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EDITOR’S PAGE
With great pleasure and satisfaction, Association of Exploration Geophysicists (AEG) forwards the
Vol.XXXIX No.4, October-December 2018 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.
B. Srinivasarao et al., in their article “Integrated Geophysical Approach for Delineating the
Structural Features and Sulphide Rich Zones in Umra Area, Udaipur District, Rajasthan - An aid
for Uranium Exploration” highlighted the role of integrated ground geophysical surveys in
understanding the subsurface lithostructural information over parts of Aravalli Fold Belt, Rajasthan.
Interpretation of the magnetic data facilitated identification of major lithological domains, faults and
fracture/shear zones. Power spectral analysis and modeling provided the geometry and depth of the
causative sources. IP/ Resistivity survey mapped the limestone and carbon phyllite rock units, with the
high chargeability in the central domain demarcating the sulphide rich zones of carbon phyllite rocks.
2D inversion of IP profile data provided the depth persistency of high chargeability zones. Integrated
interpretation of geophysical data with the sub-surface geology and known uranium mineralization
revealed structurally disturbed zone towards SE of Umra as target areas for further exploration.
In the technical paper “Deciphering the Imprints of BIF Hosted Gold Mineralisation in Ajjanahalli
Area, Chitradurga Schist Belt, Karnataka” R. Ananda Reddy et al., highlighted the results of magnetic,
electro-magnetic, Induced Polarization, Resistivity and logging techniques in Ajjanahalli area for BIF
hosted gold mineralization. Integrating chargeability data with resistivity and magnetic anomalies,
favourable zones were demarcated for BIF hosted gold mineralization. Interpretation of inverse model
of IP/Resistivity depth sections coupled with results of multi-parameter geophysical logging indicated
the depth persistence of mineralized zones up to a depth of 240m and beyond indicating strike and
depth persistence of mineralized zones.
D.Raju et al., in their article “Shallow Seismic Reflection Technique for Exploration of Coal
Horizons at Raniganj Coal Field - India” demonstrated application of 3D high resolution seismic
reflection for identification of coal horizons at Damodar valley basin, West Bengal, India. The depth
section revealed clear sub-surface geological layers and its realistic geometry in terms of reflectors at
different depths. Seismic attribute analysis mapped the faults which are associated with coal horizons.
The tomography of the sub surface structural features improved the resolution of small scale faults.
Based on the study, four coal horizons are identified at a depth range of 400m to 900m without any
structural disturbances which is favorable zone for CBM exploration.
Bahadur Ram et al., in their article “The 4th January 2016 Manipur Earthquake (ML 6.8) and its
Recorded Aftershocks by Seismic Network: An Appraisal” presented the study of aftershocks recorded
in the network of 6 numbers of seismographs. The study revealed that the aftershocks mainly follow a
NW-SE trend through the epicenter of the mainshock, passing between two unnamed lineaments of
similar trends in NW-SE direction. The length of the rupture is found to be approximately 50 km in
north-west and 50 km in south-east direction from the epicenter of the mainshock. The estimated
b-value is 0.64, the lower trend indicating higher stress condition. The maximum numbers of aftershocks
are occurred in the depth range 10-20 km indicating the source zone of mainshock to be at shallower

depth range. The composite fault plane solution of epicenter of aftershocks close the epicenter of
mainshock indicates stike slip faulting.
In the technical paper on “Application of Multi-Attribute Analysis and Probabilistic Neural
Networks (PNN) to Predict Sonic Logs in Ankleshwar Field, Cambay Basin India”U. Vadapalli et
al., discuss the application Probabilistic Neural Networks based methods for predicting unavailable
sonic logs from Ankaleshwar reservoir, Cambay basin, India. For predicting the missing Sonic logs of
6 wells of the 9 wells selected to build reservoir property models, Multi-Attribute analysis was conducted
using available logs. The study indicates that the Neutron porosity and Density log attributes can
predict Sonic log with minimum errors making it possible to efficiently predict the missing logs by
using appropriate attributes and the PNN.
Manish Kumar et al., in their article “Analysis of Crossover Corrected Ship-borne Magnetic
Anomaly Map of NE Arabian Sea and its Geological Interpretation” discuss the importance of
crossover adjustment in ship-borne magnetic measurements. The crossover corrected anomaly maps
of ship-borne magnetic anomaly data of northern Arabian Sea significantly removed several artificial
lineations and false anomaly signatures. The maps revealed distinct anomaly signatures over several
basement features in the NE Arabian Sea and provide new insights about the nature of the crustal rocks
below. Two contrasting anomaly signatures, over the Laccadive ridge and the Laxmi ridge probably
suggest different emplacement history for these ridges.
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Integrated Geophysical Approach for Delineating the Structural
Features and Sulphide Rich Zones for Uranium Exploration in Umra Area,
Udaipur District, Rajasthan - An aid for Uranium Exploration
B. Srinivasarao, Prakash Mukherjee, K. Damodar, Subhash Ram, M. K. Khandelwal,
R. K. Purohit* and A. K. Chaturvedi*
Atomic Minerals Directorate for Exploration and Research, Jaipur, *Hyderabad
Email: bsrinivasarao.amd@gov.in

Abstract
Integrated interpretation of geophysical anomalies is a better tool for delineating favourable structures (faults/
fractures) and conductive zones in uranium exploration. The present study deals with results of Magnetic and
Induced polarization (IP) surveys covering an area of 10 sq km in Umra area, Udaipur District, Rajasthan and their
integrated interpretation for uranium exploration. The study area forms a part of the Aravalli Fold Belt (AFB)
comprising of fold belts of Palaeo and Mesoproterozoic age. Uranium mineralisation in Umra is associated with
low grade meta-sediments of Palaeo Proterozoic Aravalli Supergroup comprising calcareous, arenaceous, argillaceous
and carbonaceous sediments deposited in fault bound troughs over the Archaean gneissic basement.
Detailed analysis of magnetic data brought out faults/fractures and folded structures in Umra and south of Umra
village. Total magnetic intensity map show peak to peak magnetic anomalies of the order of 2700 nT at central part of
the area closed to a Radioactive (R.A) well. Analysis of Reduced to Pole (RTP) Magnetic image indicates that N-S and
NE-SW trending high magnetic anomaly is due to high susceptible basic rocks. Low magnetic signatures to the east of
Shaft 6 are inferred as shear/fracture zone with in the carbon phyllite. RTP image clearly reflects folded pattern of
carbon phyllites. Faults trending in N-S, NE-SW directions which have affected the basement granite and cover sequence
rocks, have been inferred. Low magnetic anomalies towards southern side are corroborated with the granite and
conglomerate. Moderate to high magnetic anomalies are observed towards northern side in soil cover area which could
be attributed to meta-basic rocks. High magnetic anomalies near Lakarawas village are attributed to basic rocks. First
vertical derivative and tilt derivative images clearly brought out folds and faults towards south of Umra area.
Induced polarization /Resistivity survey has brought out a prominent high chargeability zone of the amplitude
order of 42 mV/V with corresponding low resistivity (<100 Ohm-m) trending in NW-SE direction to the east of
Shaft 6 and closed to R.A well which could be due to carbon phyllite rocks. Moderate chargeability values are
recorded over CAAR (Calcareous-Arenaceous-Argillaceous-Rock) and impure limestone.
Moderate to high chargeability zone towards southern side represents disseminated sulphides or carbon
phyllite. Another linear moderate chargeability zone trending N-S has been identified in the northern sector. To the south
of Lakarawas village, prominent high chargeability zone of amplitude up to 56mV/V trending in NNW-SSE direction
has also been identified which represents formational conductor such as carbon phyllite. Alternating zones of high and
low resistivity in the central part of the area indicates limestone and carbon phyllite. In order to analyze the depth
persistency of chargeability zone, inverted depth section was prepared for a selected traverse by using Res 2D Inv
software. Significant high chargeability zone has been observed from 35- 40 m depth continuing up 90m depth and
extended further below which could be due to carbon phyllite. Moderate resistivity values are observed at this zone. The
study area falls in the drilled zone (grid III, grid IV near shaft 6) in which significant uranium mineralization was
intercepted. Structural features i.e. folds, faults/fractures and high chargeability zones have been identified in drilled
zone. Integrated interpretation of geophysical data reveals that the structurally disturbed zones associated with low
magnetic, high chargeability and low resistivity values are promising zones for uranium mineralization towards south of
Umra area.
Key words: Geophysical anomalies, Magnetic, Induced polarization, Chargeability, Aravalli Fold Belt (AFB), Uranium
exploration.
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Introduction
Exploration efforts for uranium in Umra and Udaisagar
areas of Udaipur district, Rajasthan begun way back
in 1955. Geological and structural mapping, geochemical
surveys, geophysical surveys, exploratory and
evaluation drilling and exploratory mining were
carried out in Umra over four decades. Geological
investigations, intensive drilling and exploratory
mining conducted in these areas since then, established
significant grade of uranium mineralization,but no
economically exploitable quantity could be indicated.
However, uranium mineralization was located and
intercepted near to the contact of carbon phyllite and
impure limestone. In 1987-88, high values of uranium
were located in a well dump, about 750m NNE of
Umra mining area, much away from the contact mainly
associated with the calc-arenaceous-argillaceous-rock
(CAAR). This occurrence led to a renewed exploration
activity in the north eastern extension of Umra area.
Since three decades, ground geophysical surveys
comprising magnetic, IP/Resistivity, Electromagnetic
techniques have been conducted in Udaisagar, Umra
areas and identified basic bodies, structural features
and high chargeability zones which are potential locales
for uranium mineralization. Present study deals with detailed
magnetic and IP/Resistivity surveys for delineating
structural features and sulphide rich zones to establish
favorable targets for further exploration work in Umra
area, Udaipur District, Rajasthan.

Geology of the area
Study area forms a part of the Aravalli region comprising
fold belts of Early and Middle Proterozoic age. A thick
pile of low metamorphosed and complex folded
Paleoproterozic clastogenic sediments with minor
chemogenic and organogenic assemblages and basic
volcanic overlying the archaean basement of migmatites,
greenstone belts, ultramafic to basic intrusive and
granitoids forms the Aravalli super group. This super
group occupies the eastern part of the Aravalli Mountain
Range from Nathdwara in the north to Champaner in
the south over a strike of approximately 350km with
width ranging from 40km in the north to 150km
near Banswara. It has an arcuate form having NE-SW
trend in the north, turning N-S around Udaipur and
NW-SE in the south (Gupta, et al, 1995).While in the
east it is bordered by the basement BGC, its western
contact with Delhi group of rocks is variably described
(Saini et al., 2006) as angular unconformity (Heron, 1953).,
structural hiatus zone (Naha et al. 1984 & Drury, 1990).
The shelf sequence of the Aravalli Supergroup exposed
east and southeast of Udaipur includes uraniferous
carbonaceous and carbonatic phyllite overlain by dolomite.

Srinivasarao et. al.,
Sedimentation in the Aravallis started with the
development of fault-controlled troughs, followed by
basic volcanism and contemporaneous clastic
sedimentation. This was followed by a period of
quiescence during which a thick conglomerate unit
was deposited. This was followed by subsidence and
deposition of sand-shale-limestone sequence and limited
black shale-marl-dolomite unit, which hosts the uranium
mineralization (Pradeep Kumar et al.2007).
Rocks of Aravalli Supergroup are believed to have
undergone at least four phases of deformation (Paliwal,
1988). The AF1 deformation resulted in the development
of isoclinals folds usually of reclined geometry. The
second phase of deformation of the rocks (AF2) has
given rise to upright to steeply inclined isoclinals folds.
Due to the third phase of deformation (AF3), several
small scale folds were formed. Last phase of deformation
(AF4) affecting the rocks of the region produced upright to
gently inclined folds causing broad warps.
The rock units exposed in the study area are
limestone, Calc-Arenaceous-Argillaceous Rock (CAAR),
carbon phyllite and quartzite (Figure-1). Meta basic
rocks are also observed at places. The area has undergone
folding, faulting and refolded structures have rendered
the area with complexities. Uranium mineralization in
Umra is associated with low grade meta sediments of
Lower Proterozoic Aravalli Supergroup (2500-2000 Ma)
comprising calcareous, arenaceous, argillaceous and
carbonaceous sediments deposited in fault bound
troughs over the Archaen gneissic basement.

Previous work
During the year 1986-87 & 1989-90-91, ground
geophysical surveys have been carried out in Umra
and its north eastern extension areas by magnetic, IP/
Resistivity, Self potential and EM Turam methods
covering small blocks in the survey area as marked
on the map. These surveys assisted uranium exploration
by delineating salient features like faults/fractures
and conductive zones. High resolution helicopter-borne
Versatile Time domain Electromagnetic (VTEM), magnetic
and gamma ray spectrometry survey was conducted
by AMD over the northern part of Aravalli Fold
Belt during 2011-12. Processing and thematic
integrated interpretation of the data provided detailed
lithological and structural understanding of the area
and helped in identifying favorable targets (Markandeyulu
et.al., 2016)
In Umra area high conductivity and low magnetic zones
have been delineated with magnetic lineaments. Present
study has been planned by considering all above previous
results (Figure 2) for further ground geophysical studies in
detail.

Integrated Geophysical Approach for Delineating

Geophysical Surveys

Geological map of the Aravalli Fold Belt

Umra
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Present
study area

Fig.1. Geological map of Aravalli Fold Belt along with
location of Umra area and study block Udaipur District,
Rajasthan

Detailed magnetic and IP/Resistivity surveys were
carried out for delineating the structural features and
sulphide rich zones in Umra areas, Udaipur District,
Rajasthan. In view of general geological strike of the
formations, available previous Airborne surveys and
Remote Sensing (ASRS) and ground geophysical results,
geophysical traverses each of length about 1.8 to 4.5 Km
were planned in E-W direction depending on availability
of the area. Profile and station intervals for Magnetic and
IP/Resistivity surveys are kept at 200m, 25m and 200m,
50m respectively. The figure 3 shows survey block on
Google earth image with old & new geophysical survey
blocks. Layout of geophysical traverses with data points and
landmarks are shown in figure 4.

Physical Property Measurements
For a geophysical method to be successful, it is necessary
for the target to have an appropriate physical property

Ground IP survey block
FS 2016-17

Ground magnetic survey blockFS 2016-17

Fig. 2. Ground geophysical survey block on Airborne Electromagnetic Image
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Fig. 3. Location of survey blocks (old & present) marked on Google earth image with known land marks
Geophysical traverse layout map of Umra area
Udaipur District, Rajasthan, Toposheet No:45H/14
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Physical property measurements of rock samples have
been effectively utilized in interpretation of geophysical
anomalies. Magnetic susceptibility contrast of the rock
samples varies from 0.1-160 x 10 ^ -3 SI units in the area.
Based on the variation in magnetic susceptibility values,
two bar charts (Fig 5 and 6) are prepared. Figure 5 showing
high magnetic susceptibility of order about 1-140 x 10 ^ -3
SI units dominated by meta basic rock, whereas figure-6
indicates low magnetic susceptibility (0.1-1.0 x 10 ^ -3 SI
units) over meta sediments.
Following inferences can be drawn from the analysis of
the physical property (figure 5 and 6).

• Basic (Diorite) rocks with magnetite minerals have high
magnetic susceptibility values varying from 30-100 x
10 ^ -3 SI units.

• Dolomitic lime stone with magnetite minerals have high
susceptibility values compared to dolostone rocks.

• Conglomerate rocks having less order of magnetic
Fig. 4. Layout map of geophysical traverses,
Umra area, Udaipur District, Rajasthan
contrast to the host rock. Measured magnetic susceptibility
values for collected rock samples from the various out crops
was measured. Limestone, calc-arenaceous-argillaceous
rock (CAAR), carbon phyllite, quartzite and conglomerate
are mainly exposed in the area.

susceptibility values.

• Carbon phyllite rocks are having low order (0.1-0.3) of
magnetic susceptibility values, where as sandy
phyllite and phyllite rocks shows slightly moderate
order (0.4-0.5) values.

• Granitiod rocks show very low order values (<0.1).

Integrated Geophysical Approach for Delineating
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Magnetic susceptibility measurements of grab samples (K x 10^-3SI)
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Fig. 5. Magnetic susceptibility measurements of rock
samples (high susceptible rocks)
Fig. 7. Total Magnetic Intensity image of Umra area,
Udipur District, Rajasthan

Qualitative analysis of Magnetic data
Analysis of Reduced to Pole (RTP) image
Magnetic data is transformed into wave number domain
using Geosoft software for further processing and
enhancement of the magnetic signatures. In order to remove
the effect of inclined magnetization (380) on total magnetic
anomaly and to make interpretation easier, reduced to pole
(RTP) filter is applied over magnetic data and RTP map is
generated as shown in figure 8.

Fig. 6. Magnetic susceptibility measurements of rock
samples (low susceptible rocks)

Magnetic Survey
Magnetic survey was carried out with GPS based GEM
magnetometer and data are collected at every 25m along
the traverses. From Total magnetic intensity image (Figure
7), a strong bipolar magnetic anomaly trending in NE-SW
direction. with amplitude ranging from -1400 to 1300 nT
has been observed. Towards east of shaft6, low to moderate
magnetic signatures have been noticed and attributed to
carbon phyllite rocks. High frequency anomalies are
observed towards eastern side of the area. Low magnetic
anomalies are identified towards south of conical hill.
Towards north of Umra-Udaisagr road, high magnetic
anomalies are also noticed. To the NE of Lakarawas village,
moderate amplitude magnetic signatures are observed
trending in N-S direction.

