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EDITOR’S PAGE
With great pleasure and satisfaction, Association of Exploration Geophysicists (AEG) forwards the
Vol.XXXV No.3 July-September, 2014 issue of the Journal of Geophysics (JOG) to all its members
and patrons. This issue of the journal hosts a selection of papers that were presented by the authors at
the 35th Annual convention of AEG.
A brief summary on the research contributions in this volume of the journal is given below.
A wide variety of magnetic data enhancement techniques are available to exploration geophysicists
for interpreting the data and arriving at a probable subsurface geological model. The widely used
Reduction to the Pole (RTP) technique becomes unstable at low magnetic latitudes and does not work
well where significant remanent magnetisation is present. Ash Johnson and Telma Aisengart in their
research article on Interpretation of magnetic data at low magnetic latitudes using Magnetization
Vector Inversion, presents a new voxel-based 3D inversion technique, Magnetization Vector Inversion
(MVI) that inverts for both amplitude and direction of the magnetization and produces more geologically
reasonable results in areas with complex magnetic signatures. The efficacy of the MVI method is
clearly illustrated by inverting airborne TMI data from Quadrilátero Ferrífero, (Iron Ore Quadrilateral)
in the state of Minas Gerais, Brazil. The MVI susceptibility model obtained using the Geosoft VOXI
inversion shows an excellent fit with the known Iron Ore deposit limit, with all positive magnetization
amplitude values.
S.P. Anand, Nisha Nair and Mita Rajaram in their article on Structure and Evolution of the Laccadive
Ridge from the Analysis of Free Air Gravity Anomalies generate a 2D crustal model of Lacadive
Ridge (LR) by modelling the satellite derived Free air Gravity (FAG) anomalies and ship-borne magnetic
data. The boundary of the LR is demarcated from a combination of the bathymetry, 2D-crustal structure
model and various filtered maps. Their analysis suggests that the LR (part of the Chagos- Laccadive
Ridge above 8.5°N) is of continental origin with estimated average crustal thickness of approximately
18km. It is inferred from their study that the Laccadive ridge was a part of the Dharwar craton before
it got separated from India along with Madagascar in the late Cretaceous and this ridge is continental in
nature.
In the technical paper on Recent Trends : Fuzzy Logic and Neural Networks in Geophysical Data
Analysis for Mineral Exploration, Satyanarayana Yegireddi emphasized on the effectiveness of Fuzzy
logic based reasoning and learning capabilities of neural networks in solving complex problems,
involving multi-dimensional geophysical parameters using available geosciences data. In his study, he
illustrated application of the technique to the geophysical well log data analysis in coal exploration.
The combined approach of fuzzy and neural network trained along with ground truth was successful
identifying even thin coal seams from geophysical log data. The study clearly indicates that the
geophysical database with available ground truth can be effectively exploited in identifying the new
potential anomalous zones.
Vibhore Shrivastava et al., in their case study Characterization of Conducting Zones Favorable
for Uranium Mineralization using Induced Polarization and Transient Electromagnetic MethodsHirapur Area, Bijawar Basin, Sagar District, Madhya Pradesh highlighted the role of ground
geophysical surveys in delineating structures and associated conductors which are the favorable locales

for uranium mineralization in the area. Time domain induced polarization surveys facilitated in delineation
of high chargeability-low resistivity zones in Hirapur – north and south blocks for a strike length of
4km interpreted to be due to the presence of disseminated metallic sulphides and/or carbonaceous shale
below the Bajna dolomites. The EM anomalies from TEM profiling surveys in Hirapur area are found
to occur at the faulted contact of Bajna Dolomites and Malhera Chert breccia. TEM sounding results
indicated the depth to high resistivity formation below the high conductivity layer in these blocks to be
in the range of 60m to 115m. The interpreted geo-electric section from inversion of TEM sounding data
indicated the subsurface disposition of dolomite, carbonaceous shale and chert breccias. The integration
of IP and TEM results indicate that the high chargeability and high conductive zone could be a potential
target for uranium mineralization.

Sanjay Rana in his technical article on Innovative use of Engineering Geophysical for Site
Investigations discussed the role of Engineering geophysics as an efficient means of subsurface
investigation. He emphasized on the need for integrated application of various geophysical techniques
like seismic refraction, resistivity imaging, ReMi, Crosshole/ downhole/ uphole seismic and seismic
reflection, to determine various properties of subsurface like bedrock quality and depth, low velocity
zones (even under rock interface), fault/ fracture/ shear zones, water lenses, tunnel route geology etc.
In the paper he presented a few case studies illustrating certain unique applications of these geophysical
methods in conditions generally considered to be adverse to such applications viz., investigation and
monitoring of dams, Electrical Resistivity Tomography conducted on exposed sandstone, Investigations
across flowing river with floating electrodes and surveys to detect leakages from water pipeline.

Dr. A.K.Chaturvedi
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Interpretation of Magnetic Data at Low Magnetic Latitudes using
Magnetization Vector Inversion.
Ash Johnson and Telma Aisengart
Geosoft Inc.

Abstract
Magnetic anomalies measured at low magnetic latitudes are typically very complex due to the vector nature of the
magnetic field. The usual method of simplifying magnetic anomaly interpretation, Reduction to Pole (RTP), becomes
unstable at low magnetic latitudes anddoes not work well where significant remanent magnetisation is present. A
number of methods have been developed to overcome the limitations of using RTP, the simplest of which uses the
Analytic Signal, which effectively moves anomalies to lie directly over the shallowest magnetic sources. This and
some of the other techniques work well for 2D interpretation and surface geological correlation.
The low magnetic latitude parts of the globe include many areas significant for resource exploration, from Brazil,
central Africa and Southeast Asia, including southern India. 3D inversion of magnetic data is becoming a common tool
across a variety of exploration contexts in these areas. However conventional susceptibility inversion typically does
not produce geologically reasonable results, particularly if other magnetization effects such as remanence or magnetic
anisotropy are also present. Magnetization Vector Inversion (MVI) is a new voxel-based 3D inversion technique that
inverts for both amplitude and direction of the magnetization and produces more geologically reasonable results in
areas with complex magnetic signatures.
In this paper we will review the MVI method and how the availability of cloud computing resources has made this
a very quick and practical tool. To illustrate the practical use we will use examples from the Quadrilátero Ferrífero,
(Iron Ore Quadrilateral) in the state of Minas Gerais, Brazil, which is the host to perhaps the largest commercial iron
deposits in the world. The magnetic data over this area exhibit typical patterns seen in low magnetic latitudes. The
target iron formations also exhibit a significant degree of magnetic anisotropy. We will show that use of the analytic
signal technique makes a significant improvement in the 2D interpretation and correlation with surface geology. We
will also compare traditional susceptibility inversion in the 3D case with the MVI technique and show how MVI is the
preferred method for 3D inversion at low magnetic latitudes.

Introduction
Low magnetic latitudes can be described as those areas where
the inclination of the Earths current magnetic field is less than 20°

or so. Some of the world’s most prospective areas for resource
exploration lie within 20° of the magnetic equator (Figure 1)
ina swathe acrossBrazil, central Africa, southern India and
large parts of South East Asia including the South China Sea.

Fig. 1. Magnetic inclination, from NOAA: http://ngdc.noaa.
gov/geomag/WMM/
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Inclination and declination of the earth’s field greatly
influence the shape of observed magnetic anomalies, with
anomalies in low latitudes showing a degree of complexity
far greater than those we would expect from a similar source
at higher latitudes. At low latitudes, anomalies from N-S
trending structures are typically reduced or non-existent,
there is a greater preponderance of E-W anomalies (Figure
2), and often a significant offset between anomaly peaks
and the location of sources. Typical ring-shaped anomalies
from impact craters may be much more difficult to detect
(Beard, 2012).
The most common method for simplifying the 2D
interpretation of magnetic anomalies is Reduction to Pole
(RTP) as proposed by Baranov (1957) and developed by
Bhattacharya (1965) . RTP is well known to break down at
low magnetic latitudes and many modifications and
alternatives have been proposed, such as use of the Analytic
Signal (Macleod, 1993a,b), equivalent source techniques
(Silva, 1986), the use of Wiener filters (Hansen &
Pawlowski, 1989), inversion and regularisation (Li &
Oldenburg, 2001), suppression filters (Yao et al., 2003) and
equivalent prisms and probability tomography (Luo & Xue,
2009). Each of these methods makes an improvement on
the problems of regular RTP, but many also assume that the
sole source of the magnetization is induced, and in the
direction of the current earths field. Additional complexities
arise where other magnetization effects are present, such as
remanence or anisotropy. McEnroe at al., (2009) have shown
that remanence effects are much more widespread than
previously thought, and this is part of magnetic field
interpretation that should not be ignored.

Ash Johnson and Telma Aisengart
is, however, a measure of how susceptible a material is to
being magnetized by an inducing field. This is a simplification
of the real world situation which only works well if we assume
that the measured magnetic field arises solely as a result of
magnetization aligned with the earth’s field. Unfortunately
this is rarely the case, and due consideration must be taken of
other magnetization effects such as remanance, selfdemagnetization, magnetic anisotropy and local field
perturbations caused by intense anomalies. While some effort
has gone in to methods to recover the remanent field direction
and magnitude (briefly reviewed in Ellis & MacLeod, 2013)
which is then re-introduced into the modelling process, the
Magnetization Vector Inversion (MVI) method (Ellis et al.,
2012) recovers the complete magnetization vector as the
preferred rock property.

Magnetization Vector Inversion
3D magnetic voxel inversion software has been
available for a number of years, but with recent advances in
algorithms and the ability to harness the available computing
power of the cloud, the time taken to run even quite complex
inversions has reduced dramatically. MVI (Ellis et al., 2012)
is a method to incorporate induced and remanent
magnetization without prior knowledge of the magnitude or
direction of the remanent field. MVI inverts directly for the
magnetization vector rather than susceptibility, giving a more
realistic interpretation tool that honours the true source of
the magnetic response.

Method
Measuring the magnetic field B in a series of locations
r gives the forward equation for the Magnetic Vector (Ellis
et al, 2012):

This equation shows that the magnetization vector M(r)
is the obvious parameter to recover from inversion of the
magnetic field. It is conventional to consider rock
magnetization to have two sources.
M = Mi + M r
Where Mi is from induced sources and Mr from remanent
sources. Conventional susceptibility inversion assumes
Mr = 0 and Mi µBe
Fig. 2. Total Magnetic Intensity map of southern India,
from EMAG2 dataset (Maus et. Al., in review), showing
E-W anomalies typical of low magnetic latitudes.
3D inversion is fast becoming part of a standard
geophysical exploration workflow. Conventional inversion
of Total Magnetic Intensity (TMI) data recovers the
susceptibility as the preferred rock property. Susceptibility

i.e. there is no remanent magnetization and the induced
magnetization in in the same direction as the Earth’s field
(Be). Neither assumption is strictly valid. Other factors ignored
by conventional susceptibility inversion are magnetic
anisotropy, self-demagnetization effects and local field
perturbations from intense anomalies. Inverting for the
magnetization vector encompasses all these effects into the
solution.

Interpretation of Magnetic Data
MVI has been integrated into Geosoft’s 3D voxel-based
VOXI Earth Modelling System where both amplitude and
vector directions are treated as separate unknowns in a
Tikohonov minimum gradient regularization (Ellis et al.,
2012).

Results
The Quadrilátero Ferrífero, (Iron Ore Quadrilateral) in
the state of Minas Gerais, Brazil, is host to perhaps the largest
commercial iron deposits in the world. A coloured surficial
geology map of the area is shown in Figure 3 (Baltazar et al,
2005), on which the axis of the primary magnetic iron
formations are shown and used to provide spatial reference
in all figures. Two distinct trends in the iron ore formation
can be seen, an E-W section in the Northeast of the map and
a pair of approximately N-S trends running through the
centre of the study area.
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Airborne TMI anomaly data (Fig. 4a) over this area
were provided by CODEMIG and were flown by Lasa
Engenharia e Prospecções S.A, from August 2000 to March
2001, with 250m line spacing , line direction 30 degrees,
draped over topography approximately 100m above the
surface. The TMI data (Fig. 4a) show a fairly typical pattern
for Archean terrains in Brazil. The magnetic inclination is 29° in this area, giving rise to fairly typical low latitude
features such as the E-W striking magnetic low over the
formation in the NE of the map and the complex anomaly
over the N-S trending section through the centre. Clearly
these perpendicular sections of the same formation interact
in very different ways with the earth’s field.
The situation is further complicated by magnetic
anisotropy, which plays a significant role in the iron
formations of the Quadrilátero Ferrífero, where the dominant
rock magnetization is the consequence of induced

Fig. 3. Location and surface geological map of the Quadrilátero Ferrífero

Fig. 4. TMI anomaly map (a) and the analytic signal (b), with the magnetic unit axis shown as a white dashed line.
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magnetization, but the vector of magnetization in rock is
rotated to align with the bedding of the iron formation
(Rosière et al, 1998).

