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EDITOR’S PAGE
With great pleasure and satisfaction, Association of Exploration Geophysicists (AEG) forwards the Vol.XXXVI No.4
October-December, 2015 issue of the Journal of Geophysics (JOG) to all its members and patrons.
A brief summary on the research contributions in this volume of the journal is given below.
G.K. Batta et al., in their article “Spectral Highs at Low Frequency Seismic as Universal Direct Hydrocarbon
Indicator (UDHI)”, emphasize the application of low frequency seismic data analysis as a tool in hydrocarbon exploration.
It was demonstrated from their study that a unique spectral high is observed at low frequency range (2-5 Hz) over subsurface
oil and gas deposits in both active and passive seismic data. Their study indicated that the low frequency data analysis can
complement the reflection data in identifying structural and stratigraphic traps and the spectral high can be considered as
a Universal Direct Hydrocarbon Indicator (UDHI).
Electrical resistivity technique is not only utilized for demarcating the favourable ground water potential zones but
also effective in detecting the groundwater contamination sites. N.C. Mondal and Shakeel Ahmed in their article
“Dar-Zarrouk Parameters for deducing Shallow Fresh Groundwater Zones in a Tannery Belt, Tamil Nadu, India”,
adopted an innovative technique for demarcating fresh groundwater zones in the tannery belt of Tamilnadu, India. The
Dar-Zarrouk parameters viz., the average longitudinal resistivity and average transverse resistivity computed from the
Vertical Electrical Sounding (VES) data along with aquifer resistivities successfully reflected clear, conspicuous and
widely varying ranges for saline and fresh water zones in the tannery belt.
In the technical paper on “Gravity Magnetic Responses in the Precambrian Terrain of Eastern Ghat Mobile Belt,
Sambalpur District, Odisha”, B. Pathak et al., illustrate the efficacy of gravity and magnetic surveys to delineate the
subsurface geology and structural information. Based on the gravity and magnetic anomaly signatures, the subsurface
extension of Khondolite and Charnockite rocks and Gondwana sediments are traced. The Euler’s depth solution and the
radially averaged power spectra revealed deeper interface depths for the Khondolite and Charnockite formations where as
shallow depth ranges are inferred for the Gondwana sediments. The 2D modeling results across two profiles clearly
brought out the depth and aerial extension of Gondwana sediments with in the Eastern Ghat Mobile Belt.
B. Venkateswara Rao and Y. Siva Prasad et al., in their article “Delineation of Kaolinised Zones by using Three
Dimensional Resistivity Imaging in a Typical Khondalitic Terrain to Contain Water Well Failures” demonstrate the
application of 2D and 3D Resistivity Imaging in delineation of spatial distribution of kailonised layer. It was inferred from
their study that the extended deeper kaolinisation of the aquifer is responsible for the failure of wells. Based on the order
of resistivity values, weathered and fractured khondalitic suit of rocks with moderate resistivity are identified as aquifer
layers while the basement granite gneiss is characterized by high order of resistivity. The layer with lowest resistivity is
inferred to be the kaolinised zone.
Harsha Yalla et al., in their case study “Modeling and Interpretation of High Resolution Heliborne Magnetic Data
for Uranium Exploration, Shillong Basin, Meghalaya, India - A Case Study”, highlighted the role of high resolution
heliborne magnetic surveys in delineating the mafic/acidic intrusive and structures favourable for targeting unconformity
related uranium mineralisation in parts of Shillong Basin, Meghalaya, India. Magnetic data helped in demarcating the
sheared contact between basement gneisses and Shillong Group of rocks. The Tyrsad-Barapani Shear (TBS) is manifested
by strong magnetic signature due to the metavolcanics of Khasi greenstone and Tyrsad metasediments. It is inferred from
the study that the basement below the Tyrsad Formation is uplifted and metabasics are intruded along the strike of the
formations. 2D modelling of magnetic data revealed a maximum sediment thickness of 1200m.
Magnetic survey is successfully utilized to decipher the concealed chromite mineralization as it is often associated
with tectonically deformed and metamorphosed ultramafic rocks. K. V. Satyanarayana et al., in their case study “Delineation
of Podiform Chromite Bodies Associated with PGE Mineralization Occurring within Ultramafics of Manipur Ophiolite
Belt - A Case Study from Magnetic Survey”, highlight the results of detailed magnetic survey conducted over parts of the
Manipur Ophiolite Belt (MOB). Magnetic survey helped in delineating the disposition of Ophiolite belt within the sediments
and the associated shearing and deformation. The disseminated podiform chromite bodies within ultramafic rocks are
successfully mapped. Quantitative analysis of magnetic data indicates that the podiform chromite bodies associated with
PGE mineralization occur at shallow depths.
V. P. Dimri
A. K. Chaturvedi
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Spectral Highs at Low Frequency Seismic as Universal Direct
Hydrocarbon Indicator (UDHI)
G.K. Batta, D.S. Manral, S.N.Singh and G.V.J. Rao
Oil India Limited, Duliajan, Assam

Abstract
As per oscillations theory in Physics, free or natural oscillations of a body depends on its nature and structure.
Oscillation theory is also applicable to hydrocarbon deposits in the subsurface rock strata. If any external force frequency
meets with natural oscillations of hydrocarbons in multi-fluid phase or hydrocarbon strata, then the hydrocarbons
present within the strata start oscillating from their natural state and attain a maximum amplitude when these external
forces frequency matches the natural frequency of the hydrocarbons. This is qualified as a state of resonance in pure
physics and is the basic building block for study and analysis of these low frequency spectral highs in quest of hydrocarbon
resources. The signatures of this phenomena occurring in the subsurface is embedded in the conventional seismic shot
records acquired in the field. A knowledge of the occurrence of this phenomena and careful processing workflow aimed
at extraction of these low frequency components from the seismic shot records can be successfully utilized for identifying
the spectral highs (2-5Hz) and their analysis can aid as an important diagnostics tool in classifying potential hydrocarbon
fluids in the subsurface.
Key words: Passive seismic, Active seismic, Spectral highs at low frequency (2-5 Hz).

Introduction
Have we Exploited the Richness of Low
Frequency to their Potential ?
We know well that Earth acts as low pass frequency
filter, and low frequency travel longer distances without
significant attenuation. Therefore, the low frequencies are
good candidates for all geologic settings in identification
and delineation of subsurface oil and gas prospects.
There exists tremendous scope of utilizing these low
frequencies (2-5 Hz) in seismic data, exploration risk can
be mitigated by complementary and definite information in
terms of spectral highs signatures as an attribute as well as
they are required in conventional seismic mapping and
imaging studies to build the low frequency models for
carrying out waveform inversion and other specialized
studies. On the other hand, these can play an important role
in areas where seismic reflection imaging is not adequate
to identify the structural and stratigrafic traps that may
contain hydrocarbons. In several experiments it has been
noticed that a unique spectral high is noticed at low frequency
range (2-5 Hz) over subsurface oil and gas deposits in both
passive & active seismic observations.
A pilot study has been carried out in active seismic data
in OIL s operational areas and spectral highs were observed
at low frequency (2-5 Hz) over proven hydrocarbon pools.
The study was also extended for identification of
hydrocarbon prospects in other OIL s operational area. These
low frequency (2-5 Hz) spectral highs appear as quasihyperbolic events in 2D Seismic shot gathers. Therefore,

the richness of these low frequencies can be utilized to their
full potential by studying and analyzing the seismic energy
in total perspective.

Theory and Fundamentals
Simple Harmonic motion: The motion of a particle which
is controlled by the force equation F = -Kx is known as
simple harmonic motion. Where F=Restoring force, K =
Restoring force constant and x = displacement of particle
from its mean position.
Free oscillations: The oscillations of a particle with
fundamental frequency under the influence of restoring
force are defined as free oscillations. The amplitude,
frequency and energy of oscillations remain constant.
The frequency of oscillations of the body depends upon its
nature and structure, hence it is known as the natural
frequency of the body.
Oil and gas in the subsurface strata are also have their
own free oscillations that may not be detected continuously
by sensors planted on the surface.
Resonance: When the frequency of external force
(earthquake, manmade earthquake etc.,- driver) is equal to
natural frequency of oil and gas (driven), then this state of
the driver and the driven is known as the state of resonance.
In the state of resonance, there occurs maximum transfer of
energy from the driver to driven (oil and gas). Hence the
amplitude of motion becomes maximum. In the state of
resonance the natural frequency of driver (oil and gas- )is
known as resonant frequency.

Batta et.al.,
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The time period of oscillator of mass (M), in the state of
resonance is given by
T = 2Π / ω” = 2Π√ (M/K)

(1)

or
ω” = √(K/M)

(2)

Resonant frequency or natural frequency of unit mass
ω” = √(K), where K = Restoring force constant that follows
the force equation and responsible for harmonic motion.

Multi-fluid Phase Hydrocarbon Strata
In general there are three types of multi-fluid phase
hydrocarbon strata (low velocity media) in the subsurface.
They are,
1) Gas-water fluid phase strata
2) Oil-water fluid phase strata
3) Gas-oil-water fluid phase strata

This circumferential wave act as natural driving force
and leads to further oscillations of hydrocarbon fluids in
strata. If the frequency of circumferential waves meets with
natural oscillations (harmonic motion) of hydrocarbons (due
to its restoring force constant (K), then resonance phenomena
applicable to hydrocarbon strata. In state of resonance,
harmonic motion of hydrocarbons in the strata attains
maximum amplitude.

What is the Restoring Force Constant for Ideal Gas?
As per oscillation theory in Physics, there is an expression
of “Time period of oscillations of a frictionless piston of a
cylinder filled with gas” and is given below
T = 2Π √ (MV/ γ PA2)

(3)

where M is mass of gas, P is atmospheric pressure, γ is
adiabatic constant,(CP / CV), A is cross sectional area of
piston, V=volume of gas, CP is specific heat of gas at constant
pressure and CV is specific heat of gas at constant volume.

Is there any Naturally Generated wave Field in
multi-fluid Phase Hydrocarbon Strata, if
Seismic wave Passing Through?
From equation (1) and (2),
When the frequency of external force (earthquake,
manmade earthquake etc) interact with multi-fluid phase
hydrocarbon strata (low velocity media or low acoustic
impedance), some part of seismic energy trapped in
hydrocarbon strata and forms the surface types of
circumferential waves which are moving in and around the
multi-fluid phase hydrocarbon strata.
Four types of circumferential waves are known. The first
type is the Frantz wave (Frantz, 1954), which propagates
around the object with velocity approximately equal to that
of the embedding medium. These waves merge with direct
waves in the edges of shadow zones and form most of the
wave field in these zones (Groenenboom and van Dam,
2000). Frantz waves intensively radiate energy into the outer
medium and rapidly decay in amplitude over time. The
second type consists of “whispering gallery” waves
(Rayleigh, 1924) which primarily propagate inside an object
being multiply reflected from a curved object’s interface.
Whispering gallery waves also decay rapidly because they
lose energy during reflections at interfaces. The third type
of circumferential wave is the Rayleigh. Even if their initial
amplitude is small compared with other waves, over a long
observation time Rayleigh waves can dominate in records,
as happens with teleseismic events. Finally, the fourth type,
Stoneley waves, can be excited when either the object or
medium is a fluid (Uberall, 1973). Stoneley waves also are
slowly decaying waves, and they can make many propagation
cycles around an object without significant attenuation.

√(M/K) = √ (MV/ γ PA2)
1/K= V/ γ PA2

(4)

K= γ PA2/V
The gas constant occurs in the ideal gas law, as follows
PV = nRT

(5)

Where P is the absolute pressure (SI units Pascal), V
is the volume of gas (SI units cubic meters), n is the
chemical amount of gas (SI units mole), T is the
thermodynamic temperature (SI units kelvin) and R is
Universal gas constant (8.314 J/mol-K)
PV = RT (For unit mole and unit temperature)
P = R/V

(6)
(7)

From equation (4) and (7),
K= γ R(A2/V2 )

(8)

Therefore, restoring force constant for unit area, unit
volume of ideal gas and unit or constant thermodynamic
temperature is given below
K= γ R

(9)
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What is the Resonant or Natural Frequency of
Natural Gas (CH4)?

What is theγ for different gases?
Property

Mono
atomic
gas

Diatomic
gas

Atomicity

1

2

Triatomic gas
(Nonlinear
arrange
ment)
3
3

Degrees of
freedom

3

5

7

(Linear
arrange
ment)

6

CP/CV =

γ

(Adiabatic
constant)

1.66

1.4

1.28

1.33

Poly
atomic
gas
4,5,.....
f
(degrees
of
freedom
of gas
molecules
)
1 + (2/f)

What is the Degrees of Freedom of Gas
Molecules?
The number of directions in which a particle can move
freely is defined as its degrees of freedom.
f = 3N-B

(10)

where f is degrees of freedom, N is number of molecule and
B is number of constraints.
There are three types of degree of freedom,
a)

Degrees of freedom of translation motion: it occurs
at normal temperatures

b) Degrees of freedom of rotational motion: it occurs
at normal temperatures
c)

Degrees of freedom of vibration motion: it occurs
at high temperatures.
Restoring
force
constant
(K)
K = γR
at constant
T
13.8

Molecule

Structural
Molecule

γ

(Adiabatic
constant)

He

linear

1.66

1

f = 3x1-0 =
3

O2

linear

1.4

2

f = 3x2-1 =
5

11.6

H2

linear

1.4

2

f = 3x2-1 =
5

11.6

HCl

linear

1.4

2

f = 3x2-1 =
5

11.6

CO2

linear

1.28

3

f = 3x3-2 =
7

10.6

BeCl2

linear

1.28

3

f = 3x3-2 =
7

10.6

H2O

Nonlinear

1.33

3

f = 3x3-3 =
6

11.1

O3

Triangular

1.33

3

f = 3x3-3 =
6

11.1

CH4

Tetrahede
ral

5

f = 3x5-9 =
6

11.1

1.33

No. of
atoms

Degrees of
freedom

Restoring force constant of above gases are varying from
11 to 13. For methane, it is 11.

Resonant frequency (ω” ) of methane per unit mass is
square root of restoring force (K) constant for natural gas.
Resonant frequency of methane gas, ω” = √(K) = √11.1 =
3.33 Hz

Gas-water Fluid Phase Strata
In general, methane is naturally available in the
subsurface strata. Water molecule is in general in liquid state
even at 100 degree centigrade as boiling point of water
molecule increases with increasing pressure. When
frequency of circumferential waves in the gas - water strata
meet with free oscillations at 3.33 Hz frequency, gas
molecules oscillate with maximum amplitude. That is the
reason why, spectral high is noticed in low frequency range
(2-5 Hz) in both passive and active seismic data over gas
strata.
Since restoring force constant is associated with
Universal gas constant, methane is in general forms in the
subsurface strata through its natural process and water is
not in gaseous state in subsurface strata, the spectral high
noticed at low frequency range (2-5 Hz), at 3.3 Hz is
considered as Universal direct hydrocarbon indicator
(UDHI) in seismic data.

Challenges
During artificial manmade things like gas (CO2) lifting
techniques to get oil from subsurface, is in routine practice
at well site operations where gas (CO2, methane etc.,) is
inject into the oil strata. The CO2 gas in the subsurface can
also give the same spectral high in low frequency (2-5 Hz).
Otherwise mostly natural gas (methane) with minor
impurities is available in the subsurface.

Oil-water Fluid Phase Strata:
As per oscillation theory in Physics, there is an expression
of Time period of oscillations of a test tube filled with low
dense liquid on water and is given below
T = 2Π√ (m/ A dg)

(11)

where d= density of liquid, A= radius of test tube.

From Equation (1) and (11)
Restoring force constant of floating oil on water
K = Adg
= A(m/v)g

(12)

For unit area, unit volume and unit mass,
K=g

(13)
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Free oscillations or natural oscillations of oil which float
on water is mainly due to restoring force that equals to
gravity. Natural frequency of oil which float on water is
square root of restoring force constant per unit mass and
unit area or volume is K.
i.e.,

noise (background waves) interacting with hydrocarbon
bearing geological structures show spectral modifications.
The signature on top indicate typical spectral power densities
of the vertical velocity component measured outside (left)
and directly above (right) a hydrocarbon reservoir.

K = g = 9.8= 3.13 Hz
O ff re s e r v o ir

O n r e s e r v o ir

When frequency of circumferential waves in the oil water strata meet with free oscillations at 3.13 Hz frequency,
oil molecules oscillate with maximum amplitude. That is
the reason why, spectral high is noticed in low frequency
range (2-5 Hz) in both passive and active seismic data over
oil strata.

Observation

Since restoring force constant of floating oil on water is
associated with gravity, the spectral high noticed at low
frequency range (2-5 Hz), at 3 Hz is considered as Universal
direct hydrocarbon indicator (UDHI) in seismic data.

