
Llithosphere, Earth’s Interior
and

Palaeo - Environment



NGRI

64



Annual Report 2004-2005

65

5.1 HEAT FLOW AND RELATED GEOLOGICAL AND
GEOPHYSICAL STUDIES OF THE INDIAN
LITHOSPHERE WITH SPECIAL REFERENCE TO
SINGHBHUM CRATON, NARMADA-SON
LINEAMENT AND MAHANADI GRABEN

Lithospheric thermal structure beneath Archean-
Proterozoic cratons of Indian shield

Indian subcontinent has been unique and perhaps the most
mobile (20 cm/yr between 90 and 53 Ma) , with active history
of rifting, multiple plume interactions and continental breakups.
It contains several Archean-Proterozoic cratons, separated by
rift valleys, sutures and mega-lineaments, which have been
repeatedly rejuvenated since last 1500 Ma. Continued
reactivation/rifting over such a long period of time is hardly
seen elsewhere in the world. Despite being one of the oldest
shields, many of its segments could not resist internal
deformation and shearing due to ongoing plate tectonic and
geodynamic processes. The Archean crust beneath each of
them now differs in composition, thickness and seismic
structure due to time-bound integrated evolution.

Detailed study of lithospheric thermal structure of nine well
recognized geotectonic segments situated in four widely
separated cratons, suggests large variation in Moho
temperature and lithospheric thickness from about 400 to 800°C
and 65 to 175 km respectively from one segment to another.
Thickest lithosphere is found to lie below western Dharwar
craton while the Singhbhum craton surrounded by rift zones
and mobile belts is associated with abnormally thin lithosphere
of about 65 km only (Fig.5.1). Average lithospheric thickness
beneath Indian cratonic shield is estimated to be about 105
km which is less than half to that of 250 to 300 km found in
comparable terrains elsewhere. This could mean that Indian
cratonic lithosphere besides being thinner, is much warmer
than others and in due course of time, its mantle lithosphere
must have deformed, degenerated and sheared due to ongoing
thermomagmatic and geodynamic processes. It is now
characterized by much higher mantle heat flow of 32 mW/m2,
which is one of the highest reported for any Precambrian shield.
In some segments, heat flow from below the Moho exceeds 40
mW/m2 and as such more than 60% of the observed surface
heat flow beneath Indian cratons comes from below the Moho.
Thining of Indian shield lithosphere goes against the common
belief that Archean lithosphere has remained thick and strong.
Quite likely, not all Archean crust could develop strong and
thick thermal boundary layer. The unusualness of Indian
lithosphere appears to be intimately connected to past tectono-

thermal magmatic activity and late Cretaceous – early Tertiary
geodynamic and catastrophic events.

(OP Pandey, VK Somvanshi, V Subrahmanyam and
Narasimha)

5.2 GENESIS AND EVOLUTIONARY PROCESSES
OF THE CONDUCTORS IN THE INDIAN SHIELD
REGIONS

The nature of the crust of the Indian shield is not yet fully
explored in relationship to Paleozoic tectonothermal processes,
during which northern and southern India had experienced Pan
-African orogeny. Its effective signature has neither been
analyzed nor reported for the major part of the Indian
subcontinent. Therefore, a detailed study of seismic and
electromagnetic models and features detected thereof at
various depths in the Indian shield region around Hyderabad
has been carried out in conjunction with thermal characteristics,
delamination process, underplating and Poisson’s ratio.  It
reveals that the nature of crust around Hyderabad at the crustal
/ sub-crustal level is either of constant composition or
heterogeneous composition connected with amphibolites. This
part of the Indian shield has been subjected to tectonics,
specifically lithospheric delamination during more recent times,

Fig. 5.1 Heat flow, heat generation and temperature-depth
distribution below  (1) Western Dharwar and (2) Singhbhum
cratons of Indian shield. Heat generation values adopted in
crustal models are in µW/m3
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at least in the early Paleozoic.  The velocities are close to those
of Paleozoic crust. An inferred Paleozoic age is corroborated
through some tentative estimate, following an empirical
relationship, to deduce the age of the crust based on the
modeled thickness of the crust. The age determined turns out
to be ~ 300 Ma.

A model proposed based on all the evidences poses a question
mark on the nature of the Indian shield region regarding the
validity of Precambrian crust at the crustal / lower-crustal levels.
Measured heat-flow values are not the result of thick and ancient
(lithospheric) boundary layer but seem to have been
underestimated because of fluid pockets in the crust due to
amphibolite’s dewatering in the mid-crust. This restricts the
migration of heat to the surface as the heat is advected laterally
away by fluids possibly in the mid-crustal conductive layer.  It is
suggested that delaminated – differentiation in the lithosphere
in the region has quite likely resulted in crustal thinning and
formation of Hale’s discontinuity. This discontinuity existing in
the range of 90 – 110 km as detected by electromagnetic and
seismic studies, matches global pattern and brings the
association of fluids in sheared zones of upper mantle.