The Magnetization Vector inversion (Fig. 5b), shows
an excellent fit with the known Iron Ore deposit limit, with
all positive magnetization amplitude values.

The calculated Analytic Signal map (Fig. 4b) illustrates
how useful this transform is for correlating magnetic signatures
with surface geology at low magnetic latitudes. The Analytic
Signal peaks align well with the surface trace of the iron
formation for both the N-S and perpendicular sections.

A slice through each of these models (Figure 6) taken
at 900m elevation (just below the lowest topographic
elevation of the area) further illustrates the improvement in
interpretation using the MVI method over conventional
susceptibility inversion.

Our next step was to invert the data using the Geosoft
VOXI inversion service, initially for susceptibility and then
for the magnetic vector (MVI) (Fig.5).
The susceptibility inversion (Fig. 5a) produces a model
comprising positive and negative susceptibilities. Ignoring
the troublesome negative susceptibilities produced by the
model, the positive values alonefail to model the magnetic
sources correctly. In order to have a better correlation with
the known surface geology, we need to consider both the
positive and negative extreme values, resulting in a good fit
for the N-S anomaly, as opposed to the bad fit of the E-W
portion as shown in Figure 5a. We can also observe that the
susceptibility inversion creates several numerical artefacts
in the direction of the Magnetic Inclination.

(a)

(a)

(b)

(b)

Fig. 5. (a) Isosurfaces extracted from the Susceptibility
Inversion of the TMI anomaly date from Fig. 4. Thenegative
isosurface (-0.02 SI) is shown in magenta and the positive
isosurface (0.02 SI) incyan.(b) Isosurface (0.02) of the
normalised MVI susceptibility inverted from thesame data
The magnetic unit axis shown as a black line in (a) and (b).

Fig. 6. Plan section through the conventional
susceptibility model (a) and MVI susceptibility model
(b). The black dashed line shows the surface trace of
the iron formation.
Taking a cross section through the E-W limb of the
model (location AA’ in Fig. 6) shows clearly how the
magnetisation vector is allowed to vary in the MVI inversion
process. Figure 7 shows the cross-section though the two
models with the geology map draped onto topography.
Taking a cross section through the E-W limb of the
model (location AA’ in Fig. 6) shows clearly how the
magnetisation vector is allowed to vary in the MVI inversion

Interpretation of Magnetic Data
process. Figure 7 shows the cross-section though the two
models with the geology map draped onto topography.
The conventional susceptibility model (Fig. 7a) does
not agree with the geology, while the MVI model (Fig. 7b)
agrees very well.The recovered susceptibility directions are
indicated using cone symbols, and are include for the
conventional susceptibility (Fig. 7a) to show that they are
fixed in the direction of the Earth’s field.
It is clear from the MVI susceptibility model (Fig. 7b)
that the inversion process has allowed the direction of
magnetisation to vary within the body. Extensive surface
bedding dip measurements indicate that the formation dips
between 65 and 80 degrees to the North in this area, which
is also consistent with the MVI model. The alignment of
the MVI vectorsto the dip of the model is consistent with
our expectation that magnetic anisotropy has rotated the
induced magnetic vector to align with the formation bedding.

(a)

95
Mapa Geológico Brumadinho na Escala 1:50.000 com
Nota Explicativa. In: Projeto Geologia do Quadrilátero
Ferrífero - Integração e Correção Cartográfica em SIG
com nota explicativa. Lobato et al. (2005) CODEMIG.
Belo Horizonte
Baranov, V, 1957. A new method for interpretation of
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(b)

Fig. 7. Cross section AA’ looking to the East, location on Fig. 4. (a) conventional susceptibility model and
(b) MVI susceptibility model. The white line indicates the surface trace of the iron formation on
the geology map, which is draped over topography.

Conclusions
The MVI technique is clearly a step forward in the 3D
inversion of magnetic anomaly data, allowing recovery of
the direction as well as amplitude of the magnetisation vector.
We have shown how this confers a number of advantages
over conventional susceptibility inversionin areas of low
magnetic latitude and in the presence of remanent or other
magnetization effects. As previously stated, there are many
deposits of economic interest in areas of low magnetic
latitude, and evidence in the literature suggests that
remanence is more important than once thought worldwide,
so we recommend the useof MVI to model all magnetic
anomalies in these areas.
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Structure and Evolution of the Laccadive Ridge from the Analysis of Free Air
Gravity Anomalies
S. P. Anand, Nisha Nair, Mita Rajaram
Indian Institute of Geomagnetism, Navi Mumbai, Maharashtra
email: mita@iigs.iigm.res.in, aerospl@yahoo.co.uk

Abstract
Crustal structure and origin of the northern segment (Laccadive ridge) of the Chagos-Laccadive-Ridge is highly
debated. In the present study high resolution satellite derived Free Air Gravity Anomalies (FAG) and its transformations
were used to throw light on the evolution of the Laccadive Ridge (LR). As geopotential data modelling is non-unique
withsingle data set, we use a combination of satellite derived FAG and ship-borne magnetic datato generate 2D crustal
models with constrains from available seismic reflection/refraction,bathymetry and isopach maps. The analysis suggests
that the LR (part of the Chagos-Laccadive Ridge above 8.5°N) is of continental origin with estimated average
crustalthickness of approximately 18km. It is bounded towards the north and south respectively bythe off-shore extension
of the Chapporo and the Bhavani lineaments. Short wavelengthanomalies trend in a NE-SW fashion while the deeper
features trend in NNW-SSE/NSdirection. Several NE-SW onshore lineaments when extended towards the Laccadive
ridgecoincides with the region having NE-SW medium to high wave number anomalies. At the Cretaceous Tertiary
boundary as Laccadive-India passed over the Reunion hotspot, the preexisting faults on the Laccadive Ridge got reactivated and the hotspot trace were left behind in the intermediate / shallow wavelength part of FAG anomalies, as
intrusives in the Laccadive Ridge. The deeper features show a persistence of NNW-SSE to NS trend that can be correlated
with the typical Dharwarian trend in the onshore. Hence it is inferred that LR was part of the Dharwar carton before its
break up from India along with Madagascar in the late Cretaceous.

Introduction
The Chagos-Laccadive Ridge (C-L-R) system is an
arcuate shaped aseismic topographic/tectonic feature of the
southwest continental margin of India. . A considerable length
of the crest of this ridge is composed of shoals, banks, and
coral reefs at depths less than 1500 m. The CLR can be
divided into three main segments, the northern segment
paralleling the west coast of India is the Laccadive Ridge
(L-R), the middle segment is the Maldive Ridge and the
southernmost segment is the Chagos Archipelago. The
Laccadive ridge comprises about twenty islands and banks
depicting as an overall NS lineament which corresponds to
the general N-S trend of the Laccadive- Chagos Ridge
complex (Bhattacharyya and Chaubey, 2001). The Laccadive
ridge is characterized by raised acoustic basement overlain
by approximately one km thick sediment layer. The
Laccadive ridge is separated from Shelf Margin towards the
east and Arabian basins towards the west by fault scarps.
(Ben Avraham and Bunce, 1977; Chaubey et al., 2008). The
ridge is associated with relatively positive free-air gravity
anomalies compared to the surrounding region (Kahle and
Talwani, 1973; Naini and Talwani, 1983). While the magnetic
anomalies over the ridge do not show any definite pattern,
the eastern part of the ridge is associated with subdued
magnetic anomalies whereas its western half appears to be
associated with several prominent high amplitude anomalies
(Naini and Talwani, 1983; Gopala Rao et al., 1987)
interpreted as due to densely spaced igneous intrusives and
flows (Chaubey et al., 2002). Seismic refraction studies

(Babenko et al, 1981) indicate that the Moho lies at a depth
of about 18-19 km, which suggests that the crustal thickness
of the Laccadive ridge is thicker than the normal oceanic
crust. Combined interpretation of seismic reflection, gravity
and magnetic data suggest that the crustal structure and
velocity and density structure of the Laccadive ridge are
comparable to Laxmi ridge, a continental sliver (Chaubey
et al, 2002).
Several hypotheses have been put forth for the origin of
the Laccadive ridge (Bhattacharyya and Chubey, 2001). It
was considered as a zone of transition between oceanic crust
in the west and continental crust in the east, a leaky transform
fault (Fisher et al., 1971; McKenzie and Sclater, 1971,
Norton and Sclater,1979), or a hotspot trace (Francis and
Shor,1966, Dietz and Holden,1970). One of the views was
that the Chagos -Laccadive Ridge is composed of structural
elements of various origin, where the Laccadive Ridge and
the Chagos Bank is composed of volcanic features associated
with leaky transform faults while the Maldive Ridge is a
microcontinent. Based on admittance analysis, Ashalatha et
al (1991) inferred that the C-L-R (southern part) is a volcanic
construct emplaced on young oceanic crust very near to a
spreading centre. Through the inversion of teleseismic
receiver functions, utilizing data from two broad band
seismic stations kept at Minicoy islands, Sandeep Gupta et
al (2010) suggested magmatic underplating of crust below
the Minicoy islands and suggested that the CLR could be a
possible trace of the reunion hotspot. Other views regarding
the origin are: the northern part of this ridge (i.e., the
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Laccadive ridge) is a continental fragment. As a part of the
DSDP, boreholes are drilled in the middle and southern
segments of the CLR. Basalts from the Maldive Ridge (site
713) depicted chemical characteristics similar to intraplate
basalts with the age being 55-60 Ma while that from Chagos
Archipelago (site713) are closer to mid-ocean ridge basalt
(MORB) with age around 47 Ma. The results of the ODP
Leg 115 suggested that the Chagos part of the CLR might
have formed during the northward flight of the Indian plate
over the Reunion hotspot (Whitmars,1974, Duncan,1981).
Although though the nature of the crust west of the
Laccadive ridge is fairly well established and several studies
have been carried out to understand the nature of the crust
along the CLR including deep bore holes debate still exists
on the nature and evolution of the crust along the CLR. Much
of the studies conducted on the Laccadive ridge is using
gravity data with constrains from seismic refraction and
reflection data and carried out along profiles. Recently Nisha
et al(2013) carried out a detailed analysis and 2D moelling
to decipher the nature of the crust along the Laccadive ridge
using free air gravity data. A combined modelling of FAG
and shipborne magnetic data was also carried out along one
profile across the ridge in southern part. In the present paper
we provide some results from the analysis of the free air
gravity anomaly and its transformations over the Laccadive
ridge. 2D crustal model is developed using a combination
of FAG and marine magnetic data along a profile in the
northern part of the LR. The gravity and magnetic anomaly
along any tectonic element can be considered as the result
of all the processes that have shaped it through time including
magmatic under-plating, passage over hostspot etc. Each
process will leave its signature on the underlying crust and
hence will have a wavelength component in the observed
gravity and magnetic data. In addition to combined 2D
modelling of gravity and magnetic data, we use wavelength
domain filters to separate out the free air gravity anomalies
in terms of their wavelengths thereby an attempt is made to
throw light on the tectonics and evolution of the Laccdaive
ridge.

Dataset and Methodology
High-resolution gravity database of Sandwell and Smith
Ver 20.1 (Nisha et al,2013) and bathymetric database
(Sandwell and Smith, 1997) generated from re-tracked
Seasat, Geosat GM, ERS-1/2and TOPEX / POSEIDON
altimeters data of the Arabian Sea is used as the primary
data in the present study. This is based on about twice as
much satellite altimetry data and so has a nearly factor of 2
reduction in noise level (personal communication, Sandwell).
A comparison of the satellite free air data was made with the
available ship borne gravity data from the NOAA/NGDC,
Marine Track-line Geophysics data set, version 5.0.11 and
it was found that for the scale of structural features in the
study region, the satellite gravity data are comparable with
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the ship borne measurements (Nisha et al,2013). Magnetic
data used in the present study is from the Ver 5.0.11 of the
Marine Trackline Geophysics data set obtained from NOAA/
NGDC. The free air gravity anomaly map of the Laccadive
ridge generated using the above discussed data set is
represented in Fig.1 as histogram equalized colour shaded
image with warm colours representing highs and cool colours
lows. The Laccadive Ridge appears as mixture of a high
amplitude long wavelength broad N-S/NNWSSE trending
features towards the north changing to high amplitude
medium to short wavelength anomalies towards the south.