Analysis of RTP image (Figure-8) indicates that central
part of the area is dominated by high magnetic anomaly with
amplitude of 1400 nT with folded pattern near school which
is trending N-S to NE-SW. The causative source of high
magnetic anomaly is due to high susceptible basic rocks in
the area. Low magnetic signatures towards east of shaft 6
may represent shear/fracture zone in carbon phyllite rock.
Folded magnetic structure (black curved line) clearly appears
in carbon phyllite rocks also. Based on anomaly pattern, a
number of faults have been interpreted in N-S and NW-SE
direction in central part of the area. Linear high magnetic
anomaly with limited strike length towards west of shaft 6
may be due to presence of magnetite minerals in meta
sedimentary rocks.
Low to moderate magnetic anomaly in western part of
the survey area (small black line towards east of railway
track), indicates sheared contact between granitoid and meta
sediments, which was ground validated. Moderate magnetic
anomaly at this place is due to feeble content of magnetite
minerals in CAAR rock. Low magnetic anomalies towards
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Fig. 8. Reduced to pole magnetic image of Umra area, Udaipur District, Rajasthan
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Fig. 9. First vertical derivative (RTP) magnetic image of Umra area, Udaipur District, Rajasthan
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southern side may be caused by granitiod and conglomerate
rocks. Linear high magnetic anomaly trending in N-S to NESW direction at south eastern part of the area could be due
to basic rocks. Moderate to high magnetic anomalies due to
metabasic rocks are observed towards northern side in soil
cover area.

181
10.00
9.00

Radially averaged power spectrum of Magnetic Data
Umra area, Udaipur District, Rajasthan

d1

8.00
7.00
6.00
5.00

d1=350m
d2=140m
d3=50m

d2

4.00
3.00
2.00

d3

1.00
0.00
0.00
-1.00

2.00

4.00

6.00

8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00 30.00 32.00 34.00 36.00 38.00 40.00 42.00

Wave number (Cycles_K unit)

-2.00
-3.00
-4.00
-5.00
-6.00

Ln_Power

High magnetic anomalies towards north eastern side near
Lakarawas village indicate presence of basic rocks in soil
covered area. Boreholes proposed on the basis of heliborne
geophysical data fall in the low magnetic zone which is
structurally disturbed. These boreholes are planned to
intercept foliation axis and N-S faults which is coinciding
with EM conductor, for associated Uranium mineralisation.
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First Vertical Derivative Filter
In order to enhance subtle magnetic anomalies caused
by weakly magnetized bodies and to resolve closely spaced
magnetic bodies, first vertical derivative filter is applied to
RTP image map as (figure 9). The map clearly brought out
linear magnetic bodies in folded pattern near shaft 6 and at
conical hill which could be important from mineralization
point of view. The derivative map has also clearly resolved
the subtle anomalies in the northern side which is not clearly
seen on the RTP image.
Magnetite injections in conglomerate rocks are clearly
enhanced towards south of conical hill. Based on dislocation
and offset of anomalies, a number of faults trending in N-S,
NW-SE directions are identified at central and southern part
of the area. Two E-W trending faults are also demarcated at
north eastern part of the survey area near Lakarawas village.

Quantitative Analysis of Magnetic Data
Quantitative analysis involves making numerical
estimates of the depth and dimensions of the sources of
anomalies and this often takes the form of modeling of
sources which could, in theory, replicate the anomalies
recorded in the survey. In other words, conceptual models
of the subsurface are created and their anomalies calculated
in order to see whether the earth-model is consistent with
what has been observed, i.e. given a model that is a suitable
physical approximation to the unknown geology, the
theoretical anomaly of the model is calculated (forward
modeling) and compared with the observed anomaly. The
model parameters are then adjusted in order to obtain a better
agreement between observed and calculated anomalies.

Radially Averaged Power Spectrum
Radially averaged power spectrum was computed and
plotted for the observed magnetic data as shown in figure
10 below. Power spectrum indicates three segments for
which regression lines are fitted. Average depths to the
various ensembles of magnetic sources are computed from
the slopes of the regression lines.

Fig. 10. Radially averaged Power spectrum of magnetic
data, Umra area, Udaipur District, Rajasthan

Profile Modeling of Magnetic Data
Modeling and inversion has been attempted for NW-SE
trending 2.5 km long magnetic profile along the line
marked on map to bring the plausible geological model.
Modeling and inversion was done using Model Vision
software.
Measured magnetic susceptibility values of granite,
carbon phyllite, calcareous, arenaceous, argillaceous rock
(CAAR) and limestone rock samples are effectively utilized
in modeling. Preliminary depth information of source rocks
has been taken from available nearby borehole data and from
power spectrum of magnetic data. After preparing a forward
model by using available physical property information,
inversion was run for better correlation of observed and
calculated anomaly profiles. A better fitted geological model
for geophysical response was obtained after inversion
process.
From inferred geological model, it is observed that
approximate depth to the basement granite is varying from
200m-450m with magnetic susceptibility of 0.04 x 10-3 SI
units. Basic rocks cutting across basement to cover sequence
sediments are observed with magnetic susceptibility range
of 10-40 x 10-3 SI units and depth to the top of the source
rock is ~ 50m. Inferred geological model also revealed that
most of the rock units are dipping towards south eastern
side. Structural disturbance is observed in sedimentary rocks
over granite. Low order of magnetic susceptibility values
are observed for carbon phyllite, limestone and CAAR.

IP/Resistivity Survey
IP survey was conducted using IRIS IP equipment
employing gradient array (1.5 Km current electrode
separation) with profile and station spacing of 200m and
50m respectively. Chargeability and resistivity parameter
are recorded at 50m interval along the traverses.
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Fig. 11. Inverted geological model for magnetic profile

Qualitative Analysis
A prominent high chargeability zone of the amplitude
order of 42 mV/V with corresponding low resistivity trending
N-S to NW-SE and NE-SW direction has been noted
(Figure12) in the east of Shaft 6 and near Umra School
which may indicate presence of disseminated sulphides
minerals in carbon phyllite rock. No significant chargeability
values are recorded towards western side. Moderate
chargeability zone along nala to the south of conical hill
may represent disseminated sulphides or carbon phyllite
rocks.

Resistivity Image of Umra area
Udaipur District, Rajasthan, Toposheet No:45H/14
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Another linear moderate chargeability zone trending in
N-S direction towards northern side has been identified
in soil cover. Prominent chargeability zone of amplitude up
to 56mV/V near Lakarawas village trending in NNW-SSE
direction has also been observed which may represent
formational conductor carbon phyllite. Low resistive
zones (<100 Ohm-m) (Figure13) corroborated with
chargeability zones are identified. Alternating zones
of high and low resistivity at central part of the area
indicate limestone and carbon phyllite rocks. High
resistivity zones (>500 Ohm-m) towards eastern side may
represent limestone/dolostone rocks. Low resistivity
zone towards east of Shaft 6 indicates presence of carbon
phyllite rocks. High resistive signatures towards west of
Shaft 6 near railway track may be due to the presence of
granitoid and quartzite rocks. Identified three chargeability
trendswhich are correlatable to low resistivity zones
(Figure 14).
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Chargeability decay curve is recorded in 20 time gates on
arithmetic mode. Images of global chargeability which is
integration under the decay curve and resistivity are prepared
as shown in figures 12 and 13.

Fig.12. Chargeability image of Umra area, Udaipur
District, Rajasthan
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Fig. 13. Resistivity image of Umra area, Udaipur
District, Rajasthan

Quantitative Analysis- 2D Inversion of IP
Profile Data
In order to analyze the depth persistency of chargeability
zone, inverted depth section was prepared for N4 line
by using Res 2D Inv software. Figure 15 shows depth
section in which top panel shows resistivity section and
bottom panel shows chargeability section. Significant
high chargeability zone has been observed from 35- 40 m
depth continuing up 90m depth and extended further
below which could be due to carbon phyllite. Moderate
resistivity values are observed at this zone. High
resistivity values at some places are due to lime stone
and basic rocks in the area.
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Resistivity Image of Umra area
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Fig. 14. Resistivity image with chargeability trends,
Umra area, Udaipur District, Rajasthan

Detailed geological map of south of Umra area
(Figure16) was superimposed over first vertical derivative
magnetic (RTP) image (Figure17) and chargeability image
(Figure18) to study the correlation between geophysical
anomalies with geological features. Low magnetic anomalies
are observed over carbon phyllite rock. Umra old drilled
block (black dotted line) also falls in low magnetic and high
chargeability zone. A number of faults in N-S, NE-SW
direction have been interpreted in basement granite and
cover sequence rocks. High magnetic anomalies at southern
side are due to basic intrusive. Over granitoid rocks at
southern side, low magnetic signatures are observed.
High chargeability zone (thick black curved line) was
posted on magnetic image to see the correlation. This high
chargeability zone falls in low magnetic zone which is due
to carbon phyllite rock. High chargeability zone which is
extending towards southern side in nala is due to carbon
phyllite rock which has to be checked by drilling. Figure 18
shows chargeability image of Umra area with geological
map and magnetic faults. This map clearly revealed that high

Chargeability Image of Umra area
Udaipur District, Rajasthan, Toposheet No:45H/14
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chargeability zone is due to carbon phyllite rock. Faults
interpreted by magnetic data are also cutting across the
chargeability zone. No significant chargeability values are
recorded towards south western side over conglomerate
and granitoid rocks.

Fig. 18. Chargeability image of Umra area with
superimposed geological map and magnetic faults

Conclusions

Fig. 16. Detailed geological map-south of Umra area,
Udaipur with boreholes proposed based on heliborne
geophysical data.

High magnetic anomalies at northern and central part of
the area are due to meta basic rock. Low magnetic anomaly
at central area is due to fracture/shear zone in carbon phyllite
rocks. Linear high magnetic anomaly with limited strike
length towards west of shaft 6 is due to magnetite injections.
Low magnetic signatures towards southern side are due to
granite and quartzite rocks. Folded magnetic anomalies are
observed in derivative images. A number of faults have been
interpreted in N-S, NW-SE direction. Average depths to the
various ensembles of magnetic sources are computed from
radially averaged power spectrum of magnetic data.
Alternating zones of high and low resistivity at central
part of the area indicates limestone and carbon phyllite rocks.
High resistivity zone towards east and north eastern side
may represent limestone rocks. Low resistivity zone towards
east of shaft 6 may be due to carbon phyllite rocks. High
chargeability zone towards east of shaft 6 and at central
part of the area may represent carbon phyllite rocks and
sulphide minerals. Moderate to high chargeability zone
towards northern side is due to disseminated sulphide
minerals. A prominent chargeability zone of amplitude up
to 56mV/V near Lakarawas village trending in NNW-SSE
direction has also been observed which could be due to
formational conductor carbon phyllite. The study area falls
in the drilled zone (grid III, grid IV near shaft 6) in which
significant uranium mineralization was intercepted.
Structural features i.e. folds, faults/fractures and high
chargeability zones have been identified at drilled zone.

Fig. 17. Magnetic (RTP_VDZ) image of Umra area with
superimposed geological map and chargeability zone

Integrated interpretation of geophysical data reveals that
the structurally disturbed zones associated with low
magnetic, high chargeability and low resistivity values may
be promising zones for uranium mineralization towards
south east of Umra area.
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Abstract
The BIF hosted Gold mineralization at Ajjanahalli is being explored with great success which is situated in the metaturbidite dominated Chitradurga Greenstone Belt of Archean Dharwar Craton. It has recorded imprints of poly-phase
deformation and metamorphism. Gold mineralization in Ajjanahalli area is strata bound, shear controlled and concentrated
in synformal fold closures at places. Mineralization in BIF is highly sheared with quartz-carbonated veins / veinlets
having profused development of pyrite, pyrrhotite and arsenopyrite etc,. Geophysical Exploration Strategy comprising
of close spaced Magnetic, EM, IP, Resistivity and Logging Techniques are helpful in delineating the structural and
lithological controlled BIF hosted gold mineralization at the contact of meta-basalt and argillites in Ajjanahalli area.
Due to distinct contrast in physical properties between BIF and adjoining gneissic terrain, geophysical techniques were
quite diagnostic in delineating the sulphide bearing gold mineralized zones. Besides mapping mineralized bands, these
methods were also useful in establishing the depth persistence of them.
Mineralized zones are identified with distinct bipolar magnetic anomalies, chargeability highs and resistivity lows.
North-South trending BIF bands within the meta-basalt and those at the contact with meta-basalt and argillites are
possibly stratabound and shear controlled respectively. Further, these geophysical methods were quite successful in
deciphering the extent of shear zone and the altered zones at the contact. The IP and resistivity inverse depth section
has brought out the BIF hosted gold mineralisation falling within the fault / fracture / shear zone at the contact with
meta-basalt and argillites, in the form of prominent resistivity low zone associated with chargeability high signatures.
Geophysical Logging data has established the exact dimensions of the mineralized zones.
Keywords: Gold mineralization, BIF, Chitradurga Greenstone Belt, Geophysical Exploration

Introduction
The Ajjanahalli Gold prospect is confined in the vicinity
of NW-SE trending curved trans crustal shear zone, which
defines the eastern margin of the Chitradurga Schist Belt
(Drury et al., 1984) with a strong shallow east dipping
seismic reflector (Kaila et al., 1979). Mysore Geological
Department and Indian Mines Development Syndicate
carried out exploration initially and M/s. Nundydroog
Mining Company Limited took the lead in exploiting the
deposit by developing two drives, pits and three cross cuts
at three levels.
Gold mineralization in BIF is of great significance
because, these deposits occur worldwide in Archean
Greenstone Terrains, where they constitute an economically
important source for the Noble Metal. Chitradurga schist
belt has brought out many potential blocks in the central
and southern part along its eastern margin. Ajjanahalli is
one unique deposit, where for the first time in our country,
open cast mining for gold is being carried out profitably.

Exploration by GSI has started in the area with regular
systematic geological mapping on 1: 63,360 scale with
delineation of BIF bands (Ballal, 1980). GSI took up
exploration for gold with large scale and detailed mapping
including drilling in Ajjanahalli main block between 1986‘91. Ten mineralized zones with a strike length varying from
50 – 895m were established from 37 boreholes. Probable
ore reserves of 1.5116 mt with recoverable gold of 2,657 kg
at 1.76 g/t average grade on cut off 0.5 g/t were estimated
(Prabhakara et al., 1994). Similar exploration programme
was continued in Ajjanahalli west and Gungarpenta blocks
during 1991- ‘95 by GSI. Hutti Gold Mining Limited
(HGML) started mining operation on small scale during
1995 in Ajjanahali main block. Second phase of exploration
by GSI was initiated in 2004 in Ajjanahalli east block, which
has several old workings spread over a strike length of 2.6km.
This block is subdivided in to blocks like A, B, C, E and F
sequentially named from north to south. Block-D is located
west of Block-F. Ajjanahalli Block-C is in southern
continuity of Block-B and northern continuity of Block-E.
Regional Gravity and Magnetic surveys were carried out
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over entire Chitradurga Schist Belt to bring out the structural
fabric for mineralization by under the Project: National
Geophysical Mapping.
Under G3 stage exploration, GSI has brought out an
encouraging resource of 2,61,947 tonnes (0.26mt) over an
average width of 3.02m with 2.55g/t at cutoff 1.0g/t and
3,95,323 tonnes (0.39mt) over an average width of 3.08m
with 1.72g/t at cutoff grade 0.5g/t in northern part of the
Block-C. During the FS: 2013-’14, brought out 79,389.92
(0.08mt) of ore resource with an average grade of 1.32 g/t
over an average thickness of 3.14m for a cutoff grade of
1.0g/t and 2,06,694.56 tonnes (0.21mt) of ore resource with
an average grade of 0.90 g/t over an average thickness of
2.60m for a cutoff grade of 0.5g/t in southern part of the
Block-C, up to first level. In view of these encouraging
results, Block-C of Ajjanahalli is taken up under G-2 stage
exploration to trace the both strike and depth persistence of
the mineralized zone. This paper mainly deals with the
signatures obtained from magnetic, electro-magnetic,
chargeability and resistivity investigations including dipoledipole array and geophysical logging techniques, to delineate

the sulphide bearing gold mineralization associated with BIF
bands at the contact with argillites and meta-basalts within
the fault / fracture / shear zone in Block-C of Ajjanahlli
area, Tumkur district, Karnataka.
The area of study forms the part of Western
Dharwar Craton, nearer to the NW-SE trending sinistral
strike slip shear zone known as Chitradurga Boundary Fault.
The Block-C forms the southern continuity of the central
shear of Ajjanahalli main block (Ramachandra et al, 2009).
The study area (Fig.1) is covered by meta-volcanosedimentary sequence of Chitradurga Group of Dharwar
Super Group and younger intrusives consisting of meta
basalt, meta argillite / argillite greywacke and BIF. All the
litho units have been intruded by Bukkapatna granite, gabbro
dykes and quartz veins (Abbas, M.H., et al., 2006-‘08).
Sheared BIF bands are intercalated with argillite and meta
basalt. The general trend of the formation is N100W - S100E
to N-S with 700 - 800 dips towards east. The BIF bands are
folded, exhibiting both antiformal and synformal closures,
plunging towards NNW / SSE direction (Prabhakara, et al.,
2009). The mineralized BIF bands are parallel to sub-parallel

Fig. 1. Location and Geophysical Map of Ajjanahalli area and Geophysical Layout of Block-C
Parts of Chitradurga Schist Belt, Tumkur district, Karnataka
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and persistent to impersistent bands (width of the bands
varies from 2 to 10 m), found both at the contact of
meta-basalt and argillites. The E-W trending basic dyke of
gabbroic composition have traversed the Block-C in the
southern part. Quartz veins (smoky to milky white in colour
and sheared at places) are trending parallel to the N-S
schistosity, occupying the axial plane of the F2 fold and
also trending in E-W directions. Length of individual veins
varies from 10 - 80m, found at the contact of BIF with
argillite and meta-basalt.