Mechanis

Gas-Oil-Water Fluid Phase Strata
In this case also both Universal gas constant and gravity
are responsible for free oscillations of hydrocarbon in the
strata.
When the frequency of external force (earthquake,
manmade earthquake etc.,- driver) interact with low velocity
hydrocarbon reservoir, some part of energy trapped in the
reservoir in the form of multiple reflections and generated
circumferential waves. If the frequency of circumferential
waves meets with natural frequency of oil and gas (3.133.33 Hz) in the gas-oil-water fluid phase strata, oil and gas
molecules oscillate with maximum amplitude. The energy
spherically spreads in all directions and can be recorded by
sensors which are planted on the surface in both passive
and active seismic data. Seismic data has evident of spectral
high at low frequency over hydrocarbon strata also.
Harmonic motion over the hydrocarbon strata due to
restoring force that depends on universal gas constant and
gravity in multi-fluid phase strata in the subsurface.
Therefore, as far as multi-fluid phase hydrocarbon strata in
the subsurface, spectral high at low frequency (2-5 Hz)
seismic can be used as Universal Direct Hydrocarbon
Indicator (UDHI)

Brief on Passive Seismic : Spectral High
Low Frequency Passive Seismic surveying technique
relies on recording of ambient seismic waves, a continuous
narrow-band, low-frequency (0.1 10 Hz) natural wave field
of earth with varying amplitudes (0.01 10 m/s) through
highly sensitive broadband seismometers (single/
multicomponent) on surface. The source is an omnipresent
and omni directional natural earth noise. Figure-1 is the
schematic representation of the measurement of natural earth

Source

Fig. 1. Schematic Representation: Background Waves
This seismo-acoustic background noise which can be
observed at every location around the globe is a white
noise resulting from numerous mean of sources viz. standing
waves of the ocean, eigenmodus of the terrestrial crust,
tremors observed near volcanoes/glaciers, standing wave
resonance, selective attenuation and resonant amplification.
None of these theories is proven so far, but all are based on
the permanent background noise of the earth.

Reservoir area

Spectral anomalies
characteristic of
hydrocarbon
reservoirs

Outside Oil Pool

Fig. 2. Anomalies in the Fourier spectra of surface
velocities, measured within and outside the boundaries
of an oil reservoir.

Spectral Highs at Low Frequency Seismic
Moreover physical explanations being investigated to
account for the empirically observed phenomena that a
hydrocarbon reservoir in porous media correlates with
seismic signal anomalies include models based on
Scattering and on Amplification phenomenon. The key
observation is that the characteristics of the seismic
background spectrum are different for interactions with
geological structures containing hydrocarbon.

171
Figure 4(a)
Raw seismic trace (DSU) over oil and gas pool:
Active Seismic

Is there any scope in Active Seismic for low
frequencies (2-5 Hz)?

2 Hz

In active seismic, geophones or sensors are being used as
receivers that can capable to sense low frequency 2-5 Hz
also (see Figure 3). However, reliability is relatively good
in broad band sensor (DSU) as amplitude response is
independent of frequency.
In general, a raw seismic record is a product of complex
seismic energy (1-125 Hz) communication between seismic
source, subsurface and receivers. In the same seismic record,
geoscientists are being mainly looked for energy (6-90 Hz)
communication between seismic source, subsurface rock
layers and receivers only through seismic reflection
technique since 1960. However, authors have taken the
advantage of rest of the frequencies (1-5 Hz) in active
seismic data and noticed the similar spectral high as observed
in Passive seismic (see Figure-04).

4 Hz
Very small
or negligible
quantum of
Spectral high

Figure 4(b)
Same seismic trace over oil and gas pool after
whitening the spectra : Active Seismic
Considerable
quantum of
Spectral high
2 Hz

4 Hz

Fig. 4. Active raw seismic trace over oil and gas pool:
Negligible quantum of spectral high is noticed on raw
seismic trace (top: Figure 4(a)). Same trace is showed
considerable quantum of spectral high (bottom: Figure 4
(b)) after whitening the spectra at low frequency (2-5 Hz).
2 Hz

5 Hz

Fig. 3. Linear phase and amplitude response of a
Digital Sensor Unit (MEMS) compared with a 10 Hz
geophone. Note Geophone also have phase and
amplitude response at 2 - 5 Hz but not linear
These spectral highs represents in the active 2D seismic
as quasi-hyperbolic events. Most of the active seismic shot
gathers acquired with DSU have witnessed with low
frequency hyperbolic events over oil and gas pools in OIL
operational areas (see Figure 5). The further study extends
to other areas where looking for possible hydrocarbon
prospects (see Figure 6). The results are quite encouraging
and in line with industry established reflection data sets.

Active seismic shot
gather

Fig. 5. Pre-processed seismic shot gather over oil and
gas pool showing low frequency (2-5 Hz) hyperbolic
events corresponds to observed spectral high
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Apex of the hyperbolic event corresponds to lateral position
of oil & gas and its high amplitude at late part of seismic record
(after all primary waves gone) at its right phase slope gives its
depth (see Figure 7)

1.

All the structural traps or highs may not contain the
hydrocarbon. Therefore, integrated approach with
reflection technique and resonance technique will
reduce the risk of drill dry well.

2.

It may play a key role where subsurface reflection image
issues are quite challenging to resolve the uncertainty
in the subsurface for the following reasons:

Active seismic shot gather
Figure 6(a)

Lateral velocity complexity for lateral complex
geologic setting (Example :Thrust belt areas).
Vertical velocity complexity for vertical complex
geologic setting (Example: Mapping of low velocity
sediments below the high velocity thick Deccan traps,
below the thick salt / anhydrate strata and thick coal
shales etc.,
Active seismic shot gathe r

3.

Figure6(b)

Fit for all geologic settings for identification of
possible hydrocarbon prospects as it follows the basic
fundamental Earth acts as low pass frequency
filter .
Reduce the present seismic exploration risk

Fig. 6. Pre-processed seismic shot gathers (Figure 6(a)
and Figure 6(b)) over possible hydrocarbon prospect are
also showing low frequency(2-5 Hz) hyperbolic events
corresponds to observed spectral high.

Do the Spectral High at Low Frequency Seismic
Qualify as Universal Direct Hydrocarbon
Indicator (UDHI)?
Answer may be yes for the following reasons:

A ctive seismic shot gather

a) Naturally generated wave field (circumferential
waves) in multi fluid phase hydrocarbon strata (low
velocity media) in the subsurface, but it is not the case
with water strata. This wave field may be further act as
driving force to oscillate hydrocarbons

Fig. 7. Zoomed view of Figure 6 (b) at low frequency
anomalous part (highlighted in red colour) for
depth estimation of possible hydrocarbon prospect.
Phase slope of hyperbolic event is 500 m/s and
maximum amplitude information occurs at
6.5 sec. Therefore, hydrocarbon prospect depth
is approximately about 3250 m from surface.

Benefits of Low Frequency (2-5 Hz)
Identify the subsurface hydrocarbons at its fundamental
or natural frequency in terms of its optimum lateral
positioning and depth. It is even possible to take right
decision for right optimum lateral positioning of possible
long life producing well.

b) Natural oscillations of hydrocarbons (3.13-3.33 Hz)
like oil and gas in the subsurface strata are also
associating with Gravity(g) and Universal gas constant
(R). These are mainly responsible for harmonic motion
of hydrocarbons like gas and oil in the strata.
c)

If external force frequency of circumferential waves
meet with natural oscillations of hydrocarbons in the
strata, resonance phenomena in physics occurs with
hydrocarbons in the strata and they oscillate with
maximum amplitude. Therefore, the resonant energy
spreads spherically in all directions from hydrocarbon
strata and can be recorded by sensors planted on the
surface. The recorded seismic data is evident of spectral
high at low frequency (2-5 Hz) in both passive and
active seismic operations. Therefore, it fits for all
geologic settings as Earth acts as low pass
frequency filter .

Spectral Highs at Low Frequency Seismic
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a) In active seismic, the low frequency (2-5 Hz) spectral
highs appear as quasi-hyperbolic events in 2D seismic
shot gathers. Further data analysis on low frequency
hyperbolic events will optimize the hydrocarbon
prospects in terms of its lateral position and depth.

Since restoring force constant of oil and gas in multifluid phase hydrocarbon strata is associated with gravity and
Universal gas constant, noticed spectral high at low
frequency (2-5 Hz) can be considered as Universal Direct
Hydrocarbon Indicator (UDHI).

Recommendations

Utilizing these low frequency (2-5 Hz) seismic data will
be value addition to Hydrocarbon Industry in terms of reduce
the seismic exploration risk and reduce the risk of drill dry
well.

Low frequency data analysis should be given more and
more focus and it analysis and utility should be extended to
all type of Sensors employed in the industry for hydrocarbon
exploration.
Legacy dataset may also be reviewed. In the Oil Industry,
huge geophone seismic data of 6 sec seismic record length
is available. For shallow hydrocarbon prospects (1800 m
thick sediments from surface),such seismic datasets can be
analyzed for their low frequency potential in discrimination
and identification of oil & gas deposit.
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Abstract
Geophysical survey was conducted over a tannery belt encompassing 80 functional tannery industries in Tamil
Nadu, India. These factories discharge untreated effluents which pollute shallow groundwater where electrical conductivity
(EC) value had a wide range between 545 μS/cm and 26,600 μS/cm (mean: 3,901 μS/cm). Geoelectrical layer parameters
of 37 Vertical Electrical Soundings (VES) were analyzed to demarcate shallow fresh groundwater zones. However, the
analysis not did lead to a unique resolution of fresh groundwater zones when it was compared with groundwater quality
data obtained nearby open wells. It was also difficult to assign a definitive value to the aquifer resistivity at the sounding
points. Thus, Dar-Zarrouk (D-Z) Parameters namely longitudinal unit conductance (S) and transverse unit resistance
(T) along with an average longitudinal resistivity (Rs) and average transverse resistivity (RT) were calculated for identifying
fresh water. Spatial distributions of S, T, and Rs reflected widely varying ranges for both the fresh and saline water zones.
In addition the pragmatic relation of formation factor (F) was established among water and aquifer resistivities for the
fresh aquifers, which may be used to estimate EC values from the aquifer resistivity map, where well water is not
available. The information gathered represents a base for future work that will help in the planning, protection and
decision-making regarding sustainable fresh groundwater management in the tannery belt.
Key words: Tannery industry, Shallow aquifer, Dar-Zarrouk Parameters, Fresh groundwater, Tamil Nadu, India.

Introduction
Electrical resistivity method is the most commonly
applied geophysical method for measuring apparent
resistivity of subsurface materials. Under many subsurface
conditions, this method can quickly demarcate the geological
set up (Sultan and Santos, 2008), characterize the hydrology
(Majumdar and Pal, 2005), identify areas most favorable
for groundwater potential (Ochuko, 2011), and locate the
general position of contamination/ plume (Adepelumi et al.,
2009). Many contaminants contain an ionic concentration
which is considerably higher than the background level of
native groundwater in both inland and coastal aquifers
(Mondal et al., 2011; Mondal and Singh, 2011). When such
contaminants are introduced into an aquifer, the electrical
resistivity of the saturated zone is reduced, and electrical
resistivity across a suspected area can identify the reduced
resistivity zone as an anomaly (Forhlich et al. 2008). This
method has been proved as a practical method in detecting
groundwater contamination from sanitary landfills (Kelley,
1976); sewage effluent (Warner, 1969); salt piles (Urish,
1980); industrial waste seepage (Stollar and Roux, 1975);
waste dumpsites (Akankpo and Igbokwe, 2011) etc.
However, the resolution of the resistivity anomaly is often
hindered, for uncertainty dominates due to geophysical
similarities in the behavior of saline and fresh water aquifers.

In this context, further look at the resistivity data along with
some other geophysical parameters becomes necessary in
order to provide additional and more realistic support for
delineating fresh groundwater zones in the highly polluted
area. These parameters include longitudinal unit conductance
(S), transverse unit resistance (T) (as S and T called DarZarrouk (D-Z) parameters, which can be used for delineating
fresh water potential, recharge area, saline and fresh water
interface, and dumping of hazardous materials, etc. (Singh
et al., 2004; Khalil, 2006). In addition, aquifer resistivity
(ρ o) is a function of apparent formation factor, F
(Archie,1942). Of course precise estimation of the F is
important for the calculation of aquifer properties (Niwas
and Singhal, 1985), and it depends upon the correct
measurement of aquifer water conductivities (EC) and ρo.
The formation factor depends on characteristics of the
formation such as porosity (φ), clay content, cementation
factor (m) and water salinity (Worthington, 1976). The
formation factor usually decreases with increasing salinity
content and gets higher with decreasing φ and increasing m.
For a homogeneous saturated aquifer, the F and intrinsic
formation factor may be similar, but when an aquifer is
partially saturated and contains salinity, the values of these
may deviate (Farid et al., 2012). Thus formation factor also
may be an indicator for identification of fresh aquifer.
Now-a-days water is continuously getting polluted from
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many different sources, including untreated sewage (Mondal
et al., 2005 and 2010); industrial discharge (Sankaran et al.,
2012); leakage from oil storage tanks (Lee et al., 2011),
mine drainage (Ebraheem et al., 1990), pesticides
(Shashsavari et al., 2012); and seawater intrusion (Saxena
et al., 2004 ; Sarwade et al., 2007 ; Mondal et al 2010); etc.
Groundwater pollution is a complicated phenomenon and
is quite different from surface water pollution. The
implication is that once groundwater is polluted, it is difficult
to bring to its original position. Tannery is one industry

Fig. 1. Location of major tannery clusters in India

which has been polluting groundwater and eco-systems
worldwide, and more particularly in India (Kennedy,1999;
Khwaja et al., 2001; Chattopadhyay et al., 2004;Kumar and
Riyazuddin 2008; Leghouchi et al., 2009; Nagpure te al.,
2015).
In India most of the tanneries are located near riverbanks,
e.g., Ganges River in North India and Palar River in South
India (Fig. 1), because they need large amounts of fresh water
to process hides and skins. Various chemicals (mainly
common salt, NaCl) are used to process raw materials in
tannery industries, which convert fresh water aquifers into
saline aquifers (Mondal and Singh, 2010). There are about
1083 tanneries in India with a total installed processing
capacity of 62.05 million hides and 161.34 skins. Tamilnadu,
West Bengal and Uttar Pradesh states together claim 88.40
percent of the tannery units in this country (Fig. 2a). Statistic
shows that more than 50% tanneries are located in Tamil
Nadu, India. Out of them, more than 70% tanneries are
located at Ranipet, Vanaiyambadi, Dindigul, Ambur and
Chrompet. But about 80 functional tanneries (>13% share)
are located at Dindigul, Tamil Nadu, India with a capacity
to process about 200 MT hides and skins as leather (Figs.
2b & 3). It was estimated that about 76,400- 85,600 kg of
leather was produced in Dindigul town every day, where
total dissolved solids (TDS) in groundwater was found to
be more than 17, 000 mg/L (Mondal et al., 2005). In this
area the aquifers change from fresh to saline. Thus, the
objective of this present study was to (1) estimate geoeletrical
layers of the aquifers through vertical electrical soundings
(VES), (2) calculate D-Z parameters for demarcating fresh
groundwater zones in the tannery belt, and (3) establish a
pragmatic relationship between aquifer resistivity and
formation factor, which will help to estimate EC values for
fresh aquifers, where well water is not available.

Fig. 2: Sharing of major tannery industries in (a) the states, and (b) Tamilnadu in India
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Brief Description of the Study Area
The study area is a drought prone hard rock terrain, and
is located about 400 km southwest of Chennai, the capital
city of Tamilnadu state, India. It lies between 77053/08//-780
01/ 24// E longitudes and 10013/44//-10026/47// N latitudes
(Fig. 3), and encompasses an area of about 209 km2, covering
parts of Dindigul, Attur, Reddiarchattram and Sanarpatti
blocks. Topography ranges from 360 m (amsl) in the
southern part to 240 m in the northern part. No perennial
streams exist in the area, except for short distance streams
encompassing 2nd and 3rd order drainage (Mondal and Singh,
2005). Runoff from precipitation within the area ends in
small streams flowing towards the main Kodaganar River.
The mean of maximum temperature ranges from 36.5oC to
41.8oC whereas minimum temperature from 17.4oC to 24oC.
The average annual rainfall is of the order of 905.3 mm for
the period of 1971-2007.
Geologically the study area is covered with Achaean
granites and gneisses, intruded by dykes. These, including
granite, gneissic granite and gneisses, are the most
widespread groups of rocks, and have heterogeneous
mixtures of different types of granites intruding into schistose
rocks after the latter folded and metamorphosed. The rocks
are mainly composed of gray and pink feldspar with quartz
grains, biotite and hornblende (Mondal and Singh, 2004).
These formations are crossed by sets of joints and fractures,
which have also caused weathering of hard rocks. Weathering
occurs due to mechanical and mostly chemical processes
that take place, while water in the fractures interacts with
the formation. The shallow hard and massive rocks are
exposed mostly in the southern part. Red sandy soil is
obtained in northern and southern parts of the area where
black cotton soil occurs in the middle part. There are many
lineaments which are oriented mainly in the NNE-SSW,
NEE-SWW, and NW-SE directions, but the major lineament
is running in the NNE-SSW direction for several kilometers
situated northwest of the Dindigul town along Kodaganar
River. The weathered zone facilitates the movement and
storage of groundwater through a network of joints, faults
and lineaments, which form conspicuous structural features.
Groundwater occurs mostly in weathered and fractured
zones, which are unconfined, semi-confined or confined.
Shallow aquifers are usually phreatic, which may not be a
stable source for meeting large demands on groundwater,
but deeper aquifers are partly confined, i.e., they are
recharged from shallow unconfined aquifers through dugcum-bore wells/bore wells as water accumulates in dug wells,
percolates into confined aquifers through bore wells which
are provided in dug wells. The depth to water table was
found to vary from 1.00 to 24.30 m (bgl) during the field
work. The transmissivity varies from 10-140 m2/day, whereas
the specific yield ranges from 0.002 to 0.004. Groundwater
is extracted through the bucket and pulley method for
domestic and gardening purposes.
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There are about 80 functioning tanneries in the study
area (Fig.3) with a capacity to process about 200 MT hides
and skins as leather. It was estimated that about 76,40085,600 kg of leather was produced every day. The process
of tanning involved the use of large amounts of fresh water
and various chemicals. The various chemicals (>200) used
in tanning are lime, sodium carbonate, sodium bi-carbonate,
common salt, sodium sulphate, chrome sulphate, fat, liquors,
vegetable oils and dyes. Common salt (NaCl) is also widely
used for short-term preservation of the skins/hides.
Application of NaCl has generated a huge amount of
pollution in the form of total dissolved solids (TDS) and
chloride (Cl-) during leather processing which discharges
into open lands and ponds. Groundwater is continuously
getting polluted from this effluents (Mondal and Singh,
2010). The process of groundwater pollution is complicated
one and quite different from that of surface water pollution.
It means once groundwater is polluted, it is so difficult to
bring to its original position.