Fig.1. The free-air gravity anomaly map of the Laccadive
Ridge and adjoining regions. A-A’ and B-B’ represents
the location of the profiles used for generating the 2D
crustal models from FAG and shipborne magnetic data.
Superposed on this map are the bathymetry contours at
200m (in green), 2000m (in red) and 2500m (in black).
PB – Padwa Bank, Cln – Chapporo Lineament, BSZBhavani Shear Zone. Dotted line represents the
interpreted outline of the Laccadive part of the
Chagos-laccadive-Ridge.
By and large the FAG anomaly map shows different
wavelength components suggesting different depth levels
for the causative sources. Different spectral components of
Free Air Gravity anomalies correspond to varied magnitude
geological features lying at different depth levels (Majumdar
et al., 2006). The FAG anomaly map was subjected to high
pass filtering at cut-off wavelength of 40km to depict shallow
/ intermediate level features, and to low pass filtering at
125km to understand the deeper features. The bathymetry
contours at 200m (in green), 2000m (in red) and 2500m (in
black) are superposed on these figures. All the high pass
filtered maps depict NE-SW trends in the south eastern part
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of the Laccadive Ridge. Within the northern part of LR, the
signatures of Padwa bank (location in Fig.1) are evident (Fig.
2a). Further north, the trends are subdued. From the long
wavelength anomalies, the dominant structural features of
the Laccadive Ridge trend in a NNW-SSE/NS direction
(Fig2b). It is important to note that the NE-SW features
dominant in the short and intermediate wavelength maps are
totally absent in the deep features. Also, it may be noted that
the main structural features of the adjacent Dharwar region
on the land trend NW-SE to N-S direction implying that the
deep features on the Laccadive Ridge perhaps have
continental affinity.
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linear, the final result or solution depends on the initial model:
the better the starting model, the better the final result. Hence
the initial model should be well constrained. In the present
modelling, along Profile AA’, the initial model was
constrained using the available bathymetry and the depth to
the basement from published seismic refraction/reflection
data (Naini and Talwani, 1982). 2D crustal model along
Profile B-B’ is reproduced from Nisha et al (2013). Different
densities and magnetization used for calculating the response
of the 2D model is taken from Nisha et al (2013). The final
2D model obtained along profile A-A’ with minimum error
is represented in Fig.3 The moho depth along the Laccadive

Fig. 2 a) High pass filtered FAG with cut-off 50km to isolate the shallow sources. Offshore extension of the NE-SW
trending onshore lineaments is shown in dotted lines. Outline of the continental part of the Laccadive ridge is shown in
dotted closed line. b) Low pass filtered FAG map with cut-off wavelength 100km to delineate deeper/regional features.
Cln and BSZ respectively represent Chapporo lineament and Bhavani shear zone.
In order to decipher the nature of the crust along the
Laccadive ridge, combined 2D forward/inverse modelling
of satellite derived gravity data and shipborne magnetic data
was carried along two profiles the location of which is shown
in Figure.1. The modelling has been undertaken using GM
SYS software designed for the same. The computation is
based on the methods of Talwani et al. (1959) and Talwani
and Heirtzler (1964) and makes use of the algorithms
described in Won and Bevis (1987). A two-dimensional flat
earth model is assumed and the USGS SAKI implementation
of the Marquardt inversion algorithm is used to linearize
and invert the data. Forward modeling involves creating a
hypothetical geologic model and calculating the geophysical
response to that earth model. Gravity and magnetic models
are not unique and as a consequence the process is non-

ridge varies from 16-18km on both the profiles. The modelled
crustal structure depicts a continental nature for the
Laccadive ridge. The 2D model also depicts the presence of
intrusive along the Laccadive ridge that portrays itself as
high frequency anomalies in the gravity anomaly map (Fig.2a
and 2b). These might have acted as feeders for the Deccan
trap flows.

Discussion
High resolution satellite derived free air gravity data
and selected shipborne magnetic data has been analyzed to
throw light on the tectonics and evolution of the Laccadive
ridge. Wavelength filtering has been carried out to isolate
the gravity sources at different depth levels; shallow and
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Fig.3. Crustal model derived from the free air gravity data and shipborne magnetic data
along profiles A-A’ and B-B’(Nisha et al,2013); location of the profiles are given in Fig.1.
The water depths and sediment thickness have been obtained from the bathymetry and
isopach maps. Dotted lines represent the observed while the full lines depict the calculated
values and the thin red lines depict the errors. UC – Upper Crust, LC-Lower Crust, OCB –
Ocean Continent Boundary. The densities assumed are: sediments - 2.2gm/cc, volcanics 2.6gm/cc, UC -2.7gm/cc, LC - 2.95gm/cc, layer2 - 2.6gm/cc, layer 3 - 2.85gm/cc, mantle 3.3gm/cc. Magnetization for UC - 3-5A/m, volcanics 5-6 A/m, layer 3 ~1A/m. The densities
are derived from refraction seismic velocities (Naini and Talwani,1982).
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hence recent activities may be represented by short
wavelength anomalies while deeper/regional and hence
usually older activities may be represented by long
wavelength anomalies. The boundary of the LR is demarcated
from a combination of the bathymetry, 2D-crustal structure
model and various filtered maps. We started with the 2000m
bathymetry for the outline of the LR; then from the 2D crustal
structure model we delineated the east and west edges of
the LR along the profiles. And then from the LP map (Fig.
2b) depicting the deep continental features, we marked the
entire smoothed edge of the Laccadive Ridge. The Ridge
thus delineated has been superposed on all the filtered maps.
On isolating the anomalies using the wavelength filters, it is
observed that within the Laccadive Ridge, NE-SW trends,
are seen at shallow to intermediate level mainly in the central
and southern part originating from the western side and
continuing up to the eastern side while the deeper levels
depict NS trend. These trends are absent further east towards
the shelf-margin basin and shelf edge. Several NE-SW
trending major and minor lineaments are seen in the onshore
region (GSI,2001) between Goa and Cochin, within the
Dharwar craton and Southern Granulite Terrain, some of
which are shears or deep seated faults. Some of these
lineaments / shears redrawn from GSI (2001) along with
their off shore extension into the Laccadive Ridge is shown
in Fig 2a. It is observed that most of the NE-SW trending
anomalies, representing subsurface intrusive, seen over the
Laccadive Ridge in the shallow and intermediate
wavelengths fall on the extended part of these onshore
lineaments. The NNWSSE / NS trending anomalies
bounded by 16°N and 8.5°N are seen at deeper/regional
levels and not evident in the shallow and intermediate
levels. The onshore Chapporo Lineament towards north
and the Bhavani shear zone towards the south when
extended towards offshore passes exactly through the
region where the regional/deeper NNW-SSE/NS trends
associated with Laccdaive ridge is terminated. Hence
we infer that the Laccdaive part of the ChagosLaccdaive-Ridge is constrained to lie within the
Chapporo Lineament and Bhavani shear zone (Nisha et
al,2013). The NNW-SSE / NS trends observed in the
deeper part is in conformity with the regional Dharwarian
trend. Hence we infer that the Laccadive ridge was a
part of the Dharwar craton before it got separated from
India along with Madagascar in the late Cretaceous
(Yatheesh et al, 2006) and this ridge is continental in nature
(Nisha et al, 2013). Several wells drilled in the KeralaKonkan basin (DGH, http://www.dghindia.org/15.aspx)
have shown that basaltic flows of lower cretaceous age over
lies the basement. Later, as India moved over the Reunion
hotspot, the existing continental shear zones/lineaments
within the Laccadive ridge got reactivated and might have
acted as conduits for the upward movement of magma that
left its signature in form of intrusives into the Laccadive
Ridge appearing as high amplitude, short to medium wave
length anomalies in the FAG anomaly map.
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Abstract
Most of the geophysical investigations in mineral exploration involve multi-dimensional geophysical parameters
such as electrical, magnetic, gravity, acoustic measurements and other relevant geoscience data. The correlation and
relationship among certain influencing geophysical signatures, characteristic of a particular mineralisation are exploited
in mineral exploration or any geophysical investigation. At times, absence of expected signatures due to different
geological environment, despite potential mineralisation, analysis and interpretation become complex, particularly
whenmore parameters under consideration.With increase of multi-dimensional parameters, the non-linearity and
complexity also increases further degrade the efficacy of any model used for this purpose.
Fuzzy logic based reasoning andlearning capabilitiesof neural networks, are found to be effective in such complex
problems, where physics among different geophysical field parameters and the corresponding geological environment
is not well established. In the present study, application of the same to the geophysical well log data analysis in coal
exploration is illustrated. The combined approach of fuzzy and neural network trained along with ground truth, applied
in successful identification of even thin coal seams from geophysical log data. Some of the coal seams inferred from the
test data, associated with no significant expected signatures, are found to be contaminated with the shale and the
adjoining formations degrading the quality. Therefore, geophysical database with available groundtruth,can be effectively exploited using the approach in identifying the new potential anomalous zones.It is also suggested to relook into
the archives of geophysical data for new insights.. The method is found to be an effective in classification, demarcation
of various anomalous zones, geophysical inversion, etc. involve multi-dimensional parameters.

Introduction
Mineral exploration isa multidisciplinary task involves
simultaneous consideration of numerous disparate
geophysical, geological and geochemical data from variety
of sources (Knox-Robinson, 2000). To identify the zones of
mineral occurrences and variousgeological features both
qualitatively and quantitatively, require an effective
integration and analysis of geospatial data using efficient
modelling.
The geophysical signatures represent the spatial surface
and subsurface characteristics of the underneath geological
structures and their composition. Most of the geophysical
investigations in mineral exploration involve multigeophysical parameters, like various electrical, magnetic,
gravity and acoustic measurements; indicate some correlation
among them with respect to a particular mineralisation, well
established with sufficient ground truth. Identifying such
expected anomalies become more complicated when the
geophysical signatures are absent or moderate, possibly due
to change in the properties of the geological structures and
variation in enrichment of different constituents or their
genesis. When more number of parameters involved with
such an uncertainty, visualisation of correlations among them
may not be appreciable to the extent in effective analysis

and interpretation of geophysical data. Quite often, the
presence of potential mineralisation reported, despite no
indication from geophysical signatures, hardly help to
establish any relation among them to represent such
scenarios, not affecting the general interpretation thumb
rules, due to multi-geophysical parameters.
Artificial Neural Networks (ANN) techniques are
proved to provide solutions for complex, non-linear
problems in the various fields, like pattern recognition,
classification, speech recognition etc. ANN are a data driven
artificial intelligent approach, attempts to simulate in
simplistic way the cognition capability of the human brain.
In contrast to traditional empirical based on theory, which
require a prior knowledge of relationship among different
parameters, ANN attempts to establish the same from data.
ANN are well suited for mineral exploration in identification
of potential mineralisation zones and classification, based
on multi-dimensional spatial data of geological, geochemical
and geophysical parameters of an area. Furthermore, the
maps generated by the models, not only predict known areas
of mineralization occurrence, but also identify the areas of
potential mineralization where no known deposit occurs.
This paper presents a brief overview of ANN and Fuzzy
logic, and demonstrates the identification and classification
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of subsurface strata of coal seams from geophysical well
log data, using the combined approach of both techniques
(Satyanarayana, and UdayBhaskar, 2009). Adaptive neurofuzzy inference technique which utilises the merits of neural
networks and fuzzy logic is used for classification. The
results of classification with the test data sets using the
network model show a good agreement with the ground truth.
The same approach can be applied to any mineral exploration
studies associated with multi-dimensional parameters.

tuned (adjusted) using either a back propagation algorithm
alone, or in combination with a least square type of method.
This allows the fuzzy systems to learn from the data used in
modelling. The mathematical details of the ANFIS are given
by Jang (1993).
ANFIS is a five layered network, as shown in the Figure
3, where each layer performs an operation for building the
fuzzy system. The process of each layer is described below.

Fig. 1. Schematic of multi-dimensional spatial data to neural network.