(SN Prasad)

5.3 HEAT AND MASS TRANSPORT MODELING AND
SUBSURFACE STRUCTURE MAPPING OF
INDIAN LITHOSPHERE

2-D Crustal thermal structure of western part of
Narmada-Son Lineament

Physical properties such as elasticity, density, thermal/electrical
conductivity of subsurface rocks are affected by variation in
the subsurface temperature which in turn affects most of the
geological phenomena such as surface heat flow,  earthquake
genesis which may lead to lithospheric deformation, crustal
magnetization etc.  Therefore, a knowledge of subsurface
temperature field is essential to understand these phenomena
of a region.  The Narmada-Son Lineaments (NSL) in central
India is characterized by the presence of numerous hot springs,
feeder dykes for Deccan Traps and seismicity all along its length.
It is divided in two parts by Barwani-Sukta Fault (BSF).  To the
west of this fault a graben exist, whereas to the east basement
is uplifted between Narmada North Fault (NNF) and Narmada
South Fault (NSF). The present work deals with the 2-D thermal
modeling to delineate the crustal thermal structure of the
western part of NSL region along the Thuadara – Sindad deep
seismic sounding profile almost in the N-S direction across the
NSL.  Numerical results of the model reveal that the conductive
surface heat flow value in the region under consideration varies

between 45 to 47 mW/m2.  Out of which 23 mW/m2 is the
contribution from the mantle heat flow and the remaining from
within the crust.  The Curie depth is found to vary between 46
to 47 km and is in close agreement with the earlier reported
Curie depth estimated from the analysis of MAGSAT data.  The
depth of 450 0C isotherm which is the depth of lower crustal
brittle-ductile transition representing the depth of seismicity is
found to be ~37 km.  The Moho temperature varies between
470 to 5000C.  This study suggests that the western part of
central Indian region is characterized by low mantle heat flow
which in turn makes the lower crust brittle and amenable to the
occurrence of deep focused earthquakes such as Satpura
(1938) earthquake  (> 37 km).

Mantle heat flow in the northern block of Southern
Granulite terrain

Continental shield regions are normally characterized by low-
to-moderate mantle heat flow.  Archaean Dharwar craton of
the Indian continental shield also follows the similar global
pattern. However, some recent studies have inferred
significantly higher mantle heat flow for the Proterozoic northern
block of Southern Granulite terrain in the immediate vicinity of
the Dharwar craton by assuming that the radiogenic elements
depleted exposed granulites constitute the 45km thick crust.
Heat flow data has been analyzed in light of four-layered model
of the crustal structure revealed by integrated geophysical
studies along a geo-transect in this region to estimate the
mantle heat flow.  The results indicate that (i) the mantle heat
flow of the northern block of SGT is 17 ± 2 mW/m2, supporting
the global pattern; and (ii) the lateral variability of 10-12 mW/
m2 in the surface heat flow within the block is of crustal origin.

Variation in lithospheric structure in the vicinity of
Palghat Cauvery shear zone

Published magnetotelluric apparent resistivity data indicate a
heterogeneous nature of the lithosphere in the vicinity of the
Palghat–Cauvery Shear Zone (PCSZ). Data from two locations,
one in the vicinity of PCSZ and the other further south near
Palani, were inverted to decipher this contrast. Results reveal
the presence of a highly resistive crust underlain by a thick
conducting layer and a relatively uniform average sub-crustal
structure near Palani that seems to extend up to PCSZ. The
sub-crustal structure in the vicinity of PCSZ is highly
heterogeneous at a depth greater than 60 km and possibly
represents the presence of a dipping fault at this depth. The
sub-crustal structure north of PCSZ is drastically different and
has high conductivity. A qualitative analysis of TE and TM mode
data along Kolattur–Palani profile indicates that the conducting
lithosphere laterally extends up to 60 km north of PCSZ and
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correlates well with the Bouguer gravity high anomaly which
was earlier explained in terms of mid-crustal high-density body.