Structure and Metamorphism
The study area has undergone poly-phase deformation
and metamorphism. The interacting fractures / fault / shears
are susceptible to repeated reactivation and enhance /
localizing magmatic and hydrothermal systems, favourable
for ore deposits (Hildenbrand et al., 2001). The BIF bands
are folded exhibiting both antiformal and synformal closures
plunging towards north. Gold mineralization in this
area is confined to the BIF bands and its contact with
meta-basalt and argillites associated with north-south
trending ductile shear zone. Gold mineralization is
BIF-hosted, both lithological and structurally controlled.
It is confined to sheared fold hinges in BIF with
quartz- carbonate veins and sheared brecciated
quartz-carbonate veins, which have completely altered
the original BIF. About ten parallel zones of mineralization
from west to east have been delineated in Block-C
(Fig.1). Two types of gold mineralization - stratiform and
discordant (vein type) – confined to sheared zones are
associated with sulphide facies of BIF (Prabhakara, et al.,
2009). Gold mineralization is mainly concentrated in
synformal fold closures at places. Mineralization in
BIF is highly sheared with quartz-carbonated veins / veinlets
having profuse development of several sulphides, of
which pyrite, pyrrhotite, arsenopyrite (with rare chalcopyrite,
bornite and marcasite) are more common. The rocks have
undergone lower amphibolite to upper green schist
facies of metamorphism (Ramachandra, et al., 2009) and
post orogenic magmatism in the form of E-W trending
gabbroic dykes. Mineralised BIF units exhibit frequent
facies (oxide, carbonate and sulphide) variation along the
strike. Thin veins of ferro-dolomite traverse all the variants.
The rocks have under gone three phases of folding.
The earliest fold phase (F1) resulting in tight isoclinal
folds. The second folding (F2) is often coaxial with the
first fold. It is asymmetrical and isoclinal. F3 folds are
seen as broad warps. The mineralization is related
syn-to-post F2 folding. Quartz-carbonate veining,
profuse brecciation and extensive wall rock alteration (in
the form of sericitisation, chloritisation, muscovitisation
and carbonatisation) characterize the mineralized zone,
which are almost parallel to the ductile shear fabric of the
area. There are many parallel to sub-parallel shears, which
are auriferous.
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Gold Mineralisation
Gold mineralization in Ajjanahalli is epigenetic and shear
controlled. The gold mineralization is confined to the sheared
BIF with quartz-carbonate veins and veinlets and having
pyrite, pyrrhotite and arsenopyrite in the form of stringers
and disseminations. The gold is of two types in the study
area. 1) strati form type and 2) discordant vein type. In the
strati form type, the bedded arsenopyrite along the bedding
planes having a width from 0.5 cm to 1.5cm with a maximum
gold values of 4 g/t. In the discordant vein type, the quartzcarbonate veins carrying arsenopyrite which are remobilized
are found to have a maximum gold values of 32g/t. It is also
found that there are two types of discordant vein type arsenopyrites in the area. One of which is coarse grained and
massive type carrying gold values up to a maximum of 10
g/t. The other fine grained ones are having a maximum of
32 g/t. The appreciable gold values have been found in the
fine grained arsenopyrite may be due to remobilization
during shearing. Based on the above, the Ajjanahalli is a
typical gold deposit with epigenetic character and
disseminated type. There is good enrichment of gold near
and at the contact of E-W gabbro dyke indicating the
remobilization of gold during the emplacement of dyke.
Feeble gold mineralization is found at the contact of the
intrusive Bukkapatna granite with the schist belt.

Geophysical Exploration Strategy
As there is distinct contrast in physical properties
between BIF, meta-basalt, argillites and adjoining gneissic
terrain, geophysical mapping techniques were quite
diagnostic in delineating the zones favourable for sulphide
bearing gold mineralization. Since, these rocks are
characterized by higher density, higher magnetic
susceptibility and high conductivities in comparison
with the surrounding granites / gneisses (Table-1), the
magnetic, electro-magnetic, induced polarization and
resistivity methods including geophysical logging
techniques have been advantageously deployed in
delineating the both lithologically and structurally
controlled sulphide bearing gold mineralization in
Ajjanahalli area. Besides mapping mineralized bands, these
methods were also useful in establishing the depth continuity.
A total of 15 traverses were laid in east-west direction
across the strike, with a traverse length varying from 1000 1200m, traverse interval of 100 - 200m and stations were
stacked at 10m interval (Fig.1). Accordingly, detailed
magnetic surveys in conjunction with EM, Resistivity and
IP surveys (Gradient Array with C1-C2=1200m and
P1-P2=10m) in rectangular grid fashion were taken up to
delineate the strike continuity of the mineralized BIF bands.
In addition, carried out limited IP and resistivity inverse
depth section using dipole length of a = 10m and
dipole-dipole separation ‘n’ (i.e. n=1 to 9 levels) and
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multi-parametric Geophysical Logging by deploying RGMicro Logger, utilizing ELTG (Electrical Resistance, Self
Potential and Short/Long Normal Resistivity), GDDS
(Natural Gamma, Long Spacing and High Resolution
Densities), SSDS (Small and Long Space Density, Natural
Gamma) and IMSC (Conductivity and Magnetic
susceptibility) probes in BH Nos. KTAC-1, 10, 13, 14, 15,
16, 17, 18, 19 and 20, to know the depth persistence of
mineralized zones.

ductile shear zone in the form of a prominent low resistivity
zone of the order of 50 to 1,000 Ohm.m between stations
W80 to E140. All the BIF bands exposed in the study area,
fall within this low resistive shear / fault / fracture zone associated with sulphide bearing gold mineralization at contact with argillites and meta-basalt. This feature is
corroborating well with high chargeability (10 to 30 mV/v)
and EM high conductivity (2 to 18 mS/m) signatures.

Magnetic Anomaly Map
Rock samples from 24 locations were collected, mostly
covering all the litho units in the study area for
measurement of density and magnetic susceptibilities
for understanding and evaluating the geophysical
responses. The magnetic susceptibility and density
measurements. Values carried out using the Bartington
MS-2 Susceptibility meter and Electronic Balance of
Afcoset make respectively, are tabulated in Table-1.
Geophysical profile plots of Magnetic, Electro-Magnetic,
IP and Resistivity signatures recorded over various rock
units along Tr: N200 are shown in Fig. 2. The magnetic
profile depicts a high dominant magnetic anomaly of the
order of +100 to +200nT over the meta-basalt, argillite, BIF
and granite in the study area, except at the contact between
argillite and meta-basalt at station W100. The resistivity
profile has well brought out the north-south trending

Total field magnetic anomaly map with a contour interval
of 20nT is shown in Fig.3. It is one of the oldest geophysical
exploration technique which, is based on mapping the
subsurface distribution of magnetic minerals containing
iron oxide (magnetite) and iron sulfide minerals (pyrrhotite).
The magnetic method continues to be a viable approach to
directly focus mineral exploration efforts, and also contribute
indirectly to unraveling the geological setting of ore deposits.
High resolution magnetic data will provide information
on primary structures needed in evaluating mineral
potentiality. Magnetic data also helps in elucidating the local
geological framework or structural setting and can contribute
in locating favourable environments for hydrothermal
mineralization (Hildenbrand et al., 2001). The magnetic
anomaly map (Fig.3) has brought out strong bipolar magnetic
anomalies of the order of +400nT to -300nT in the central

Table-1. Physical properties of rock samples from Ajjanahalli, Block-C
Sl.
No
1

Rock Type
Quartz
BIF

4

4

4

Greywacke
Argillite

5

Gabbro Dyke

2

6

Granite

4

7

Meta-basalt

4

2
3

Low
2.63

High
2.65

Av.
2.64

Susceptibility x 10-6
(CGS units)
Low
High
Av.
-6 to -5.3
1 to 1.5
-2.25

2.89

3.09

2.99

5

1979

2.67

2.85

2.76

3.1 to 54.5

1 to 21

2.62

2.64

2.63

2.6 to 5.5

7 to 9.5

2.91

3.23

3.07

15.5

1047

2.63
2.85

2.67

2.65
2.93

5 to 7
11 to 22.6

9 to 9.5
22

Density (gm/cc)

Nos

4

2

3.01

992
13
06
520
07
17

Typical Geophysical profiles along Tr: ‘0’, Block-C, Ajjanahalli
Tr: N200

Argillite

Argillite

B I F Bands

Meta-basalt

B I F Bands

Granite

Meta-basalt

Granite

Fig.2. Typical Geophysical profiles along Tr: N200, Block-C of Ajjanahalli area.
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The analytical signal method also known as the total
gradient method, which provides the magnetic anomaly
enhancement for defining the edges / boundaries / contacts
of geological / structural features. It also maps the maxima
(ridges and peaks) in the calculated analytical signal of a
magnetic anomaly to locate the anomalous sources. In
Block-C of Ajjanahalli area, the analytical signal map has
clearly brought out the disposition of the structurally
controlled sulphide bearing gold mineralization with quartz
carbonate veins associated with BIF bands within the
north-south trending ductile shear zone / fault / fracture zone
in the form of high intensity magnetic anomalies and its
strike
continuity
(Fig.4).
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Fig. 3. Magnetic Anomaly map of Block-C,
Ajjanahalli area
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part. Moderate to high intensity magnetic anomalies
observed over meta-basalt and argillites on either side. The
Bukkapatna Granite in the east is reflected well in the form
of magnetic lows. For better understanding of the magnetic
signatures, all the BIF bands exposed in the study area from
west to east, are overlaid on magnetic anomaly map. The
epigenetic and shear controlled gold mineralization is
confined to the BIF with quartz-carbonate veins / veinlets
and its contact with meta-basalt and argillites associated
with fault / fracture / shear zone are reflected well in the
form of north-south trending bipolar-magnetic signatures.
However, the east-west trending gabbro dyke between
traverses S1000 to S1200 in the southern part is not
reflected well.

E200

E100

E300

E400

E500

Argillite

Meta-Basalt

Meta-Basalt

Argillite

Granite

I N D EX:

Granite

Quatz vein
BIF Bands
Gabbro Dyke
Contact of
Schist-Granite

Argillite

Argillite
Argillite

Meta-Basalt

Traverses (m)

Meta-Basalt

Granite

Granite

Argillite

Meta-Basalt
Argillite
Meta-Basalt
Argillite

Meta-Basalt

Argillite

Argillite

Meta-Basalt

Argillite

Meta-Basalt
Meta-Basalt

Gab bro
Dyke

Argillite

Argill ite

Meta-Basalt
Meta-Basalt

Meta-Basalt

Argillite

Gabbro
Dyke

Gabbro
Dyke

Meta-Basalt
Argil lite
Meta-Basalt

Argillite
Argillite

Gabbro
Dyke

Argillite

TraversesTraverses
(m) (m)

Argillite

Meta-Basalt

Argillite

Meta-Basalt

Argillite

Meta-Basalt

Argillite

Meta-Basalt

Argillite

Fig.4. Magnetic Analytical Signal Map, Ajjanahalli Block-C.
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Magnetic Low-pass Filter Map
The magnetic low pass filter map for wavelength of
200m is shown in (Fig.5). This map depicts smooth
magnetic anomaly pattern suppressing high frequency
anomalies corresponding to shallow / near surface and
narrow geological features. Most of the magnetic signatures
observed in the total field magnetic anomaly map are also
reflected in this filter map, suggesting that the causative
sources are continuing into deeper levels. The output map
indicated the contour pattern trending in north-south
direction in the central part. Broadly it can be inferred that,
the gold mineralization associated with BIF bands and its
contact with meta-basalt and argillites on either side falling
within the fault / fracture / shear zone are well reflected in
the form of north-south trending bipolar-magnetic anomalies,
indicating that the causative sources are having both strike
and depth continuity.

Radially Averaged Power Spectrum of
Magnetic Data
Since the magnetic anomaly map of the study area is
characterised by high frequencies anomalies rendering the
interpretation difficult, the radially averaged power spectra
for the magnetic data (Fig.6) is generated to obtain the
depths of the various magnetic interfaces and the
corresponding wave numbers (inverse of wavelength). For
the purpose of estimating the depth persistence of magnetic
anomalies and their causative sources, quantitative analysis
of magnetic anomalies is carried out by calculating the
Radially Averaged Power Spectrum, using Magmap module
of Geosoft software (Fig.6). The spectrum for magnetic
anomalies shows two layer interfaces of different slopes. At
these depths, there exists a variation in magnetic
susceptibility of rock units. From the spectrum, it can be
inferred that the range of depth persistence of different
interfaces between 10m and 70m. Beyond 70m with
corresponding wavelength of more than 200m, there is
change in the formation. A cut of range of wavelength of
200m was chosen for producing the low pass anomaly map
with an idea of getting the responses of the bodies situated
at a depth range of more than 70m. The depths determined
from this are quite useful in choosing the filters for depth
determinations. Based on the above analysis, magnetic
analytical signal map (Fig.4) and low-pass filter maps (Fig.5)
are generated.

Electro-Magnetic (Horizontal Dipole) Map
The EM-34 system is a frequency domain
electromagnetic instrument which measures the in-situ
electrical conductivity of the subsurface using a pair of
wound wire coils. The ratio of the quadrature component
of secondary magnetic field to the primary magnetic
field is used to measure the apparent conductivity (mS/m)

Fig. 6. Radially Averaged Power Spectrum of Magnetic
data. Ajjanahalli Block-C
of the subsurface. The inter coil spacing determines the
depth of investigation, larger spacing lead to greater
depths of investigation. The transmitter-receiver coil
separation of 40m was used in the study area for larger depth
of investigation at every 10m station interval along all
the traverses with both horizontal and vertical dipole modes.
The horizontal dipole (HD) map (Fig.7) shows high apparent
conductivity values in the central part along the contact
with argillite and meta-basalt. High apparent conductivity
anomalies varying from 6 to 20 mS/m were recorded
between traverses from N200–0, S200-S400, S600-S800 and
S1000-S1200. The high conductivity values for HD mode
may reflect the sheared / fractured zone, which may contain
the sulphide bearing gold mineralization and its strike
continuity on either side.

Resistivity Image
The Resistivity Image (Gradient array with C1-C2 =
1200m and P1-P2 = 10m) of Block-C of Ajjanahalli area
with a contour interval of 500 Ohm.m (Fig.8), has brought
out an overall variation of 5400 Ohm.m. Resistivity lows of
the order of the 60 to 700 Ohm.m recorded in the western
part over argillites and moderate to high resistivities of the
order of 1400 to 5500 Ohm.m recorded in the eastern part
over meta-basalt. The Bukkapatna granite in the east is
reflected well in the form of resistivity low.
The north-south trending ductile shear zone in the
central part of the area is reflected well in the form of
prominent and linear low resistivity zone having a strike
length of 1000m from traverse N200 to S800. It is interesting
to note that, the shear controlled sulphide bearing gold
mineralization with quartz carbonate veins and veinlets
confined to BIF bands are falling within this N-S trending
low resistivity ductile shear zone. The BIF bands exposed
in the southern part between traverses S1000 to S1400 are
falling in the high resistivity zone associated with linear
and narrow low resistivity zones on either side. Further, the
east-west trending gabbro dyke in the southern part along
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the traverse S1100, is reflected in the form of moderate to
high resistivity zone.
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Fig.7. Electro-Magnetic (HD) Image, Ajjanahalli Block-C.

Fig. 7. Electro-Magnetic (HD) Image. Ajjanahalli Block-C

The Chargeability anomaly map with a contour interval
of 2 mv/V having an overall relief of 25mv/V is presented
in Fig.9. A prominent and linear north-south trending
chargeability highs of the order of 12 to 27 mv/V noticed in
the western and central parts. Moderate to low chargeabilities
recorded over meta-basalt in the eastern part. The
chargeability highs are recorded over argillites in the northwestern part of the study area. The epigenetic and shear
controlled sulphide bearing gold mineralization is confined
to the BIF with in quartz-carbonate veins / veinlets and its
contact with meta-basalt and argillites are associated with
ductile shear zone are reflected well in the form of prominent
and linear north-south trending chargeability high anomaly
zone, having a strike length of 1000m between traverses
N200 to S800. Where as, the BIF bands exposed in the
southern part between traverses S1000 to S1400 are falling
within the low to moderate chargeability zone associated
with linear and narrow high chargeability signatures on either
side. Further, no diagnostic chargeability anomalies recorded
over the east-west trending gabbro dyke in the southern part
between traverses S1000 to S1200. The Bukkapatna granite
in the east is reflected well in the form of chargeability low.
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The IP surveys in the study area brought out several high
amplitude and linear chargeability anomalies of the order
of 12 to 27 mv/V over a background of about 3 to 12 mv/V
in the central part, trending in north-south direction. The
apparent resistivity data in the study area is helpful in
demarcating and grading the IP anomaly zones in the central
part. The sulphide bearing gold mineralization with quartz /
carbonate veins associated with BIF bands within fault /
fracture / shear zone is characterized by the low apparent
resistivity values. The IP / resistivity surveys have well
brought out the six significant linear anomaly zones, viz.,
A, B, C, D, E and F in the study area (Fig.10).
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IP Anomaly Zones-C and D over a strike length of
200m each, noticed between stations W70 to E40 and
W110 to W160 respectively, trending in north-south
direction from traverses N600 to S800 (Fig.10). The
chargeability anomaly of the order of 12-20mv/V with a
background value of 4 - 10mv/V, associated with BIF bands
at the contact with meta-basalt and argillites on either side,
falling within the fault / fractures / shear zone. The
anomalous high chargeability zones corroborating with low
resistivity signatures (Fig.11) in the central part associated
with sulphide bearing gold mineralization was proved by
drilling (Borehole Nos. ACG-12, KTAC-7, 8 and 13)
followed by geophysical logging techniques.
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geophysical logging (Bore Hole Nos. ACG-1, 2, 3, 8 & 9,
KTAC-1,2,3,4,5,11 and 12) up to 240m depth and beyond.
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IP Anomaly Zones-A and B of the order of 14 to 26
and 12 to 22 mV/V with a background value of 6 to 10 mV/
V trending in north-south direction (Fig. 10), noticed
having a strike length of 400 and 200m in the northern
part, between stations W30 to E140, and traverses N200 to
S200 and S200 to S400 respectively. These zones are
associated with sulphide bearing gold mineralization with
quartz / ferro-dolamite bands within the BIF bands, falling
along the ductile shear zone, corroborating well with low
resistivity anomalies (Fig.11). This zone was proved by
carrying out inverse IP depth section (Fig.12) up to 1st level
(>60m depth) and close spaced drilling followed by

Argillite

Argillite

Fig. 10. Inferred Chargeability Anomaly Zones.
Ajjanahalli Block-C

Meta-Basalt

Argillite

Meta-Basalt

Granite

Argillite

Fig. 11. Chargeability Anomaly Zones overlay on
Resistivity Image. Ajjanahalli Block-C
IP Anomaly Zones-E and F over a strike lengths of
400m and 200m in the southern part, between the traverses
S1000 and S1400, along stations W100 to W200 and W40
to E50, trending in north-south direction (Fig.10). The
chargeability anomaly of the order of 10 to 18mv/V with a
background value of 4 to 8 mv/V, observed over BIF bands
falling within the fault / fractures / shear zone. The
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anomalous moderate chargeability signatures correlating
well with and moderate to low resistivity anomalies are
proved by drilling followed by geophysical logging. Based
on the above analysis, few IP zones were recommended for
ground follow up in the form of pitting / trenching / drilling
to expose the causative source.