Adaptive Neuro-Fuzzy Network
Neuro-fuzzy systems (Jang, 1993, Jang et al 1997) are
hybrids of fuzzy systems (Russo, 1999, Zhang and Wang,
1997, Pal and Mitra, 1992, Takagi and Sugeno, 1985.
Takagi and Hayashi, 1991) and neural networks
(Haykin,S.,1994, Hayashi et al 1993). The neuro-fuzzy
systems exploits the learning capability of a neural networks
and the intuitive representation of knowledge found in a
fuzzy system. Thus a neuro-fuzzy system is simply a fuzzy
inference system (FIS) trained by a neural network-learning
algorithm, considering the criteria for selection of
membership functions, rule base and degree of overlapping
by FIS. Thus integrated neuro-fuzzy system combines
advantages of both ANN and FIS. The Adaptive NeuroFuzzy Inference System (ANFIS) introduced by Jang
(1993), is capable of approximating any real continuous
function on a compact set to any degree of accuracy (Jang
et al., 1997). ANFIS is proved to be an effective in various
geophysical problems such as classification and inversion
studies (Satyanarayana, and UdayBhaskar, 2009;
Satyanarayana and Arvind Kumar, 2008). Using a given
input/output data set, ANFIS constructs a fuzzy inference
system (FIS) whose membership function parameters are

For better illustration an example of ANFIS structure
corresponds to a two-input architecture with a 2 membership
functions for each input and 4 fuzzy rules.The four rules are
as follow:
(i) Rule 1: if x is A1 and y is B1, then z11 = p11x + q11y + r11
(ii) Rule 2: if x is A1 and y is B2, then z12= p12x + q12y + r12
(iii) Rule 3: if x is A2 and y is B1, then z21= p21x + q21y +r 21
(iv) Rule 4: if x is A2 and y is B2, then z22= p22x + q22y +r22

Z= å (Wij * Zij)/ å Wij
wherep, q, and rdenote the consequent parameters and w
weight vector derived from the ANFIS network.
Figure 2.shows the architecture of ANFIS
accommodating all four rules mentioned above.The first
layer is the input layer and nodes at this layer represent input
linguistic variable and directly transmit non-fuzzy input
values to the next layer. Every node in this layer is an
adaptive node with node function. And the second layer
defines the fuzzy sets and membership for each of the input
factors. Layer three is the fuzzy rule layer, which defines
all possible fuzzy rules to specify qualitatively how the output

Fuzzy Logic and Neural Networks
parameter is determined for various instances of the input
parameters. Layer four is the consequence layer (or the
output membership layer). Neurons in the consequence layer
represent fuzzy sets used in the consequent part of the fuzzy
rules. The output of layer 4, is comprised of linear
combination of inputs multiplied by normalized firing
strengths This layer’s nodes are adaptive with node functions.
The last layer is the output layer. Each node at the output
layer represents a single output variable and computes the
final output as the summation of all incoming signals.Layers
represented by squares are adaptive and their values are
adjusted when carrying out the system training. Layers
represented by circles remain invariable before, during and
after the training.
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neutron-neutron (NN) logs associated with sandstone, shale,
shaly-coal and coal layers (Figure 4). The minimum and
maximum values of log parameters (SPR, NG, N-N)
associated with sandstone, shale, shaly coal and coal are
shown in Table-1. The data digitized at regular intervals
contain a number of values of each log, within their minimum
and maximum range and the corresponding strata type.
Geophysical logs are to be considered as an important
tool for recognition and correlation of subsurface formations
Geophysical well log data of a coal field area provide
indirect means of assessing the variability in lithology of
subsurface along the borehole. Generally, electrical and
radioactive logging such as resistivity, single point resistance,

Fig. 2. Two input- four membership with four fuzzy rules- one output five layered ANFIS
network and their functionality.
For better understanding, a simple example of twoinput and four membership with two fuzzy rules is illustrated
(Figure 3). The membership functions and methodology of
computation of the output (z) as per rule (i) and (iv) are
also given.

natural gamma, neutron loggingare carried out to
discriminate the coal seams from other formations. Usually,
in a conventional approach or visual identification of
anomalous zone of interest, one looks for geophysical
signatures based on established nature of the variability and

Fig. 3. Example of two input- four membership with two fuzzy rules- one output

Geophysical Well log Data
In the present study, we have considered a limited
available information of the borehole logs of Kothagudem
and Godavari sub-basins from the published results
(UdayBhaskar et al., 2002), mainly to demonstrate the
methodology adopted in identification of different strata. It
is reported that the coal seams of Godavari Valley, exhibit
high values on resistivity, gamma-gamma and low values
on neutron and natural gamma log curves ( Rao et al., 1989,
1992).The data comprises of three log parameters, namely
single point resistance (SPR), natural gamma (NG) and

shape of each parameter corresponds to different
formations such as coal, sandstone, shale etc. The
variations in the signatures produced by the coal seams
may be attributed due to variations in the coal quality,
physical and the depositional environment. At times,
moderate, weak or absence of expected geophysical
signatures in some of the parameters make difficult to
explain and establish the relationship with the ground truth
represented by corresponding core samples. This may
be due to dirty partings in the coal, coal quality and
variation in chemical composition influencing the
geophysical signatures.
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to four representing a one of the four formations. Figure 4
shows the sequence of strata associated with actual log data.
The depth scale represents the only index of the sample
number.
We have used Sugeno ANFIS architecture with the fix
bell membership function, hybrid method for training and
3-input and 1-output structure. There are four member
functions for each of the input a total of twelve rules (Figure
5). ANFIS adjusts the membership function parameters,
which specify their shapes and partition of membership
function, are updated during training (Figure 6). It may be
observed that the shape of third membership function of
input 2 (NG) is significantly modified during learning. The
hybrid approach used in the present study for ANFIS training
employs back propagation for updating the parameters
associated with the input membership functions, and the least
squares estimation for the parameters associated with output
membership function. The network model is well simulated
to learn from training data which require only 8 epochs to
showarms error below 0.0005 (Figure 7).

Fig. 4. Data used for simulation and testing of the
network model. (a) borehole log data (b) corresponding
lithology section. SPR: Single Point Resistivity, NG:
Natural gamma, N-N: Nutron-Neutron.
Table 1. Different geological strata and corresponding
log parameters ranges.
Strata/Log
SPR range
NG range
NN range
Sand stone

120 - 150

80 - 110

500 - 600

80 - 100

110 - 120

10 - 30

Shaly Coal

110 - 130

140 - 150

1 - 20

Coal

140 - 160

60 - 80

1 - 10

Shale

Identification of Coal Seams Using ANFIS

Fig. 5. Three input and one output ANFIS structure with
four MFs for each input. Inputs: SPR- Single point
resistance, NG- Natural gamma, N-N- Neutron-Neutron.

In view of the above uncertainty, establishing
relationship among the various geophysical log parameters
through a neural network model for known formations will
help to overcome some of the problem discussed. The
efficacy and the validity of the model depends on input
geophysical data and ground truth representing possible
depositional conditions and other aspects like chemical and
physical properties, used in simulation.
While considering the data for modeling, the data is
randomly sampled along with litho information, for making
the model more general. The litho log of core samples
indicate four type of formations such as sandstone, shale,
shaly coal and coal and the corresponding well log data are
sorted and labeled with index from 1 to 4 respectively. The
normalized well log data is divided into two data sets and
used the first one for training and simulation, and the second
for validation of the ANFIS network. Therefore, the output
value of any test data represents by an integer between one

Fig. 6. Membership functions (a) before (b) after
learning during ANFIS simulation.
Visualization of the contribution of any of the two input
data to output class ( 1 to 4) is shown Figure 8 provides
some insight of their boundaries. It is observed from the
figure (Top) that a direct proportionality between SPR
(input1) and NG (input2) associated with sandstone (output
value 1), while shaleis associated with high values
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(0.6-0.7) of NG and SPR values less than 0.5. In contrast,
shaly-coal shows both SPR and NG values in the range of
0.6 to 0.7. High values of SPR (> 0.7) and moderate values
(0.3 to 0.4) of NN are associated with coal(center figure).
Figure 8 (bottom) indicates, NN range from 0.1 to 0.3 for
both shaly coal and coal, but NG values ranges from 0.4 to
0.6 and 0.6 to 0.8 respectively.

Fig. 7. RMS error in simulation of ANFIS
model with training data

Fig. 9. Validation of the network model with test data, not
used in simulation. (a) Borehole log data as test data (b)
Predicted lithology for test data (c) actual lithology.

Discussion of Results

Fig. 8. Contribution of any two inputs to the output. in1:
Single point resistance ; in2 : Natural gamma; in3:
Neutron-neutron, out1: output

The simulated ANFIS network model istested for its
efficacy in classification of different strata. For this, the
second part of the data, not used in training is subjected to
the network model and the results are shown in Figure9.It
may be observed from the training data Figure 4), that out
of three log parameters used in the study, natural gamma
able to discriminate the all four lithology without any
fuzziness. In the case of neutron-neutron log, it differentiates
the sandstone to some extent from the rest by its characteristic
low. In contrast, single point resistivity shows low against
shale and unable to differentiate the rest three. It may not
be possible to classify all the formations by any single
parameter for complex geological environments, despite
general expected lows or highs in each log response exists,
but masked by adjoining formation influence. It can be seen
from the results test data (Figure 9) that the difficulty in
classifying the sandstone adjoining the coal from NN log,
associated with lowsunlike in training data. However the
network has successfully classified all the four strata
irrespective of their thickness and, over and underlying strata,
by taking account of other logs. Therefor the approach is
very effective and allows to assign appropriate membership
grade values as a function of input to output, during
simulation of the model to overcome these problems. The
model works well with any data sets that fall within in the
limits of training data range, used here. Otherwise, the same
model can be trained with a new data set, to account for
different possible environments to make the model more
general.
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Conclusion
In fact, the method is intended for overlapping domains,
will also work for simple cases with crisp boundaries. As
mentioned earlier, whenever we encounter a strata of
heterogeneous nature, ie., contaminated with any of the other
formations, we do not get the expected response pattern of
geophysical signatures, and makes difficult to discriminate
different layers, leads to fuzzy. Also it is difficult to identify
the relatively thin layers of any formationembedded
associated with moderate geophysical response due to
influence of the adjoining formations.
The network model based on ANFIS able to simulate
the behavior of multi-component sensor borehole log data
and can be used as an expert system in identification of
substrata. Similar approaches can be easily adopted for
mineral exploration associated with multi-dimensional
geophysical parameters and any multispectral data.
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Abstract
The lower Proterozoic volcano sedimentary sequence of Bijawar basin has significant uranium occurrences along
the northern margin of the basin. Heliborne geophysical surveys comprising of magnetic, transient electromagnetic
(TEM) and radiometric were carried out in Bijawar basin in order to delineate structures and associated conductors
which are favorable locales for uranium mineralization. Integrated interpretation of the data resulted in revealing
conductive horizon near Hirapur which appears to lie below Bajna Dolomite and/or Hirapur Phosphorite. The presence
of conductors near basement-cover contact, faults transecting both basement and cover rocks and presence of radioactive
anomalies in the phosphoites were inferred.
Ground geophysical surveys comprising of Induced polarization (IP) and TEM surveys were carried out to characterize
the conductors in Hirapur area. In this regard, it is important to accurately delineate the polarizing zones over an area
using IP survey. Uranium is often found associated with discrete conductors like disseminated sulfides. Hence depth to
the top of the conductor is estimated in the area using TEM sounding and profiling surveys.
High chargeability with associated low resistivity zones were delineated in Hirapur-north and south block using
time domain IP surveys. In Hirapur area, the zone lies beneath Bajna dolomites exposed in the area. The causative
source for IP chargeability anomalies are attributed to the subsurface polarizable material like disseminated sulfides,
carbonaceous/ graphitic shale and clay alteration at the faulted contact between basement granite and Bijawar sediments.
TEM sounding results have indicated that the depth to top of the conducting layer is about 50-60m in Hirapur. The
conductors delineated from TEM profiling surveys in Hirapur area have correlated quite well with that of heliborne EM
results. The EM anomalies occur at the faulted contact of Bajna Dolomites and Malhera Chert breccia. The results
indicate that the high chargeability within the highly conductive zone could be targeted for uranium mineralization.
Key words: Bijawar basin, Heliborne TEM anomalies, disseminated sulphides, Ground IP and TEM anomalies,
radioactive anomalies in phosphorite

Introduction
Geophysical techniques have been an integral part of
uranium exploration program of Atomic Minerals
Directorate for Exploration and Research (AMD). Although
emphasis was on initially on gamma-ray based prospecting
techniques for locating surface anomalous zones, the
geophysical prospecting paradigm has been shifted
continuously with time. Latest efforts are mainly
concentrated towards the delineation of deep subsurface
geological features and structures having bearing on ore
localization and of conducting zones presumably conducive
for uranium mineralization. Geophysical strategies usually
associated with uranium exploration commence with
literature review of the geological setting of the basin/area
followed by remote sensing to mark surface regional features.
Subsequently integrated heliborne geophysical surveys are
carried out comprising of magnetic, TEM and Airborne