A moving boundary solution for solidification of lava
lake and magma intrusion in the presence of time-
varying contact temperature
During the solidification of a lava lake heat is released
convectively from the top surface as well as conductively into
the country rock from the base, leading to non-uniform
solidification. The upper solidified layer grows at a faster rate
than the lower solidified layer. Similarly, solidification of magma
intrusion within the crust is also non-uniform due to the
presence of thermal gradient in the crust. Available analytical
solution for solidification of a melt layer assumes only symmetric
cooling about the centre of the layer. A semi-analytical solution
for thermal evolution and non-uniform solidification of a melt
layer incorporating time-varying contact temperature conditions
at both of its boundaries has been developed. The solution
has been validated with available analytical solutions for simple
cases and a semi-analytical solution for the case involving
temperature gradient in the country rock. This solution can be
used to analyse solidification of lava lakes and magma
intrusions experiencing time-dependent temperature variation
at their contacts with the country rock.

Modeling groundwater flow in unconfined aquifers
An accurate estimation of water table variations in response to
proposed operational schemes of recharging and/or withdrawal
is essential for the proper management of groundwater
resources without disturbing the regional water balance.  An
analytical solution of a Boussinesq equation is developed to
predict water table fluctuations induced by intermittently applied
time-varying recharge and/or withdrawal from any number of
recharge basins, pumping wells and leakage sites of different
dimensions. The time-varying recharge rate (or withdrawal) is
approximated by a number of linear elements of different
lengths and slopes depending on the nature and duration of
recharge/ withdrawal. Application of the solution for prediction
of water table fluctuations in the presence of recharging,
pumping and leakage is demonstrated with the help of an
example problem.  Numerical results reveal that variation in
the rate of recharge, pumping and leakage significantly
influence the growth and decline of the water table.  This model
can be used to make the judicial selection of an appropriate
groundwater resources development scheme out of many
proposed schemes for proper management of groundwater
resources.

Surface wave tomography studies beneath the NW
Pacific Ocean
The fundamental mode Rayleigh wave generated by 27

earthquakes and recorded at eleven digital broadband seismic
stations ascribed to Ocean Hemisphere Project (OHP) network
in the northwest (NW) Pacific region are analyzed to estimate
the Rayleigh wave group velocity for  160 paths at the periods
from 10 to 50 s. The inverted group velocity results suggest the
quasi-continental oceanic transitional structure of the NW
Pacific Ocean with 21 km as an average crustal thickness.

The Rayleigh wave group velocity tomography at shorter time
periods (10 – 50 s) showed a good correlation with known
geological and tectonic features besides their conformity of
tectonic complexities of the region (Fig.5.2). Slow velocity

Fig. 5.2 The pattern of lateral Rayleigh wave group velocity
distribution ( change in Rayleigh wave group velocity in
percentage) resulting from the inversion at the period of 10,
20, 30, 40 and 50s for the northwest Pacific Ocean (120oE-
150oE and 15oN-30oN), where the ray coverage is more. The
plate boundary is shown by white line. Group velocity change
in percentage  has been shown by vertical bar scale for better
clarity of the anomalous zone. The red color indicates the
negative change and blue color shows the positive change in
percentage. The  vertical scale value is shown from the bottom
to top  printed on the right side of  the color scale bar  (-10.,
0., 2., 7. and 10.). The lower left side shows the path coverage
for comparison
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anomalies at varying period correspond to ridges, basins,
trenches and volcanic fronts of NW Pacific Ocean while the
fast velocity anomalies exhibit the effects of plate interactions
at relatively longer periods (30–50 s). A triple junction formed
by the subduction of the Phillipine and Pacific plates beneath
the Eurasian plate is imaged as a high velocity zone (HVZ) in
this study.

(SN  Rai, DD Singh, A Manglik  and S Thiagarajan)

5.4 PALAEOMAGNETIC STUDY OF SOME
MAGMATIC PROCESSES

Great dyke of Peninsular India

In general mafic dykes and dyke swarms serve as conduits for
transport of heat and magma from within the earth and source
of crustal extension in continental and oceanic environments.
These are normally of few meters to tens of meters. But some
times individual dykes run for few hundreds of kilometers. In
South India there is a great dyke running for about 450 km
striking NNE from SE of Mysore to Hospet. With a view to
understand the tectonic evolution of this dyke palaeomagnetic
study was undertaken by collecting oriented samples all along
its strike length. A total of 99 block samples were collected
from 20 sites. After the preparation, the Natural Remanent
Magnetism was measured from all the samples, which show
scattered directions of magnetization mostly with upward
inclination. Remanent intensity of the specimens vary over a
large range of 0.17-165.02 A/m. Magnetic susceptibility varies
between 5.28 and 64.34 x 10-3 SI units.