Materials and Methods
Vertical Electrical Sounding (VES) was carried out in
order to delineate fractured, weathered zones and depth to
basement in the study area where in general groundwater
occurs. In total, 37 VESs were carried out using the
configuration of Schlumberger (1920) with the aid of the
indigenous IGIS-made DDR-1 Resistivity Meter,
Hyderabad. The maximum current electrodes spacing (AB)
was 200m. At several sites large spread VES could not be
observed due to standing crops.
The apparent resistivity values were calculated for all
AB/2 spacings in the field itself. On bi-log graph paper, AB/
2 values were plotted on the x-axis, and the corresponding
apparent resistivity values were plotted on the y-axis. These
points were joined to form sounding curves, which were
found mostly to be of A-and H-types. The initial
interpretation of these VES data was made using a
conventional partial curve matching technique (Bhattacharya
and Patra, 1968) with two layer master curve and auxiliary
diagram (Orellana and Mooney, 1966). Estimated resistivity
layers and thicknesses were obtained by assuming layers of
rocks with measureable resistivity and thickness, which may
vary subject to geological conditions comprising the existing
nearby litho-log data (PWD, 2000). Afterward, they were
used as initial estimates for inverse interpretation based on
optimization techniques using IX1D (v.3) Interprex inversion
software. This produced the thickness h and electrical
resistivity values of the various subsurface layers. These
two parameters are the primary geoelectrical parameters.
Standardization of these parameters for the aquifers were
achieved based on the existing litho-logs (PWD, 2000),
groundwater level at nearby open wells and well cuttings.
The shallow aquifer resistivity and their thickness are shown
in Table 1. In addition, measurements of groundwater levels
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were done using a water level indicator (IGIS, Hyderabad,
India) at near by open wells and simultaneously, the
electrical conductivity (EC) was also measured in-situ using
portable kits.

Fig. 4. Showing longitudinal unit conductance (S) and
transverse unit resistance (T) for a unit cross-section area
n

hi (Zohdy et al., 1974). The S and T are set equal to

H=
i1

those for an anisotropic block with a unit square area so
that:
Longitudinal unit conductance, S,
(1)
Transverse unit resistance, T,
(2)

Fig. 3. Location of the study area along with tannery
clusters and sounding sites in Dindigul, Tamil Nadu

Dar-Zarrouk Parameters
A layer may be described by two fundamental parameters
like it s resistivity and thickness. Others important
parameters could be obtained from these two parameters
(Keller and Frischknet, 1966) namely longitudinal unit
conductance (S) and transverse unit resistance (T). The
longitudinal unit conductance is the conductance parallel
to the face for a unit cross-section area (Fig. 4), whereas
transverse unit resistance is the resistance normal to the
face. They are sufficient for computing the distribution
of surface potential and hence an electrical resistivity
graphs (Honriet, 1976).

Both S and T have been defined as Dar-Zarrouk (D-Z)
parameters by Maillet (1947). They were estimated for the
first two layers for the interpreted sounding curves and had
been used for comparison of shallow fresh aquifers in the
tannery belt. Other parameters were also used and are equally
important for fresh water study in this area. They are:
H
Average longitudinal resistivity, R s
, and
(3)
S
Average transverse resistivity, RT

T
H

(4)

These parameters were utilized for delineating the fresh
groundwater zones in the tannery belt

Estimation of Formation Factor
The relationship between pore-water resistivity ( w) and
aquifer resistivity ( 0) commonly used means of expressing,
is by formation factor, F (Archie, 1942).

F

0

(5)

w

Suppose that a section consists of n-geoelectrical
layers with thickness h1, h2, , hn, and resistivity 1, 2, 3,
, n for a block of unit square area (in Fig. 4) and thickness

The formation factor is also related to porosity ( ) in
the following empirical equation (Winsauer et al., 1952).

F

m

(6)
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where,
= porosity, = constant ranging from 0.47 to 2.2 and
m = cementation constant ranging from 1.3 to 2.6, which
have been determined by the regression analysis of data from
the formation under investigation (Barker and Worthington,
1973). Combining (5) and (6), we get
m
0

(7)

w

The estimation of any parameter in the equation (7)
knowing other two is so ambiguous that the uncertainty in
the estimated value of this parameter can exceed the total
range of values encountered in an entire formation of the
study area. Therefore, a pragmatic relationship was
established among calculated aquifer and groundwater
resistivities which helps to estimate local EC-values at the
sounding point where well water in not available.

Results and Discussion
Results of the VES data

locations for groundwater developments. The depth of
bedrock ranged from 12.00 to 27.67 m (bgl) in western and
southwestern parts of the town (Fig. 5), which are the
possible good groundwater potential zones. The depth to
water level was <6.00 m (bgl) around the cluster, but
groundwater was extremely polluted due to the industry
effluents and was not suitable for drinking, domestic and /
or industrial purposes. Aquifer resistivity was estimated
based on the interpretation of VES data with collaborating
the existing litho logs, well cutting and groundwater level.
It varies from 6.1 to264.3 -m (Fig. 6). The aquifer resistivity
values are varied from 6 to 50 -m in the N-E, S-W, and the
tannery clusters of the study area, but it is > 50 -m in the
northern and southern parts including the food hill.
DWL: Depth to water level (m, bgl); EC: Electrical
Conductivity of groundwater at 250C and w: water
resistivity at nearby wells; A-type for 1 < 2 < 3 and Htype for 1 > 2 < 3, where 1, 2 and 3: 1st, 2nd and
3rd geoelectrical layers at the sounding site

The results of VES data obtained from the optimization
techniques using IX1D (v.3) Interprex software, when
compared with the existing litho-log data (PWD, 2000) and
cross-sections of nearby open wells (depth to water level
range: 3.50 to 17.50 m, bgl), confirmed the resistivity ranges
of different sub-surface geo-electrical layers.
2-95 -m
6-100 -m
100-300 -m
>300 -m

: Top soil cover/ Clay with kankar
: Weathered formation/ saturated or saline
aquifers
: Semi-weathered/ fractured granite and
gneissic granite
: Hard rock (gneissic granite and gneisses)

The shallow aquifer resistivity was compared with EC
values of the nearby well waters (Table 1). It indicated that
the resistivity of saline water aquifer ranged from 6.08 to
61.00 -m whereas fresh water aquifer, 67.12 to 264.27 m. It also showed that the resistivity of shallow aquifer in
weathered zone near the industries was comparatively less
and semi-weathered zone resistivity was higher than
weathered zone in this hard rock area. The interpreted VES
results showed that the weathered thickness ranged from
5.30 to 26.62 m. It was confirmed that its value ranged from
15.00 to 26.62 m in the western part of the town, which is
highly dense with tannery clusters. But it varied from 5.30
to 15.0 m in other parts. The soil thickness was varied from
0.52 to 5.35 m and the thickness of black cotton soil around
the tannery belt was <1.5 m and its infiltration rate was <1.7
cm/hour (PWD, 2000).
Bedrock shaded map, prepared from the results of VES
as well as suitable litho-log data, indicated the presence of
several basement depressions and ridges . The
depressions of bedrock in hard rock areas could be favorable

Fig. 5. Distribution of depth (m, bgl) to bedrock
in the tannery belt

Dar-Zarrouk (D-Z) Parameters
The results of VES data were used to calculate
Dar-Zarrouk (D-Z) parameters (i.e., S and T), average
longitudinal resistivity (R s), and average transverse
resistivity (RT) with the aid of equitions1-4. The applicability
of these parameters is discussed now for demarcating fresh
groundwater zones in the tannery belt.
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Table 1. Details of sub-surface information at the sounding sites

VES Ids

Location

DWL

EC
(µS/cm)

Aquifer
Resistivity
(Ohm-m)

4.39

Sounding
curve
types
A

158.9

Aquifer
thickness
(m)
7.59

VES-1

Ulagampatti

12.95

2280

VES-2

Ulagampatti (south)

8.00

2410

4.15

A

167.0

7.40

VES-3

Thadikombu

5.00

1805

5.54

A

113.0

10.10

VES-4

Kamakshipuram-I

9.75

4235

2.36

H

11.6

6.93

VES-5

Budhipuram

5.70

2130

4.69

A

244.1

5.30

VES-6

Alakaranpatti

5.80

4690

2.13

H

11.9

12.49

VES-7

Perumalpatti

9.52

1750

5.71

A

145.0

8.94

VES-8

Chettynayakampatti

9.10

1525

6.56

A

139.2

9.15

VES-9

Chinnamanayakampatti

5.50

2200

4.55

A

264.3

13.49

VES-10

Palamrajkkapatti

4.00

2020

4.95

A

152.0

8.51

VES-11

Anaipatti

6.00

1830

5.46

A

73.9

18.08

VES-12

Solaraj Colony

6.30

4340

2.3

H

11.6

5.98

VES-13

Kamakshipuram-II

7.00

5900

1.69

A

28.0

10.66

VES-14

Pudupatti

3.50

8120

1.23

A

23.4

14.11

VES-15

Paraipatti

3.90

26600

0.38

H

47.2

26.62

VES-16

Muttalequpatti

4.70

4670

2.14

A

19.7

5.72

VES-17

Anaipatti (SW)

4.56

13250

0.75

A

61.0

21.20

VES-18

Ponnimandurai

4.00

6980

1.43

H

11.9

16.96

VES-19

Chilapadi

8.00

6940

1.44

A

34.0

12.17

VES-20

Pittalaipatti-I

8.00

7350

1.36

A

10.7

7.13

VES-21

Pittalaipatti-II

8.12

5475

1.83

A

10.1

6.19

VES-22

Ariyanallur

14.20

1760

5.68

A

204.7

17.88

VES-23

Kalikampatti

15.49

1495

6.69

A

67.1

20.00

VES-24

Kummampatti

9.10

4480

2.23

A

6.1

8.81

VES-25

Ratnagiri

16.10

1650

6.06

A

153.3

13.00

VES-26

Pudur

5.05

4800

2.08

A

32.9

13.29

VES-27

A. Vellodu

17.50

1500

6.67

A

188.5

20.65

VES-28

Kallipatti

10.12

1925

5.19

A

107.7

11.98

VES-29

Nallampatti

5.23

1400

7.14

A

130.0

9.96

VES-30

Nagalnagar

4.38

7580

1.32

A

25.0

8.79

VES-31

Sivalsaragu

5.85

1045

9.57

A

136.4

14.93

VES-32

Pudukottai

6.20

1925

5.19

A

122.6

12.69

VES-33

Nattupatti

9.50

5000

2

A

9.5

12.06

VES-34

Chinnalapatti

15.25

2810

3.56

A

121.4

14.39

VES-35

Puthayampatti

14.20

1100

9.09

A

224.9

12.06

VES-36

Kulakaranpatti

6.11

900

11.11

A

241.7

5.32

VES-37

Ualakaipatti

5.00

1875

5.33

A

185.4

6.83

w ( -m)
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comparatively thick weathered zones. The T map shows
easily recognizable range and separates zones from each
other by a wide margin. Hence, resolution of saline water
and fresh water aquifers became easy in this industrial belt.
The soundings were classified into fresh and saline water
groups for a better understanding of the D-Z parameters
based on the interpreted resistivity ranges obtained after
correlating them with available litho-logs and using the
hydrochemical constraint. The resistivity of weathered zone
ranging from 67.12 to 264.27 -m corresponds to fresh
aquifers in this area, whereas from 6.08 to 47.20 -m (except
VES 15 & 17) for saline aquifers. A graphical plot of S and
T values corresponding EC values at nearby wells reflects a
remarkable contrast in the ranges of S and T values for fresh
and saline water aquifers (Fig.7). The S and T values ranged
from 0.40 to 2.09 Siemens, and 56.9 to 1319.9 -m2 for
saline; and 0.04 to 0.32 Siemens and 1323.5 to 3904.1 -m2
for fresh water aquifers, respectively, whereas EC-values
range from 900 to 2810 µS/cm for fresh water and 4235 to
26,600 µS/cm for saline water (Saxena et al. 2003).

Fig. 6. Distribution of shallow aquifer resistivity
(in Ohm.m) in the tannery belt
Longitudinal unit conductance (S) values varied from
0.04 to 2.09 Siemens and it clearly demarcated fresh and
saline water zones (Fig. 7a) with the constraints of well water
EC values. In the saline water region, the S values ranged
from 0.40 to 2.09 Siemens and < 0.40 Siemens in the fresh
water region. It shows distinct, clear and did not display an
overlapping character. The lower S-values (<0.40) except
at VES 4, 6, 19 and 33 were in northern, eastern and southern
parts of the industries, which is a good signal for the existence
of fresh groundwater aquifers. This was covered by the
soundings 1-3, 5, 7-11, 22-23, 25, 27-29, 31-32 and 34-37,
but the aquifers were polluted at locations of VES 4, 6, 19
and 33 due to anthropogenic activities. The regions between
Kodaganar River and Dindigul town were covered by a saline
water aquifer due to the tannery effluents. Hence the anomaly
of fresh/saline water was reflected by the S values.
Transverse unit resistance (T) varied from 56.8 to 3904.1
-m2 and it gives a broad picture of the areas of saline and
fresh aquifers (Fig.7b). Saline aquifers identified their
presence by attaining T-values in the range of 56.8 to 1319.9
-m2. On the other hand, fresh water aquifers identify their
presence by attaining resistance values in the range of
1323.5 to 3904.1 -m2. Fresh and saline waters had almost
clear regions and did not mix with each other. The T value
for saline water aquifers ranged from 56.8 486.9 -m2
except at sounding points 15 and 17, where it was 1318.5
-m2 and 1319.9 -m2, respectively, in the presence of

Average longitudinal resistivity (Rs) and transverse
resistivity (RT) values were calculated with the help of
equations 3-4 and the sounding results. The Rs-value at VES
17 was reduced to 45.4 -m from the aquifer true resistivity
of 61.00 -m and similarly it had been reduced considerably
in the other sounding points. The Rs -distribution deduced
from the individual sounding results clearly demarcated the
zones of saline and fresh groundwater aquifer into two
different entities based on their magnitudes. The saline water
zone possessed a range of 4.9 - 47.6 -m and fresh water
zones possessed a range > 50 -m. The resistivity values
reflected clear, conspicuous and widely varying ranges for
saline and fresh water aquifers, indicating the following easyto-identify conspicuous ranges for (1) resistivity of saline
water aquifers: 4.9-47.6 -m, and (2) resistivity of fresh
aquifers: 61.3-196.2 -m in this tannery belt. In this context,
especially the D-Z parameters had an upper hand as they
reflected clear, conspicuous and widely varying ranges for
saline and fresh water aquifers in the tannery belt. They did
not possess an overlapping character and in turn facilitated
easy resolution.

Pragmatic Relationship between Aquifer
Resistivity and Formation Factor for Fresh
Groundwater
Formation factor (F) was calculated considering fresh
aquifer resistivity and water resistivity at various sounding
locations. It varied from 10.3 to 58.1. In order to obtain a
pragmatic relation between fresh aquifer resistivity and
formation factor in this industrial belt, the aquifer resistivity
was plotted as a function of formation factor (Fig. 8). An
appreciable linear relation ( 0 =5.3×F) exists between them
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Fig. 7.(a) Cross plot of T and S-values, and (b) EC-values corresponding to the VES points
for fresh aquifers. The fresh aquifer resistivity is
approximately linearly correlated with 5.30-time the
formation factor. Thus, this figure shows that the samples,
which were collected from the fresh groundwater zones, were
comparatively less polluted (EC values<2810 µS/cm) with
both the aquifer resistivity and formation factor of > 67 m and >10, respectively. Thus the result obtained from the
electrical method provides as an qualitative indicator (like
aquifer resistivity map, Fig. 6) for the estimation of fresh
groundwater resistivity at any area which is reflected about
the EC value of groundwater, where well water is not being
accessed and fresh aquifer could be found out.