Gamma ray spectrometry (AGRS) to mark potential zones
of uranium mineralization. Magnetic data facilitates in
demarcating subsurface basic dykes, regional subsurface
faults and folds. Heliborne In loop TEM profiling survey is
usually carried out to mark conductive beds, faults and litho
logical contacts. AGRS provides information about uranium,
thorium and potassium-40 content in the surface soil (not
more than 30 cm below surface). Based on the information
derived from the interpretation of airborne data, ground
geophysical studies are taken up for the detailed study of
the area which is the most favorable for detecting subsurface
uranium mineralization. The subsurface uranium exploration
using geophysical techniques is an indirect approach. Many
uranium deposits are hosted in lithologies, or are hosted with
a stratigraphy, or structures which have some measurable
physical property contrast. Uranium mineralization is often
associated with conductive sulfide bodies such as pyrites
and chalcopyrite. Uranium is also found attached with
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conductive graphitic body. In this regard, induced
polarization (IP) and transient electromagnetic (TEM)
methods are quite suitable for indirectly detecting the
presence of uranium minerals in subsurface. Ground
geophysical studies are done for checking the location of
conductors identified by heliborne surveys and to
characterize the nature of subsurface conductors. The field
area (fig. 1) is located about 85 km from Sagar and 65 km
from Tikamgarh. It is well connected by NH-34. Nearest
railway station is at Sagar. The geographical location of
center of the survey block is Lat: 24° 23’, Long: 79 ° 10’marked
by a triangle in fig. 1. It lies on Toposheet no. 54 P/3.
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the field season 2002-03, the north-eastern part of the basin
was checked for uranium mineralization along its contact
with the basement granite. The investigations revealed
uranium mineralization assaying up to 0.044% U3O8 within
the Malehra Chert Breccia Formation (MCBF) near its
contact with the basement granite.
Extensive ground radiometric and geochemical studies
of the several promising areas in the basin for the last few
decades resulted in locating several uraniferous anomalies
associated with various geological structures. Recently,
during the period 2009-10, AMD outsourced the promising
areas in Bijawar basin for conducting Heliborne magnetic
and TEM surveys in order to define the associated deep
seated basement structures and controls of uranium
mineralization whose results are discussed below.

Results of Recent Heliborne Geophysical
Surveys in Bijawar Basin

Fig.1. Ground checking of Heliborne EM anomalies by
TDIP andTEM surveys in parts of Hirapur.

The heliborne TEM survey over Bijawar basin revealed
high conductive horizon (fig.1) near Hirapur which appears
to lie below Bajna Dolomite and/or Hirapur Phosphorite
exposed in the area. Presence of conductors near the
basement – cover contact, faults transecting basement and
cover rocks, ground radioactive anomalies and indication
of uranium mineralization in some boreholes, prompted
further follow up surveys in the area around Hirapur before
execution systematic drilling activity.

Uranium exploration history of AMD in
Bijawar Basin
AMD has extensively studied the areas in Bijawar basin
since 1960’s for uranium exploration to locate economically
viable deposits. Geological, radiometric and hydro
geochemical surveys over parts of basement and Bijawar
Group of rocks since 1969 indicated quite a significant
anomalous uranium occurrences, majority of which lies in
quartz reef within basement and Malhera chert breccia of
Bijawar Group exposed along the northern margin of the
basin. Detailed ground radiometric surveys were also carried
out in Hirapur-Mardeora tract and recorded anomalous
radioactivity values in ferruginous phosphatic shale/
sandstone and followed by shallow borehole drilling with
maximum drilled depth of 153m during 1975-77 to probe
uranium potential of the phosphorites (Rawat et al). The
boreholes intercepted number of lean bands of uranium
mineralization (up to 0.027%eU3O8) and 15 tonnes of U3O8
has been established in 60000 tons of ore. Subsequent
radiometric investigations during 1978-79, 1995-96, 96-97,
and 97-98 were mainly confined to the basement granitic
rocks and associated quartz reefs to the north of Bijawar
basin which helped in locating several uraniferous anomalies
in granites, in quartz reef and in the basic rocks within granite
(Sen, D.B., Mishra, B. and Bhattacharya, D. (2000). During

Fig. 2. Heliborne EM conductors and faults marked on
geological map of Bijawar Basin

Objectives of the Ground Geophysical Survey
The main aim of carrying out detailed ground geophysical
survey comprising Induced polarization and Transient
electromagnetic method in Hirapur area was
1) To characterize the conductors identified by
Heliborne Transient Electromagnetic (H-TEM)
survey.

Characterization of conducting zones
2) High chargeability-low resistivity favorable for
Uranium mineralization.
3)

To estimate the thickness of conductive sediments
overlying the Bundelkhand granite gneissic
basement in the proposed area using TEM
soundings.

4)

To correlate the heliborne TEM results with ground
TEM surveys.

111
stratigraphy of the basin based on the systematic mapping
of the entire basin, along with the subsurface data available
in the western part. The BGC forms the basement for the Bijawar
Group of rocks and is exposed in northern, western and eastern
margin of the basin. Along the southern and southeastern margin
of the basin, the Semri group of rocks of Vindhyan Super
group unconformably overlay the Bijawar Group of rocks.

Brief Geology of the Bijawar Basin
The rocks of Paleo Proterozoic Bijawar basin (Fig. 3)
covering an area of about 450 square km are exposed along
the southeastern margin of the Bundelkhand massif. The
Bundelkhand Granitoid complex (BGC) occurs as a segment
of the Indian shield bound by crustal faults with E-W trending
Narmada-Son lineament in the south and normal faults of
Indo-Gangetic trough in the north. The granitic activity in
the region is the major petrological episode, which has
masked several earlier events. The Bijawar basin (fig. 3)
extends for about 80 km along ENE-WSW direction from
Kawar in the east to Luhani in the west with width varying
from 4 to 20 km and contains ~ 1000 m thick sequence of
volcanic rocks, clastic infillings and chemical precipitates.
The name Bijawar was proposed by Medlicott (1859).
Wilson (1873-77) mapped the area and classified Bijawar
in four sub divisions. Later on, various workers such as
Mathur (1969) and Halder and Ghosh2 (2002) worked in the
Bijawar Basin and Kumar et.al. (1990) presented the revised

Fig. 3. Geological Map of Bundelkhand Craton showing
the location of Bijwar group of rocks overlying
Bundelkhand granite and underlying Vindhyan supergroup

Fig. 4. Regional geological map of Bijawar basin showing covered by geophysical surveys which
lies in south western margin of the basin (modified after Kumar et al)
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Table-1: Litho-stratigraphic classification of Bijawar Group of rocks in Hirapur Basin (Kumar et al) (1990)
Group

Subgroup

For mation

Member

Lithology

Thickness (m)

Semri Group (Vindhyan Supergroup)