Dipole-Dipole Section (IP and Resistivity)
For better resolution of the anomalous body and to study
the depth persistence of mineralized zone, inverse model of
IP and Resistivity depth section (Dipole-Dipole array) have
been carried out for a=20m and n=1 to 9 levels, along the
Tr: 0 between stations W260 to E360 is shown in Fig.12.
Based on the interpretation of the dipole-dipole depth
section, it is inferred that the sulphide bearing gold
mineralization with in quartz-carbonate veins associated with
BIF bands falls within the ductile shear zone, trending in
north-south direction are reflected well in the form of
prominent low resistivity zone corroborating well with high
chargeability anomalies. The prominent resistivity low zone
with a magnitude of the order of 5 to 100Ohm-m, between
stations W120 to E180, corroborating well with high
chargeability signatures of the order of 15 to 23mv/V, at a
depth between 15 - 60m, and it may extend to deeper. Based
on the resistivity and chargeability signatures, this zone is
highly sheared and structurally favourable for possible
occurrence of sulphide bearing BIF hosted gold
mineralization within the north-south trending ductile shear
zone. Besides mapping the mineralized bands, these
methods were also useful in establishing the depth continuity.

Geophysical Logging of Boreholes
Multi-parametric geophysical logging conducted for
gold mineralization in Block-C of Ajjanahalli area
(Pradeep Kumar et al., 2016-’17), by deploying RG-Micro
Logger, utilizing ELTG (Electrical Resistance, Self Potential
and Short/Long Normal Resistivity), GDDS (Natural
Gamma, Long Spacing & High Resolution Densities), SSDS
(Small Space Density, Long Space Density, Natural Gamma)
and IMSC (Conductivity and Magnetic susceptibility)
probes in Borehole Nos. KTAC-1, 10, 13, 14 and 15. BIF
hosted sulphide bearing gold mineralization with quartz
carbonate veins intersected at the contact with meta-basalt
and argillites within the sheared portions, down to a depth
of 240m and beyond, corroborating well with geophysical
signatures (Fig.13).

Conclusions
Geophysical mapping techniques including magnetic,
electro-magnetic, induced polarization, resistivity (gradient
and dipole-dipole techniques) and geophysical logging
carried out in Block-C of Ajjanahalli area, well brought out
the lithological and structural features, favourable for BIF
hosted gold mineralization and established its strike and
depth persistence.
The apparent resistivity data was helped in demarcating
and grading the IP anomaly zones. Six IP Anomaly Zones,
viz., A, B, C, D, E and F have been demarcated between
traverses N200 to S1400 reflected in the form of resistivity
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Fig.12. Inverse IP and Resistivity Depth Section along Tr: “O”, Ajjanahalli Block-C
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Fig.13. Geophysical logging of boreholeKTAC-13 & Ktac-15
low associated with high chargeabilities, high conductivity
and bipolar magnetic anomalies trending north-south
direction, favourable for BIF hosted gold mineralization.
The features inferred from IP anomaly zones, inverse
depth section and Geophysical Logging techniques helped
in deciphering the BIF hosted gold mineralization up to a
depth of 240m and beyond, indicating its strike and depth
persistence of mineralized zones.
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Abstract
Seismic reflection surveys are one of the most suitable geophysical methods for mapping the coal horizons and
associated structural features. These surveys provide valuable inputs (Depth, Thickness and Faults) required for exploration
of coal, coal bed methane and shale gas. In the present study, 3D high resolution seismic reflection data has been
analyzed for identification of coal horizons, depth and faults at Damodar valley basin (Raniganj sub-basin), Durgapur,
West Bengal, India. 3D high resolution seismic data acquired in 3.2 sq.km, with template size 112X8, to get 56 foldage.
Seismic data has been processed by applying various corrections like Editing, Filtering, Statics, Deconvolution and
NMO to generate final stack section using FOCUS software.
Velocity analysis is carried out using semblance plot at every 50 CDPs to get Stacking velocities and further these
velocities were used for computation of the RMS and Interval velocity through Dix’s formula. Time to depth conversion
was achieved using interval velocity. The resulting depth section reveals clear sub-surface geological layers and its
realistic geometry in terms of reflectors at different depths and which helps understanding of the geological surprises
during the exploration. Seismic attribute analysis was carried out to map the faults which are associated with coal
horizons. Further, tomography of the sub surface structural features has been determined to improve the resolution of
small scale faults. In the present study, four coal horizons are identified at a depth range of 400m to 900m without any
structural disturbances which is favorable zone for CBM exploration.
Keywords: High resolution seismic surveys, coal horizons, Seismic attributes, Damodar valley, Raniganj sub-basin and
velocity structure.

Introduction
Drilling is the most common method used in coal exploration
and many coal companies rely heavily on drill hole data for
evaluating mine properties. But drilling is very expensive
and gives the limited information of the single data points.
For the larger area subsurface information, geophysical
methods used for the last few decades in coal and CBM
exploration. In which available for structural mapping, only
the seismic reflection method can provide the information
for mine planning and development. 3-D shallow seismic
reflection surveys are previously applied to the coal
exploration by Krey (1978), and Lambourne et al. (1990).
The seismic reflection surveys can supplement an
exploration drilling programmers by providing continuous
subsurface profiles between boreholes (Ziolkowski and
Lerwill, 1979; Ruskey, 1981). Generally subsurface
geological features of interest in 3D nature, 2D seismic
section gives line information so that we can identify trace
of the fault but we can’t identify the lateral extension of the
faults and structure of coal the seams. In mining industry,
detailed structural and stratigraphical information is required
for proper mine planning. 3D High Resolution Seismic
reflection techniques are powerful tools for finer sampling
of the subsurface structures and for providing volumetric

information. Present study reveals the details of coal
horizons by using 3D High resolution seismic reflection
surveys at Raniganj coal belt, Durgapur West Bengal.

Geology of the Study Area
3D seismic reflection survey acquisition site was located
at Damodar valley basin, it has number of sedimentary
basins, and our study area (Location map as shown in
fugure1), is limited to the Raniganj coal belt only. Raniganj
coal belt is mainly developed under lower Gondwana system.
Lower Gondwanas consists of Talchir formation, Barakar
formation, Barren Measures, Raniganj formation, and
Panchet formation. According to Krishnan, 1982, Raniganj
formation it covers South East part of the area about
264sq.km, East of Barakar River 98 sq.km and thickness is
around 1036 meters. Numbers of coal seams are identified
in the both Barakar and Raniganj formations. Coal from the
seams of Raniganj measures are basically having high
moisture, high volatile and non-coking type, and in 1932
E.R Gee surveyed in details about reserves of coals, different
quality in this formation. Raniganj coal belt consists of fine
sand stones coarse grits being absent. The study area has
been the flat surface topography and good condition for
conducting 3D High resolution seismic reflection surveys.
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considered in 3D survey design. The 3D data was acquired
by using Vibroseis source (manufactured by IVI) is generated
acoustic waves with frequency of 10-100Hz, CMP method
with 112 active channels in each receiver line, with maximum
foldage of 56. Seismic reflection data was acquired in
standard SEG-2 format with the help of acquisition software
Seismodule controller designed by Geometrics USA based
geophysical services.

Fig. 1. The location map of the study area in Raniganj
coal field, at Durgapur, West Bengal,India.

Field Data Acquisition and Processing
3D high resolution seismic reflection surveys was carried
out about area 3.2 sq.km near Durgapur, West Bengal. The
design of survey was created in MESA software parameters
are fixed based on the initial testing. Vibroseis seismic
source,small Binsize, different range of source receiver
offsets, Fold and Azimuths were important criteria

In the seismic Reflection survey a source (used Hemi50 vibrator used as Energy Source) is exited on the surface
and propagated into the ground, by vibration. The ray paths
originating at the source will pass energy to the subsurface
layers and return as reflected waves at the boundaries
between geological layers that have acoustic impedance
contrast, to the geophones at the surface. The raw seismic
data is collected in the field at particular shot. The data was
analyzed and processed by using standard techniques.
The survey area is about 3.2 sq km with receiver line
spacing 20m and shot line spacing 40m all are laid in inline
direction. The receiver and shot spacing were 10m and 20m
respectively the survey was shot with 8 receiver lines active
and there were 112 geophones in each receiver line, our
template size was 8X112. This design, allowed 56 fold data
to be recorded into bins 5 m by 10m. The acquisition
parameters are listed in table-1.

Fig. 2. Estimating fold map based on the above acquisition parameters designed by MESA
3D Acquisition designing Software

Shallow Seismic Reflection Technique
Table-1: Field data acquisition parameters
Source

Vibroseis(HEMI-50)

Seismograph

Seismodule Controller

Receiver Interval

10m

Source Interval

20m

Receiver Line Interval

20m

Source Line Interval

40m

Record Length

2s

Sweep Length

12s

Sweep Frequency

10-200Hz

Sample Interval

0.5ms

Bin size

5X10

Active Template

8X112

Maximum fold

56

3D Seismic reflection data was processed using standard
processing software FOCUS (Paradigm geophysical
service). Initially we have edited high amplitude noise,
polarity reversals, and the signals to the direct and refracted
waves in data.
After that true amplitude of the data was recovered using
power function through spherical divergence correction.
Elevation statics applied to correct the effect of topography
near surface heterogeneity such as weathering layer
thickness, for this purpose focus providing FBNET
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command to picking the First breaks as shown in Figure4.
The elevation differences of the shot and receiver positions
among the traces of a CMP gather cause delays in the travel
time. The low velocity layer also introduces delays in the
observed travel times the data has to be corrected to a
reference surface (Datum) removing these differences. These
are static don’t change with time. To improve S/ N ratio
achieved through the removal of coherent incoherent noise
present in the data using the band pass and F-K filter. The
energy of the reflections is most of the time, present in a
certain frequency range. The specific source noise and
background noise are commonly present in a different
frequency range and a separation of noise and reflection
information to some extent is possible by frequency filter.
present suitable band pass range frequency is 10-80Hz.
To improve vertical resolution we applied
de-convolution. The data was converted to CMP gather to
carryout primary velocity analysis using constant velocity
for NMO correction.
In the process, semblance plot used for the picking
velocity based on reflections at the CDP OR CMP gathers
as shown in figure5. Here there is a option to apply NMO
correction, if the picking velocities are not proper then NMO
will be overcorrected or undercorrected. If not satisfy with
picking velocities then again go back to semblance plot for
the best aligned velocity taken as the stacking. These
velocities for NMO corrections were derived from
semblance analyses performed on CMP supergathers spread
throughout total survey. Stacking velocities depends on the

Fig. 3. 3D seismic reflection data of active template of 8X112, shot is located between the 4th and 5th receiver lines
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Fig. 4. First break picking for the refraction statics correction.

Fig. 5. Velocity analysis through semblance plot.

Shallow Seismic Reflection Technique
dip of the reflecting interfaces (Levin, 1971), so the most
favorable stacking of 3D seismic data may require the
knowledge of Azimuth dependent stacking velocities
(Lehman and Houba, 1985). If neglecting the azimuthal
velocity variations improper alignment of reflections
and redundant attenuations of higher frequencies
(Yilmaz, 1987). The final stack section of inline 112 as
shown in Figure 6. Here clearly shown some reflections
at the time of 0.6 to 0.8ms these reflections clearly
shown in Figure 7and Figure 8 inline and crossline mode,
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volume box mode. Migration is the process of
reconstructing seismic section. Migration collapses the
diffractions, corrects dips and position of the dipping
layers, improves the resolution by preserving actual
amplitudes and gives the realistic picture of the sub
surface. Present data migration we have applied
Kirchhoff post stack time migration because small dipping
events are present in the study area. To get the realistic
picture of the subsurface we converted above Time
Migrated stack section to Depth section.

Fig. 6. The final Stack section of inline 112 corresponding Xlines,it showing the Reflections from 600ms to 700ms.

Fig. 7. Inline and cross lines view clearly showing the reflections are in the same time
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Fig. 8. Chair view of the volumetric data, the empty place showing the
absence of 3D seismic reflection data.

Fig. 9. Model Velocity volume of full 3D seismic reflection data in depth mode up to 2000m.

Results and Conclusion
3D High resolution seismic data acquisition was
completed of 2.7Sq.km and still some portion of data
acquisition is remaining. The data gaps are showing in figures
7, figure 8 and figure 9 showing voilet color region is empty,
and also showing the depth of individual layers according
to the interval velocities computed from stacking velocities
through the Dix’s formula.

Based on the primary studies of 3D seismic reflection
data processing and interpretation, the reflections are
identified at 600ms to 750 ms these are due to coal. The
velocities are also approximately equal to the coal
formations. Different coal horizons are existed. However
Seismic attribute analysis yet to be done for identification
of coal seems as well as CBM. This can be possible only
after completion of the reaming data acquisition, processing
and interpretation.

Shallow Seismic Reflection Technique
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Abstract
A strong earthquake of local magnitude (ML 6.8) occurred in the morning of 4th January 2016 at depth of 16.9 km in
Manipur at 4 hrs: 35 min. 22.8 s (IST) and on 3rd January 2016 at 23 hrs: 5min: 22.8s (UTC). The epicenter of this
earthquake was at latitude 24.870° N and longitude 93.673° E approximately at 10 km distance from Noney, a small
town of Temenglong district, Manipur State. The earthquake was felt with sudden shaking in entire northeast India and
its surrounding region. Aftershocks investigation of Manipur earthquake was carried out from 11th February 2016 to 10
March 2016 by establishing a temporary seismic network deploying 6 numbers seismograph at different locations
surrounding the epicenter of mainshock. A total of 148 aftershocks were recorded during this period and presented in
the epicentral map. The observed aftershocks mainly follow a NW-SE trend through the epicenter of the mainshock,
passing between two unnamed lineaments of similar trends in NW-SE direction except the scattered aftershocks. The
length of the rupture is approximately 50 km in north-west and 50 km in south-east direction from the epicenter of the
mainshock. The aftershocks indicates that they are not only concentrated in a single rupture of the mainshock. The
estimated b-value of Manipur State is 0.64, the lower trend indicating higher stress condition and the lesser rate of
aftershock generation from the source region. The maximum numbers of aftershocks are occurred in the depth range 10
-20 km. This possibly supports that the source zone of mainshock was at shallower depth range. The hypocenters of
aftershocks are distributed within the range of 8- 143 km. The composite fault plane solutions of a cluster of aftershocks
within 70 km depth range in the western part of the E-W depth section and a cluster of aftershocks near Nungba shows
strike slip faulting almost similar to the mainshock. The composite fault plane solution of epicenter of aftershocks near
Noney close the epicenter of mainshock also shows the stike slip faulting.
Keywords: Seismic network, Aftershocks, Spatial distribution, Focal mechanism, Manipur

Introduction
The Manipur State is located at the easternmost border
of India and adjacent to Myanmar. The State is surrounded
by blue hills with an oval shaped valley at the centre, rich
in art and tradition and surcharged with nature’s pristine
glory. It lies in the northeastern region of India which
is regarded as one of the most Worldwide seismically active
regions (Figure 1). The main seismic regions around the
study area are Shillong Plateau and Assam valley in
NW, Mishmi block in the north, the Bengal basin in the
west and Indo-Burma ranges in the east. Manipur is one
of the Border States in the northeastern part of the country
having an international boundary of about 352 km long
stretch of land with Myanmar in the southeast. It is
bound by Nagaland in the north, Assam in the west and
Mizoram in the south. It has a total area of 22327 sq. kms.
Major portion of the state is covered by hill ranges. The
hills are generally irregular serrated ridges, occasionally
rising into conical peaks and flattened cliffs. Topographically
the state is divided into three major regions: a) Hills,
b) Imphal Valley and c) Barak Basin. The Imphal valley
which is around 48.3 km in length and 32.2 km in breadth
lies in the centre of the state (GSI, 2011). The soil cover can

be divided into two broad types, viz. the red ferrogenous
soil in the hill area and the alluvium in the valley. The soil
generally contains small rock fragments, sand and sandy clay
and are of varieties. The top soils on the steep slopes are
very thin. In the plain areas, especially flood plains and
deltas, the soil is of considerable thickness. Soil on the steep
hill slopes is subjected to high erosion resulting into
formation of sheets and gullies and barren rock slopes. The
soil of valley regions commonly contains small fragments
of rocks, loam, sandy clay and sand and they are quite
diverse.
A strong earthquake of magnitude (M 6.8) occurred on
4th January 2016 at 93.66Ú E in longitude and 24.83ÚN in
latitude in Manipur State. Nearly 5 people were killed and
over 50 peoples injured due to this strong earthquake in
northeast India (Indian Express, Newspaper). The death
and injuries were caused by falling of debris. Geological
Survey of India conducted the aftershocks investigation by
establishing a temporary network by deploying 6 numbers
of seismographs at different locations to know after
shocks trends, rupture, nature of faulting and seismogenic
structure. The investigation was initiated on 11.02 2016 and
concluded on 10.03.2016.
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Geology and Seismotectonics
The geological framework of Manipur including IndoBurma range along its eastern frontier is closely linked up
with the evolution of Neogene Surma basin, Inner
Palaeogene fold belt and Ophiolite suture zone (GSI, 2011).
The ophiolite belt occurring along Indo-Myanmar border
in Manipur forms a part of Naga-Arakan Yoma flysch trough
of Upper Cretaceous-Middle Miocene age. The Tertiary
rocks are covering over the entire state with small patches
of Quaternary sediments in the central part (e.g. Imphal
valley) and a long narrow N-S trending ophiolite belt towards
the eastern margin of the state. Geotectonically the state of
Manipur is divided into three distinct domains which are:
(1) Neogene Surma basin, (2) Inner Palaeogene fold belt
and (3) Ophiolite zone associated with Late MesozoicTertiary sediments.
The Manipur State and surroundings areas lies in the
northeastern part of India has identified as the zone of most
severe seismic hazard (Zone V). Earthquakes of low to
moderate magnitude are recorded here regularly. The state
of Manipur, has witnessed dozens of large earthquakes, the
biggest in recent times being the 1988 earthquake (M 7.2).
Most of the earthquakes in the western part of the Manipur
are of shallower origin. Earthquakes occurrence in the

eastern parts, along and across the Myanmar border show
greater depths. The past seismicity data show that the region
has experienced more than 100 earthquakes of magnitude
Mw e” 5.0(Figure 1). The epicenters of all past events are
superimposed on tectonic map of the study area. The tectonic
activity is mainly attributed to the interaction between northsouth convergence along the Himalayan boundary and eastwest convergence along Indo-Burmese ranges (Nandy,
2001).The Indo-Burma ranges are characterized by high
seismicity with the focal depth of events gradually increasing
towards the east (Kayal, 2008). The focal depth of the events
lies between 30-45 km beneath the Bengal basin and it
gradually increases to 40- 160 km beneath the Indo-Burma
ranges. The dip angle obtained from focal mechanism
solutions of past events in the Indo-Burma regions is not
constant and increases gradually with an initial shallow dip
followed by a steeper dip at about 70-100 km depth which
is characterized by typical subduction zone( Satyabala,
2003). Several damaging earthquakes have occurred in the
past within the Indo-Burma region associated with
subduction in the area (Le Dian et al., 1984; Satyabala,
2003). The 21st March 1954 earthquake( Ms 7.7) occurred
at latitude 24.2Ú N and longitude 95.1Ú E and 6th August
1988 Indo-Myanmar earthquake (M 7.2) were the most
damaging earthquakes in the region which occurred in
subduction zone.