Conclusions
Two types of weathered zones, which act as shallow
aquifers, are delineated using the VES data (Schlumberger
configuration) in and around tannery belt in Tamil Nadu, India.
The first type of aquifer has a true resistivity range of 6.08 61.00 -m, whereas second type aquifer has a true resistivity
range of 67.12 - 267.27 -m, when it has been compared
with the constraints of EC-values at nearby wells. The ECvalues vary from 4, 235 to 26, 600 µS/cm for the first type of
aquifer and 900 to 2, 810 µS/cm for the second type of aquifer,
which are called saline and fresh shallow aquifers, respectively.
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Fig. 8: Cross plot between aquifer resistivity and
formation factor of fresh groundwater aquifers in the
tannery belt
The calculated Dar-Zarrouk parameters (i.e., S and T),
Rs and RT indicate that the saline shallow aquifers in the
tannery belt characterized by the Rs ranges of 4.9 to 22.9 m, RT ranges of 5.5 to 26.6 -m, S ranges of 0.40 to 2.09
Siemens and T ranges of 56.8 to 486.8 -m2 within the
aquifer thicknesses of 5.72 to 26.62 m. Whereas the fresh
groundwater zones are characterized by the Rs ranges of
61.3 to 196.1 -m, RT ranges of 66.2 to 241.9 -m, S ranges
of 0.04 to 0.32 Siemens and T values of 1323.5 to 3904.1
-m2, which are observed at the bottom of Sirumalai hill
and also a small part of the northern side of the town. A
pragmatic relationship is also established between aquifer
resistivity and formation factor for shallow fresh aquifers.
Together with the aquifer resistivity map of the study area,
it helps to estimate qualitatively EC values of groundwater
at any site, where well water is not available. Thus the D-Z
parameters, Rs and RT along with aquifer resistivities reflect
clear, conspicuous and widely varying ranges for saline and
fresh water zones in the tannery belt. This could be also
used in the coastal aquifers for a better understating of
seawater intrusion.
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Abstract
Gravity and magnetic surveys were carried out in parts of Sambalpur district, Odisha to delineate subsurface geology
and geological structures in the area. Geologically the area forms a part of the Archaean shield in the northern part of the
Eastern Ghat Mobile belt (EGMB). The rock type in the area includes mainly Khondolite, Charnockite, mafic granulites,
granite and granite gneisses. Occurrence of Gondwana group of rocks in a shallow synclinal basin has also been reported
in the north and northeastern part of the area.
The Bouguer anomaly map has revealed high gravity anomaly closure in the central part around Ghenupali, Mundher
and Jaduloising may be due to Charnockite rocks in the area, the shape of the anomaly may reveals the subsurface
extension of similar kinds of rocks in the mapped geology. Similar high gravity anomaly zones are also observed in the
southern parts around Bhaludungri and Biswanathpur area and in the northeastern part near Kumkapali. These high
anomaly zones are occupied by Khondolite and Charnockite rocks in the area having high density. A low gravity anomaly
closure around Kusamura in the central part possibly attributed to granite gneisses and quartzite rocks predominant in
this part of the area. A narrow gravity low zone trending in NW-SE direction and passing through Giripali, Pariabahal
and up to Meghpal possibly reflects the presence of Gondwana sediments in the subsurface. The magnetic anomaly map
has brought out high intensity anomaly closures in the north and central part around Ghenupali, Mundher, Hiro and the
area around Hatibari, Bandijhara, Jaduloising and Dharumunda which are also associated with significant high gravity
anomalies may be due to the presence of Khondolite and Charnockite rocks. The area in the southern part around
Satasama, Brahminipara, Bhaludungri and Biswanathpur depicts high intensity magnetic anomaly zones and are also
associated with gravity high anomaly support the presence of Khondolite and Charnockite rocks in this part of the area.
Elongated low intensity magnetic anomaly zone between Giripali and Meghpal in the northeastern part supports the
existence of Gondwana sediments. The magnetic low zone depicted around Manesar and adjacent to Padarpali are
attributed to peninsular gneisses and found to have close correlation with moderate gravity anomaly. The Euler’s depth
solution of gravity data and radially averaged power spectrum of gravity - magnetic data have revealed that the deeper
interface depths observed over Khondolite and Charnockite formations where as shallow depth ranges found with
Gondwana sediments. The 2D modeling results across two profiles clearly brought out the depth and aerial extension of
Gondwana sediments with in the Eastern Ghat Mobile Belt.

Keywords: Eastern Ghat Mobile Belt, Bouguer Anomay, Magnetic Anomaly, Euler’s depth, Power Spectrum.

Introduction
Systematic geological mapping in parts of Sambalpur
district and adjoining area of Odisha have been carried out
by Raj, P. C. 1968, Mishra, S.N. 1968-69 Rao & Singha
1971-72 and Das, G. C. 1992 to understand the geology and
tectonic setup of Sambalpur area of the Eastern Ghat Mobile
Belt. Gravity magnetic mapping in the adjoining areas of
the present investigation were conducted by Bhattacharya
et.al 2010-2012 under the National Geophysical Mapping
Programme in toposheet 73: C/8,11& 12 and 73: D/5 & 9 to
delineate the subsurface geology and geological structures.
In order to get new information about the hidden geology
and structural framework of the Precambrian terrain of the
Eastern Ghat Mobile Belt (Chetty, T. R. K and Murthy, D.
S. N, 1986a), the gravity magnetic survey (GM) bounded

by Longitudes 84º 0' - 84º 15’E and Latitudes 21º 0' - 21º 30'
have been carried out in parts of Sambalpur district, Odisha
during 2012-13 under the thrust activity programme of
Geological Survey of India. A total of 483 gravity and 537
magnetic stations have been occupied covering an area of
1400 Sq. Km during the period of GM mapping, (Fig. 1).
The area comprises mainly undulating hills, plains and
network of rivers. The area forms the northern extremity
of the Eastern Ghat Mobile belt (EGMB). The GM surveys
were helpful in bringing out the subsurface geology and
structures (Murthy et. al 2005) of the area and proved
to be quite successful in delineating the extension of
Gondwana sediments (Gopalakrishan, 1998)

Geology
Geologically the study area (Fig.1) forms a part of the
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Fig.1. Geological Map overlaid with Gravity

Magnetic stations in parts of Sambalpur Distric Odisha

Gravity Magnetic Responses in the Precambrian
Archaean shield in the northern part of the Eastern Ghat
Mobile Belt (Dunn, J. A., 1940, Ramkrishnan, et. al. 1998).
The major rock type includes mainly Khondolite,
Charnockite, mafic granulites, granite and granite gneisses
(Geol. & Mineral Resources of Odisha, 2012, Chetty, T. R.
K and Murthy, D. S. N, (1986a). Occurrence of Gondwana
group of rocks (Rao, Syamala and Singha, T. K. 1971-72)
in a shallow synclinal basin (Das, G. C. 1992) has also been
reported in the northeastern part of the area
The stratigraphic sequence (Raj, P. C. 1968 and Rao, &
Singha, 1971-72) can be summarized as follows:
Recent to Su b Recent

Soil and Allu vium
Later ite
Talchir Sandsto nes

Lower Gondwana
(Permo -Carbonifer ous)
---------------u nco nformity ---- ------- ------Archaean
Pegmatite & quartz veins,
Granite gneisses
C har nockite suite
K hondolite suite:
C alc - silicate rock
Qu artzite, Khon dolite

189

Gravity Anomaly Map
The Bouguer gravity anomaly map presented in has
shown a variation of about 23 mGal (from -13 to -36 mGal)
with prominent highs and lows. The variations in gravity
anomalies were caused by variations in the density of
subsurface rocks where as the anomaly wavelength and
broad variation of gravity values reveals the presence of
shallow and deeper geological formations. The gravity
anomaly map of the study area has been interpreted
qualitatively based on the gravity intensity, contour density,
changes in the gradient, disruption or deflection of the
contour pattern of Bouguer anomaly map (Fig.2). A
pronounced gravity high anomaly trending in EW direction
observed towards south, extending from Brahimanipara to
Biswanathpur due to the underlying high density rocks. Two

Data Acquisition Processing and Interpretation
of Gravity Magnetic Data
Gravity - Magnetic surveys have been carried out
employing the microprocessor based automated gravity
meter (CG -5, Scintrex, Canada) and Total Field
magnetometer (GEM-19T, Scintrex, Canada) respectively.
Gravity magnetic observations were taken at 1.0 to 1.5 km
interval in all available roads, foot tracks and a minimum
one observation point per 2.5 sq. km in the accessible areas
(Fig. 1). The observed gravity data were corrected to
instrument drift and reduced to m.s.l with an average crustal
density of 2.67 gm/cc and connected to international bases
(IGSN). The gravity formula of 1980 was used for
calculation of the theoretical gravity. The IGRF corrections
were applied to the observed Total field magnetic data using
IGRF -10 coefficients for the 2010-15 epoch to evaluate
magnetic anomaly at each stations with the help of Geosoft
application package. The elevations of all the stations were
determined by Auto Level leveling instruments with in
accuracy of 0.5 cm/km. The reduced gravity magnetic data
projected through UTM projection system with WGS 84
datum in zones 44N and digital base map is prepared. The
Bouguer gravity anomaly map and Magnetic intensity (TF)
maps were prepared at 1 mGal and 50 nT contour interval
respectively with gridded data at 1000m interval.

Qualitative Analysis
For the purpose of geological correlation the Gravity
Magnetic anomaly maps are superimposed (Fig. 3 & 5) on
Geological map with major units of the area and prominent
GM features are discussed with respect to the known
geological information (Paterson, N. R. and Reeves, C.V., 1985).

Fig.2. Bouguer Gravity Anomaly Map along with
two profiles in parts of Sambalpur District, Odisha
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moderately high anomalies noticed one is at NE corner of
study region trending in NW-SE direction, another broad
high anomaly trending in NE-SW direction around
Jaduloising to Hiro represents the underlying high density
Charnockites. EW trending prominent low intensity gravity
anomaly indicated around Kusamura another low intensity
anomaly trending in almost NS direction noticed to the west
of Manesar caused by the presence of low density rocks.
The most striking feature from the Bouguer gravity anomaly
map is that, the steep gravity gradient trending in NW-SE
direction with moderately low intensity anomaly represents
the Gondwana sediments. Rest of the area characterized by
moderately low intensity gravity anomalies represents over
gneisses.
Bouguer Anomaly countours overlaid on Geological
Map in parts of Sambalpur District, Odisha
Scale 1:300000

Magnetic Anomaly Map
The magnetic anomaly map (Fig.4) with contour interval
of 50nT has exhibits the petrographic variation (Mclntyre,
1980) of magnetic susceptibility of different rock formation
in the area. As the magnetic anomalies are more influenced
by surface geology, these maps are quite useful in
demarcating the zones based on lithological association
(Nayak, et. al. 1998). Based on the amplitude and shape of
the magnetic signature few broad high magnetic anomaly
zones have been earmarked. Magnetic anomaly map depicts
alternate zones of magnetic highs and lows generally
correlates with EGMB group of rocks, quartzite and
gneisses. Similarly the Gondwana basin in the northern part
of the area is identified based on contour pattern, as they
too exists magnetic low zone. High intensity magnetic
anomalies trending NE-SW direction around Jaduloising and
Ghenupalli area are associated with Charnockites which are
dipping towards south. Another two high intensity anomaly
East of Kumkapalli and east of Bhaludongri are noticed over
the Charnockites. These high intensity magnetic anomalies
are well corroborated with the Bouguer gravity anomalies.
Magnetic Anomaly Map in parts of Sambalpur
District, Odisha
Scale 1:300000

Fig.3. Bouguer Gravity contours overlaid on Geological
Map in parts of Sambalpur District, Odisha

Fig.4. Magnetic Anomaly Map in parts of Sambalpur
District, Odisha

Gravity Magnetic Responses in the Precambrian
Geological Map along with magnetic Anomaly
Cantours in parts of Sambalpur District, Odisha
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closures towards south of Padarpalli, south of chenupalli,
east of Manesar, south of Jaduloising, south of Hatibari,
east of Kusapalli, around Bhaludongri and near
Biswanathpur areas characterizing the zones of high
susceptibility contrast over charnokites. Some prominent low
intensity AS zones were demarcated north of Chamunda,
north of Jujomura, on either sides of Giripali and Rangali
are due to the presence of low susceptibility values caused
by the lithological variations within the Peninsular
gneisses. Low to moderately low AS signal observed over
Gondowana sediments.

Quantitative Analysis
The gravity and magnetic data were transformed to
frequency domain using Fast Fourier Transformation (FFT)
technique to compute the Radially averaged power spectrum
and to estimate the different interface depths from the
potential field data sets (Spector, and Grant,1970). The
gravity data further analyzed with the Euler s three
dimensional convolution and 2D modeling to know the
thickness and aerial extension of Gondwana sediments as
well as other prominent geological domains.

Radially Averaged Power Spectrum of Gravity Data
The radially averaged power spectrum of gravity data
(Fig.7) has shown three density interfaces, of which, the 1st
interface is found within > 4 km to 2.5 km may correspond
to source depth of Khodolite and Charnockite massif. The
density interface between 2.5 km to 1.5 km and less is well
agreement with the thickness of the Gondwana sediments
in Giripali, Priabahal area.

Radially Averaged Power Spectrum of Magnetic
(TF) Data

Fig.5. Magnetic contours overlaid on Geological
Map in parts of Sambalpur District, Odisha

The power spectrum of the magnetic data (Fig. 7) on the
other hand has depicted only two density interface with a
single discontinuity. The depth range of 2 km to 1 km may
coincide with the thickness of the Gondwana sedimentary
formation.

Analytic Signal Magnetic Map

Euler s Depth Solutions of Gravity Data

To remove the latitude dependency and complexities due
to inclination of the magnetic field and remenance the total
field magnetic data was also transformed to analytic signal
(AS) using Fast Fourier Transform (FFT) (Bhattacharya, B.
K. 1967, Bhattacharya, A and Ramchandran, K. V., 1986).
The analytic signal magnetic map has enabled to give
information about ridges and throws of faults both surficial
as well as subsurface in nature. The AS magnetic map has
brought out broad high anomaly zones covering most of the
western part, the peaks of the anomaly ( Singh, B. et. al.
2001) reveals the disposition of shallow magnetic bodies of
susceptibly bodies (Rajagopalan, S, 2003). The AS map
(Fig.6) brings out few high analytic signal in the form of

The three dimensional Euler s convolution is applied on
gravity data to estimate the depth range of different
geological sources. The Euler s depth estimation using
structural index 0 (zero) on gravity data and the solutions
are superimposed on Bouguer anomaly map. The map
(Fig. 8) has shown cluster of depths between 2 to 3 km and
3 to 5 km. The depth solution with in 2 km and less is found
to have close correlation with the possible extent of
Gondwana sediments. The Clusters of higher depths (Kaila,
et.al 1987a & 1987) of more than 3 km are found close
vicinity of EGMB massif, which may reveal that the source
of these Precambrian rocks of EGMB in Sambalpur area
may be at this level.
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Magnetic Analytic Singal Map in parts of Sambalpur
District, Odisha

Fig.7. Radially averaged power spectrum of both
Bouguer Gravity and Magnetic data

Fig.6. Magnetic Analytic Signal Map in parts of
Sambalpur District, Odisha

Two Dimensional (2-D) Gravity Model
An effort has been to carry out 2D gravity model along
NNE-SSW profile P1-P1 (Fig.9a) from Brahminipara –
Kumkapali (P1P1), profile P2- P2 from Mundher to NE of
Kulundi(Fig.9b) employing GM-SYS module of Geosoft
software package. The gravity profiles exhibits significant
anomaly over major geological formations of the area. Due
to dearth of sufficient number of density measurements of
rock sample, the depth estimate obtained from spectral
analysis of gravity data are used to remove the constrained
during modeling. A good match is obtained between the
observed gravity anomaly and the calculated anomaly.

Discussion of results and Conclusions
The gravity and magnetic mapping has enabled to

delin eate value added information in parts of the
Precambrian terrain (Naqvi, S. M., and Rogers, J., J., W,
1987) of Sambalpur district, Odisha. The Bouguer
anomaly map brings out different gravity ‘highs’ and ‘lows’
in the area that can generally be classified into different
domains based on the nature of anomalies. Generally, it
can be stated that the EGMB rocks (Ramkrishnan et. Al
1998, Chetty, T. R. K, 2001) in the study area form gravity
highs and patches of peninsular gneisses (PGE) and quartzite
rocks (Raj, P. C, 1968) in the form of gravity lows. Further
a cursory look of the Bouguer anomaly map with respect
to geological map indicates that the gravity highs are due to
Charnockite group of rocks and moderate anomalies are
due to Khondolite group of rocks (Nanda, J. K and Pati, U.
C.. 1991), where as prominent lows are due to quartzite and
gneissic patches in this transition zones. The pronounced
gravity high depicted in Bouguer anomaly map (Fig.2)
with high magnetic (Fig.4) is attributed to Charnokite
massif (Sarkar, et.al, 1998) adjacent to peninsular gneisses
around Jaduloising, Mundher, Hatibari, Ghenupali and
adjacent to Hiro.