Moli Subgroup

Bijawar Group

Gangau Subgroup

~~~~~~~~~~~~~~~~~ erosional and structural unconformi ty ~~~~~~~~~~~~~~~~~~~~
Karri Ferruginous
Fm.
Basic int rusives and quartz veins
Highly ferruginous sandstone and shales with
intraformati onal conglomerate and breccia
Hirapur
Phosphati c shales, sandstone, chert, dolomite
Phosphorite Fm.
and breccia
~~~~~~~~~~~~~~~~~~~~ angular unconformity ~~~~~~~~~~~~~~~~~~~~~~~
*Dargawan
Medium to coarse grained diorite and gabbro
Intrusive Fm.
Bajna Dolomite
Stromatoli tic cry stall ine dol omite with chert
Fm.
interbeds
Raidaspur a
Quart arenite, dol omite, conglomerate and
Member
Malehra Chert
basaltic traps
Br eccia Fm.
Sendhpa
Bedded chert, jasperite and dolomite
Member
*Kawar Volcanic
Basaltic traps, quartz areni te and basal
Fm.
conglomerate
~~~~~~~~~~~~~~~~~ erosional and structural unconformity ~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Bundelkhand Granit oid Complex

120

60
100
100
55
80
70

Basic and ultrabasi c dykes

*Formation unexposed/absent in our survey area

Local Geology of Hirapur Areas of Bijawar separation used was 120m (n=3) covering an area of 1 sq.
Km. Owing to the difficulties in injecting current using
Basin (1Basu Himadri 2012)
The Hirapur-Luhani-Tigoda sector exposes parts of the
Bijawar sediments deposited in the Hirapur Basin. Here, the
Bijawars are represented mainly by the Hirapur Phosphorite
Formation and subordinate amount of Karri Ferruginous
Formation of the Gangau Subgroup. Survey was mainly
carried out over the sediments of the Hirapur Phosphorite
Formation. Regionally the sediments of the Gangau
Subgroup overlie the sediments of the Moli Subgroup with
a low angle angular unconformity. But in Hirapur-LuhaniTigoda sector, they directly non-conformably overlie the
granitoids and schists of Bundelkhand Granitoid Complex.
Different lithologies exposed in the survey area include
ferruginous conglomerate /breccia, fine grained sandstone,
shaly siltstone, purple shale, phosphorite, dolostone and
cherty limestone. The sediments show a broad NW-SE trend.

Acquisition of IP Data
IP survey was conducted using Phoenix geophysics
System 2000.net instrument. As the strike of known Heliborne
EM anomalies in Hirapur area was roughly in East-West
direction, so IP profiles were laid across the strike direction
i.e. North-South. Initially IP survey was started with Dipoledipole array and five profiles were covered out using this
array. The current electrode spacing and potential electrode
spacing was maintained at 40m each and the dipole

dipole-dipole array due to extensive exposures of highly
resistive dolomites in the area, gradient array was chosen
for carrying out rest of the IP profiles in Hirapur. Gradient
array consists of four electrodes – two current electrodes
(C1 and C2) for injecting the current into the ground and two
potential electrodes (P1 and P2). In this array the current
electrodes are fixed at their locations separated by a constant
distance. The two potential measuring electrodes are moved
along the line connecting the current electrodes with a fixed
separation for recording the IP parameters. Stronger currents
could be injected using gradient array into subsurface
(Sumner 1972). The current electrode spacing was
maintained at 2000m and potential electrode spacing of 40m
was used as shown in fig. 5. Simultaneous measurement of
potential difference was made using four porous pots. The
plotting point is the mid-point of two adjacent potential
electrodes in gradient array and at the centre of total array
length in Dipole-dipole.
Current
Electrodes
C DE F
Potential Electrodes
40m each
Connected to V8 receiver box
2000m

Fig. 5. Gradient array layout used in our survey

Characterization of conducting zones
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The time domain IP survey was carried out in order to
delineate the anomalous zones of high chargeability and low
resistivity. The survey area as shown in figure 6 with
north-south profiles was divided into two blocks, namely
Hirapur South Block and Hirapur North Block. The area
was divided into north-south blocks on the basis of IP profiles
carried out at Southern or northern marginal contact of
basement with sedimentary formations of Bijawar basin. An
area of 7 sq. Km was covered using time domain IP in
Hirapur.
In figure 7, IP profile along W10 line in south block

W20

W10

W15

clearly depicts anomalous high chargeability and
corresponding low resistivity zone which lies between station
locations 1400-1600. Likewise this anomalous zone was
delineated in every IP profile carried out in Hirapur south
and north blocks. We recorded IP data in fifteen time
windows, early time channels at places have shown EM
coupling effects due to conductive formations occurring as
layers and utilization of gradient array giving rise to
“Negative IP effect”(Telford et al). Apparent chargeability
values for sixth time window (Wnd-6) was taken to prepare
contour map as sixth time window is free from effects of
positive/negative EM coupling.

W6

Hirapur nort h bloc k

W5

W20

Hirapur sou th block

W 15
W 10

WO

Fig. 6. Layout map of IP profiles carried out in Hirapur area superimposed over geology
High chargeability-Low resistivity zone: IP anomaly

Fig. 7. The graph shows IP profile plotted for W10 line Hirapur- South Block. The
station locations are plotted on X-axis the resistivity profile is plotted in log scale on
right side (Y-axis) and chargeability profiles (Y-axis) for fifteen time windows and
Newmont chargeability is plotted on left side.
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The interpreted chargeability and resistivity depth section
Interpretation of IP Anomalies of Hirapur
is
shown
in fig. 9 for dipole - dipole survey using different
South Block
South Block of Hirapur was carried out using dipole-dipole
array for W0-W5 lines and gradient array for W5 to W20
lines. In total, 21 profiles have been carried out in this area.

levels (3) of ‘n’. Here unit electrode spacing is 40m for n=1.
The high chargeability-low resistivity zone is marked in white
dashed line. Zone A extends from near surface to a depth
greater than 45m and zone B appears to be occurring at depth
of 30m and extending further down.

Dipole-Dipole survey maps (Zero-W5 lines)
The chargeability map clearly identifies two high
chargeability zones (A and B) extending in NW-SE direction
and the order of anomalies measured varies between 25-75
mV/V. These high chargeability zones are also rfound to be
associated with low resistivity values with respect to the
zones devoid of chargeability anomalies. These anomaly
zones are attributed to the combined response of
disseminated metallic sulphides and/or conducting
carbonaceous shale. Resistivity map have identified a couple
of interesting features (F1 and F2). F1 runs in NW-SE
direction depicting the contact of basement granite in the
south with brecciated formation and F2 which defines the
contact of brecciated zone with Karri ferruginous formations.
Another important feature, fault F3 was noticed revealing
the deformation trend of the Bijawar basin.

Interpretation of IP Anomalies of Hirapur
South Block
Fig. 10 is the combined interpreted map for the Hirapur
south block area surveyed by gradient as well as dipoledipole array. Lines W4 and W5 have been carried both by
dipole - dipole and gradient array configuration so as to cross
check the IP anomaly variations. Gradient array has good
resolution in detecting vertical fractures less than or equal
to potential electrode spacing (=40m in our survey), it
minimizes the electrode effects and has greater depth of
investigation as compared to dipole-dipole array. Our
objective was to delineate high chargeability-low resistivity
zone most accurately and hence gradient array proved most

+ Interpreted Heliborne-TEM anomalies

Fig. 8. Apparent chargeability and apparent resistivity maps for IP profiles carried out using Dipole-dipole
array, Hirapur south block

Characterization of conducting zones
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Fig. 9. Pseudo section of apparent chargeability and apparent resistivity for zero profile
suitable for the purpose which is evident from the maps
prepared. High chargeability-low resistivity anomalies are
identified over a strike length of 4km. IP anomalies are
occurring to the north of faulted contact ‘F2’ deciphered from
resistivity data that defines the contact between brecciated
Hirapur phosphorites and Bajna dolomites. The high
chargeability (A) anomalies as described earlier from figure
8 are attributed to the combination of carbonaceous matter
and disseminated sulfides present below the Bajna dolomites
since dolomite formation do not contribute to the IP
parameters. When correlated with the apparent resistivity map,
the high chargeability zones falls just in the north of the high
to low resistivity gradients indicating a change in lithology at
depths. The high chargeability (A) - low resistivity (R1) zones
trend in NW-SE direction and was attributed to the combined
response of disseminated metallic sulfides and carbonaceous
matter along the faulted/fractured contact below Bajna

dolomite. The NE-SW trending faults/fractures are marked
on the basis of discontinuity in chargeability trends in apparent
chargeability image map and these are corroborating with the
deformational trends of the basin. Another important feature
marked with yellow coloured dotted line is the moderate
chargeability zone occurring over the quartz reef within the
basement granite trending in NW-SE direction where at some
places malachite stains have been noticed. Apparent resistivity
map indicates lateral resistivity variations due to formational
changes from south to north along all traverses. Prominently
discerned over high resistivity granitic zones are the NE-SW
linear high resistivity features impressed over the normal NWSE trend of the formations. These are the fault/fractures
developed in the Bijawar basin due to tectonic forces where
in which intrusion of basic dykes has been reported and are
clearly visible in the breaks/change in chargeability (dashed
line) and resistivity anomaly trends.

A

R1
F2
B

+ Interpreted Heliborne-TEM anomalies

Fig. 10. shows apparent chargeability (left) and apparent resistivity (right) image maps carried out in
Hirapur South block
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Interpretation of IP Anomalies of Hirapur deciphered by IP surveys in Hirapur blocks. The objective
of carrying out TEM sounding surveys was to map the
North Block
About fifteen profiles (W6-W20) were carried out in
Hirapur north block using gradient array. The interpreted
map is presented in fig. 11. The trend of high chargeabilitylow resistivity zone is roughly east – west and show strike
length of 2.6 km. The area is mostly soil covered with few
exposures of dolomites. High chargeability amplitudes of
the order 50 mV/V are recorded over background amplitude
values of 20mV/V. These chargeability anomalies are
identified over a brecciated and fractured dolostone intruded
by quartz veins. The high chargeability anomalies are also
associated with low resistivity anomalies (<10 ohm m).
Conducting and polarizing material source could be present
below the brecciated zone and can be attributed to metallic
sulphides and carbonaceous shale. The fault F4 trending
NNE-SSW is interpreted due to discontinuity in apparent
resistivity contour trends. It is evident in apparent resistivity
map also as the width of low resistivity zone is quite thin in
the middle part.

vertical conductivity variations with respect to depth. The
depth to top of the conducting layer was an important
parameter to be determined with the help of TEM sounding
surveys. The square loops of size 200m x 200m was laid on
the ground and receiver was kept at the centre of the loop.
The receiver is a small square box consisting of three
mutually perpendicular coils oriented in X, Y and Z directions
respectively. The effective area of each coil is 63 m2. Figure
12 shows TEM in-loop layout used in the field.

Fig. 12. Typical In-loop TEM layout (Phoenix
Geophysics, 2009: Data processing. User’s guide)
Additionally three TEM profiles were also carried out to
correlate the heliborne TEM results conducted in Bijawar
Basin with higher degree of lateral resolution. Three TEM
profiles were carried on W5, W10 and W15 lines in Hirapur
block at an interval of 1000m. A large fixed transmitter loop
of dimension 400m x 400m was laid on the ground some
distance away from the deciphered high chargeability and low
resistivity anomaly locations. Rate of change of secondary
magnetic field in three components – two horizontal (dBx/dt
and dB y/dt) and one vertical (dB z /dt) were recorded
simultaneously at an interval of 40m along all these lines.

Inversion of TEM Soundings of Hirapur Area

+ Interpreted Heliborne-TEM anomalies

Fig. 11. apparent chargeability and apparent resistivity
image maps carried out using gradient array Hirapur
North block.

TEM Data Acquisition
TEM data was initially acquired in sounding mode using
in loop configuration. About fifty TEM soundings were
conducted over the high chargeability-low resistivity zone

Based upon the resistivity decay curve three layered or
four layered model was prepared after inversion for the
soundings in the Hirapur block. The interpreted results
(figure 13 and 14) show the thickness of different geological
formations and their resistivity and the bottom most layers
show the high resistivity formation. Depth to high resistivity
formation below the high conductivity layer in these blocks
is in the range of 60m to 115m. This may indicate that the
low resistivity and high chargeability zone extends to a
maximum depth of 60 to 115m and accordingly boreholes
can be planned to intercept these depth range. Along W10
line, soundings were carried out and sounding data was
inverted to map variation of basement across the strike of
the basin. A three layer model for each of the sounding was

Characterization of conducting zones
modeled. Variation of depth and thickness of each layer is
noted down and depth section was generated. The fig. 15
shows interpreted geo-electric section along W10 line where
L1, L2and L3 represent depth points of dolomite,
carbonaceous shale and chert breccias beds respectively. The
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figure also illustrates two IP profiles at the basin margins
indicating high chargeability and low resistivity anomalies
due fault/fractures affecting the formations. These are the
potential zones for sulfide mineralization and associated
uranium mineralization.
Dolomite

Carbonaceous
shale

Chert breccia
dolomite

Fig. 13. Inversion of TEM Sounding at W14.5-N77.5 (Hirapur North Block)

dolomite

Carbonaceous
Shale

Chert breccia

Fig. 14. Inversion of TEM Sounding at W14.5-N77.5 (Hirapur South Block)

Fig. 15. Geo-electric section along W10 line, Hirapur block where L1-Dolomite, L2-Carbonaceous
shale, L-3 Chert breccias are depth points of layers correlated with IP profile along same line.
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Analysis of TEM Profiles
TEM profiles carried out along W5, W10 and W15 lines
represent the measured rate of decay of secondary magnetic
field in X as well as Z directions (dBx/dt and dBz/dt). The
TEM anomaly represents the peak of X-component
coinciding with crossover in Z-component of rate of decay
of secondary magnetic field. Fig. 16 and fig. 17 shows TEM
profiling results for W5 and W15 lines correlated with IP
results. The location of conductors is marked with a pink
line and the edge of the loop is marked by black line. The
edge of the loop is quite near to the inferred EM anomalies
on W5 line. However for late channels of TEM data the
edge effect of transmitter loop is not significant. The

Shrivastava et.al.,
chargeability and resistivity data are black dotted curves
plotted on secondary axis in log scale. The EM conductors
are correlating quite well with chargeability and resistivity
curves. It can be observed from the figure 16 and 17 that
EM conductors are falling at the contact of Bajna dolomites
and Malhera chert breccias whereas high chargeability–low
resistivity zones are occurring over the dolomitic formations.
It also shows that ground locations of heliborne TEM
anomalies are matching quite well with the ground TEM
anomalies with higher degree of lateral resolution. It can be
concluded that the presence of highly conducting minerals
within high chargeability –low resistivity zones below Bajna
dolomites could be potential targets for uranium
mineralization.

Loop edge

Fig. 16. TEM profiling along W5 line (correlated with TDIP data brown dashed lines-apparent resistivity and pink
dotted line- apparent chargeability) where coloured lines show variation of dBx/dt along W5 line

Conclusions
Time domain induced polarization surveys effectively
facilitated in delineation of high chargeability-low resistivity
zones in Hirapur – north and south blocks for a strike length
of 4km. In Hirapur area, the zone lies over Bajna dolomites
exposed in the area. The cause of IP anomaly was certainly
attributed to subsurface polarizable material which lies below