Fig. 1. Tectonic map of Manipur State and surrounding (on the basis of Seismotectonic Atlas of India and
its environs, GSI 2000) with epicenter of past earthquakes(source USGS: from 27.05.1939 to 10.02.2016).
The big star(black) shows the epicenter location of 4th January 2016 Manipur earthquake.
The dotted line (red) shows the boundary of Manipur State.

The 4th January 2016 Manipur Earthquake
The main seismic regions around the study area are
Shillong Plateau and Assam valley in NW, Mishmi block in
the north, the Bengal basin in the west and Indo-Burma
ranges in the east. The Shillong massif forming a north
eastern propagation of the Indian shield occurs as a pivot to
the west of Naga hill and to the south of the eastern
Himalayas (Kayal, 2008). In the west of the study area, the
highly active Dauki Fault trending in east-west direction
which separates the Bay of Bengal basin and Shillong
Plateau. The NW-SE trending Kopili fault separates Shillong
plateau from its fragmented part, Mikir hills (Nandy, 2001).
This fault was responsible for the 1869 Cachar earthquake
(Oldham, 1882; Nandy, 2001). The earthquake caused
extensive damage in Imphal, Manipur State.

The 4th January 2016 Manipur Earthquake
(Mainshock)
A strong earthquake of local magnitude (ML 6.8)
occurred in morning at depth of 16.9 km in Manipur on 4th
January 2016 at 4 hrs: 35 min. 22.8 s (IST) and on 3rd January
2016 at 23 hrs: 5min: 22.8s (UTC). The epicenter of this
earthquake was located at latitude 24.870° N and longitude
93.673° E using data recorded at five Seismo-Geodetic
observatories of Geological Survey of India located at
Agartala (AGT), Itanagar (ITN), Jammu (JMU), Mangan
(MGN) and Nagpur (NGP) and reported in GSI portal. A
seismograms of this earthquake recorded at these
observatories with located parameters is shown in Figure 2.
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The earthquake was felt with sudden shaking in entire
northeast India and West Bengal. Nearly 5 people were killed
and over 50 peoples injured due to this strong earthquake in
northeast India. The death and injuries were caused by falling
of debris. Many buildings collapsed or developed cracks in
Temenglong District where the epicenter of earthquake
was located at a depth of 16.9 km.
The epicenter of the mainshock was 10 km southeast of
a small town called Noney . Noney is in Temenglong District,
about 37 km north-west of State capital, Imphal of Manipur
State. USGS reported the magnitude as Mw 6.7 of the
mainshock and location at latitude 24.83°N and longitude
at 93.66° E with a depth of 55 km and showed a focal
mechanism of strike slip faulting of this earthquake in the
subduction regime of Indian and Burmese Plates. The
maximum intensity VII was at Imphal due to this strong
earthquake as reported by USGS. Many cracks have
developed on the ground near Kabui Khullen approximately
10 km in northwest direction from the Noney town.

Layout of Seismological Network and Field
Operation
A network of six number three component digital
seismograph stations was established in Manipur State for
continuous monitoring of aftershocks of Manipur earthquake
of 4th January 2016. This network with stations locations is
covering surrounding the epicenter location of mainshock

Figure 2. Waveform of mainshock with located parameters by Geological Survey of India.
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approximately 40 km station intervals for good azimuthal
coverage of the epicentral zone (source zone) for aftershocks
recording. The layout of the seismological network and the
locations of seismograph stations are shown in topographic
map (Figure 3). The topographic map is prepared using
GMT software (Wessel et al., 2013). Three temporarily
seismograph stations were equipped with broadband Taurus
digital seismograph (Nanometrics Inc. Canada make)
coupled with a Trillium 40 sensor (Natural period: 40 sec.)
and other three were established with short period Taurus
digital seismograph (Nanometrics Inc. Canada make)
coupled to Lennartz 3D Lite (3 component) short period
sensor (Natural period: 1 sec.). The details of seismograph

Fig. 3. A topographic map of the study area showing the
station locations (red tringles; IMF: Imphal, TML:
Temenglong, KNP: Kangpokpi, BPR:Bishnupur, NNE:
Noney and NBA: Nungba) with epicenter location(blue
star) of 4th January 2016 Manipur earthquake (M 6.8).
The dotted line shows the boundary of Manipur State.

stations of the network and their period of operation are
given in Table 1. The seismological network was operational
without interruption to record the aftershocks in continuous
mode. The aftershock monitoring continued during the
period from 11.02.2016 to 10.03.2016 and the field
operation was concluded on 10.03.2016.

Seismological Data Processing and Analysis
The large volume of raw data (aftershocks and local
noises) recorded at different seismograph stations were
converted from mini SEED to SEISAN format using
various interface SEISAN software. The large volumes of
digital seismogram (waveforms) were analyzed to annotate
aftershock waveforms using SEISAN seismological
software (Havskov and Ottemoller, 2003). An after
shock waveforms recorded at seismograph stations of
the network are shown in Figure 4.
SEISAN seismological software was used for processing
and analysis of the aftershock data. The P-phase and S-phase
arrivals, the amplitude etc. were read and used for location
of the aftershock events. Though it is possible to compute
location of aftershocks with a single 3-component digital
waveform data but accurate location is always problematic.
Therefore, at least, three P- and one S- phase arrival data is
necessary for computing four parameters of an earthquake
ie origin time, latitude and longitude of the epicenter and
focal depth. At least 3 seismograph station data were used
to ensure good location of the earthquakes with rms < 0.5s
and depth error < 10 km. The recorded aftershocks were
located by using 15 km fixed depth. All the six stations
waveform data collected were merged to a single waveform
file for an aftershock. A merged waveform file of an
aftershock recorded at six stations of the network is shown
in Fig. 4. The aftershock parameters like origin time,
epicenter, hypocenter, magnitude etc. were determined.
Further detailed analysis for preparing epicenter map,
hypocentral depth section, b-value and fault plane solution
etc. was carried out to understand the aftershocks pattern in
and around Manipur State and generating process of the
aftershocks and the mainshock. Prior to the installation of
the temporary seismograph stations, the broadband
observatories (Agartala, Itanagar, Jammu, Mangan and

Table 1: List of the installed seismograph stations in Manipur State during Aftershocks
Investigation of 4th January 2016 Manipur earthquake (ML 6.8)
Sr.
No.
i

Location

Code
IMF

Date of
Installation
11.02.2016

Date of
Closure
10.03.2016

Latitude
(0N)
24048.88'

Longitude
(0E)
0
93 56.27'

Altitude
(m)
1

Type of
Seismograph
SP

Imphal

ii

Tamenglong

TML

12.02.2016

04.03.2016

240 59.22'

930 30.35'

iii

1207

BB

Kangpokpi

KNP

15.02.2016

09.03.2016

250 05.85'

930 56.85'

931

BB

0

0

iv

Bishnupur

BPR

16.02.2016

05.03.2016

24 37.90'

93 45.74'

764

SP

v

Noney

NNE

17.02.2016

08.03.2016

240 51.43'

930 37.39'

336

SP

960

BB

vi

Nungba

NBA

19.02.2016

08.03.2016

0

24 44.88'

BB: Broadband, SP: Short Period

0

93 25.52'
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Fig. 4. Six stations merged waveform of an aftershock recorded on 21.02.2016 at Bishnupur(BPR), Imphal(IMF),
Kangpokpi(KNP), Noney(NNE), Nungba(NBA) and Temenglong(TML) stations with location parameters
Nagpur) of Geological Survey of India recorded 14
aftershocks since the occurrence of mainshock and the
parameters of these aftershocks. These aftershocks
have also been used in the present study for analysis.

Velocity Model
SEISAN seismological program requires good estimate
of P-wave velocity model at the crust of the region under
study. The velocity model used in this study is given in
Table 2 (Kayal et al. 2006).
The shear wave velocity (Vs) is computed in the program
using the ratio of P and S- wave velocities.
In this study the Velocity ratio (Vp/Vs) of 1.74 has been
used to calculate shear wave velocity.

Results
Aftershock Activities
Nearly 148 aftershocks have been located in and around
Manipur State neighbouring the source zone of the
mainshock during 11th February 2016 to 10th March 2016.
The daily statistics of the aftershocks at the seismograph
stations namely Imphal, Temenglong, Kangpokpi,
Bishunur, None and Nungba of the network are shown
in Figures. 5 (a-f). An observation of daily statistics of
these stations shows that the aftershock fluctuated up
and down in the Manipur region after two or three days
during the period of aftershock investigation. The
aftershocks decay trend at Bishnupur and Kangpokpi stations
has almost followed the Omari’s law (exponential decay).

Table: 2 1-D Velocity model (Kayal et al., 2006)
P-wave velocity (km/s)

Depth in (km)

5.56

0.0

6.10

10.0

6.45

20.0

6.90

30.0

7.60

40.0

8.40

50.0

Fig. 5a. Daily number of aftershocks recorded at
Imphal(IMF) station since 11-02-2016.
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Fig. 5b. Daily number of aftershocks recorded at
Temenglong (TML) station since 12.02.2016.

Fig. 5f. Daily number of aftershocks recorded at
Nungba(NBA) station since 19.02.2016

Magnitude Range of Aftershocks
The aftershocks of various magnitudes were originated
from the epicentral zone of mainshock and its neighbourhood
from time to time and recorded by the present network. The
magnitude distribution of aftershocks is given in Table 3.
Table: 3 Local magnitude ranges of aftershocks

Fig. 5c. Daily number of aftershocks recorded at
Kangpokpi(KNP) station since 15.02.2016.

Magnitude range
0.0-0.5
0.5-1.0
1.0-1.5
1.5-2.0
2.0-2.5
2.5-3.0
3.0-3.5
3.5-4.0
4.0-4.5
4.5-5.0

Number of aftershocks
0
0
4
17
32
42
40
27
14
3

Depth Variation of Aftershocks

Fig. 5d. Daily number of aftershocks recorded at
Bishnupur(BPR) station since 16.02.2016.

Fig. 5e. Daily number of aftershocks recorded at None
(NNE) station since 17.02.2016.

The distribution of aftershocks versus depth is shown in
Fig. 6. It is observed that relatively more numbers of
aftershock were originated from the depth range 0-70 km.
Origin of maximum number of aftershocks lies within a depth

Fig. 6. Depth ranges of aftershocks.

The 4th January 2016 Manipur Earthquake
range of 10 -20 km. The depth ranges of 10 km interval up
to 70 km shows almost similar number of aftershocks except
the depth range 10-20 km. The focal depth of mainshock
lies in this depth zone as reported by Geological Survey of
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India. This shows that the source zone of Manipur earthquake
was within this depth range. The focal depths of recorded
aftershocks are observed up to 150 km in subduction regime
of Indian plate and Burma plate.

Fig. 7a. Tectonic map of Manipur State and surrounding (on the basis of
Seismotectonic Atlas of India and its environs, GSI 2000) with epicenter of
aftershocks (star) well located with multi-stations. The triangles show the
seismograph station locations and big star shows the epicenter of 4th January 2016
Manipur earthquake. The green stars show the epicenter of aftershocks recorded by
the observatories (AGT, ITN, JMU, MGN and NGP) of GSI before the installation of
network. The dotted line (red) indicates the boundary of Manipur State.

Fig. 7b. Epicentral map of well located aftershocks (star) including single station
located aftershocks with composite fault plane solution. The triangles show the station
locations and big star (green) denotes the location of 4th January 2016 Manipur
earthquake. The green stars show the epicenter of aftershocks recorded by the
observatories (AGT, ITN, JMU, MGN and NGP) of GSI before the installation of
network. The dotted line (red) indicates the boundary of Manipur State.
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Epicentral Maps
The epicentral map shows the aftershocks distribution
in and around Manipur State is presented in Figures 7(a & b).
A total of 148 aftershocks are recorded during
11.02.2016 to 10.03.2016 at the temporarily established
network and located with SEISAN software. Seventy six
recorded aftershocks out of 148 are located using single
station method. The epicentral map shows the epicenter of
aftershocks located with multi-stations method (Figure 7a).
The well located aftershocks using multi-stations are
presented in Figure 7b including the aftershocks located by
single station. The local magnitudes of the observed
aftershocks lie between 1.0 and 5.0. The maximum
aftershocks are in the magnitude range from 2.0 to 4.0. It is
observed that most of aftershocks follow the NW-SE trend
through the epicenter of the mainshock, passing between
two unnamed lineaments of similar trend in NW-SE
direction except the scattered aftershocks (Figures 7a & b).
The epicenter of 4th January 2016 Manipur earthquake is
located at 10 km from Noney town in southeast direction
near the thrust boundary. Some aftershocks are found to be
clustered in SE direction from the epicenter of the mainshock
near the boundary of the Manipur State in Myanmar. It is
also appeared that some aftershocks of magnitude range 2.0
to 4.0 were concentrated near the Nungba and Noney
seismic stations within a distance range of 20-25 km. The
locations of the aftershocks in the epicentral maps show that
the area of the Manipur State was more active than its
surrounding during the study period.

of smaller magnitudes of earthquakes, which is to be
expected in the regions of low strength and large
heterogeneity, whereas low values indicate the opposite,
mainly high resistance and homogeneity (Mogi 1967; Scholz
1968; Tsapanos, 1990). The constant ‘a’ depends on size
of the area, observation period length, and largest seismic
moment magnitude and stress level of the area (Allen, 1986).
The a-value is found to lie in the range between 2 and 8.
The constant b-value is normally closed to 1.0, however,
varies up to 1.5 depending on the tectonic setting, tectonic
stress and magnitude ranges etc. (Weimer and Wyss, 1997).
The b-value has been estimated for the aftershocks recorded
in Manipur State to know the strength, spatial stress level
and heterogeneity of the study area after the occurrence of
the mainshock.
The b-value frequency-magnitude plot of aftershocks of
4th January 2016 Manipur earthquake is given in Figure 8.
The b-value is computed using least square method. The bvalue of Manipur region computed from the aftershock data
during the period of investigation (11 February 2016- 10th
March, 2016) for magnitude range 1.3 to 4.5 is 0.64. This
lowering of b-value than the normal b-value (1.0) indicates
higher stress condition in the region and lesser rate of
aftershock generation from the source region implies the
probability of higher magnitude earthquake. The a-value for
the Manipur region estimated from aftershock data is 3.68
which indicate the increase in seismic potential level and
heterogeneity in the Manipur region.

Fault plane solution of aftershocks of an earthquake
plays a key role to understand the generation process of
the mainshock and its aftershocks.The composite fault
plane solutions of aftershocks cluster near the Nungba
and Noney stations show the strike slip faulting. The nature
of faulting near Nungba seismic station shows almost
similar trend as mainshock. A cluster of aftershocks in the
eastern part of the study area near eastern boundary of
the thrust zone shows normal fault (Figure 7b).

The Estimation of b-Value
One of the most important empirical laws proposed by
Gutenberg and Richter (1954) relates the occurrencefrequency and magnitude of earthquakes that a certain region
experiences within a specified time period. The frequencymagnitude relation is characterized by power law.

Fig. 8. Frequency-magnitude plot of aftershocks of
4th January 2016 Manipur earthquake.

Hypocentral Depth Section

Log10 N = a – bM

Depth sections of hypocenters projection on a vertical
plane along E-W and N-S directions were determined to
get idea of dip direction of the seismogenic source.

Where, N is cumulative number of earthquakes of
magnitude M, ‘a’ is a constant that represents the number of
earthquakes of magnitude larger than zero, and ‘b’ is the
proportion of earthquakes with small and large magnitudes.
This means that a higher b-value indicates a large number

A E-W hypocentral depth section of aftershocks of
Manipur earthquake along a vertical plane is shown in Figure
9. It is observed that the depths of aftershocks are generally
increasing from 8 km to 143 km in southeast direction.