Gravity Magnetic Responses in the Precambrian
Euler Depth Solution from Bouguer Anomolaies
in parts of Simbalpur District, Odisha

Fig.8. Euler 3D Depth solutions of Bouguer
Anomalies in parts of Sambalpur District, Odisha
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The shape of the gravity high anomaly suggests lateral
extension of Charnokite rocks towards north-northeast. The
linear gravity low trending in NW-SE direction and passing
through Giripali, Pariabahal and up to Meghpal are well
corroborated with Gondowana sediments. This low gravity
linear is characterized by steep and high-gravity gradients
on both side indicates a graben type feature and presume to
have disposition of Gondowana basin (Kaila, K. L. Tewari,
H. C. and Mall, D. M. 1987). The culmination of the nosing
of the Bouguer gravity anomaly towards Meghpal is well
conform to the Regional Gravity anomaly (GSI - NGRI
Gravity Map Series of India, 2006). The pronounced
moderate and low magnetic linear trends passing adjacent
through Giripali, Priabahal, Kulundi and Meghpal depicted
in total field magnetic map (Fig. 5) has also been well
corroborated with the low gravity linear in Bouguer anomaly
map The broad gravity magnetic lows has brought out around
Chamunda and Kusamura area. Overlay of the Bouguer
anomaly contours with surface geological map (Fig. 4)
indicates granite gneisses, quartzite and associated rocks
which are the predominant in the area. After critical
examination of surface geology with the magnetic (TF) map
(Prasad, et. Al. 2010-12) has revealed that the low
magnetic anomaly around Jujomura, Jarang, east of
Kesapali, and north of Mochibahal may be due the
presence of granite gneisses and quartzite rocks (GSI, Misc.
Pub. 30, 2011) with low magnetite content. The magnetic
low zone depicted around Manesar and Ghenupali is
attributed to peninsular gneisses having low magnetic
susceptibility and is found to have close correlation with
Bouguer gravity anomaly map.
The three dimensional Euler s depth solution of gravity
data (Thomson, 1982, Reid, et al, 1990) has shown cluster
of depths between 2 to 3 km and 3 to 5 km. The depth
solution with in 2 km and less is found to have close
correlation with the possible extent of Gondwana sediments

8. Euler 3D Depth solutions of Bouguer Anomalies
in parts of Sambalpur District, Odisha

Fig.9a. 2D Modeling of Gravity profile across P1

P1 over Sambalpur area
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Fig.9b. 2D Modeling of Gravity profile across P2

P2 over Sambalpur area

(Kaila, et. Al. 1987). The higher depth solutions of more
than 3 km are found close vicinity Precambrian rocks of
EGMB massif. The 2D gravity model along NNE-SSW
profile from Brahminipara - Kumkapali (P1P1) Mundher to
NE of Kulundi (P2P2) have shown distinct gravity anomaly
over major geological domains. The aerial and depth
extension of the Gondwana sediments depicted as low
gravity is found to have good correlation with the Euler s
depth solutions.

Chetty, T. R. K and Murthy, D. S. N, (1986a) Regional
tectonic framework of the Eastern Ghat Mobile Belt:
a new interpretation. Geological Survey of India
Special publication-44, Pp. 30-50.
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Abstract
Kaolinisation of the aquifer is the principal cause of water well failures in the khondalitic (Garneti Ferrous Sillimanite
Gneiss) terrain of the northern parts of the Eastern Ghats of Andhra Pradesh, India. The Two Dimensional and Three
Dimensional Resistivity Imaging have given more insights with respect to spatial distribution of kaolinised layer. The
depth of highly weathered material at failed well is extended about 5 m more deeper than the successful wells at some
places to as much as 34 m more deep at other places. This extended deeper kaolinisation of the aquifer is responsible for
failure of wells. At failed wells, kaolinisation is not only deeper but also followed by the basement characteristics either
with very thin or no aquifer layer immediately below the kaolinised layer. At success wells not only kaolinisation layer
is thinner but also aquifers are thicker and basement characteristics are found only at deeper depths. Layers having
resistivities between 25 - 65 Ohm - m are identified as aquifer layers which are composed of moderately weathered and
fractured khondalitic suit of rocks. Layers with resistivities greater than 65 Ohm - m are interpreted to have basement
characteristics belonging to the granite gneiss, while the layers with resistivities less than 25 Ohm - m are interpreted to
have been kaolinised.
Key words: Khondalite, Aquifer, Kaolinisation, Three Dimensional Resistivity Imaging.

Introduction
Northern parts of Eastern ghats of Andhra Pradesh, India
is covered with Khondalitic Suit of rocks ( garneti ferrous
sillimanite gneiss). Development of groundwater in these
areas is crucial as people are mostly depending on
groundwater in the absence of assured surface water supply
for irrigation.
A well has to yield at least 8000 lph (success well) in
order to qualify for the government financing scheme for
the farmers. Indentifying such high yielding wells in the
khondalitic terrain is a problem as the author has observed
that quite often within a few tens of meters of distance there
are success and failed wells. In the khondalitic terrain
basically the country rock is sedimentary in origin (Krishna
Rao 1952) and has become hard rock after high grade
metamorphism (Krishnan 1968). Mahadevan (1929) was the
first to postulate the hydrogeological concept of the Eastern
Ghat khondalites stating that the khondalites are altered in
two different manners upon the action of water, on the
surface the rock changes into lateritic soil and the subsurface
formation alters itself into kaoline. In this terrain well yields
are high (above 8,000 LPH) where the country rock is
observed to have silicification. Well yields are very low
where the sub surface formation become kaolinised. Mostly
groundwater occurs in the weathered and fractured
khondalite and occasionally in the basement fractures also
under unconfined to semiconfined conditions. The basement
rock is granitic gneiss. The main problem in the khondalitic
terrain is kaolinisation of khondalitic rock, which is not
properly being recognized in the vertical electrical sounding
data. The khondalite becoming partly clay and is unable to

support high well yield (Venkateswara Rao 1990). The yield
might have been reduced due to infilling of fractures with
kaolinite and other weathering products (Paillet 2007). With
the surface one-dimensional electrical resistivity survey it
is very difficult to distinguish between kaolinised and
fractured khondalite, since they show same resistivity at both
the places. Therefore multi-Geophysical techniques were
employed by Venkateswara Rao et al. (2011) in order to
recognize the kaolinised layer. They found that seismic
refraction survey, VLF electromagnetic survey also could
not help in the delineation of kaolinised layer. However,
from the studies by Venkateswara Rao et al. (2013) have
proved that 2D resistivity Imaging is of some help yet it has
not explained adequately. Therefore application of 3D
resistivity imaging is carried out in the study area.

Literature Review
Since the present investigations were carried out by
conducting 3D imaging by carrying out 2D parallel
profiles,the literature review is on the 2D and 3D resistivity
imaging.
Subsurface resistivity is related to several geological
parameters such as mineral matrix, fluid content, porosity
and permeability and degree of water saturation (Vladimir
Shevnin et al. 2006; langmanson 2005; Loke 2004). In the
Electrical Resistivity Images, the distribution of subsurface
resistivity can be converted to geological images by
integrating the knowledge of typical resistivity values for
different subsurface materials with local geology. Generally,
electrical conduction in the subsurface is mainly electrolytic
because mineral grains are insulators. Thus, the conduction
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of electricity is through the interstitial water in the pores
and fissures. Groundwater that fills the pore spaces of rocks
is a natural electrolyte (Sharma).
Since all geological structures are 3D in nature, 3D
Resisivity Imaging survey using a 3D interpretation model
would be most appropriate to get accurate results (Loke
2004).The parallel 2D surveying technique, which allow
flexible survey design, choice of array and easy adaptability
to data acquisition systems, requires that appropriate interline spacing between the 2D profiles be chosen to obtain
high resolution 3D resistivity images. Numerical evaluation
of the parallel 2D resistivity techniques shows that the
technique is efficient, cost-effective and fast for 3D resistivity
surveys, especially in areas with complex subsurface
geology(Aizebeokhai and Singh 2013).
The use of parallel 2D profiles in 3D Geoelectrical
Resistivity Imaging provides a fast and cost effective tool
for site characterization and can be used in subsurface studies
for environmental and engineering applications. The
resolution of the 3D inverstion images increases with
decreasing inter-line spacing between the 2D profiles
(Aizebeokhai et al. 2011). The inter-line spacing of the order
of not more than four times the minimum electrode
separation would yield inversion images with acceptable
resolution (Aizebeokhai et al. 2011). In the present study,
the inter-line spacing of the profiles (10 m) have been chosen
of the order of 2 times the minimum electrode separation
( 5 m) for better resolution.

Methodology
Three parallel 2D geoelectrical resistivity profiles were
conducted at success and failed well pair in the month of
May, 2014 ( Pre-Monsoon) using ABEM s SAS 1000 Lund
Imaging multi-electrode system. Four cables, each with 16
electrode take-outs were used for the survey. Thus, the survey
was conducted using a layout of 64 electrodes at 5.0 m.
spacing giving a total length of 315 m. for each of the 2D
profiles. Inter line spacing of 10 m. (2 times the minimum
electrode separation) between each of the 2D profiles is used
in the survey, thus giving electrode grid size of 64x3,
corresponding to 64 electrodes in the x-direction and 3
electrodes in the y-direction respectively. Since elevation
differences within the matrix are very less, the elevation
corrections are not incorporated to the field measurements.
The cables are connected to an automated electrode selector
which scanned all the electrodes to ensure that they are all
connected to the electrode cables and had good contact with
the ground. Electrode positions are watered so as to ensure
good contact between the ground and electrodes. The
apparent resistivity readings are written on the disk file in
the imaging system and were then transferred to an external
PC after field observations. A total of 1307 datum points
were read in each of the 2D profiles.
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The Wenner-Schlumberger array is used for data
collection in all 2D profiles. Wenner-Schlumberger array
(Pazdirek and Blaha 1996) is a modified form of the classical
Schlumberger array, and is moderately sensitive to both
horizontal and vertical structures. The array is good
compromise between the Wenner and dipole-dipole array.
Its depth of investigation is about 10 times greater than that
of Wenner array for the same current electrode separation.
Each deeper data level has two data points less than the
previous data level unlike the loss of three data points with
each deeper level in Wenner array (Fig. 2). Thus, its
horizontal coverage is slightly better than that for the Wenner.
However, its signal strength is smaller than that of the Wenner
array, but higher than that for Schlumberger array.
Unlike conventional resistivity sounding and lateral
profiling surveys, 2D resistivity imaging is a fully automated
technique that uses a linear array of about 64 electrodes (in
the present survey) connected by multicore cable. The
current and potential electrode pairs are switched
automatically using a control module connected to an earth
resistivity meter (that provides the output current). In this
way a profile of resistivity against depth ( pseudosection )
is built up along the survey line. Data is collected by
automatic profiling along the line at different electrode
separations. The computer initially keeps the spacing
between the electrodes fixed and moves the pairs along the
line until the last electrode is reached. The spacing is then
increased by the minimum electrode separation and the
process is repeated in order to provide an increased depth
of investigation (Fig.1). The maximum depth of investigation
is determined by the spacing between the electrodes and the
number of electrodes in the array. In the present survey, for
a 64 electrode array with an electrode spacing of 5 m this
depth is approximately 57 m. The raw data is initially
converted to apparent resistivity values using a geometric
factor that is determined by the type of electrode
configuration used. Once converted the data is modeled

(Adopted from practical guide by Loke, 1999)
Fig.1. Scheme of the multielectrodes in Electrical
Resistivity Imaging for scanning of the subsurface in the
Wenner Schlumberger Array.
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using finite element and least squares inversion methods in
order to calculate a true resistivity versus depth
pseudosection by using 2D Resistivity inversion software.
The observed apparent resistivity data for each of the
2D profiles were processed with RES2DINV computer code.
The RES2DINV computer program uses a nonlinear
optimization technique which automatically determines a
2D resistivity model of the subsurface for the input apparent
resistivity data.
The observed apparent resistivity data for the three
parallel 2D profiles are then collated to 3D data set, after
isolating datum points with RMS error greater than 50%
from the individual 2D data set. The 2D data sets were
collated on a 3D grid of 64x3 electrodes with a density of
3921 data points. The inversion of the 3D data set collated
was carried out using RES3DINV, a full 3D inversion code,
which automatically determines a 3D inverse model of
resistivity distribution using apparent resistivity data
obtained from a 3D resistivity imaging survey. The process
of inversion involves consideration of subsurface layer as
number of small rectangular prism. The resistivity values of
these prisms are determined so as to minimize the difference
between calculated and observed apparent resistivity values.
The inversion routine used by the RES3DINV program is
based on the smoothness constrained least-squares method
as is done in RES2DINV, though a robust inversion can also
be implemented. The program allows to adjust the damping
factor and the flatness filters in the equation below to suit
the data set being inverted.
{J TJ +µ (fxfxT+ fzfzT)}d = JTg

rectangular blocks. The 3D inversion models are presented
as horizontal depth slices (Aizebeokhai and Singh 2013).
The RES2DINV and RES3DINV inversion softwares
were used to interpret the measured data. These softwares
are applied for inversion and finally a true resistivity 2D
and 3D subsurface structure is obtained. For getting an indepth understanding of the geological formation mainly
kaolinized layer at a specific depth, a software called SlicerDicer is also applied.

Discussion of the Results from the Conventional
Surveys
In this paper, few problematic study areas were selected
pertaining to khondalitic formation of northern parts of
Eastern Ghats near Cheepurapalli, Vizayanagaram district
of Andhra Pradesh. (Fig.2).

(1)

where fx is the horizontal flatness, fz is the vertical flatness,
µ is the damping factor, J is the Jacobian matrix of partial
derivatives, d is the model perturbation vector, g is the
discrepancy vector which contains the differences between
the logarithms of the measured and calculated apparent
resistivity values, and J T, fxT and fzT are the transpose of J, fx
and fz respectively.
The smoothness constrained least-squares inversion
method implementing the finite difference method was used
in inverting the data. Initial damping factor of 0.15 and a
minimum damping factor of 0.011, and standard GaussNewton optimization method were used in the inversion.
After each iterating process, the inversion sub-routine
generally reduced the damping factor used; a minimum limit
(one-tenth of the value of the initial damping factor used)
was set to stabilize the inversion process. The damping factor
was increased by a factor of 1.050 for each deeper layer and
optimized so as to reduce the number of iterations the
inversion code required for convergence. In order to
determine the 3D distribution of the model resistivity values
from the distribution of apparent resistivity values, the
subsurface was subdivided into a number of small

Fig. 2. Study Area and Locations of 3D Imaging Survey
These areas are located near the road of Sivaram village,
near the stream of Sivaram village and near Kondasambham
village where a pair of success and failed wells has occurred
at each place. These pairs of success (> 8000 LPH) and
failed wells (< 600 LPH) with their lithologs, yield logs and
vertical electrical sounding curves are shown in the Fig.2
and can be observed within the pair that, the difference in
well yield is very large between success and failed wells.
From these VES curves, it is difficult to explain differences
in their well yields but actual drilling results indicate the
extent of kaolinisation that matters in deciding the well
yields.
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Fig. 3. Vertical electrical sounding curves yield logs and lithologs of adjacent success and failed wells near the road
at Sivaram village, near the stream at Sivaram village and at Kondasambham Village. (Venkateswara Rao, 2013)
It can be observed from the lithologs (Fig.3) of the
success wells that the thickness of the kaolinisation is less
compared to failed wells where thickness of kaolinisation is
more except in the case of well pair near road of Sivaram
village. In the khondalitic terrain, it is observed by the
authors that when deeper kaolinisation occurs, the kaolinised
layer is followed by basement of granitic gneiss with little
or no fracturing leading to the well failures (Venkateswararao
and Ramadurgaiah, 2002). Even in this paper also failed
well near the road of Sivaram village is an example. In this
well the drilling has penetrated kaolinised layer, but there is
hardly any improvement in the well yield because the
kaolinised layer is followed by the basement without any
fractures. From the yield logs (Fig.3) it is observed that most
of the well yields are improved in the weathered and
fractured kondalite (Grainiti ferrous sillimanite/biotite
gneiss) but not in the fractured granite gneiss.
Lithologic information of 42 wells drilled in the study
area have been collected and the observed kaolinized layer
thicknesses were analyzed by computing percentage of

Table.1: Percent Success of Wells in Various
Ranges of Thickness of Kaolinised Layer
(Venkateswara Rao et al. 2013)

Ranges of thickness 0-10m

10-20m 20-30m >30m

of kaolinised layer
No.

of

Success 14

8

5

0

Wells
No. of Failed Wells

3

4

4

4

Percent Success

82.3

66.6

55.5

0

success wells in various ranges of kaolinized layer thickness
(Table.1). From this table it can be observed that the greater
the kaolinized layer thickness the lesser the success rate of
the wells implying that the kaolinized layer is not supporting
a good well yield.

Delineation of Kaolinised Zones
Since the extent of kaolinisation could not be adequately
deciphered in three dimensional nature in the interpretation
of the VES curves to guide the drilling process, 2D
Resistivity and 3D Resistivity Imaging Surveys are
conducted at success and failed wells.

3D Resistivity Imaging
A 3D geoelectrical resistivity imaging has been
successfully conducted by collating apparent resistivity data
of parallel 2D profiles (Figs. 4, 6, 9, 11, 14 and 16) into a
3D data set. The 3D data set is successfully inverted using
RES3DINV software. The resulting 3D slice images are
shown in Figs. 5, 7, 10, 12, 15 and 17 at each success and
failed wells. Then, the 3D slice images were converted to
3D block images with Slicer-Dicer software and are shown
in Figs. 8, 13 and 18. The 3D slice images or block images
are having the length of 315 m on x axis and has width of 20
m on y axis and were generated up to a depth of 85.9 m on
z axis. The effective depth of investigation as observed in
the 3D inverse models is 85.9 m which is higher than the
depth of investigation of 57.6 m with the 2D inverse model
images. Depth to which kaolinisation has occurred, its
resistivity and depth to basement has been obtained from
2D and 3D images and compared with drilling results as
shown in Table 2. The Table 2 also shows resistivity ranges
of the kaolinised layer and depth to basement obtained from
the imaging. Likewise thickness of the aquifer and its
resistivity range obtained from 2D and 3D imaging after
compared with the drilling results are shown in Table 3.
These tables are created from the 2D, 3D imaging and
drilling results. The depths of kaolinisation is taken as the
depth at which kaolinisation layer ends in the image. It is
because, above the kaolinised layer, there are only a few
meters of soil layer. The kaolinised layers are identified with
the help of resistivity images where all the formations whose
resistivity is less than 25 Ohm.m. are considered as
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kaolinised formations. Layers having resistivities between
25 65 Ohm.m are identified as aquifer layers which are
composed of moderately weathered and fractured
khondalitic suite of rocks. Layers with resistivities greater
than 65 Ohm.m are interpreted to have basement
characteristics belonging to the granite gneiss. This
interpretation is accomplished in view of the availability of
drilling results.