Bajna dolomites. The causative features interpreted as due
to subsurface conducting and polarizing material like
disseminated metallic sulphides and carbonaceous shale.
Additional surveys such as transient electromagnetic surveys
in sounding mode have indicated that the depth to the top of
the conducting layer is about 25-50m in Hirapur block. TEM
profiling surveys in Hirapur area have correlated quite well
with heliborne EM results. The EM anomaly (crossover in

Characterization of conducting zones
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Loop edge

Fig. 17. TEM profiling along W15 line (correlated with TDIP data black dotted lines-apparent
resistivity and black dashed line- apparent chargeability) where coloured lines show variation
of dBx/dt and dashed coloured lines show variation of dBz/dt along W15 line.
dBz/dt component and high in dBx/dt component) occurs at
the faulted contact of Bajna dolomites and Malhera chert
breccias. Highly conducting minerals within the high
chargeability - low resistivity zone could be potential targets
for exploratory drilling to intercept associated uranium
mineralization.
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Abstract
Any major construction work like power plants, high rise buildings, bridges etc., calls for a well-considered approach
in view of the restricted timeframe and finance. In planning and development of project adequate knowledge of the
geotechnical conditions at site is important besides the other factors that are involved. Application of tools and techniques
that are helpful in enhancing efficiency of the geotechnical evaluation study is therefore preferable.
Engineering geophysics is an efficient means of subsurface investigation. The merit of application of this low cost
aid lies in its ease of deployment and rapidity in providing a reliable knowledge of the underground over a large area,
substantiating the requisite geotechnical evaluation studies thereby. Technological advancements and development of
portable digital data acquisition instrument systems have increased the versatility in evaluating underground conditions
and site characterization.
The state-of-the-art subsurface geophysical investigations are helpful towards minimizing involvement of the
conventional direct exploration methods, aiding in accelerated and economical development of the construction projects.
It is an established fact that a single geophysical method cannot resolve all the problems associated with subsurface
investigations. As an example, seismic refraction cannot ‘see’ low velocity zones under rock interface, which might be
present under certain geological conditions. There is therefore need for integrated application of various geophysical
techniques like seismic refraction, resistivity imaging, ReMi, Crosshole/ downhole/ uphole seismic and seismic reflection,
to determine various properties of subsurface like bedrock quality and depth, low velocity zones (even under rock
interface), fault/ fracture/ shear zones, water lenses, tunnel route geology etc.
Present paper discusses certain unique applications of these geophysical methods in conditions generally considered
to be adverse to such applications. The discussed cases include:

•

Integrated Geophysical approach for investigation and monitoring of dams

•

Electrical Resistivity Tomography to detect cavity in sandstone, conducted on exposed sandstone, which is
considered difficult due to absence of top soil to put electrodes.

•

Streaming Potential Survey (in combination with electrical tomography, GPR, ReMi and Seismic Refraction)
on dam top having 1m thick concrete slab, posing problems for contact of porous pots.

•

Geophysical investigations across flowing river, having floating electrodes.

•

Geophysical surveys to detect leakages from water pipelines.

The objective of paper is to demonstrate efficacy of various techniques with little innovation in field procedures.
The paper also briefly touched on present use of engineering geophysics in India and way forward.

Introduction
Sub-surface imaging by means of geophysical survey
is a powerful tool for site assessment and mapping which
historically has been under-utilized world-over. Continuing
improvements in survey equipment performance and
automation have made large area surveys with a high data
sample density possible. Advances in processing and
imaging software have made it possible to detect, display,
and interpret small geological features with great accuracy.
Some of the unique advantages of geophysical survey:

•

Geophysical methods are quick to apply, saving in terms
of time and money.

•

Light and portable equipment allows access to remotest
of sites.

•

Provides information on critical geological features like
faults/ fractures/ weak zones/ shear zones, not visible
from surface information

•

Large areas mapped quickly and inexpensively

•

Researchers can assess site conditions, and target
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specific locations for detailed investigations by drilling,
while avoiding others.

•

Geophysical methods can quickly produce subsurface
geology avoiding delays during execution due to
meeting the unexpected.

for various geological materials. It is therefore recommended
to use an integrated approach to uniquely resolve the issues.
Description of various geophysical methods commonly used
for geotechnical investigations has been provided in
following sections. Table-1 presents capabilities and
limitations of various techniques:

•

Shear wave profiles can be quickly obtained for
ascertaining liquefaction potential and earthquake
response.

Integrated Geophysical Approach for
Investigations and Monitoring of Dams

•

Buried utilities, pipes and cables, can be detected before
drilling/ excavation, avoiding damage to utilities and
costly accidents.

•

Concrete structures can be quickly scanned to ascertain
integrity and detect defects like voids, honeycombing etc.

A detailed survey plan should be worked out in
consultation with the client, to address to critical issues. The
right combination of various available tools should be chosen
to resolve the problem in unique manner.
Surveys which are both successful and cost-effective
must satisfy a number of basic requirements. They must be
implemented using appropriate and properly configured
survey equipment. The data sampling strategy and density
must be matched to the spatial resolution and statistical
requirements of the survey. Monitoring the quality of data
while in the field is mandatory, and post survey data
processing must be both appropriate and mathematically
sound.
The chosen geophysical contractor should have
experienced personnel and advanced instruments to carry
out high resolution geophysical surveys for geotechnical
investigations. The survey methodology and tools to be used
should be decided in consultation with the client and
depending on site conditions and objectives of survey. A
technical report describing the work, including high
resolution maps with detailed interpretation, should be
presented to the client upon completion of analysis.

Geophysical Methods
The appropriate techniques for investigations should
be chosen based on:

•
•
•
•
•
•

Objective of investigations
Resolution required
Depth penetration required
Physical property to be defined
Geology of the area
Nature of target & host material

It is a proven fact the in most of the cases, use of
just a single geophysical technique will not reveal unique
results, as there is a vast overlap of any physical property

Dams in the country represent a major investment and
huge benefits to population in terms of irrigation, power
and flood control. Most of the big dams are very old and
regular monitoring and maintenance of these dams is of
utmost importance for continuing benefits. Unlike soil
investigations, critical nature of dams, does not permit
traditional invasive inspections by means of drilling, and
such inspections are best avoided unless extremely
important, and are done only when problem is too grave.
Although long recognized that dams need periodic inspection
and monitoring, it has only been recently recognized that
geophysical surveys can supplement the results of standard
inspection and monitoring techniques. Geophysical surveys
have been performed on a number of dams around the world,
including India, and have yielded extremely useful insight
into dam conditions. Seismic refraction surveys have been
performed to provide a cross-section of the dam embankment
and foundation materials in terms of seismic characteristics.
Self Potential (SP) surveys have been performed to
investigate seepage conditions within dam embankment and
foundation materials, and abutment materials. Electrical
Resistivity Tomography is also routinely performed on dams
to determine internal saturation conditions in dams. ReMi
is effectively used to determine shear wave velocities (Vs)
in dams.

Dam Geophysics
In the event of a dam failure, the economic loss as well
as the potential hazard to life and property could be
enormous. Typical dam safety surveillance consists of visual
inspections supported by limited instrumentation. However,
the problems in dams can become quite advanced before
the problem is detected via these means. Recently, interest
has grown regarding the use of non-intrusive geophysical
techniques to facilitate early detection of anomalous seepage,
piping, internal erosion and other degradation issues
Geophysical methods are sensitive to contrast in the
physical properties in the subsurface. Different methods
respond to different physical properties, like material
strength, material conductivity (linked to water saturation),
fluid movement (seepage), change in density etc. The
application of geophysical methods to dams enables
detection of problems in early stages and hence can become
part of dam safety surveillance program.

Innovative use of Engineering Geophysical
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Table-1 Geophysical Surveys for Subsurface Investigations
Method

Typical Applications

Advantages

Changes in strata type
(soil, weathered rock,
rock), rock quality
(jointed, weathered),
elastic properties

Rock interface,
overburden mapping,
rock quality, degree of
weathering/ jointing,
faults, fracture
mapping

Quick to apply,
continuous
information of
subsurface, rock
profile

Land or water

Moisture content
variations, conductivity,
water table, porosity

Soil-rock profile, water
table determination,
weak zone delineation,
detection of weak
zones under rock
interface, buried
channels.

Capability to see
beyond rock
interface, detects
loose zones,
cavities etc.

Land or water

Change in shear
properties of medium

Determination of shear
wave profiles (to
determine liquefaction
potential, earthquake
response)

Determines shear
wave profile
without any
boreholes. More
advanced and
easier than
MASW/SASW

Land or water

Difference in elastic
properties. Variations in
S Wave or P Wave
velocity.

Detailed analysis to
obtain P and S wave
velocities with depth
for dynamic moduli:
Poisson’s Ration, shear
modulus, bulk
modulus, Young’s
modulus

Determines elastic
modulus for even
very thin layers.
Land
Able to detect
small, thin layers in
subsurface.

Difference in acoustic
impedance (velocity x
density)

Detects interfaces,
maps faults/ fractures/
water lenses/ shear
zones along tunnel
routes

Detailed
investigation of
tunnel route.
Land
Penetration
possible upto 1000
meters.

Ground Penetrating
Radar

Change in dielectric
properties

Detection of buried
pipes and cables, with
exact location and
depth. Also used for
inspection of concrete
structures.

Avoids costly
mistakes
(foundation over
Land
pipe)/ accidents/
damage to utilities

Micro Gravity

Changes in Density of
Subsurface

Detection of buried
voids/ cavities

Quick to apply,
avoids costly
mistakes

Seismic Refraction

Resistivity Imaging

ReMi (Refraction
Micro-tremor)

Crosshole/
downhole/ uphole

Seismic Reflection

Sensitive To...

Environment

Land
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Geophysical techniques, by virtue of their non-invasive
and non-destructive nature, offer an excellent solution for
investigation or regular monitoring of dams, and detection
of anomalous conditions which might snowball into major
problems if left untreated.
Various geophysical methods are available to investigate
the problems of earthen, masonry, concrete or composite
dams:
• Leak path detection
• Internal Erosion
• Identification of zone of water accumulation
• Cavity/ sinkhole
• Concrete degradation
No single geophysical technique can uniquely solve the
problem due to a large overlapping of physical properties in
various subsurface materials. To date, the use of geophysical
methods to investigate dams has produced mixed results,
partly because the application of these methods is not wellunderstood and partly because false positives cannot be
tolerated. That is the reason why it becomes important to use
a combination of geophysical methods to uniquely resolve
the problem. Table-2 presents a range of choices available to

address to various issues and concerns. Few of these methods
are discussed in following sections.

Electrical Resistivity Imaging on Dams
The application of this technique to dam seepage
investigations is two-fold. The method may be used to
monitor spatial and/or temporal variations in electrical
resistivity in response to changing soil conditions caused
by internal erosion and anomalous seepage. The method also
may be used to characterize the electrical resistivity of the
subsurface for the purposes of interpreting SP data.
The method can also be used to detect changes in
resistivity with time, which may be linked to the development
of internal erosion in the core of the embankment.
The results of electrical surveys carried out on the crest
of a dam are presented as vertical sections showing the
electrical properties of the dam materials. Electrical currents
travel along preferential pathways in the most conductive
materials such as dam core composed on fine grained
materials. The method provides picture of internal resistivity
distribution of the dam structure, identifying areas of water
saturation in the dam body, and thus identifying the zones
of water accumulation and wetting.

Table-2: Geophysical Methods for Dam Investigations and Monitoring
ISSUES AND CONCERNS
GEOPHYSICAL
METHODS
Electrical Resistivity
Streaming Potential
Georadar
Radar Tomography
Seismic Tomography
Seismic Refraction
ReMi

CONCRETE DAM
CRACKS

DEGRADATION

EARTH EMBANKMENT DAMS
WATER
SINK
LANDSLIDE
LEAKS
HOLES

MASONRY DAMS
WATER
STRENGTH
LEAKS

Innovative use of Engineering Geophysical
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The method can be applied in two ways.

The results are correlated with resistivity sections.

Resistivity investigations as a onetime survey may detect
spatially anomalous zones along the dam, and can be used
to investigate suspected structural weaknesses.

Sesmic Tomography on Dams

Long-term resistivity monitoring make use of the
seepage-induced seasonal variation inside the embankment
to detect anomalies not only in space, but more importantly
in time, by studying deviations from the time-variation
pattern. The second approach is more powerful as repetition
of measurements provides additional evaluation possibilities

for seepage analysis. However, the monitoring approach is
also more demanding as installations are necessary as well
as long-term instrumentation.

Streaming Potential Survey on Dams
The streaming potential method consists of measuring
the electrical potential by flowing water within a structure
or subsurface. Self-potential (SP) is a passive technique that
measures naturally occurring electrical potentials in the
ground. This is the only one of these geophysical techniques
that responds directly to fluid flow. Water flowing through
the pore space of soil generates electrical current flow. This
electrokinetic phenomenon is called streaming potential and
gives rise to SP signals that are of primary interest in dam
seepage studies.
Interpretation of SP measurements to infer seepage
patterns and concentrated seepage flows ranges from simple
qualitative to more advanced quantitative numerical
modeling approaches.
Most common application of SP study is to identify the
zones in the dam body through which seepage is taking place.

Unlike other methods discussed till here, used from the
surface of Dam or Ground, Seismic Tomography is
conducted between a pair of boreholes or between upstream
and downstream face of the Dam, to provide high resolution
details of internal structure. The resulting tomogram shown
physical property of each unit cell of dam body. In a concrete
dam the information can be interpreted in terms of fractures,
weathered concrete etc., as shown in example hereunder:
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Summary of Geophysical Application for Dams
Geophysical methods can be used in order to obtain
data on internal conditions of dams very quickly. Currently
these methods have been used to investigate a number of
large dams. Indian experience of using these methods in