The 4th January 2016 Manipur Earthquake
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of the aftershocks are within the depth range of 8 km to 70
km dipping in NNE to SSW direction.

26

Scale

0

25

50 km

The focal mechanism of clusters of aftershocks occurring
at various depth ranges was determined to ascertain the
nature of seismogenic source. It is observed from the depth
section that hypocenter of aftershocks can be grouped in
three clusters within in the depth range of 8 to 70 km depth
range as in western, central and eastern part of this depth
section. The composite fault plane solutions of western and
central clusters of the depth section show the strike slip
faulting almost with the NW-SE trending nodal plane and
thrust with strike slip fault. The composite fault plane
solution of eastern part of the depth section shows the normal
faulting with east-west trending nodal plane.

Manipur
KNP
TML

25

LATITUDE(° N)

NNE

IMF

NBA
BPR

24

Magnitude (ML)
1
2
3
4

to
to
to
to

2
3
4
5

23
92

93

LONGITUDE(°E)

94

95

(a)

The depth section shows the three clusters, one is in the
northern part of the profile from north to south, second is in
the central part of the profile and other in the southern part
of the profile (Figure 10b). The aftershock hypocenters in
the northern part of the BB’ profile dipping in northeast to
southwest direction from 8 km to 70 km. In the central part
of the profile, a cluster of aftershocks is also dipping in

(1)
Composite Fault Plane Solution
Polarities/Errors: P 042/09 SV 000/00 SH 000/00
There are no amplitude ratio data
The minimum, increment and maximum B axis trend are 0.00 12.00 355.00
The limits for the B axis plunge are
0.00 12.00 90.00
The limits for the angle of the A axis are 0.00 12.00 78.00
Strike
Dip
Rake
Pol: P SV SH Rat Err RMS RErr RErr (All)
342.5300 90.0000 30.0000
9
0.0 0.0

(2)
Composite Fault Plane Solution
Polarities/Errors: P 026/03 SV 000/00 SH 000/00
There are no amplitude ratio data
The minimum, increment and maximum B axis trend are 0.00 20.00 355.00
The limits for the B axis plunge are
0.00 20.00 90.00
The limits for the angle of the A axis are 0.00 20.00 70.00
Strike
Dip
Rake
Pol: P SV SH Rat Err RMS RErr RErr (All)
187.5000 90.0000 70.0000
3
0.0 0.0

(3)
Composite Fault Plane Solution
Polarities/Errors: P 040/14 SV 000/00 SH 000/00
There are no amplitude ratio data
The minimum, increment and maximum B axis trend are 0.00 30.00 355.00
The limits for the B axis plunge are 0.00 30.00 90.00
The limits for the angle of the A axis are 0.00 30.00 60.00
Strike
Dip
Rake
Pol: P
SV SH Rat Err RMS RErr RErr (All)
239.2300 30.0000 -90.0000
14 0.0 0.0

(b)
Fig. 9. (a) Epicentral map of aftershocks with profile AA’ in west to east direction The triangles show the station
locations and star denotes the location of 4th January 2016 Manipur earthquake The pink circles stars show the
epicenter of aftershocks recorded by the observatories (AGT, ITN, JMU, MGN and NGP) of GSI before the
installation of network. The dotted line (red) indicates the boundary of Manipur State. and (b) depth section
along AA’with composite fault plane solutions within a depth range of 8 - 70 km.
The depth section shows the three clusters, one is in the
western part of the profile from west to east, second is in
the central part of the profile and other in the eastern part of
the profile (Figure 9b). The aftershock hypocenters in the
western part of the AA’ profile dipping in northeast to
southwest direction from 8 km to 70 km. The hypocenter of
the aftershocks observed in the central part of the profile
dipping almost vertically in the depth range of 8 km to 70
km depth. In the eastern part of the profile, the hypocenters

NE-SW. In the southern part of the profile, a cluster of
aftershocks is dipping in NW to SW direction.
In the northern and central part of the depth section,
composite fault plane solutions of clusters trending in
northeast to southwest direction show strike slip and normal
with strike slip fault respectively. In the southern part of the
profile, a cluster in the depth section shows thrust with strike
slip faulting.
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India at latitude 24.870° N and longitude 93.673° E while
USGS reported this earthquake(Mw 6.7) at latitude 24.83°
N and longitude 93.66° E. The Indian Meteorological
Department of India reported the epicentre as 24.8° N and
93.5° E with magnitude 6.7 and depth 17 km. A team of
geophysicists of Geological Survey of India monitored the
aftershocks from 11th February 2016 to 10th March 2016 and
recorded 148 aftershocks up to 10 th March 2016 and
presented in Figures 7(a & b). The aftershocks recorded in
the network of 6 numbers of seismographs shows that
aftershock activities are mainly observed between the two
unnamed lineaments trending in NW-SE direction except
the sparse distribution of aftershocks. It has been observed
that aftershocks almost follow the NW-SE trend between
these lineaments except the scattered aftershocks. Two
aftershocks of magnitudes M 3.6 and M 3.4 occurred at
latitude 24.9° N and longitude 93.4° E, and other at latitude
24.8° N and longitude 93.5° E respectively reported by IMD.
The permanent observatories of GSI have recorded 12
aftershocks during the period before installation of
temporary network of this study (Figures 7a & 7b). The
spatial distribution of aftershocks is an ideal way to resolve

(1)
Composite Fault Plane Solution
Polarities/Errors: P 048/18 SV 000/00 SH 000/00
There are no amplitude ratio data
The minimum, increment and maximum B axis trend are 0.00 35.00 355.00
The limits for the B axis plunge are 0.00 35.00 90.00
The limits for the angle of the A axis are 0.00 35.00 55.00
Strike
Dip
Rake
Pol: P SV SH Rat Err RMS RErr RErr (All)
195.0000 90.0000 20.0000
18
0.0 0.0

(2)
Composite Fault Plane Solution
Polarities/Errors: P 035/09 SV 000/00 SH 000/00
There are no amplitude ratio data
The minimum, increment and maximum B axis trend are 0.00 13.00 355.00
The limits for the B axis plunge are 0.00 13.00 90.00
The limits for the angle of the A axis are 0.00 13.00 77.00
Strike
Dip
Rake
Pol: P SV SH Rat Err RMS RErr RErr (All)
285.1400 13.0000 -90.0000
9
0.0 0.0

(3)
Composite Fault Plane Solutions
Polarities/Errors: P 047/09 SV 000/00 SH 000/00
There are no amplitude ratio data
The minimum, increment and maximum B axis trend are 0.00 16.00 355.00
The limits for the B axis plunge are 0.00 16.00 90.00
The limits for the angle of the A axis are 0.00 16.00 74.00
Strike
Dip
Rake
Pol: P
SV SH Rat Err RMS RErr RErr (All)
295.8900 65.0800 72.3100
9
0.0 0.0

(b)
Fig. 10. (a) Epicentral map of well located aftershocks using multi-stations with profile BB’ in north to south direction.
The triangles show the station locations and big star denotes the location of 4th January 2016 Manipur earthquake.
The pink circles show the epicenter of aftershocks recorded by the observatories (AGT, ITN, JMU, MGN and NGP) of
GSI before the installation of network. The dotted line (red) indicates the boundary of Manipur State. and (b) depth
section along BB’ with composite fault plane solutions within a depth range of 8 - 70 km.

Discussion and Conclusions
The 4th January 2016 Manipur earthquake (ML 6.8) is a
biggest earthquake after the occurrence of 18th September
2011 Sikkim in northeast India. The epicentre of this
earthquake is located and reported by Geological Survey of

the fault plane ambiguity and identify the causative fault.
The primary method to estimate subsurface rupture length
and rupture area is the spatial pattern of early aftershocks.
Aftershocks that occur within a few hours to a few days of
the mainshock generally define the maximum extent of coseismic rupture (Kanamori and Anderson, 1975; Dietz and

The 4th January 2016 Manipur Earthquake
Ellsworth, 1990). Because the distribution of aftershocks
may expand laterally and vertically following the mainshock,
the initial size of the aftershock zone is considered more
representative of the extent of co-seismic rupture than is the
distribution of aftershocks occurring within days to months
of the mainshock. Furthermore, detailed studies of
aftershocks of several recent earthquakes suggest that early
aftershocks occur at the perimeter of the co-seismic rupture
zone, and that the central part of this zone is characterized
by a lack of seismicity for the first few hours to days after
the mainshock (Mendoza and Hartzell, 1988; Dietz and
Ellsworth, 1990). It is very difficult to drawn an estimation
about the rupture length in the absence of initial aftershocks
but an approximation may be made through the first two
aftershocks of the same day that rupture length is
approximately 37-55 km of this strong earthquake. It also
appears from the aftershocks distribution that the aftershocks
are mainly observed in NW and SE direction from the
epicenter of the mainshock and follows the 50 km x 100 km
rupture length. Aftershocks decay has almost followed the
exponential decay as observed on Bishnupur and Kangpokpi
station. The recorded aftershocks are observed within the
depth range 8-143 km. The depth of earthquakes in the IndoBurma region varies up to 40 to 160 km (Kayal, 2008;
Mishra, 2004). The earthquakes in the Burmese arc are
referred to seduction tectonics; normal, thrust and strike slip
are reported (Biswas and Majumdar, 1997; Kumar and Rao,
1995; Mukhopadhyay and Dasgupta, 1988) and the focal
depth of earthquakes are as deep as 200 km in the subducted
Indian plate. The aftershock hypocenters in the western part
of the AA’ profile dipping in northeast to southwest direction
from 8 km to 70 km follows strike-slip faulting. The USGS
suggested that the earthquake was generated by strike slip
fault either the result of a right lateral fault plane dipping to
the east-northeast or dipping steeply to the south-south east
and said that it broadly related to plate boundary deformation
within the lithosphere or earth’s crust and upper mantle of
the Indian plate.
About 148 aftershocks were recorded in the magnitude
range 1.0 to 5.0 within 8.0 km to 143 km depth range. The
aftershocks recorded during the period of investigation
mainly follow the NW-SE trend through the epicenter of
the mainshock, passing between the two unnamed lineaments
of almost similar trends in NW-SE direction except the
scattered aftershocks. The maximum aftershocks are
observed in the depth range of 10 -20 km which support the
17 km focal depth of 4th January 2016 Manipur earthquake.
The estimated b-value of Manipur State is 0.64 which
indicates for higher stress condition and the lesser rate of
aftershock generation from the source region thereby
increases the probability of occurrence of higher magnitude
earthquake in the study area. Aftershocks decay has almost
followed the exponential decay as observed at Bishnupur
and Kangpokpi stations. The composite fault plane solution
of aftershocks cluster close to the epicenter of mainshock
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near Noney shows the strike slip faulting which results the
nature of faulting of mainshock. The composite fault plane
solutions of clusters near Nungba stations also show the
strike slip faulting. The composite fault plane solutions of
clusters in depth sections show the strike slip, thrust, normal,
thrust with strike slip and normal with strike slip faulting.
The area of concentration of aftershocks is nearly 50 km x
100 km which represents approximate rupture plane. The
length of the rupture is approximately 50 km in north-west
and 50 km in south-east direction from the epicenter of the
mainshock. The aftershocks indicates that the aftershocks
are not only concentrated in a single rupture of the
mainshock.
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Abstract
It often happens, due to various reasons, like undesirable borehole conditions that in a well, all the logs required for
carrying reservoir modelling and characterization studies may not be recorded. This problem causes limitation to the
modelling and characterization of a reservoir. To overcome this issue, it may be possible to predict a missing log
(target log) in a well, by analysing its relationship with other available logs (attribute logs), recorded in adjacent
well which has also recorded the target log. Probabilistic Neural Networks (PNN) based methods, can capture
the underlying non-linear functional relationships among the available data and can predict the missing data
efficiently. Thus, in this study, we have demonstrated an application of the PNN to predict the unavailable Sonic
logs in six wells in a sector of Ankleshwar reservoir, situated in Cambay basin, India.
The Ankleshwar is a declining reservoir and it is a potential candidate for CO2 – Enhanced Oil Recovery (EOR)
project. This field is being operated by the ONGC Ltd., India. In this study, we have taken a small sector model of
eastern part of the Ankleshwar reservoir with 16 wells drilled through major producing sand layer, S3+4. Out of
these 16 wells, 7 wells were not considered because of unavailability of formation evaluation reports and larger
distance from the main cluster of 9 wells. These 9 wells were studied to build reservoir property models; however,
due to operational problems Sonic log was not recorded in 6 wells. To predict the missing Sonic logs, first we
carried out Multi-Attribute analysis using available logs and observed that the Neutron porosity and Density log
attributes can predict Sonic log with minimum errors. Further to reduce this error, the PNN was trained and
optimum Sonic logs were generated by using the Neutron porosity and Density attributes logs. Thus, we found
that it may be possible to efficiently predict the missing logs by using appropriate attributes and the PNN.
Keywords: Sonic log, Probabilistic Neural Networks (PNN), Neutron porosity, Density log.

Introduction
A well log is a continuous record of a geophysical
parameter of the rock formation,a well cut across. A well
log records in-situ measured physical parameter at
frequencies higher than 10 kHz. It provides the most reliable
information of the rock formation at much finer scale than
any surface geophysical measurements like seismic or
potential field data. Thus, well logs have unique role in
petrophysical property analysis, hydrocarbon reservoir
modeling and characterization studies. Owing to the high
expenditures involved in well drilling and hiring of well log
tools, the application of well logs is mostly confined to
hydrocarbon and coal exploration. Most common well logs
useful in reservoir modeling and characterization studies are
1) Sonic 2) Density 3) Gammaray 4) Spontaneous Potential
(SP) 5) Resistivity 6) Caliper 7) Nuclear Magnetic
Resonance (NMR) and 8) Photo Electric (PE) logs. The basic
principle on which these logging tools work and the
application of these logs are provided in Rider 1986; Serra
2008; Ellis 2007; Luthi 2001. In reservoir modeling and
characterization studies we interpret the logs to estimate

petrophysical properties and lithology in a well and then
aim at petrophysical and lithological reservoir models by
using geostatistical simulation. Reservoir characterization
and estimation of petro-physical properties are two of the
most important key activities for successful exploration and
exploitation of hydrocarbons in the petroleum industry.
However, the availability of all the required logs is a concern
as some of the logs may not be recorded in some wells due
to unavailability of tool or bad borehole condition.
Among the various logs recorded in hydrocarbon
exploration studies compressional acoustic or Sonic is one
of the most important logs because of its various
applications. Sonic log measures interval transit time (Δt)
of the compressional acoustic wave’s first arrival. The transit
time (Δt) can be converted to compressional wave velocity
(Vp), which represents the in-situ measured interval velocity.
The Sonic log in combination with density and neutron
porosity logs is useful to provide porosity of the formation.
In combination with gamma ray and density logs, Sonic log
can be used in lithological interpretation. Density and Sonic
log combination is used to generate synthetic seismogram.
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Sonic log can be tied to observed seismic data so that it can
be used in generating initial model during seismic inversion.
If Sonic log is not recorded in some of the wells due to any
of the reasons such as unavailability of tool, unfavourable
borehole condition, we can find a way to model it. However,
it is difficult to find unique functional relationship between
two logs to model one log from the other. In such cases,
Artificial Neural Networks (ANN) can be used to capture
subtle functional relationships.The Probabilistic Neural
Networks (PNN) can predict more reliable targetdue to their
efficiency in capturing pattern statistics of the training data
and underlying probability Density Function (PDF).
In the present study, PNN are used to predict missing
Sonic log (target log) in 6 wells from most suitable attribute
logs from Ankleshwar field, Cambay basin, India. The most
suitable attributes are obtained by Multi-Attribute analysis
on training data from 3 wells.

Well log data from Ankleshwar field, Cambay
Basin, India
The Ankleshwar oil field, which lies in southern part of
Cambay basin, India (Fig. 1) has been producing oil and
gas since 1961. The Ankleshwar formation is the main

Fig. 1. The location map of Cambay basin and it’s oil
and gas fields (Vadapalli and Vedanti 2017).

Vadapalli et. al.,
reservoir unit in the field.The Ankleshwar is a declining
reservoir and it is a possible candidate for CO2 – Enhanced
Oil Recovery (EOR).The Ankleshwar reservoir consists
of 11 sand layers (S 1, S 2, S 3+4, S 5, S 6+7, S 8+9, S10, S 11).
The major producing sand layer S3+4is being considered
as target layer for CO2 – EOR implementation. The operator,
ONGC Ltd. has drilled more than 300 wells into different
sand layers of the reservoir.There was a collaboration
project with NGRI-SINTEF & ONGC Ltd. Well logs of
some of the wells drilled in Ankleshwar were given to
NGRI and SINTEFF for analysis. We have been analysing
the logs for petro-physical property modeling and to
assess the CO2 – EOR potential of the field (Dimri et al.,
2012; Srivastava et al., 2015;Vadapalli et al., 2014; Ganguli
et al., 2016; Vadapalli 2016a; Vadapalli 2016b). We have
observed that out of many wells provided by ONGC Ltd.
16 wells cut across the sand layer S3+4.However, because
of some operational problems, not all wells have recorded
Sonic log.
In this study, we have taken a small sector model of
eastern part of the Ankleshwar reservoir with 16 wells
drilled through major producing sand layer, S3+4. Out of
these 16 wells, 7 wells are at larger distance from
main cluster of 9 wells and their formation evaluation
reports are unavailablefor proper interpreation. Thus,
9 wells (Fig. 2) were being studied to build reservoir
property models; however, Sonic log was not available
in 6 wells.Among the 9 wells, 3 wells (W2, W3, W6) possess
Sonic log besides Gamma ray, Density, Neutron porosity
and Self Potential (SP) logs in common. Thus, Gamma ray,
Density, Neutron porosity and Self potential logs are
used as attribute logs to predict target Sonic log. The
applications of the Multi-Attribute analysis and the PNN
are performed in the analysis window, which represents
the S3+4 sand layer.Since well log is a very high resolution
data, it is highly difficult to perform analysis for each
recorded sample. Thus, we have blocked the logs in the
analysis window.Since Gamma ray variations follow
lithology (sand, shale and shalysand) changes,automatic
non-uniform blocking is guided by Gamma ray reading to
take care lithology variations on the blocked logs.