Discussion of the Results
The reasons for failure of wells are investigated in this
study by comparing depths of kaolinisation, their resistivity,
aquifer depths, their resistivity and depth to basement
obtained from 2D, 3D resistivity imaging and drilling results
with respect to three case studies of success and failed wells
situated at (i) Sivaram village - near the road (ii) Sivaram
village - near the stream and (iii) Khondasambham village,
in Chipurupally Mandal (administrative unit) of
Vizianagaram district of Andhra Pradesh state of India.

The Case of Sivaram village - Near the Road
From the 2D images of success and failed wells (Figs. 4,
and 6) and Table 2, it can be observed that the depth of
kaolinisation at success and failed wells is almost the same
interestingly coinciding with the drilling results while the
same is not the case with the 3D imaging (Figs. 5, 7 and
Table 2) where the depth of kaolinisation at failed well is
more (27.7 m) compared to the success well (21.9 m) giving
ample explanation for the failure of the well. Even in the
case of resistivities of the kaolinised layer, 3D imaging has
given similar explanation by showing less resistivity (0.96
to16.3 Ohm m) at the failed well when compared to the
success well where it is 4.8 to 21.6 Ohm m. It means the
formation is more kaolinised at failed well compared to the
success well. Similar differentiation is less pronounced in
the 2D imaging.

Su ccess Well

Fig. 4. A set of Parallel 2D resistivity imaging profiles at success well near the road of Sivaram village.
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Fig. 5. A set of 3D slice images at Success well near the road of Sivaram Village

Fig. 6. A set of Parallel 2D resistivity imaging profiles at Failed well near the road of Sivaram village.

Fig. 7. A set of 3D slice images at Failed well near the road of Sivaram Village.

Delineation of Kaolinised Zones
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In the case of depth to basement, all the three methods
(2D, 3D imaging and drilling methods) are showing
greater depths of basement at success well compared to
failed well. However, the difference is more accentuated
in the case of 3D imaging and drilling results when
compared to 2D imaging. It is understood that, at the
failed well the formation is getting basement

characteristics immediately after the kaolinisation
supporting little or no well yield.
From the Table 3, it can be observed that, aquifer
thickness at the success well is more compared to the failed
well in all the three methods but more pronounced in the
case of 3D imaging and drilling results. It means that at the

Table 2. Comparison of kaolinized Depths, Resistivities and Basement Depths in 2D , 3D
Resistivity Imaging and Drilling at Success and Failed Wells
location
of

Depths of Kaolinization in m

Resistivity

the

well

Range

of

the

Depth to Basement in m

Kaolinised Layer in Ohm.m
Success Well
2D

3D

Failed Well
Drill

2D

3D

ing

Drilling

Success Well

Failed Well

Success Well

2D

2D

2D

3D

3D

3D

Results

4.8

4.64

0.96

Near the

to

to

to

to

road

22.6

21.6

22.7

16.3

kaolinisation

4.08

3.0

7.16

extended to

to

to

to

23.5

21.2

26.6

26.2

16.9

25

26.2

16

50

27.7

50.8

Near the

23.0

Stream

greater

9.94

12.5

Results

43.4

42

42

40.1

27.7

24

6.4

Mor

Mor

80

-

72.5

termina

to

e

e

ted

22.1

than

than

42

57.4

85.9

21.2

34.3

depths
Kondasa

Drilling

lts
7.71

Sivara m

21.9

3D

Resu

lts
26.2

2D

ing

Resu

Sivara m

Failed Well
Drill

12.0

21

34.3

mbha m

kaolinization

16.9

8.8

9.96

3.8

extended to

to

to

to

to

ted

23.9

22.4

17.4

23.5

55

greater

65

33

42

at

termina
at

depths

Table 3: Comparison of Aquifer Geometry and Resistivities in 2D and 3D Resistivity Imaging at Successful and Failed Wells.
lo c a tio n o f

T hi c kn e ss o f the A q u ife r in m

R a ng e of A q uif e r R e s isti vit y in O h m .m

th e w e ll
S u c c e ss W e ll
2D

3D

F a il e d W e ll
D r illin g

2D

3D

R e s ults
S iv a r m

2 1.5

2 0 .1

18

D ri llin g

S u c c e ss W e ll

F a ile d W e l l

2D

3D

2D

3D

3 2.4

3 5 .6

38 .6

2 7.7

6 6.6

5 8 .6

65 .6

3 4.3

3 6.3

3 4 .5

D a ta

5 6.3

5 6 .1

c ou ld

R e su lts
1 3.9 5

6 .6

0

N e a r th e
ro ad
S iv a r a m

3 1.2

7 3 .4

N e a r th e

a nd

an d

42

D a ta
c o uld

2 1.7

0

S tr e a m

mo re

m or e

n ot b e

no t b e

read

read

f ro m

fr o m t he

th e

im a ge

40 .9

im a g e
K o nd a s a m bh a m

1 8.2

1 9 .2

25

11

1 2 .4

0

3 3.8

3 5 .9

30 .2 -

6 7.9

5 7 .3

52 .7

43
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failed well, less aquifer thickness below the kaolinised
layer is responsible for lower yield. In the case of ranges
of aquifer resistivities at the success and failed wells, it
is again the 3D imaging method which is showing
reasonable explanation for success and failed wells by
noting that the resistivity range of the aquifer at failed
well is lower (27.7 - 34.3 Ohm m) compared to success
well (38.6 - 65.6 Ohm m) supporting the concept that
even within the aquifer, kaolinised characteristics are
more leading to less yield at the failed well when
compared to the success well.
The above observations are clearly summed up in the
Fig.8 where the 3D resistivity data is imported to
slicer-dicer software to create 3D blocks of the formations
and can be easily inferred that the success well is
characterized by less depth of kaolinisaton, more aquifer
thickness with deeper basement and favorable resistivity
ranges while the failed well is characterized by more depth
of kaolinisation, less aquifer thickness with shallow
basement and unfavorable resistivity ranges.

Fig. 8. 3D Block Images of Sivaram

The Case of Sivaram village - Near the Stream
In this case, the depth of kaolinisation at failed well is
much more when compared to success well as observed from
2D, 3D (Figs. 9, 10, 11 and 12) and Table 2. It is again the
3D imaging which is showing more difference in kaolinised
depth (33.9 m) between success well and failed well almost
coinciding with the drilling results when compared to 2D
imaging where the difference is 23.8 m. In fact, in view of
the greater kaolinisation depth at failed well, drilling could
not be continued here as drill bit got stuck due to kaolinised
formation which is whitish gummy paste like material.
Addition of water during the drilling process also of no help
to overcome this drilling problem. In the case of resistivities
of the kaolinised layer, success well resistivities are lesser
than the failed well resistivities indicating that this parameter
is not very crucial one in deciding the failure of the well. As
far as the basement depths are concerned, depth obtained in
3D imaging is closely matching with drilling results at the
success well where as full data is not available in the case of
2D imaging and drilling results of the failed well.

Near the Road using Slicer-Dicer Software

Fig. 9. A set of Parallel 2D resistivity imaging profiles at Success well near the stream of Sivaram village.

Delineation of Kaolinised Zones
From the Table 3, it can be observed that the aquifer
thickness is little or absent in the case of failed well as
shown from all the three methods confirming again that
failed wells are characterized by little or no aquifer
thickness followed by basement characteristics. In the
same table, it can be observed from the the range of
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aquifer resistivities that there is not much difference
between success well aquifer resistivity and failed well
aquifer resistivity ranges. Hence, range of aquifer
resistivity may not be a very crucial parameter as is the
case with resistivity ranges of kaolinised layer in deciding
the failure of the well.

Fig. 10. A set of 3D slice images at Success well near the stream of Sivaram Village.

Fig.11. A set of Parallel 2D resistivity imaging profiles at Failed well near the stream of Sivaram village.

Fig. 12, A set of 3D slice images at Failed well near the stream of Sivaram Village.
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It is also observed from the Fig.13 that, the slicer-dicer block
images have a very good contrast between the success and
failed wells showing the near complete kaolinisation at the failed
well upto greater depths where as in the case of success well it
is only few metres of kaolinisaton followed by the aquifer.

Success W ell

failed to match the drilling results in the case of success
well but 3D imaging is nearer to the drilling results. In the
case of failed well drilling results could not be obtained
completely due to termination of drilling when the drill bit
has got stuck in the kaolinised layer.

Failed W ell

Fig. 13. 3D Block Images of Sivaram

Near the Stream using Slicer-Dicer Software
From the Table 3 also it can be observed from all the
Case 3: Kondasambham Village
three methods that the thickness of the aquifer is much higher
Even in this case also (Figs. 14, 15, 16, 17 and Table.2) at the success well when compared to the failed well
the kaolinised layer depth is much higher in the case of failed convincing that the parameter thickness of the aquifer is a
well when compared to success well as has been in the other very important in characterizing the success and failure of
two cases. Again 3D imaging is much more closer to the wells like that of the depth of kaolinisation. Since they are
drilling results emphasizing the advantage of 3D inversion interrelated this fact may not be a surprise.
in interpreting the resistivity data. In the case of kaolinised
layer resistivity, figures obtained from 2D imaging are more
supportive to the concept that the formation is more
kaolinised (9.96 to 17.4 Ohm m) at failed well compared to
the success well (16.9 to 23.9 Ohm m). More or less similar
interpretation can be obtained from the 3D imaging. In the
case of depth to basement both 2D and 3D imaging have

In the case of aquifer resistivity ranges, resistivities
obtained in the 2D imaging at failed well is lower (30.2 52.7 Ohm m) compared to success well (33.8 67.9 Ohm
m) supporting the concept that even within the aquifer,
kaolinised characteristics are more leading to less yield at
the failed well when compared to the success well. Same
thing is not well pronounced in the 3D imaging.

Fig. 14. A set of Parallel 2D resistivity imaging profiles at Success well at Khondasambham village.

Delineation of Kaolinised Zones

Fig. 15. A set of 3D slice images at Failed well at Khondasambham Village.

Fig. 16. A set of Parallel 2D resistivity imaging profiles at Failed well at Khondasambham village.

Fig. 17. A set of 3D slice images at Failed well at Failed well at Khondasambham village.
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From the Fig. 18, as usual the 3D block images are
created by the Slicer-Dicer software has well defined
characteristic difference between the success well and failed
well indicating that the formations at the failed well were
completely kaolinised while the same is not so in the case
of success well.

Venkateswara Rao and Siva Prasad

Conclusions
The 2D and 3D Resistivity Imaging has given more
insights with respect to spatial distribution of kaolinised
layer. The depth of this highly weathered material at failed
well is extended about 5 m more deeper than the success

Fig. 18. 3D Block Images of Khondasambham village using Slicer-Dicer Software
Summary of the Results from the Three Case Studies wells at some places to as much as 34 m more deep at other
places. This extended deeper kaolinisation of the aquifer is
Out of all the parameters studied, that is, the depth of responsible for failure of wells. At failed wells, kaolinization
kaolinisation, its resistivities, basement depth, aquifer is not only deeper but also followed by the basement
thickness and its resistivities, the parameters namely depth characteristics either with very thin or no aquifer layer
of kaolinisation, aquifer thickness and basement depth are immediately below the kaolinized layer. At success wells
more convincingly characterizing the differences in success not only kaolinization layer is thinner but also aquifers are
and failed wells. For instance, the depth of kaolinisation at thicker and basement characteristics are found only at deeper
failed wells in all the cases is more when compared to success depths. Layers having resistivities between 25 65 Ohm.m
well. The depth of this highly weathered material at failed are identified as aquifer layers which are composed of
well is extended about 5 m more deeper than the success moderately weathered and fractured khondalitic suit of rocks
wells at some places to as much as 34 m more deep at other (Garnti ferrous sillimanite/biotite gneiss). Layers with
places. This extended deeper kaolinisation of the aquifer is resistivities greater than 65 Ohm.m are interpreted to have
responsible for failure of wells. The failed wells are also basement characteristics belonging to the granite gneiss. At
characterized by little or no aquifer thickness after the failed wells, even the aquifer resistivity ranges are towards
kaolinised layer. For instance, the aquifer thickness is varying lower side compared to aquifer resistivity ranges at success
from about 20 m to more than 72 m at success wells while wells indicating higher kaolinization effects at failed wells.
the same is varying from 7 to 21 m at failed wells. In the At success wells, aquifer resistivity ranges are towards higher
drilling results, mostly zero aquifer thickness is reported at side compared to aquifer resistivity ranges at failed wells
the failed wells. At failed wells, kaolinization is not only indicating lesser kaolinization effects at success wells. The
deeper but also followed by the basement characteristics above characteristics of success and failed wells are more
either with very thin or no aquifer layer immediately below pronounced in the 3D inversion when compared to 2D
the kaolinized layer.
inversion. Similarly, it is more pronounced in 2D inversion
when compared to 1D inversion.
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Abstract
The Proterozoic Shillong Basin of Meghalaya in north-eastern India is one of the promising thrust areas for
unconformity type uranium deposits. The unconformity contact between the Lower Tyrsad Formation and Upper Barapani
Formation of Shillong Group of rocks is a favorable loci for unconformity type uranium mineralization. The shillong
Group of rocks are traversed by the shear/fault/fractures forming dilatant structures such as Tyrsad-Barapani Shear
(TBS) and Jongkaksha Shears (JS) are favourable for uranium mineralisation. High resolution heliborne magnetic data
acquired over the Shillong Basin helped in demarcating various magnetic domains and structures which intern facilitated
in mapping the subsurface geology. Processed magnetic images highlighted the NE-SW trending curvilinear sheared
basement-basin contact near Mariang. Along the TBS, prominent NE-SW trending linear magnetic anomalies are observed
over the Barapani and Tyrsad Formation. These anomalies are terminated due to the younger granitic intrusive (South
Khasi Batholith) in the south-west of the surveyed area. The strong magnetic signature over the TBS is inferred to be due
to metavolcanics of Khasi greenstone and Tyrsad metasediments. High amplitude curvilinear magnetic anomalies on the
reduced to the pole map clearly demarcated the sheared contact of basement with Tyrsad Formation to the south-east of
Mairang. A magnetic profile extending from Mariang to Mangwap that runs across the basement-sediment contact and
TBS zone was modeled considering the available surface geological information. A maximum sediment thickness of
1200 m is inferred from modeling of magnetic data. High magnetic anomalies are inferred to be caused by two mafic
bodies occurring at a depth of around 300 m. Modeling and interpretation of magnetic data along the TBS provided
valuable subsurface geological and structural information that aided uranium exploration in Shillong Basin.
Key words: Shillong Basin, Helibornemagnetic survey, Remanence magnetism, Uranium exploration, Modeling

Introduction
The Proterozoic Shillong Basin of Meghalaya in
north-eastern India is one of the promising thrust areas for
unconformity type uranium deposits and has the geological
characteristics similar to that of Pine Creek Geosyncline,
Australia (Julie A. Hollis and Andrew S. 2012) and
Athabasca Basin, Canada (C.W. Jefferson et.al, 2007).
Shillong Basin holds most of the geological and
geochemical signatures favorable for unconformity type
uranium mineralisation. The unconformity contact between
the Barapani and Tyrsad Formation is a suitable loci for
unconformity type uranium mineralisation due to reducing
lithology like carbon phyllite, graphitic schist of Tyrsad
Formation, which are capable of precipitating uranium rich
solutions invading these rocks. Tyrsad Formation has
feldspar bearing volcanics like rhyolite and volcanic tuff.
The Shillong Group of rocks are crosscut by shears/faults/
fractures forming dilatant structures such as Tyrsad Barapani
Shear and Jongkaksha shear, which are associated with
alterations like sericitisation, silicification, tourmalinization,
sulphidization and kaolinisation. High resolution heliborne
magnetic survey was carried out to delineate the suitable
locales like unconformity contact associated with alteration

halos in conjunction with the structures cutting across the
Barapani quartzite cover and underlying rocks to probe the
possibility of unconformity type uranium mineralisation.