various dams has also been very encouraging, resulting in
effective treatment of associated problems. The key benefits
can be summarized as under:

•

Geophysical Techniques- Quick assessment of
subsurface conditions of Dams in non-destructive
manner

•

Geophysical Techniques- Detailed and
continuous information as against drilling

•

Geophysical Techniques- Important tool for
health check of dams, regular monitoring and pre
& post rehabilitation inspections.

Fig: Drilling of holes for planting elctrodes

Fig: Electrical Resistivity Imaging result showing cavity
These methods may also find use in the future as
monitoring tools by establishing a baseline data file
immediately after dam construction. Subsequent surveys can
be run after initial filling and after an event such as rapid
drawdown or an earthquake to determine if any significant
changes have occurred in the internal conditions of dams.

surveys cannot be conducted. It is, however, possible to carry
out a successful SP survey, even in such conditions, by using
copper sulphate saturated sponge on the surface, and then
placing the porous pot over it. The methodology was
successfully used in various projects, including the example
below, to detect seepage path in a dam having 1m, thick
concrete top.

Electrical Resistivity Imaging in Unfavorable
Surface Conditions
Proper grounding of electrodes is critical for a
successful electrical survey. It is therefore assumed that in
conditions where top surface is exposed rock or concrete
slab, these surveys cannot be conducted. It is, however,
possible to carry out a successful electrical survey, even in
such conditions, by using drill holes filled with brine to plant
electrodes. The methodology was successfully used in
various projects, including the example below, to detect a
cavity in otherwise massive sandstone.

Streaming Potential Survey in Unfavorable
Surface Conditions
Streaming potential surveys require use of porous pots
in contact with soil. It is therefore assumed that in conditions
where top surface is exposed rock or concrete slab, these

Fig: Porous pot over copper sulphate saturated sponge

Innovative use of Engineering Geophysical

Geophysical Surveys Across Flowing Rivers
Subsurface information under the riverbed is of critical
importance for project planning in various projects like
selection of dam axis, pipeline crossing, bridge construction
etc. As of now drilling is the only method used for the same,
which is extremely time consuming and expensive in river
conditions.
Various geophysical techniques like seismic refraction,
electrical resistivity tomography etc., can quickly provide
the information across river crossings. The data provides
drilling contractors information of the thickness of
overburden, the lithology of the overburden and the bedrock,
and whether or not the bedrock is fractured, ensuring a
successful project planning.
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Pipeline networks are the most economic and
safest systems of transport for water, sewage, mineral oil,
gases and other fluid products. As a means of long-distance
transport, pipelines have to fulfill high demands of safety,
reliability and efficiency. Most pipelines, regardless of what
they transport, are designed with a typical life span of 25
years. When they do begin to fail, they do so slowly
beginning with leaks at poor construction joints, corrosion
points and small structural material cracks, and gradually
progress to a catastrophic ending. But there are also other
reasons for leak disasters such as accidents, terror, sabotage,
or theft.
The pipeline leakage leads to waste of the material being
transported, and also poses serious environmental risks. In
certain cases the leaks leading to accidents can have
catastrophic consequences.
Generally leak detection is done using noise loggers,
noise correlators etc., which need direct contact with pipeline
at few places. In many cases, however, pipeline is completely
buried with no surface signatures. There are various
geophysical tools available to detect leakages from pipelines,
and localize such leakages. The techniques enable detection
of leakages ‘externally’. i.e. without physical access to
pipelines, making them suitable for use in city and urban
environment as well.

Fig: Electrical Resistivity Imaging data collection for
river crossing in Nepal for a hydroelectric project

A typical engineering seismograph can be used to
‘listen’ to noise created by leaking fluid:

Fig: Electrical Resistivity Imaging results (river water in blue)
Data acquisition is carried out using portable
equipment, boat and ropes. A river crossing of upto 300
meters can be easily investigated in less than a single
day, providing information upto a depth of 50 meters.
Various such projects have been carried out successfully,
and results have been reconfirmed by drilling.
70m wide river. The total profile length is 230
meters providing information upto a depth of 40 meters.
The river water section is in blue, followed by silt,
sediments in green color. The rock interface is presented
a yellow line. The borehole drilled in the area confirmed
the geophysical findings.

Pipeline Leak Detection Using Geophysics in
Difficult Conditions

Ground penetrating radar is another excellent method
to detect changes in soil permittivity due to leaking fluid:
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Fig: High amplitude reflections from saturated layer top

Fig: Loss of signal due to increased conductivity caused by water saturation

Present Status of use of Engineering Geophysics
It is believed that through proper information
dissemination, user groups can be motivated to use this
in India
Geophysics is already hugely popular in most of the
developed countries as a tool for quick and cost effective
assessment of sub-surface before taking up any big project.
It is felt that level of application of engineering
geophysics in India is inadequate due to poor knowledge
dissemination to the major user groups, like civil engineers,
mining companies, etc. It is also felt that lack of service
providers is a major factor behind lack of application of this
modern science and technology.

technology, resulting in quicker and more efficient projects,
leading to overall national development and safety.

Way Forward
Looking at the huge role geophysics can play in
engineering, mining and environmental projects, it is of
utmost importance to spread this awareness among user
groups. Disciplines like civil engineering, mining
engineering, environmental engineering etc., should
mandatorily have Geophysics as part of their curriculum.

Innovative use of Engineering Geophysical
Capacity building in geophysics also needs a fresh look.
Most of the curriculum is oriented towards oil and gas
exploration, and very little emphasis is given to other areas
of applications as described in this paper. The education of
geophysics is presently imparted only at post-graduate level,
leaving a huge gap in industry for positions like geophysical
technicians.

Conclusions
Engineering geophysics is an efficient means of
subsurface investigation. The merit of application of this
low cost aid lies in its ease of deployment and rapidity in
providing a reliable knowledge of the underground over a
large area, substantiating the requisite geotechnical
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evaluation studies thereby. The state-of-the-art subsurface
geophysical investigations are helpful towards minimizing
involvement of the conventional direct exploration methods,
aiding in accelerated and economical development of the
projects.
There is an urgent need to disseminate information on
potential of geophysics in solving subsurface problems to
the user groups.
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Association of Exploration Geophysicists
ANNOUNCEMENT
36th Annual Convention and Seminar on Exploration Geophysics
16–18 October, 2014, NGRI, Hyderabad, India.
The Association of Exploration Geophysicists (AEG), will be organizing its 36th Annual Convention and
Seminar at National Geophysical Research Institute (NGRI), Hyderabad, India during 16-18th October, 2014 with a
special theme on Advanced Geophysical Techniques in Exploration of Deep Seated Resources.
As shallow resources available for exploration and mining are fast dwindling there is an urgent need to look for deep
seated resources located at greater depths by employing advanced geophysical exploration techniques. This involves a
paradigm shift in our exploration strategy towards a highly focused exploration programs for faster evaluation, decreased
risk and improved geologic interpretation. For this, efficient geophysical techniques have to be adopted for exploration
of increasingly deeper and more subtle targets. The technological advancements in the last decade has significantly
contributed to vast improvements in Geophysical techniques including Airborne and ground EM, magnetic, gravity, IPResistivity and Down Hole techniques in terms of data acquisition, processing and interpretation. Also, Geoscientists
today need to focus on processing and interpreting multi-disciplinary geoscientific data sets, to help in reducing time and
cost restraints. Geological knowledge and understanding of a particular deposit generally increases as more geological
and geophysical data are collected and analyzed. Development of 3D litho-petrophysical earth model based on diverse
geoscientific data sets provides a critical insight into predictive 3D geological models of deep seated resources. The
main focus of the seminar is to focus on role of advanced geophysical techniques in exploration of deep seated resources.
Various National Organisations, Government departments and Private agencies engaged in diverse geoscientific
activities will participate and sponsor the seminar. The programmes scheduled for the seminar includes oral and poster
presentations on various themes related to recent exploration techniques in geophysics and emerging trends in advanced
processing and interpretation of geoscientific data. The seminar is expected to attract a number of renowned geoscientists
from India and abroad who will be presenting technical papers on the state of art practices in geosciences. This seminar
will be of immense value to professional geoscientists, industrial planners, investors, engineering geologists and research
scholars of geosciences. The delegates of the seminar will get an opportunity to share a comprehensive review of the
geophysical, geological, engineering and educational challenges. The seminar serves as a unique interdisciplinary platform
for the delegates to enjoy a broad spectrum of geology, geophysics and related technologies in the technical sessions,
poster sessions and exhibition.and educational challenges. The seminar serves as a unique interdisciplinary platform for
the delegates to enjoy a broad spectrum of geology, geophysics and related technologies in the technical sessions, poster
sessions and exhibition.

Themes
Ø

Deep Imaging – Petroleum and Mineral Resources

Ø

Geophysical Exploration for Hydrocarbons

Ø

Geophysical Exploration for Minerals including Coal and Atomic Minerals

Ø

Airborne Geophysical Surveying

Ø

Near Surface Geophysics - Engineering and Environmental Studies

Ø

Geophysics in Groundwater and Hydrology

Ø

Advanced Modeling, Inversion and Interpretation of Geophysical Data

Ø

Integration of Geosciences and Future Trends and Technologies

Call for Papers
Papers are invited from participating scientists as per the guidelines of Journal of Geophysics. Leading senior
scientists have been identified as conveners for various themes. Authors are requested to indicate the most suitable
theme under which their paper should be evaluated by the conveners/referees. The number of papers for the seminar is
restricted to 50 Oral presentations and 20 Poster presentations. A one full page abstract (Microsoft word) is required to
be submitted by the participants who would like to present their research work either in the form of poster and/or oral

presentations. The last date for submission of the abstract is on or before September 10, 2014. All accepted abstracts will
be intimated before September 17, 2014. Authors whose papers are accepted will be required to submit full papers
before September 30, 2014. Only full papers received before due date will be considered for presentation in the seminar.
Original scientific contributions are encouraged and invited. Review articles are discouraged. Authors are requested to
send two hard copies and a CD/email the text of the paper in MS Word version.
Authors are requested to send technical papers which follow one of the conference themes. They should include
§
§

Full title of the subject
Name of author (s) and affiliation of all authors, and full mailing address with contact no. (Land Line / Mobile)
and Email ID of the corresponding author.

Only those scientific papers for which the Registration form and fees is received by the AEG Secretariat before September
30, 2014 will be considered for presentation. All delegates are advised to register for the seminar well in advance.
Abstract and Full Papers may be sent by Email to aegindiageophysics@yahoo.com

Exhibition
An exposition highlighting the state of the art techniques, geophysical and allied instruments, service and products
of national and international vendors and geoscience software will be organised during the seminar. The exhibition will
enable the delegates to gain a comprehensive overview of the products and services available as well as an opportunity
to discuss the latest developments with representatives from the major companies serving the needs of the exploration
industry. Exhibits are expected to span all the sectors of the exploration industry -petroleum, minerals, coal, groundwater,
engineering and environment. A wide range of publications of AEG and other institutions will also be exhibited. Further
details can be obtained from the AEG office. There will be a Best Exhibitor Award which will be decided by an expert panel.
AEG extends heartiest invitation to Exhibitors and sponsors to the 36th Annual convention and Seminar on Exploration
Geophysics where one will have unique access to marketing and publicity opportunities. The conference will bring
together national and international delegates from government, industry and education with interest in application of
geophysics from mineral, petroleum, coal, ground water, engineering and environmental studies . As an Exhibitor and/or
Sponsor, companies will have unique access to the marketing and publicity opportunities. Various Event sponsorship
opportunities are available for the Seminar which includes Platinum, Gold, Silver sponsorships etc.

Sponsorship Opportunities
Various Event sponsorship opportunities are available for the Seminar which includes Platinum, Gold, Silver sponsorships etc

Important Dates
Ø Last Date for Submission of Abstract

10th September 2014

Ø Last Date for Submission of Full Paper

30th September 2014

Ø Last Date for Seminar Registration

10th October 2014

For further details, please contact:

Conveners

Organizing Secretary

Dr. A. K. Chaturvedi
Additional Director (R&D)
Atomic Minerals Directorate for Exploration
and Research, Hyderabad
E-mail: anandchaturvedi80@yahoo.com
Mob: +91-9491031530

Shri. A. Markandeyulu
Scientific Officer – G
Atomic Minerals Directorate for Exploration
and Research, Hyderabad
E-mail: markasrs@gmail.com
Mob:+91-9490933572

Dr. Bijendra Singh
Chief Scientist
National Geophysical Research Institute, Hyderabad.
E-mail: bsingh_ngri@yahoo.co.in
Mob:+91-9849418898

Association of Exploration Geophysicists
Head Office :12-13-266,Street No.15,Tarnaka
Hyderabad - 500 017, Ph: +91-40-2700 0392
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Registration Form
Please complete and forward this form to:
The Secretary,
Association of Exploration Geophysicists
Head Office : 12-13-266, Street No.15,
Tarnaka, Hyderabad - 500 017

Section A : Delegate
Title: (Prof./Dr./Mr./Ms/Mrs.)

Name

Position
Organisation
Postal Address
City

Pin Code

Country

Phone

Fax

E-mail

Section B: Registration Fees
Delegate-Member AEG ............ Rs. 3,000/- (US$ 250 Foreign Delegates)
Delegate-Non-Member............. Rs. 5,000/- (US$ 400 Foreign Delegates)
Delegate-Research Scholars ...... Rs. 1,500/Section C: Workshop Registration Fees
Delegates

Rs. 1,000/- (US $ 100)

I wish to participate in the Workshop:

Yes / No

All Cheques, Demand Drafts, Money Order must be payable to Secretary, Association of Exploration
Geophysicists, Hyderabad. Foreign delegates are required to pay in US Dollars. The Registration fee may
also be credited directly through electronic transfer (ECS) and the details of payment intimated by mail to
aegindiageophysics@yahoo.com. Details of the bank account of AEG are provided below.
q Fee Enclosed
DD No

:

Bank

:

Dated

:

Amount

:

Signature:

Date :

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 Hyderabad, Osmania University Branch, Hyderabad.
c.

Bank account of number: 52198268342

d. Indian Financial System Code (IFSC): SBHY0020071
e. MICR code: 500004044