Dyke swarms of the Shillong Plateau

Magmatic activity is very limited in Shillong Plateau and is
mostly represented by the Sylhet Traps in the southern part of
the Khasi Hills and dyke swarms in the West Garo Hills which
coeval with the Rajmahal Traps and considered due to the
Kerguelen Hotspot. However some dykes of varying lithologies
are also variable in the Khasi Hills and its source and period of
intrusion are not known. With a view to understand these
aspects palaeomagnetic and geochemical studies on available
dykes were undertaken. A total of 49 block samples from 11
sites of dolerite, gabbro and pyroxene bodies were collected
and their Natural Remanent Magnetization (NRM) directions
measured. The dolerite dyke sites (5) represent a long dyke
along a major sheer zone and their NRM directions reveal very
good grouping with steep downward inclination. Three sites of
pyroxenite body also reveal good grouping with steep upward

inclinations. But the sites of gabbro dykes reveal highly
scattered directions of magnetization with upward and
downward inclinations. Further studies on these dyke samples
are in progress and it is likely that the dolerite and pyroxene
dykes may turn out to be contemporaneous to that of the
Rajmahal and Sylhet event at middle Cretaceous.

Vindhyan sediments from Bhopal inlier

The Bhopal and Indore inliers also expose Vindhyan
Supergroup sedimentary rocks much away from the main basin
in Son Valley and southeast Rajasthan. With a view to
understand the tectonic history and correlation of their
contemporaneity oriented samples were collected for
palaeomagnetic study from the Bhopal inlier. A total of 50 block
samples from 10 sites representing mostly the lower Bhander
Salkanpur Formation (7 sites) and the upper Bhander Nurgunj
Formation (3 sites) sandstones were collected. NRM directions
of these samples reveal some scatter with upward and
downward inclinations. AF and thermal demagnetization studies
on these samples reveal good grouping with downward
inclination with normal magnetization. The lower Bhander
Salkanpur Formation reveals steep downward inclination and
the upper Bhander Nurgunj Formation reveals shallow
downward inclination with normal magnetization.
Palaeomagnetic results are available only on upper Bhander
Sandstones from Son valley and these are similar to those of
Bhopal inlier. Now lower Bhander sandstones are only available
from the Bhopal inlier and exhibit steeper downward inclination.

(GVS Poornachandra Rao, J Mallikharjuna Rao, NP
Rajendra Prasad, M Venkateswarlu, B Srinivasa Rao and S
Raviprakash)

5.5 SPECTROSCOPIC  AND THERMAL STUDIES ON
MINERALS FROM DECCAN TRAP AND
SUBDUCTION ZONES

Physical  properties of Deccan basalts

Deccan Traps is a unique feature on Indian land mass which
covers an area of   0.5 million sq. km formed around 65 my ago
due to the eruption of magma.  Magma with varying composition
was originated at different depths, and crystallized on surface
in different environmental conditions.  Detailed geophysical,
geological and laboratory investigations have been carried out
to understand the nature of Deccan Traps by various
geoscientists.  However the data on systematic studies on
magnetic and physical properties on some samples from the
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same flows are rare.  These properties depend upon the
magmatic composition, crystallization temperature and
environmental conditions of solidification of magma.

Latur region was studied in detail, after the 1993 earthquake
of magnitude 6.3 Mb. The density, porosity, magnetic
susceptibility and intensity of 95 samples of Deccan basalts
collected from two different flows of Latur region were
measured.  The results show that the density varies from 2.7to
3.1 g/cc, porosity .04 to 2.8%, magnetic susceptibility 9 to 24.5
x 10-3 SI units and the intensity varies from 0.4 to 6.39 A/m.
The relationship between density and magnetic susceptibility
is shown in Fig. 5.3. The variation in different physical properties
and their correlations are due to the variation in the composition,
crystallization temperature and environmental conditions of
solidification there by indicating the complex nature of Deccan
basalts.

(SR Sharma, GVS Poornachandra Rao, KPC Kaladhara Rao
and B Srinivasa Rao)

Heat flow map of India

A heat flow map of India has been prepared using 156
measured heat flow values and some unpublished bore hole
temperature data (Fig.5.4) Other available geophysical
knowledge has also been used, as and when necessary, in
areas, which lack measured data. The salient tectonic/
geological features of the Indian shield are reflected in this
heat flow Map. High heat flow regions are most likely associated
with seismicity and other geophysical, geological anomalies.