Geology of the Area
Meghalaya plateau is an uplifted horst-like structure
bounded by major tectonic features of Brahmaputra
lineament in the north, Dauki fault in the south, Haflong
fault in the east and Jamuna fault in the west (Nandy, 2001).
Geological map of Meghalaya Plateau and Mikir hills is
shown Figure 1. The general stratigraphy of the Shillong
Basin is given in Table 1. The Shillong-Mikir hills massif
represents north-east prolongation of the basement complex
made up of gneisses and migmatites with enclaves of
amphibolites, rarely BIF and patchy distribution of high
grade granulite supracrustals (Mitra, 2005). The Shillong
Basin is an NE-SW trending Proterozoic intracratonic basin
(240 km stretch) which rests unconformably over the
Archaean (?) gneissic Complex. It covers east and central
part of Meghalaya plateau and extends north-eastwards over
Mikir Hills (Figure 1). The Shillong Group of rocks are
divided into lower metapelites, Tyrsad Formation and upper
arenaceous Barapani Formation. They are separated by a
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Table 1.Stratigraphic succession of the Meghalaya plateau (Modified after, GSI, 1974)

Geological
Age
Miocene
Oligocene

Eocene

Group
Garo

Jaintia

Formation
(thickness in m)
Chengapara (700m)
Bagmara (500m)

Lithology

Kopili- Rewak (500m)
Shella/Tura (600/440m)
Langpar (50-100m)
------Unconformity-----

Paleocene

Lower: Grey, coarse to fine grained
feldspathic sandstone, arkose

Khasi
Jadukata (235m)
------Unconformity-----

Late Jurassic
Neo
Proterozoic
MiddleLower
Proterozoic
Archean

Alternation of sandstone
conglomerate
Basalt, alkali basalt and acid tuff.
Alkaline and carbonate rock
complexes.

Sylhet
Trap
---------Tectonic--------

Coarse porphyritic granite, pegmatite,
aplite and quartz vein. Epidiorite and
dolerite.

---------Intrusive-------Barapani
Tyrsad
------Unconformity-----

Quartzite with basal conglomerate

Mylliem

Shillong

Shale, sandstone and marl
Alternation of sandstone and
limestone
Calc-shale, sandstone and impure
limestone
Upper: Coarse, arkosic sandstone and
shale, characteristics purple colour

Mahadek (215m)
Upper
Cretaceous

Sandstone, siltstone, clay and marl
Feldspathic sandstone, conglomerate
and clay

profound unconformity marked by thick conglomerate bed.
Tyrsad Formation comprises calc-granulite, hornblende
schist, streaky gneiss, feldspathic quartzite, biotite muscovite
schist, carbonaceous quartzite, banded gneiss, carbonaceous
phyllites/graphitic schists, garnetiferous slate and phyllite.
Sumer conglomerate is the basal conglomerate and marks
the erosional unconformity between the schistose rocks and
the overlying arenite member of Barapani Formation. Tyrsad
Formation has been subjected to polyphase deformation and
retrograde metamorphism. These rocks are characterized by
extensive alterations like silicification, ferruginisation,

Meta phyllite sequence
Granite-gneisses, migmatites, mica
schists, sillimanite-quartz schist,
granulite

sulphidisation and argillisation. Post sedimentary NE-SW
trending dilatants structures like shear / fault zones dissect
the Shillong Group of rocks. Khasi greenstone is occurring
as basic intrusive in the Shillong Group and metamorphosed
along with the host rocks. The trends of these bodies are
parallel to the general strike and appear to occur mostly as
sills and sometimes also as dykes (Mazumdar, 1986). It is
metamorphosed to amphibolites and meta-dolerite. The
Neoproterozoic granite occurs as intrusives both in the
gneissic complex and Shillong Group. These granites occur
as plutons and straddle the entire regime of Meghalaya

Modeling and Interpretation of High Resolution
plateau (Figure.1). In the surveyed block, south Khasi
batholith, Mylliem and Nartiang granites are exposed. Sung
valley ultramafic-alkaline-carbonatite complex intrudes the
Proterozoic Shillong Group in the NE of surveyed area
(Yusuf and Saraswat, 1977; Krishnamurthy, 1985). It
consists of pyroxenite, serpentinised peridotite, melilitolite,
ijolite, nepheline syenite and carbonatite. Pyroxenite
encloses serpentinised peridotite and represents the oldest
rocks of the complex and ijolite forms a ring structure.
Carbonatites are found in the southern parts of the complex,
occurring mainly as dykes or cone sheet bodies. The Shillong
Group of metasedimentary rocks (mica schist, quatzites,
phyllites, slates etc) have been involved in folding of four
generations (Mitra, 1998). The Shillong basin is
characterized by NE-SW trending major lineaments
representing fold axes, fractures and granitic plutons.

Geophysical Exploration in Shillong Basin
Limited area of Shillong Basin was geophysically
scanned by using portable gamma ray spectrometric
techniques, airborne magnetic, ground magnetic and Very
Low Frequency-Electromagnetic surveys (Singh, 2009).
Airborne magnetic survey was conducted by NGRI over
Assam and Shillong area during 1977 for GSI’s with a line
spacing of 2 Km, tie line spacing of 20 Km and an average
flight of 1393m above sea level for mineral exploration
programme (NGRI, 1980). Aeromagnetic contour map (10
nT) of Assam and Shillong area is digitized and aeromagnetic
image is generated. The image provides useful information
that can facilitate in lithological and structural mapping on
a regional scale. The image is utilized in understanding the
regional structures in the present study (Figure 2).
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High Resolution Heliborne Magnetic Surveys
High resolution heliborne magnetic surveys were
conducted in the study area in 2010-11 to identify detailed
structures viz., faults, fractures, basic intrusive and basement
configuration to prioritize the favorable target areas for
unconformity related uranium mineralization in Shillong
Basin. Magnetic survey was conducted with a high resolution
cesium magnetometer (Scintrex make). GPS navigation
system (NovAtel with WAAS facility) and a radar altimeter
were used for navigation. The survey was carried out with a
ground clearance of ~120 m with magnetic sensor towed
10.5 m below the helicopter (AS 350 B3 Squirrel), air speed
was maintained between 45 to 50 knots. Magnetic data were
acquired at 10 samples per second with the flight lines at
every 250 m in E-W direction and the tie lines at every 5000
m in N-S direction. Earth’s magnetic field diurnal variations
were recorded using a base magnetometer in a noise free
environment in the survey area.
Data processing of heliborne magnetic data in a sequence
of steps leads to generation of an image or profile of the
anomalous magnetic field from raw magnetic measurements.
In the first stage, noise introduced by the acquisition system,
in particular, single-reading spikes and longer duration noise
bursts were removed. Then the effect of the diurnally-varying
magnetic field was removed using base magnetometer data.
The corrected magnetic data was then subjected to lag (due
to distance between the GPS antenna and the sensors) and
heading corrections. The data was then corrected for regional
gradients using International Geomagnetic Reference Field
(IGRF) 2011 model. Tie line levelling has been attempted
to remove the remainder of the time-varying errors in the

Fig. 1. Geological map of the Meghalaya Plateau and Mikir hills (after Nandi, 2001)
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Fig.2. Total magnetic intensity image of data acquired by NGRI 1977.
data that have not been correctly removed by the diurnal presence of basic dykes along the TBS between Mairang
correction. Finally, the data are “microlevelled” after and Mawngap. Similarly, to the east of Mawblong several
levelling to smooth any minor residual errors. The data are such linear anomalies trending in NE-SW direction along
gridded using bi-directional gridding algorithm with a cell JS also marks the basic intrusives. Trend and attitude of the
TMI contours over the TBS and JS marks the NS and EW
size of 50 m.
trending faults. High amplitude curvilinear isolated magnetic
Analysis and interpretation of the final processed Total anomalies due to shearing juxtapose with low amplitude
Magnetic Intensity (TMI) image shows distinct NE-SW short wave length anomalies on either side. These short
trending linear magnetic anomalies in the eastern and western wave length anomalies are due to Tyrsad Formation in the
part of the surveyed area with an amplitude range of 200- east and basement gneissic complex in the west. The isolated
300nT (Figure 3). These anomalies are mostly confined to bipolar magnetic anomalies in the shear zone indicate the
the Tyrsad Formation compare to the Barapani Formation. presence of mafic intrusives. Mylleium and Nartiang
Further, these anomalies in the south west of the surveyed intusives granites show more magnetic character as
area are terminated by cluster of long wavelength magnetic compared to South Khasi Batholith (SKB), which may be
anomalies which are due to younger South Khasi granitic attributed to their geochemical differences. Presence of basic
batholith. TMI image highlighted the NE-SW trending dykes and structural disturbance around Mawolong along
distinct high frequency linear anomalies interpreted as the south eastern margin of Mylliem granite may form
Tyrsad Barapani Shear (TBS) to the NW of Mawngap and important locale for mineral exploration. Magnetic
Jongkaksha Shear (JS) to the east of Longkaksha. Linear anomalies with similar signatures between Makwdok and
magnetic anomalies trending in NE-SW direction with Laitlyngkot may form another favourable area for mineral
magnetic low in the NW and high in the SE highlights the exploration.

Fig. 3. High resolution Total magnetic intensity image acquired over the Shillong Basin.

Modeling and Interpretation of High Resolution
Regional aeromagnetic image generated from the NGRI
data is utilised in the present study to locate bipolar reversely
magnetised anomaly similar to Sung valley. Magnetic
anomalies with reversed polarity highlight the presence of
remanance in the area. Magnetic anomalies with remanance
are interpreted in terms of ultramafic- alkaline-carbonatite
complex in Sung valley, Jasra and Mikir hills by Rambabu
and Rama Rao (2006). Another strong isolated magnetic
anomaly of similar nature with limited areal extent in the
NE of Tyrsad indicates the presence of plug like body
possibily indicating the presence of ultramafic-alkalinecarbonatite complex similar to Sung, Jasra and Mikir.
Processed maps proved to be immense help in
interpreting/delineating boundaries of major geological units
and in identifying major and minor structural features like
faults. The general purpose is to enhance anomalies of
interest and/or to gain preliminary information on source
location of magnetisation (Blakely, 1995). Alternatively,
various filtering techniques such as, calculation of first and
second vertical derivatives, upward and downward
continuation, reduction to the pole etc., are often helpful as
interpretation aids. In order to position the magnetic
anomalies right over their subsurface targets the total
magnetic fields are usually reduced to pole (Silva, 1986).
TMI grid is reduced to pole (RTP) using appropriate
parameters viz., inclination, declination. The reduced to the
pole image is shown in Figure 4. RTP image clearly
demarcated sheared basement contact with the Shillong
Group of rocks (Tyrsad Formation) in the west. Magnetic
nature of the intrusive granites viz., SKB and Mylliem
granites can be clearly seen in the image. Tyrsad Formation
represented by quartz sericite schist (QSS), feldspathic
quartzite (FQ) and graphitic schist reflects lower order
magnetic anomalies except over the NE-SW trending broad
shear zone. Similarly, NE-SW trending Jongkasha shear
zone can be seen by its magnetic signature within Shillong
Group of rocks. It appears to be extending further east but
masked by the Sung valley higher order magnetic anomalies.
A NS trending linear feature cutting across the SKB from
Tyrsad to the east of Mairang brought out from the RTP
image. Several high frequency linear magnetic features
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representing the basic intrusives, contacts/faults are
deciphered from the image. Series of NE-SW trending
parallel linear magnetic anomalies are noticed in the
Barapani-Tyrsad shear zone. Ground observation suggests
presence of metabasic intrusive within the TBS/basement.
The continuation of total magnetic field above or below the
level of observation is important in either reducing or
accentuating the effects of bodies close to the earth’s surface.
Upward continuation is considered to be a stable filter
because it avoids distortion of anomalies that may require
application of other filters to correct (Nabighian et al., 2005).
The total magnetic intensity data is continued upward by
200 m and then reduced to the pole (Fig. 5) to reduce the
near surface effects/features and also to visualize the depth
extension of the magnetic source spatially. Depth extension
of the earlier interpreted shear zones can be visualized
clearly. NS trending magnetic linear feature from Tyrsad to
east of Mairang is distinct and is interpreted as a fault from
the image. Response of the younger granitic bodies can be
seen clearly besides the area influenced by the magnetic
remanance.

Euler Depths
Euler deconvolution has come in to wide use as an aid
to interpret profile or gridded magnetic data (Thompson,
1982; Reid et al., 1990). It provides automatic estimate of
source location and depth. To calculate the depth estimates,
it uses a structural index (SI) to characterize families of
source types. The structural index is a measure of the rate of
change of gravity or magnetic field with distance. Euler
depths were computed using different window sizes with
structural index 1 for dyke like sources. TMI grid with 50 m
cell size is utilized and depths are estimated assuming the
source as 2D narrow dyke. Euler depths obtained are
classified into 3 groups and are shown in Figure 5. Further,
these depth solutions are classified into 4 groups i) 100-200
m, ii) 250-500 m, iii) 500-750 m, and 750-1000 m and traced
the consistent solutions. Interpreted linear magnetic features
viz., faults, shear zone along with the Euler solutions showing
deeper sources as thick pale grey lines and shallowest
features as narrow black lines are shown in Figure 6. Most

Fig. 4. Total Magnetic Intensity Image reduced to the pole.
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Fig. 5. Total Magnetic Intensity Image upward continued (200 m) reduced to the pole.
of the shallower solutions are confined to the TBS and JS
signifying the presence of narrow linear basic intrusives.
Deeper solutions are confined to the sheared basin basement
contact and also along the margins of the younger granitic
intrusive.

Modelling
Quantitative interpretation refers to drawing geologic
inferences from the inverted 2D and 3D models. In inversion,
a model is parameterized to describe either source geometry
or the distribution of a physical property such as magnetic
susceptibility. Profile AB is digitized from the TMI grid
in NW-SE direction covering all the geological units as
shown in the Figure 6 as inset map. In situ magnetic
susceptibility measurements indicated average of 0.003 SI
units for basement gneissic complex and 0.007 SI units for
basic rocks, whereas the metasediments are non magnetic
(0.00002 SI units). With the above susceptibilities a 2D
Geological model is simulated using GMSYS modelling
software package (Northwest geophysical association,
Copyright© 2001) and is shown in Figure 7. The geological
model reflected the upliftment of the basement in the
Barapani-Tyrsad shear zone. Many intrusive magnetic bodies
were modelled in this zone which might play an important

role in uranium exploration. Another dyke intrusive in the
south of Mangwap is also modelled. These dykes may be
Khasi green stone intrusive of upper cretaceous age. The
basement sediment contact (sheared) also shows presences
of magnetised bodies. Depths obtained for these magnetic
bodies from the model are co relatable with the depths
obtained from the Euler depth solutions(Figure 8).

Conclusions
Interpretation of high resolution heliborne magnetic data
provided detailed geological understanding of the area.
Curvilinear contact between basement gneisses and Shillong
Group of rocks (Tyrsad Formation) in the west is inferred to
be sheared. Presence of mafic intrusives are noticed along
this curvilinear sheared contact. High amplitude anomalies
over the Tyrsad Formation compare to the Barapani reveals
the combination of uplifted basement below the Tyrsad
Formation and metabasics intruded along the strike of the
formations. 2D modelling of magnetic data across the
Tyrsad-Barapani shear zone corroborates this interpretation.
The N-S trending fault is conspicuous from magnetic data,
where there is emplacement of south khasi batholith. Apart
from dominant NE-SW and N-S trending fractures/faults/
shears, a few E-W and NW-SE trending fractures/faults also

Fig. 6. Euler depth solutions obtained from the TMI grid with a structural index of 1.

Modeling and Interpretation of High Resolution

Fig. 7. 2D Geological model across the Barapani-Tyrsad shear zone highlighting the basement configuration.

