummadivaram village was chosen for its close
location to a small tank, and belongs to the
pediplain. The VES result shows that the top layer
is completely clay and sand bearing 19.0Ωm resis-
tivity. The water was struck at 3 m depth in clay
and sand zone with initial yield of 500 lph. The
main aquifer was met at 22.50 m depth in the gravel
and pebble zones extending down to 40 m depth
producing the yield of 1500–3000 lph. The inter-
preted geoelectrical section matches well with the

Figure 7. Comparison of geoelectrical layers and lithologs
at Gummadivaram.

observed lithology (figure 7) indicating the resis-
tivities of weathered zone as 79Ωm, and of the
massive gneissic granite and gneisses as 372Ωm.
At 50 m depth in hard rock, one fracture zone was
encountered with a yielding capacity of 3500 lph.
The yield of this bore well was confirmed by con-
ducting the step draw down test which showed
optimum yield of 3540 lph, and the recommended
yield was computed as 2000 lph.

The VES site at Janumalluvalasa village falls
on a tank as inferred from the drainage map and
located on the pediplain. Here, VES result presents
three geoelectrical layers (figure 3). The drilling
results show that water was struck at 18.0 m depth
with an initial yield of 2000 lph. The main aquifer
occurs at 25 m depth, and extends down to a depth
of 38 m yielding 3500 to 4500 lph. The interpreted
geoelectrical section correlates well with the bore-
hole litholog (figure 8), showing the coarse sand
and pebble zones with resistivity of 31.4Ωm; highly
weathered and fractured khondalites, gneissic gran-
ite and gneisses with resistivity of 73.26Ωm, and
massive gneissic granite and gneisses with high
resistivity values. The yield of this bore well was
also confirmed by conducting the step draw down
test. This test indicates optimum yield of 4, 140 lph
and the recommended yield was computed as
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Figure 8. Comparison of geoelectrical layers and lithologs
at Janumalluvalasa.

2500 lph and similar matching was obtained at the
other 7 sites of this study area too. The maximum
optimum yield was 22,500 lph (375 lpm) at Repati-
valasa village (falls under pediment) where the rec-
ommended discharge was 5000 lph. The optimum
yield and recommended discharge of 10 drilled bore
wells vary from 3480 to 22,500 lph and 900 to
9000 lph respectively.

In general, the hard rock formations do not have
good groundwater potential. Still, integrated stud-
ies help to ascertain the presence of hidden water-
bearing formations. Resistivity sounding proved to
be an effective tool to locate the productive zones,
when interpreted in conjunction with hydrogeo-
logical and hydrogeomorphic data. Of course, all
the relevant and situation-specific features would
have to be taken into consideration while deciding
the overall approach for groundwater exploration
strategy.
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