Fig.2. Location map of the wells used in the study.
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Theory

data.The training of the networks by PNN consists of

The Multi-Attribute analysis has been carried out to select
the best suitable attribute logs to predict the target log.The
PNN analysis, which derives possible non-linear
relationships,has been applied on the selected attributes to
predict a more accurate target log.

determining the optimal smoothing parameter,

Multi-Attribute Analysis
The Multi-Attribute analysis assumes a linear relationship
between the target log and the attributes. Multivariate linear
regression derives weight corresponding to each attribute
and obtains a Multi-Attribute linear transform. The weights
are derived by minimizing the mean squared prediction error
(Hampson et al., 2001) between observed and predicted logs.
Multivariate linear regression is repetitively carried out by
involving increasingly larger number of attributes each time.
Besides thatcross-validation is also performed. Incrossvalidation observed data is divided into training data set
and validation data set to measure error corresponding to
each. A Multi-Attribute transform with least validation error
is selected. To measure goodness of the fit between observed
and predicted logs, a normalized correlation coefficient is
computed. There can be a possibility to derive a more
accurate non-linear transform. In the nonlinear mode,
PNNare trained, using the selected attributes as inputs.
The theory of Neural Networks has been developed by
inspiration from the action of biological neurons to process
information between human nervous system and brain. The
artificial neural networks (ANN)(White 1989; Masson and
Wang 1990; Wilson and Sharda 1992; Hammerstrom 1993;
Widrow et al., 1994) learn from examples and capture subtle
functional relationships among the data even if the
underlying relationships are unknown or hard to describe
(Zhang 1998). Thus, ANN are well suited for problems
whose solutions require knowledge that is difficult to specify
but for which enough data is available. Various kinds of
Neural Networks architecture viz. Multi-Layer Perceptron
(MLP), Radial Basis Function (RBF), Self-Organizing Map
(SOM) and Probabilistic Neural Networks (PNN) have been
proposed. Different kinds of Neural Networks employ
different learning rulestodetermine pattern statisticsfrom a
set of training samples.The decision rules or strategies, which
are known as”Bayes strategies” are used to classify
patterns.The PNN are unique kind, which approach the
Bayes optimal decision surface to determine pattern statistics
and the best representativeProbability Density Function
(PDF) of the training data.

The Probabilistic Neural Networks (PNN)
The probabilistic neural networks (PNN) (Specht 1990,
1991; Masters 1994; Cheung and Cannon 2003; Gorunescu
2006) use a supervised training data to capture the underlying
PDF, which is the best representative of the whole training

. A small

value of causes the estimated parent density function to
have distinct modes corresponding to the locations of the
training samples. A very large value of would cause the
estimated PDF to be over smooth and Gaussian regardless
of the true underlying distribution (Specht 1990). Selection
of the proper amount of smoothing depends on dimension
of the problem and the amount of training data as discussed
by Specht 1967.The PNN are four layer neural networks,
which can map any input pattern to any number of
classifications. The architecture of PNN consists of
following four nodes (Specht 1990; Sawant and Topannavar
2015):
a.
Input nodes (Input units)
b.
Hidden nodes (Pattern units)
c.
Class nodes (Summation units)
d.
Decision nodes (Output nits)
a. Input nodes/Input units: Input nodes consist of neuron
for each of the training sample. Input neurons
standardizes the range of the input training sample by
subtracting the median and dividing by the inter quartile
range. Then, input neurons distribute the training samples
to all of the pattern units.
b. Hidden nodes /Pattern units: Each pattern unit forms
a dot product of the input training sample vector with a
weight vector and then performs a nonlinear operation
by applying an exponential function. Neurons in the
pattern unit store training samples and the corresponding
target variable.
c. Class nodes/Summation units:Summation units simply
sum the inputs from the pattern units. Each target variable
consists of a category of training patterns. The inputs
corresponding to particular category from which training
pattern was selected are summed.
d. Decision nodes/Output units:Decision units consist of
two neurons, which produce binary output. The decision
depends upon the weighted nodes computed for each
target category (Specht 1990).
The PNN use an exponential function in generating
patterns so that it can compute non-linear decision
boundaries between the patterns. The decision boundaries
implemented by the PNN asymptotically approach the Bayes
optimal decision surface (Specht 1990). Thus, the estimated
PDF asymptotically approaches the underlying parent
density function.The strategy of PNN has also involved
cross-validation of the results. The cross-validation process
avoids overtraining, which can include outliers. Since the
PNN has been applied on cross-validated attributes, its
prediction is insensitive to outliers. The prediction of PNN
is often more accurate than that of other Neural Networks
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because of its relative insensitivity to outliers and the
involved the Bayes strategy for pattern classification.
Prediction error/Training error:In a data containing N
number of wells with observed target log, total prediction
error is the squared sum of the difference between observed
target log and predicted target log.The prediction error with
n+1 attributes always have a prediction error less than or
equal to that of a transform with n attributes because the
additional attributes always improve fit to the training data
(Hampson et al., 2001). This is sometimes called
overtraining (Kalkomy 1997). Due to overtraining,
prediction error always declines with increasing number of
attributes. The training data set consists of training samples
from all wells, except some specified hidden well.
Validation error:During cross-validation the target log of
the hidden well is predicted leaving out that log from the
training data and error between observed and predicted will
be computed. This cross-validation process is repeated for
each of the well in the training data. The total validation
error is the root mean square (rms)value of the individual
errors (Hampson et al., 2001):

2 1 N 2
E å e
v N
vi
i =1
where,Ev is the total validation error, evi is the validation
error for well i, and N is the number of wells in the analysis.

total validation error (Table 1 and Fig. 3). Thus, the first
two attributes (Neutron porosity and Density) together are
most suitable to predict the target Sonic log. The predicted
Sonic log by using Multi-Attribute analysis is plotted with
repsect to observed Sonic log in Fig. 4. It is clear from Fig.
4 that the correlation between multiattribute predicted Sonic
log and the observed sonic log is 0.916 and the total
prediction error is 101.274. As the Multi-Attribute analysis
indicates that the Neutron prosity and Density are the most
suitable attributes to predict target Sonic log, PNN has been
applied on these attribiutes to predict a more accurate Sonic
log. The predicted Sonic log by using PNN analysis is plotted
with repsect to observed Sonic log in Fig. 5. It is clear from
Fig. 5 that after the application of the PNN, correlation
between the predicted Sonic log and the observed Sonic log
has been improved to 0.952 and the total prediction error
has been reduced to 76.291.In Fig. 6, the predicted Sonic
log in the analysis window is presented for all the 9 wells.
Besides that, in Fig. 6 we can also see good match between
predicted and observed Sonic logs in case of W2, W3 and
W6, which indicates reliability of the predicted Sonic log.
Figure 7 shows the plot of the total prediction error and
validation error in individual wells. In Fig. 7, we can observe
that in most of the wells, prediction error is equal to
validation error, which indicates that there was no over fitting
during training and cross-validated Sonic log has good fit
to the attribute data.

Conclusion
Results and Discussion
The training error and validation error computed during
Multi-Attribute analysis is shown in Table 1. The available
four attributes, Neutron porosity, Density, Gamma ray and
Self Potential (SP) are included one after the other in the
analysis to predict target Sonic log.Fig. 3 shows the
prediction error and the validtion error with the increasing
number of attributes. As the additional attributes improve
fit to the training data, the prediction error in Fig. 3 reduces
with number of attributes. The inclusion of third attribute in
the analysis has increased the total validation error and the
inclusion of fourth attribute has exponentially increased the

The application of the Multi-Attribute analysis and
theProbabilistic Neural Networks (PNN) analysis on well
log data from Ankleshwar field, Cambay basin (India) has
shown that to predict Sonic log Neutron porosity and Density
logs together are the most suitable attributes. The target log
(Sonic log) predicted by using PNN analysis in wells (W2,
W3, and W6) has good match with the observed target log,
which indicates that the target log predicted in other wells
(W1,W4, W5,W7,W8 and W9)is reliable. Thus, if target log is
available in few wells, the PNN analysis can be used to
predict missing target log in nearby wells by finding most
suitable attributes from the Multi-Attribute analysis.

Table 1: The training error and validation error computed during Multi-Attribute analysis to predict target Sonic log.
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Fig. 3. The plot of prediction error and the validation
error with respect to number of attributes.

Fig. 4. The plot ofpredicted Sonic log from the MultiAttributes analysis versus the observed Sonic log.

Fig. 5. The plot ofpredicted Sonic log from the PNN
analysis versus the observed Sonic log.

Fig. 6. The predicted Sonic log from the PNN analysis in
the analysis window (S3+4 sand layer). Blue horizontal
lines bound the analysis window.
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Abstract
We have assessed the accuracy and resolution of ship-borne magnetic data pertaining to NE Arabian Sea by
examining the crossover errors (COEs) at intersecting ship tracks. It is noted that high COEs occur in areas close to the
coasts and steep bathymetric gradients.Comparison of magnetic anomaly maps before and after crossover adjustment
clearly indicates the remarkable improvement in the quality and the coherence of the dataset.We observe that COE
adjustment reduces the standard deviation from 272 to 106nT after crossover adjustment. Spectral analysis of cross-over
corrected magnetic and EMAG2 datasets suggest that EMAG2 have wavelength resolution down to 30 km.Further
image enhancement interpretation of cross-over corrected magnetic anomaly maps revealed distinct anomaly signatures
over several basement features in the NE Arabian Sea and provide new insights about the nature of the crustal rocks
below these features. Two contrasting anomaly signatures, one, high amplitude positive magnetic anomalies over the
Laccadive ridge, and the other, highly asymmetric negative magnetic anomalies over the Laxmi ridge probably suggests
different emplacement history for these ridges.Further, the anomaly mapsdo not unequivocally bring out the presence of
sea-floor spreading magnetic anomaly lineations in the Laxmi and Gop basins.
Keywords: Ship-borne gravity and magnetic; Cross-over adjustment; Arabian Sea

Introduction
During the past few decades numerous ship-borne
gravity and magnetic measurements have been conducted
by several agencies for the application of regional
tectonic interpretations. Although, it is noted that
ship-borne measurements have remarkable accuracy and
resolution at short wavelengths (< 4km) over the satellite
derived data (Small and Sandwell, 1992; Sandwell et al.,
2014; Rao and Radhakrishna, 2017), significant
discrepancies at the intersection of ship-tracks known as
Cross-over errors (COE) may result when compiling the
data from the different cruises. The order of these COEs
(few 10 mGal in gravity or 1-100 nT in magnetic) may
be large enough to cause many artificial features in the
final gridded data and would hinder the geological
interpretations. The major source of COE scomes from the
uncertainties in the navigation system and different
base ties (Prince and Forsyth 1988; Torge 1989; Blakely
1996).Other sources of these errors result from usage of
different types of instrument, improper application of
reference field, instrumental drift and diurnal variations
(Prince and Forsyth 1984; Kuo and Forsyth 1988). Several
methods have been proposed by the earlier workers to
minimize the errors at cross-over points (Foster etal., 1970;
Yarger etal., 1978; Prince and Forsyth, 1984; Wessel and
Watts, 1988; Wessel, 1989; Hsu, 1995; Huang andFraser,
1999; Huang,2008).For instance, Wessel (1989) proposed
the overlapping block technique in which Cross-over
points (COPs) in any given dataset is found and values at
COPs are interpolated using a quasi-hermite spline (Akima,

1972). Later, Hsu (1995) modified this method by
introducing a coordinate system transformation method to
find cross-over points (COPs) and correct COEs using a
linear interpolation algorithm (Mittal, 1984).
There are numerous examples of studies over the
globe in which COE or leveling corrections have been
appliedfor the ship-borne datasets (Wessel and Watts,
1988; Prince and Forsyth 1988; Thakur et al., 1999; Quesnel
et al., 2009). But, such quality assessments of ship-borne
magnetic data pertaining to the NE Arabian Sea have
not been carried out till now. Therefore, in the present
study cross-over analysis of available ship-borne magnetic
profiles of the NE Arabian Sea (Fig. 1A) was carried out to
generate the meaningful anomaly maps for geological
interpretation. Further, statistical estimates and spectral
analysis were also performed to quantify the accuracy
and resolution of the cross-over corrected ship-borne data
over the satellite data. Detailed analysis of the gravity
field in this region was thoroughly attempted by several
workers (Radhakrishna et al., 2002; Krishna et al., 2006;
Kalra et al., 2014). In this paper, we present the structural
interpretation of crossover corrected magnetic anomalies
in NE Arabian Sea through image enhancement analysis.

Data and Method of Analysis
The ship-borne magnetic data utilized in the present
study are obtained from the marine track-line geophysical
database of the National Geophysical Data Center (NGDC).
Thesedata includes 5200 magnetic measurementsacquired
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Fig.1. A) Topography map of the Western continental margin of India (WCMI) and the adjoining Arabian Sea
depicting the major morphological and tectonic features. The study area is marked with dashed rectangle in Fig 1A.
Pseudo faults/fracture zones (black lines) and magnetic lineations (white thin lines, some are annotated) are adopted
from Chaubey et al. (2002) and Bhattacharya et al. (1994). The stippled area shown on the western Indian shield
represents extent of the onshore Deccan volcanism. MAP: Makranaccreatory prism; OFZ: Owen fracture zone. (B)
Location of ship-tracks along which magnetic data is available. (C) Histogram plots showing the ship-wise error
analysis of ship-borne magnetic data. The annotated number denotes the ship number and numbers on top of the
histogram represent the number of cross over points. Details of cruise name and year of ship-borne surveys are
provided in Table 1.
during 35 cruises (Table 1) with time spanning from 1961
to1987 (see Fig. 1B for location of ship tracks). Based on
the statistical analysis of individual ship tracks, we observe
that most of themagnetic tracks show COEs of more than
300 nT(Fig. 1C).

Crossover Analysis
In the present study, first we removed the spikes in the

each ship-track based on the statistical estimations
(minimum, maximum and mean) computed for each track.
Further, crossover analysis of ship-tracks was performed
based on the technique of Hsu (1995).In this method, first
the COPs and their corresponding COEs were
computedusing the coordinate system transformation
method. Secondly, adjustment of COEs was performed using
the weighted linear interpolation algorithm (Mittal, 1984).
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Table 1. Shows the details of cruise name and year of shipboard magnetic data compiled from NGDC database
Ship
No.
1

Ship Name

Year

Country

Country/Institute

83008911

1983

France

IFREMER

2

A2008L02

1963

USA

3

A2015L02

1963

“

4

A2093L17

1977

“

5

Cd2087

1987

UK

6

Cd2787

1987

“

7

DALR61

1961

8

DALR62

9

Ship No.

Ship Name

Year

19

RC1708

1974

“

20

RC2704

1986

“

21

SHACK375

1975

UK

22

SHACK475

1975

“

23

UM68

1968

Japan

University of Tokyo

“

24

V3407

1977

USA

Lamont-Doherty
Geological Observatory

“

UK

25

V3408

1977

“

“

1962

“

“

26

V3502

1978

“

“

DSDP23GC

1972

USA

27

V3617

1980

“

“

10

INMD04MV

1977

“

11

ODP117JR

1987

“

12

OPR476F

1967

“

13

OPR476G

1967

“

14

OWEN61

1961

UK

15

OWEN62

1962

16

OWEN63

17

18

Woods Hole
Oceanographic
Institution
“
“
Institute of
Oceanographic
Sciences

Scripps Institute of
Oceanography
“

Country

Country/Institute
Lamont-Doherty
Geological Observatory
“

Institute of
Oceanographic Sciences
“

28

WI330581

1981

“

29

WI343713

1977

“

US Navy Naval
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The histogram of crossover difference computed
for 255 intersection points of ship-borne magnetic data
(Table 2)indicates a mean error of 318 nT with a standard
deviation of 272nT where 55% of data have error of 500
nT(Fig. 2A). After the crossover adjustment, the error
(Table 2) in the mean and standard deviation was reduced
to 81 nT and106nT respectively (Fig. 2B). Further, the
comparison of magnetic anomaly maps prepared using
before and after the crossover corrected ship-borne data
(Fig. 2C-D) clearly indicates significant improvement in
anomaly trends: i) several artificial NE-SW lineated features
of order 20-40 nT coinciding with the late Cretaceous
seafloor spreading of Arabian Sea were removed in the
crossover corrected magnetic anomaly map (Fig. 2C-D), ii)
wavelength and amplitude characteristics of several
basement features such as Saurashtra volcanic high and the
NW-SE trending Laxmi ridge were greatly improved.

Quality Assessment of Crossover Corrected
Ship-Borne Data
In order to understand the resolution and accuracy of
the crossover corrected ship-borne data, we also evaluated
these dataset utilizing the independent source of information
obtained from EMAG2 data (Maus et al., 2009). The
along-track difference between ship-borne and EMAG2 are
found to be largely minimum and maximum in this region
(Fig. 3A). Further, the histogram plot of differences
between ship-borne and EMAG2 indicates that only
60% of ship-borne magnetic matches with EMAG2 with
an error limit of ±100 nT (Fig. 3B).
In order to further validate these datasets interms of
wavelength, we have carried out spectral analysis of
crossover corrected ship-borne and satellite datasets
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Fig. 2 Histogram plots showing the cross-over
differences of ship-borne magnetic data A) before
and B) after cross-over adjustment; the total field
magnetic anomaly maps of NE Arabian Sea C) before
and D) after cross-overadjustment. Solid lines in
Fig. 2C represent the location of ship-tack magnetic data
Table 2. Showing the error statistics obtained for
shipboard magnetic data before and after
cross-over adjustment
Magnetic data (in nT)
Before Cross-over
After Cross-over
correction
correction
Number of
observations
Number of COP’s
Maximum
Minimum
Mean
Standard deviation

83,764
255
-312
655
318
272

83,764
255
-245
560
81
106

Fig. 3 Maps showing the A) along-track difference and B)
histogram of difference between cross over corrected
ship-borne magnetic and EMAG2 data.C) Power spectral
density obtained for both the corrected ship-borne
magnetic and EMAG2 data sets.