Fig. 8. Euler solutions plotted on the model indicating the depth to the causative bodies.
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have been deciphered. Presence of basic dykes and intrusive
granites provide suitable geothermal gradients for
remobilisation of uranium bearing solutions. Interpreted
structures viz., shear zones/faults forms suitable locales for
movement as well as precipitation of uranium. Heliborne
magnetic data successfully delineated the mafic/acidic
intrusive along with structures favourable for targeting
unconformity related uranium mineralisation.
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Abstract
Chromite deposits are generally associated with tectonically deformed and metamorphosed ultramafic rocks in the
form of bands, beds, pockets, lenses, veins and disseminations. Since, the remnants of chromite bodies were found
within ultramafics of Ophiolite belt in the area, the detailed Magnetic survey was taken up to map the possible concealed
and sizeable chromite mineralization in the given block. The Ophiolite belt spread over in the Manipur state named as
Manipur ophiolite belt (MOB). The study area is located south of Kudengthabi village in Manipur ophiolite belt falls in
the Survey of India toposheet No. 83 L/7, close to the Myanmar International boundary.
The area is mostly occupied by Oceanic Pelagic sediments (OPS) of Tertiary sedimentary sequence comprising of
sandstone, shale, quartzite, siltstone and limestone intruded by ultramafic suite of rocks (Ophiolite suite of rocks). The
Ophiolite suite of rock occurs along N-S to NNE-SSW trending linear belt in a structurally weak zone, comprising of
serpentinised peridotite, pyroxenite and dolerite with rare plagiogranite showing deformation and serpentinization. The
serpentinite, peridotite and harzburgites are the dominant lithounits among the ultramafic rocks in the study area associated
with Chromite mineralization. Chromite mineralization in the form of small detached boulders is seen at road opening
sections of Ophiolite mountain range. Since incidences of PGE mineralization have been reported from the chromite
bodies of the Ophiolite sequence, location of concealed podiform chromite lenses would ultimately help in detection of
associated PGE mineralization in the region.
The total field magnetic data has classified different lithological formations of the area including characterizing their
disintegration and degree of serpentinization. Smooth magnetic variations of less than 100 nT were observed over
Oceanic pelagic sediments (OPS). Moderate to high magnetic variations showing irregular nature ranging from 100 to
700 nT represent ultramafics. The concealed chromite bodies occurring at shallow depths and having a lateral body
extension of more than 10 m have characteristic symmetrical bipolar or unipolar magnetic anomalies showing more than
1000 nT as per the orientation of the magnetic body. The processed magnetic maps have helped in identifying disintegrated
portions of ultramafics and structural fabric of the study area. Quantitative analysis of magnetic anomalies reveal occurrence
of detached chromite bodies at depths varying from 4 to 10m.
Key words: Chromite, Ultramafics, Manipur ophiolite belt, Magnetic anomaly

Introduction
Chromite, the only ore of Chromium belongs to the spinel
family and is generally associated with ultrabasic rocks such
as dunites, serpentinites, peridotites, pyroxinites. Chromite
ore bodies occur either as podiform or stratiform type of
deposits, as the podiform deposits formed by reaction
between rising melts and the host Peridotites (Robinson et
al., 1997). The stratiform deposits indicate crystallization
from mafic magmas by mixing of evolved and more primitive
melts (Irvine, 1977). Chromite mineralization is generally
associated with tectonically deformed and metamorphosed
ultramafic rocks. An idealized geologic model showing that
the podiform chromite deposits are found exclusively in
dunite lenses in a larger matrix of harzburgite. The dunite
and harzburgite are part of differentiated mantle material of

ophiolite sequence and become tectonic peridotite (Jeffry
C.Winn & Wilfred P.Hasbrouk, 1984). Major Chromite
deposits in India occur in the Sukinda valley of Orissa that
is predominantly of stratiform type. Chromite ore mostly
consists of Chromite with subordinate amounts of
ferrichromite, magnetite, ilmenite and secondary silicates
like serpentine, talc, tremolite, uvarivite and kammererite
(Choudhury,S; 2006). The magnetic method is successful
in locating big chromite bodies within ultramafics in Balkans
area, Turkey (Ergin, K., 1952). The gravity method is useful
only when the ultramafics host large chromite bodies
(Yungul, S, 1956). The undulations in the topography effects
the tracing of chromite mineralisation with electrical methods
(Sumi,F. 1961).
The small pieces of chromite, magnetite, malachite and
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rodingite were reported within ultramafics along NNE-SSW
running ophiolite belt (Shukla et al, 1986). The Chromite
bodies probably occur within Ophiolite belt as
disseminations, pockets and small lenses as podiform type.
The Manipur ophiolite belt occur along a linear belt in a
structurally weak zone, in continuity with Nagaland ophiolite
in the north and extending further to Andaman-Nicobar
island Indonesia in the south (GSI, NER News, Vol.21,
2010, pp-10). The ophiolite belt composed of intimately
juxtaposed slices of mafic-ultramafic rocks is a product of
obduction resulted due to the collision of Indian and
Burmese plates during tertiary period (GSI, NER
News,Vol.21, 2010, pp-10). A sizeable (length 11m x width
8m) chromite lens known as Northern Lens occurs north of
Sirohi peak at an altitude of 1120m (Misc.Publ.No.30, 2011).

Geology and Physiography
The area is mostly occupied by two main litho units of
Tertiary sedimentary sequence viz... Disang Formation and
Oceanic pelagic sediments (OPS). Sandstone, shale,
siltstone, slate, quartzite and phyllites are the major rock
types of Disang Formation (Misc.Publ.No.30, 2011). The
OPS represents the shale, slate, phyllite bedded chert,
limestone, sandstone and quartzite etc. The ophiolite suite
of rocks occurs along N-S to NNE-SSW trending linear belt
in a structurally weak zone and comprises of serpentinised
peridotite, dunite, pyroxenite and serpentinite with rare
plagiogranite. The ultramafic suites of rocks were emplaced
into the sedimentary rocks of Tertiary age. The serpentinite,
serpentinised peridotites and harzburgites are the dominant
lithounits among the ultramafic rocks in the study area
associated with Chromite mineralization. The ultramafic
rocks are highly deformed, weathered, metamorphosed and
show wide spread serpentinisation. Disseminated Chromite
layers/lenses were identified within ultramafics in the study
area. The Chromite grains are fine to coarse grained with
high specific gravity, dark grey in colour and showing
mettalic lustre. An old working pit (Size: 15m x 17m, depth6m) mined for chromite was seen in the study area located
near the traverse N900. The detailed geological map of study
area covering Manthumching ridge, Kudengthabi area
(Shukla,R & Natu,S.R, 1986-87) is shown in Fig.1
The area is characterized by highly undulating terrain
with number of steep ridges and deep valleys formed by
north-south flowing major nalas and the average elevation
varies from 220 to 710 m. The north-south running
Manthumching ridge has a topographic relief of 710m with
steep slopes on both sides. The most prominent drainage in
the area is formed by Lokchao River along with its tributary
streams, flowing easterly towards Myanmar plains.

Methodology
By far the magnetic survey is economical and fast to scan

Fig.1 Geology and location map of Manthumching ridge,
Chandel district, Manipur.
the area geophysically, which is highly undulated with steep
hills and valleys. Chromite, which has lower susceptibility
values than the surrounding ultramafic rocks generally
produce low magnetic anomalies. But, the mineral when
associated with magnetite and other iron oxides which are
released due to alteration and deformation of ultramafic
rocks shows higher magnetic anomalies over chromite than
ultramafic rocks. Chromite ore also seldom exhibits strong
remanent magnetization when associated with magnetite and
iron oxides and hence characterized with strong magnetic
anomalies. The shallow lying Chromite body of limited depth
extent will generally reveal bipolar magnetic anomalies. The
high susceptibility contrast between tertiary sediments and
ultramafics enables to map these formations. Magnetic
survey also clearly demarcates the serpentinized zones which
in turn point the location of chromite body.
To map the disposition of ophiolite belt and sedimentary
formations besides locating concealed chromite bodies, the
survey design was planned at 100m traverse interval and
station spacing of 10m with each traverse length varying
1.5 km in north to 1.0 km in south. An area of 6.00 sq.km
was covered in this area with 45 traverses in east-west
direction over north-south running Manthumching ridge
passing through Herman and N.Champhai villages.

Delineation of Podiform Chromite Bodies
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Susceptibilities of Rock Samples
The magnetism values of the chrome ore and the
ultrabasic rocks show wide ranges. Accordingly, chrome ores
and ultrabasic rocks can be classified as nonmagnetic,
weakly magnetic and strongly magnetic ones (Frasheri.A,
2012). The fresh dunites and hartzburgites of tectonic
sequence are not magnetic. With the increase of the
serpentinization process, the magnetization of dunites and
hartzburgites gets stronger. In the tectonic emplacement
process of ophiolite sequence, dunite rock surrounding a
chromite pod is more heavily serpentinized due to an
increased exposure of fracture surfaces to fluids than the
harzburgite country rock. This implies that the magnetic
susceptibility increases sharply in the immediate vicinity of
a chromite pod but drops to negligible levels over the
chromite mass itself. With this back drop, the magnetic
anomalies of different rock units with respect to chromite
mineralization are studied. Magnetic susceptibility values
measured in the laboratory have shown distinct contrast for
sediments, ultramafic rocks, serpentinized rocks and
chromite (Table-1).
Table-1: Susceptibility values of Rock samples
Sl.No. Formation
1
2
3
4
5
6
7
8
9
10

Peridotite
Serpentinized
Peridotite
Serpentinite
Harzburgite
Serpentinized
Harzburgite
Chromite
Shale (OPS)
Sandstone (OPS)
Quartzite (OPS)
Quartzite
sandstone (OPS)

No.of Samples Susceptibility x 10-6
CGS Units
4
273 - 950
4
375 - 1051
5
4
1

285 - 583
34 - 452
15

3
1
1
1
3

55 - 170
15
11
9
7 -9

Chemical Analysis
The samples collected from the Ophiolite belt of the
region near Kudengthabi village were analyzed for PGE by
ICP-MS at the Chemical Lab of GSI, Hyderabad, which
show 5 to 30 ppb of Pt, 5 to 55 ppb of Pd, <3 to 10 ppb of Ir,
<3 to 10 ppb of Rh, 5 to 35 ppb of Ru (n=19) in the peridotite
/ serpentinised peridotite. A sample of chromitite has
analysed <5 ppb of Pt, 5 ppb of Pd, 225 ppb of Ir, 840 ppb
of Ru, 35 ppb of Rh. Chromitites are enriched in IPGE
(Iridium-PGE group) than the PPGE (Palladium-PGE group)
and shows low (Pt + Pd) /(Os + Ir + Ru) ratios (Raju et al.
2012).

Magnetic Survey
The total field magnetic data was acquired along the
closely spaced traverses and the data corrected for diurnal
variation of earth s magnetic field on daily basis. Total

intensity magnetic contour map (Fig.2) and its image maps
were prepared. The magnetic data was also processed for
Upward Continuation (50m) and Analytic Signal (AS) to
understand the significant features obtained from Magnetic
data. The magnetic contour and image maps were analysed
qualitatively. The Magnetic (T.F) contour map shows (Fig.2)
an overall magnetic variation of 38500 to 50000 nT in the
block. Since, the magnetic variations are large in the area;
the contour interval is maintained at 100 nT. The major
general trend of the magnetic contours is N-S to NNW-SSE
over ultramafic country. The magnetic contours are crowded
and having higher magnetic variations from S 1800 to N
1500 corresponding to ultramafics. The variations of
magnetic (T.F) values observed over ultramafics ranges
between 45700 to 48500 nT characterizes as irregular high
and low magnetic anomalies. An east-west trend showing
break in major N-S trend is observed from S 100 to N100
and N500 traverses indicate disturbance in the alignment of
intrusive ultramafic rocks due to cross basement faults.
Smooth magnetic variations were observed from traverses
N 200 to N 600 between stations W100 to W200 and S100
to S400 due to thin OPS cover over ultramafics. The
moderate circular localized contours are seen at number of
places almost in all traverses are corresponding to highly
serpentinised ultramafic rocks. The crowded circular
contours with limited strike extension depicting very high,
low and bipolar magnetic variations are corresponding to
disseminated chromite lenses of podiform type. These
magnetic anomalies vary from 38500 to 52500 nT. A major
change in magnetic anomaly pattern is observed along
traverse S 1800 with high magnetic variations in the north
and smooth magnetic variations in the south, which
correspond to a faulted contact between ultramafics and
Oceanic Pelagic Sediments (OPS). The total intensity
magnetic map indicated smooth magnetic variations ranging
from 47300 to 47900 nT over Oceanic Pelagic Sediments
from traverse S 1800 to S 3000.
The magnetic (T.F) image map (Fig.3) shows a color
display of single grid image data with lowest value indicating
deep blue and highest value as red and deep pink colors.
The qualitative analysis of the Magnetic (T.F) map reveals
a smooth variations of magnetic values over Oceanic Pelagic
Sediments in the south from S 1800 to S 3000 (yellow, red
and pink color patches) and moderate to high variations over
ultramafics (Blue, green, yellow, red and pink). The very
high magnetic (T.F) variations (red and pink color) represent
highly serpentinized ultramafic rocks exposed to the ground
and low magnetic variations (deep blue color) represents
ultramafic rocks lying under soil cover. The serpentinisation
of ultramafic rocks is extremely high over central part from
traverse N1500 to S 1800 depicted as yellow, red and pink
colors. The contact between ultramafics and sedimentaries
was clearly demarcated at S 1800 traverse by change in the
trend of magnetic contours from north-south to east-west.
The magnetic (T.F) variations are smooth from S 1900 to S
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3000 represents total sedimentary formation. The localized
sharp and limited wavelength magnetic anomalies
representing chromite lenses are masked within the long
wavelength magnetic anomalies correspond to ultramafic
rocks. However, the locations of magnetic anomalies are
posted on the image map and shown as white triangles.

Wide range of variations was observed in the magnetic
data for the present area. The magnetic data was thoroughly
analyzed to classify different litho units. Magnetic variations
characteristically smooth, high with irregular nature and
uniformly high magnetic anomalies classified the different
rock formations including concealed chromite bodies. This

Fig.2 Total Magnetic Intensity Contour map

Fig.3 Total magnetic Intensity Image map

Delineation of Podiform Chromite Bodies
systematic classification of magnetic anomalies guided
recognizing the concealed chromite mineralization at
shallow depths.
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The purpose of upward continuation filter is to suppress
the short wavelength anomalies of shallow features and
enhances the broad wavelength anomalies caused by deeper
causative sources. The Magnetic (T.F) data was continued
upward to 50m with upward continuation technique to see
the regional position of ultramafics by suppressing local
features, which also reflects the depth persistence of the body.
The magnetic upward continuation map (Fig.4) clearly
distinguished two major litho units OPS and ultramafics with
change in contour pattern. The east-west trends in the
magnetic pattern due to cross faulting/shearing persisted in
the upward continuation map also along traverse 0.

The process of analytic signal (AS) transforms the shape
of the magnetic anomaly from any magnetic inclination to
one positive body centered on the causative body and
independent of the orientation of magnetization of the source
(Cooper, 2006). The analytic signal (AS) map (Fig.5) has
discriminated contact between OPS and ultramafics by
showing low magnetic gradients in the southern part over
OPS and high magnetic gradients on areas occupied by
ultramafics in the northern part. The map also discriminated
the areas of various intensity of deformation within the
deposition of ultramafics. The map also indicates intensive
shearing within the ultrabasic formation by showing variable
magnetic gradient distribution. The locations of the
significant magnetic anomalies correspond to disseminated
chromite bodies were fallen in NNW-SSE direction over
high intensity deformation.

Fig.4 Upward continuation (50 m) Image map.

Fig.5 Analytical signal Image map.
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Fig.6 describes the radially averaged power spectrum
computed for the magnetic data of the area showing two
depth segments indicating magnetization contrasts at two
different depth levels. The depth estimates of 50 m and 30

Fig.6 Radially averaged power spectrum for the magnetic data

m reflects the depths pertaining to magnetization contrasts
at deformed (serpentinized sequence) and moderately
deformed (medium serpentinization sequence) levels of the
Ophiolite belt occurred due to variations in the topography
of the area.
The magnetic (T.F) profiles were plotted along selected
traverses of the study area to verify the magnetic anomalies
corresponding to chromite bodies within ultramafics. Fig.7
illustrates the total magnetic variations along traverses N
1500, N 1400, N 1100 and N 1000 . The magnetic variations
showing uneven fluctuating nature indicate the formations
belonging to ultramafics while the isolated sharp peak
magnetic anomalies of limited wavelength correspond to
chromite bodies.The significant localized short wavelength
magnetic anomalies were observed at stations E 500 and E
690 on traverse N 1500; W 255 on traverse N 1400; W 420
on traverse N 1100 and W 110 on traverse N 1000.

Fig.7 Total magnetic profiles along selected traverses.

Delineation of Podiform Chromite Bodies
The magnetic (T.F) profiles along the traverses N 900,
N 500, N 400 and 0 were shown in Fig.8 and analyzed the
magnetic variations. The significant magnetic anomalies are
W 30 on traverse N 900; E 320 and E 330 on traverse N
500; E 130 and W 30 on traverse N 400 and E600, E610,
E940, E950 and E960 on traverse 0. The magnetic anomalies
of interest are sharp in nature indicates the anomalous body
lying at shallow depth.
The magnetic (T.F) profiles along the traverses S 500
and S 700, S 1700 and S 2000 were shown in Fig.9 and
analyzed the magnetic profiles. The significant magnetic
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anomalies are E140 and E150 on traverse S 500; E540 on
traverse S 700 and W150 and W200 on traverse S 1700.
These anomalies are also of interest having to be tested.
The conspicuously different and smooth magnetic variations
on traverse S 2000 indicate total OPS formation.

Quantitative Analysis of Magnetic Anomaly
Quantitative interpretation was carried out by taking few
typical magnetic profiles for their depth and disposition
within ultramafics. Two typical (Anomaly A & B) magnetic
anomalies observed along traverse 0 were taken for

Fig.8 Total magnetic profiles along selected traverses
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quantitative analysis using the graphical Peter Slope method
(Telford et al, 1976). The magnetic anomaly-A (total
magnetic variation-5500 nT) is of symmetrical bipolar nature
with maximum occurring towards west and low in the east.
The symmetrical nature of the anomaly suggests the body
located vertically below the line of maximum gradient. The
depth to the top of the body is

Z= d/k
Where Z= Depth to the top of the causative body
d= Distance between ½ max slopes
k= Index factor, varies from 1.2 to 2.0 with the
size of the body.

Fig.9 Total magnetic profiles along selected traverses

Delineation of Podiform Chromite Bodies
Computed d from graph is 5.0 m. Therefore from the
above formula the depth Z is calculated as 2.5 to 4.2 m for
two different k factors. Hence, the depth to the top of the
causative body varies from 2.5 to 4.2m and body lies exactly
below the maximum inflexion point.
Similarly, the probable depths estimated for anomaly-B
(total magnetic variation-3000 nT) are 10 to 16.7m. The
magnetic anomaly of 40m wavelength has given a varying
depth of 10 to 16.7m below the ground, occurring between
the two points of tangency.
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magnetic survey could very well categorize the disseminated
podiform chromite bodies of limited extent within ultramafic
rocks by showing significantly noticeable magnetic
signatures. As per the quantitative analysis of magnetic
profiles, all the podiform chromite bodies are located at
shallow depths which are associated with PGE
mineralization in the region. The present magnetic survey
results will help to further extend to other parts of Ophiolite
region to search for chromite bodies along with PGE
mineralization.
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