(Spector and Grant, 1970). Here, the power spectral
density of these datasets were computed along the stacked
E-W profile constructed from the available ship-tracks in
this region using the Welch’s method of ensemble averaging of multiple overlapped windows (Welch 1967). It is
observed that power spectral density of crossover corrected
ship-borne magnetic and EMAG2 has greater amplitude than
EMAG2 (Fig. 3C). However, it is noted that both spectra
are comparable with a base shift upto wavelengths › > 30 km
and beyond this towards short wavelength region (> 30 km)
grater deviation between these spectra are observed as the
amplitude of EMAG2 rapidly decreases relative to the shipborne magnetic field (Rao and Radhakrishna, 2017). It should
be noted that EMAG2 data provides leveled data at an altitude of 4 km above the seafloor; hence, differences in the
amplitude and wavelength of the anomalies exist (Maus et
al., 2009; Rao and Radhakrishna, 2017).

Geological Interpretation
It is known that the continental rifting, breakup and
subsequent seafloor spreading between India, Madagascar,
and Seychelles resulted in the formation of several basement
ridges/troughs such as the Laxmi ridge, Laccadive ridge,
Prathap Ridge, Panikkar Ridge,Laxmi basin, Gop basin and
Saurashtra volcanic platform (Norton and Sclater, 1979;
Naini and Talwani, 1982; Biswas, 1987). However, most of
these features are buried below the thick Indus sediments
and large-scale Deccan magmatism (Naini and Talwani,
1982; Biswas, 1987; Kolla and Coumes, 1987; Todal and
Eldholm, 1998; Clift et al., 2002; Radhakrishna et al., 2002;
Krishna et al., 2006; Corfield et al., 2010; Calves et al.,
2011; Kalra et al., 2014). In order to understand the
correlation of geophysical signatures with the regional
structural trends and tectonic fabric of this region, the
crossover corrected magnetic anomaly maps were subjected
to application of the several image enhancement filters. The
first vertical derivative map of total magnetic intensity data
(Fig.4A) to enhance the signatures of buried basement
features (Blakely, 1996). While the Analytical signal map
(Fig.4B) computed for the total magnetic intensity data helps
to delineate the magnetic source locations especially in the
presence of vertical contacts and is less influenced by the
direction of magnetization (Roest et al., 1992).
Based on the interpretation of seaward dipping reflectors
(SDR’s) and satellite gravity/magnetic anomaly signatures,
Karla et al. (2014) studied the crustal architecture of this
region and identified three major crustal domains from
extended, intruded and oceanic crust. The image enhanced
maps presented in this study (Fig.4A-B) also reveal such
distinction between different crustal domains. In the oceanic
crustal domain (west of Laxmi and Laccadive ridges)
magnetic anomalies show two different spreading regimes
(Fig.4A) in accordance with the compiled sea-floor
spreading magnetic lineations(after Chaubey et al. 2002;
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Yatheesh et al. 2009). However, in the east of Laxmi and
Laccadive ridges, such discriminable sea-floor spreading
magnetic lineations were absent due to the overprinting of
Deccan volcanism as well as presence of several basement
features in this region (Fig. 4A). It results several
contradicting views about the nature of crust in this region
as reported by earlier workers (Naini and Talwani, 1982;
Bhattacharya et al., 1994; Miles et al., 1998; Todal and
Eldholm, 1998; Radhakrishna et al., 2002; Krishna et al.,
2006; Corfield et al., 2010; Calves et al., 2011; Kalra et al.,
2014; Bhattacharya and Yatheesh, 2015). Further, the
intruded crustal domain highlights several high/low
amplitude magnetic anomalies associated with basement
topography features (Fig.4A-B). The Panikkar Ridge, Laxmi
and Gop basins are characterized with narrow strip of
medium-high amplitude magnetic anomalies (Fig. 2D&4A).
Further, Laccadive ridge is marked with a chain of isolated
high amplitude positive magnetic anomalies. In contract to
this, Laxmi ridge is associated with NW-SE trending negative
magnetic anomalies which are highly asymmetric in nature
(Fig. 2D&4A). This contrasting signatures noticed over these
ridges suggest different emplacement history for the
Laccadive and Laxmi ridges. In addition to the evolution of
these ridges, it is also debated whether these ridges are of
continental or oceanic in nature (Naini and Talwani, 1982;
Biswas, 1987; Kolla and Comues, 1987; Todal and Eldholm,
1998; Chaubey et al 2002; Clift et al., 2002; Radhakrishna
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et al., 2002; Krishna et al., 2006; Corfield et al., 2010; Calves
et al., 2011; Kalra et al., 2014;Misra et al 2015).

Conclusions
Crossover analysis and interpretation of ship-borne
magnetic anomaly data of northern Arabian Sea has brought
out the following conclusions:
Statistical comparison of magnetic data before and after
crossover adjustment clearly shows significant reduction in
standard deviation from 272 to 106nT.Further, the crossover
corrected anomaly maps significantly removed the several
artificial lineations and false anomaly signatures.
Interpretation of crossover corrected magnetic anomaly
maps highlighted several crustal domains and basement
topography features in the NE Arabian Sea. The magnetic
anomaly signatures observed over the Laccadive ridge
(high amplitude positive magnetic) and the Laxmi ridge
(asymmetric negative magnetic anomalies) suggests
different emplacement history for these ridges. The maps
also reveal the absence clearly identifiable seafloor
spreading magnetic anomalies in the Laxmi and Gop basins.
Spectral comparison studies of crossover corrected
magnetic and EMAG2 datasets clearly shows the absence
of short wavelength information <30 km in the EMAG2 data.

Fig. 4 A) First vertical derivative and C) Analytical signal maps of cross-over corrected ship-borne total field magnetic data.

230

Acknowledgements
The research work was carried out through the ISROMOP-III funded project grant to MR. MK gratefully
acknowledges the IIT Bombay for the financial support in
terms of research fellowship to undertake this work.

References
Akima, H., 1972. Interpolation and smooth curve ûtting
based on local procedures, Magazine Communications
of the ACM (Association for Computing Machinery),
v.15, pp: 914-918.

Manish Kumar et. al.,
Corûeld, R.I., Carmichael, S., Bennett, J., Akhter, S., Fatimi,
M., and Craig, T., 2010.Variability in the crustal
structure of the West Indian Continental Margin in the
Northern Arabian Sea, Petrol. Geosci., v.16, no.3, pp:
257-265.
Foster, M.R., Jines, W.R., and Van der Weg, K., 1970.
Statistical estimation of systematic errors at
intersections of lines of aeromagnetic survey data. Jour.
Geophys. Res., v.75, no.8, pp: 1507-1511.
Hsu, S.-K., 1995. XCORR: a cross-over technique to adjust
track data, Computers and Geosci., v. 21, no.2, pp: 259271.

Bhattacharya, G.C., andYatheesh, V., 2015. Plate-tectonic
evolution of the deep ocean basins adjoining the
western continental margin of India - a proposed model
for the early opening scenario, In: Mukherjee, S. (Ed.),
Petroleum Geoscience: Indian Contexts. Springer,
pp:1-61.

Huang, H., 2008. Airborne geophysicaldata leveling based
on line-to-line correlations, Geophysics, v.73, pp: F83F89.

Bhattacharya, G.C., Chaubey, A.K., Murty, G.P.S., Srinivas,
K., Sarma, K.V.L.N.S., Subrahmanyam, V., and
Krishna, K.S., 1994. Evidence for seafloor spreading
in the Laxmi Basin, northeastern Arabian Sea, Earth
Planet Sci. Lett., v.125, pp: 211–220.

Kalra, R., Srinivasa Rao, G., Fainstein, R., Radhakrishna,
M., Bastia, R., Chandrashekar, S., 2014. Crustal
architecture and tectono-magmatic history of the
western offshore of India: implications on deepwater
sub-basalt hydrocarbon exploration. J. Pet. Sci. Eng.
v.122, pp:149-158.

Biswas, S.K., 1987. Regional tectonic framework, structure
and evolution of the western marginal basins of India.
Tectonophysics, v.135, pp: 307-327.
Blakely, R.J., 1996. Potential theory in gravity and magnetic
applications, Cambridge University Press, 441 pp.
Calvès, G., Schwab, A.M., Huuse. M., Clift, P.D., Gaina,
C., Jolley, D., Tabrez, A.R., and Inam, A., 2011. Seismic
volcano stratigraphy of the western Indian rifted
margin: The pre-Deccan igneous province, Jour.
Geophys. Res., v.116 (B01101), doi: 10.1029/
2010JB000862.
Chaubey, A.K., Dyment, J., Bhattacharya, G.C., Royer, J.Y.,
Srinivas, K., and Yatheesh, V., 2002. Paleogene
magnetic isochrons and palaeo-propagators in the
Arabian and Eastern Somali basins, NW Indian Ocean,
In: Clift, P.D., Croon, D., Gaedicke, C., Craig, J., (eds.),
The Tectonic and Climatic Evolution of the Arabian
Sea Region, Geol. Soci. London, special publication,
v.195, pp: 71-85.
Clift, P., Gaedicke, C., Edwards, R., Lee, J.I., Hildebrand,
P., Amjad, S., White, R.S., and Schlüter, H.-U., 2002.
The stratigraphic evolution of the Indus Fan and the
history of sedimentation in the Arabian Sea. Mar.
Geophy. Res., v.23, no.3, pp: 223-245.

Huang, H., and Fraser, D.C., 1999. Airborne resistivity data
leveling, Geophysics, v.64, pp: 378-385.

Kolla, V., and Coumes, F., 1987.Morphology, internal
structure, seismic stratigraphy and sedimentation of the
Indus Fan, Am. Assoc. Petrol. Geol. Bull., v.71, pp:
650-677.
Krishna, K.S., Rao, D.G., and Sar, D., 2006. Nature of the
crust in the Laxmi Basin (140-200), western continental
margin of India, Tectonics, v.25, TC1006, doi:10.1029/
2004TC001747.
Kuo, B.Y. and Forsyth, D.W. 1988) Gravity anomalies of
the ridge transform system in the South Atlantic
between 31° and 34.5°S: upwelling centers and
variation in crustal thickness. Mar. Geophys. Res., v.10,
pp: 205-232.
Maus, S., Barckhausen, U., Berkenbosch, H., Bournas, N.,
Brozena, J., Childers, V., Dostaler, F., Fairhead, J.D.,
Finn, C., von Frese, R.R.B., Gaina, C., Golynsky, S.,
Kucks, R., Lühr, H., Milligan, P., Mogren, S., Müller,
R.D., Olesen, O., Pilkington, M., Saltus, R.,
Schreckenberger, B., Thébault, E., and CaratoriTontini,
F., 2009. EMAG2: A 2-arc min resolution Earth
Magnetic Anomaly Grid compiled from satellite,
airborne and marine magnetic measurements.
Geochem. Geophy. Geosyst., v.10, Q08005, doi:
10.1029/ 2009GC0 02471.

Analysis of Crossover Corrected Ship-borne Magnetic

231

Miles, P. R., Munschy, M. and Segoufin, J., 1998. Structure
and early evolution of the Arabian Sea and East Somali
Basin, Geophys, Jour. Int., v.134, pp: 876- 888.

Roest, W., Verhoef, J., and Pilkington, M., 1992. Magnetic
interpretation using the 3-D analytic signal,
Geophysics, v.57, pp: 116 -125.

Misra, A.A., Sinha, N., and Mukherjee, S., 2015. Repeat
ridge jumps and microcontinent separation: insights
from NE Arabian Sea. Mar. Pet. Geol.,v.59, pp:406428.

Sandwell, D.T., Müller, R.D., Smith, W. H. F., Garcia, E.,
and Francis, R., 2014. New global marine gravity
model from CryoSat-2 and Jason-1 reveals buried
tectonic structure, Science, v.346, pp: 65-67.

Mittal, P.K., 1984. Algorithm for error adjustment of
potential ûeld data along a survey network,Geophysics,
v.49, no.4, pp: 467-469.

Small, C., and Sandwell, D.T., 1992. A comparison of
satellite and ship borne gravity measurments in the Gulf
of Mexico, Geophysics, v.57, pp: 885–893.

Naini, B.R., and Talwani, M., 1982. Structural framework
and the evolutionary history of the continental margin
of Western India, In: Watkins, J.S., Drake, C.L., (eds.),
Studies in continental margin geology. Am. Asso.
Petrol. Geol., v.34, pp: 167-191.

Spector, A., and Grant, F.S.,1970. Statistical models for
interpreting Aeromagnetic data, Geophysics, v.35, no.2,
pp: 293-302.

Norton, I.O., and Sclater, J.G., 1979. A model for the
evolution of the Indian Ocean and the break-up of
Gondwanaland, Jour. Geophys. Res., v.84(B12),
pp:6803-6830.
Prince, R.A., and Forsyth, D.W., 1984. A simple objective
method for minimizing crossover errors in marine
gravity data, Geophysics, v.44, pp: 1079-1083.
Prince, R.A., and Forsyth, D.W., 1988.Horizontal extent of
anomalously thin crust near the Vema Fracture Zone
from the three-dimensional analysis of gravity
anomalies, Jour. Geophys. Res., v.93, pp: 8051-8061.
Quesnel, Y., Catala´n, M., and Ishihara, T., 2009. A new
global marine magnetic anomaly data set, Jour.
Geophys. Res., v.114 (B04106), doi:10.1029/
2008JB006144.
Radhakrishna, M., Verma, R.K., and Arts, K. P., 2002.
Lithospheric structure below the eastern Arabian
Sea and adjoining West Coast of India based on
integrated analysis of gravity and seismic data,
Mar. Geophys. Res., v.23, pp: 25-42.
Rao, G.S., and Radhakrishna, M., 2017. A comparative
account of terrestrial and satellite based potential
field data for regional tectonic/structural
interpretation and Crustal scale modeling with
reference to the Indian region, Int. Jour. Earth Sci.
& Eng., v.10, no.4, pp:903-914.

Thakur, N.K., Rao, Gangadhara, T., Subrahmanyam, C. and
Ramesh, K., 1999.Crossover analysis of geophysical
data in Bay of Bengal. Geo-Marine Lett., v.19, pp: 262269.
Todal, A., and Eldholm, O., 1998.Continental margin off
western India and Deccan large igneousprovince, Mar.
Geophys. Res., v.20, pp: 273-291.
Torge, W., 1989.Gravimetry,Walter de Gruyter, New York,
465 pp.
Welch, P.D., 1967. The use of fast fourier transform for the
estimation of power spectra: a method based on time
averaging over short, modified periodograms, IEEE
Trans. Audio Electroacoust. AU-15, pp: 70-73.
Wessel, P., 1989. XOVER: a cross-over error detector for
track data. Computers and Geosci., v. 15, no.3, pp: 333346.
Wessel, P., and Watts, A.B., 1988. On the accuracy of marine
gravity measurements, Jour. Geophys. Res., v.93,
pp:393-413.
Yarger, H.L., Robertson, R.R., and Wentland, R.L.,1978.
Diurnal drift removal from aeromagnetic data using
least squares, Geophysics, v.43, no.6, pp:1148-1156.
Yatheesh, V., Bhattacharya, G.C., and Dyment, J., 2009. Early
oceanic opening off Western India-Pakistan margin:
the Gop Basin revisited, Earth. Planet Sci. Lett., v.284,
pp: 399-408.

Association of Exploration Geophysicists
# 12-13-763, Flat No. 102, Street No.1, Lane No.2,
Kimtee Colony, Tarnaka, Hyderabad – 500017
Phone: +91-40-40259557
E-mail: aegindiageophysics@gmail.com
Web Site: aegind.org

Membership Application Form
I, hereby apply for

Life / Student Membership

of the Association of Exploration Geophysicists.

Please type or write in block letters:
Title

:

(Mr./Ms./Dr./Prof.)

:

Name

:

Designation

:

Organisation

:

Address

:

City & Pin code

:

Country

:

Phone

:

E-mail

:

Mailing Address

:

Qualifications*

:

Experience*

:

Research Interest*

:

Publications*

:

Membership of any other Association, Society, Academy, etc.
·

Attach a separate sheet, if necessary

Fax :

Sponsor for Life Membership
Name & Designation

:

Organisation

:

Address
Member of AEG

:
:

Yes / No

I am satisfied that the applicant is worthy of becoming a Life member of the Association of
Exploration Geophysicists and I recommend the applicant for Life membership.
Date

Signature of Sponsor

Student Membership
Student Applicants must give information on the status and time scale of their studies, countersigned
by their Professor. The duration of Student Membership is valid only till the period of their study.
Date expected to Graduate

Degree

Signature of Professor

University

Membership Fees (to be enclosed along with the Application form)
Life Membership
Student Membership

:
:

Rs. 3,500/- (US $ 350 for Foreign Members)
Rs. 1,000/- for admission and Rs.10 as annual subscription every year.

Payments are to be made by Demand Drafts drawn in favor of the Secretary, AEG, Hyderabad.
Details of Bank Account of AEG for sending the amount directly through Electronic Transfer
a. Account Holder Name: Association of Exploration Geophysicists
b. Bank Name: State Bank of India, Osmania University Branch, Hyderabad
c. Bank Account of Number: 52198268342
d. MICR Code: 500002342
e. Indian Financial System Code (IFSC) : SBIN0020071
q Fee Enclosed

D.D. / Cheque No. :

Date :

Amount :

DECLARATION BY THE APPLICANT

I hereby certify that the information given above is true to the best of my knowledge. I fully
subscribe to the aims and objectives of the AEG and undertake to abide by the rules and regulations
of the Association, in case I am declared a Life Member / Student Member of the Association.
Date

Signature of Applicant
(FOR OFFICE USE)

The Applicant is Granted/Refused admission to the AEG as a Life Member / Student Member.
Reasons in case of non-admission of the applicant.......................................................................................
....................................................................................................................................................................
Membership No.
Date

Receipt No.

Date
Secretary/Treasurer

for Rs.

Year