(SR Sharma and Mohan L Gupta)

Electrical conductivity structure beneath central
Indian  region using laboratory results and
geothermal data

Central India region- a part of Narmada- Son geofracture is
associated with high heat flow of 55± 5 mWm-2 and recent
deep crustal earthquake activities. Deep seismic sounding
(DSS) study along Hirapur- Jabalpur- Mandla profile in central
India  shows four layered crust underlying upper and late
Proterozoic rocks in the northern and Deccan Traps in the
southern part of the profile. The first and second layer with P
wave velocity of 5.8-6.5 km s-1   corresponds the granite
basement upto 19km depth. A velocity of 6.7 km s-1 upto 35 km
occurs in the lower crust, which corresponds to mafic rocks
and low velocity layer with a P-wave velocity of 6.5 km s-1

inferred above the Moho depth of 39 km was attributed to the
presence of serpentinitic rocks.  A magmatic body with a velocity
of 6.75 km s-1 has also been suggested in the middle crust.  To
model the electrical conductivity structure using laboratory
results and geothermal data, electrical conductivity of the
different rocks like granite, mafic/magmatic and serpentinite
has been studied up to 800o C.  Temperature distribution up to
moho, estimated using the heat flow value of 55±5 mWm-2

reveals temperature around 350 oC at 19 km, 550 oC at 35 km
and 600-700 oC at 39 km depth.  Laboratory measurements of
electrical conductivity on granites show the increase in
conductivity with temperature and found to be of the order of
10-5 –10 -6 mhos m-1 at temperature around 350 oC.  Increase in

Fig. 5.3 Density – magnetic susceptibility relationship in basalts from
Latur area

Fig. 5.4   Heat flow map of India
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conductivity with temperature has also been observed in mafic
/magmatic rocks and electrical conductivity of 10-5 to 10 -3 mhos
m-1 has been suggested upto 35 km depth.  Abnormal behaviour
due to the dehydration effect ie., decrease in conductivity  with
increase in tempeature has been observed in serpentinites in
the temperature range 425 oC to 625 oC.   Based on the above
considerations, the value of electrical conductivity of 10 -3 - 10
-2 mhos m-1 has been suggested in the lower crust zone in the
lower crust.  The low velocity zone and high electrical
conductivity in the lower crust from 35 to 39 km depth could be
due to the dehydration and high temperature.

(SR Sharma, VK Rao and DM Mall)

Thermal diffusivity measurements on rock/mineral

The new setup for measurement of thermal diffusivity of small
dimension samples of rocks/minerals/meteorites has been
modified, using software, replacing the old recorder. Also the
development of software is in progress to smooth the thermal
waves and  calculate the phase lag and amplitudes  for the
estimation of thermal diffusivity. System is further improved.
Using this modified system, measurements on some minerals
like quartz, garnet, corundum, zeolite, calcite, tourmaline and
halite have been carried out. The values are comparable with
the published results within permissible error of 10%. Some
measurements on samples from East Antarctica have also been
done.

(SR Sharma, B Vijay Gopal and NP Rajendra Prasad)

5.6  HELIUM EMANOMETRY AND GEOTHERMAL
STUDIES

Soil-gas helium and radioelemental (U, Th and K)
surveys over a known U-mineralised zone at the base
of Cuddapah Basin

Soil-gas helium surveys coupled with radioelemental (U, Th
and K) studies were conducted over a known unconformity-
related uranium mineralized zone at the base of Cuddapah
basin, near Tummalapalli (Andhra Pradesh), in oder to evaluate
these techniques as a prospecting method for uranium
exploration. Three N-S traverses of ~1 km length were laid
across the mineralized zone with a station spacing of 20 m.
Soil-gas samples were collected at a depth of ~1.5 m. About
150 stations were covered for helium and radioelemental
measurements, and the results are shown in (Fig.5.5). Helium
studies along these profiles reveal an anomalous zone with a
range of helium abundance between 200 ppb and 350 ppb,

after deducting the atmospheric abundance of 5240 ppb.
Radioelemental studies also indicate an anomalous zone with
U abundance of 50-130 ppm, which coincides with Th and K
enrichment. However, it is observed that the helium anomaly
appears to shift slightly away from the radioelemental anomaly.
The shift in helium anomaly is attributed to the local groundwater
circulation. The Profile-1 also indicates the presence of a fault,
which is characterized by high helium value of > 300 ppb, but
without high radioelemental abundance. This study indicates
that the soil-gas helium survey in association with
radioelemental measurements can effectively delineate the
lateral extent of buried uranium mineralized zones.

(GK Reddy, Rajeev Menon, G Ramacharyulu and C
Shankar)

A re-examination of the soil-gas helium signature
(February 2005) over the surface rupture zone of 1993
Latur Earthquake

Soil-gas helium studies in 1993 and monitoring until 1998
revealed an anomalous helium escape over the surface rupture
zone of 1993 Latur Earthquake site. The helium abundance
was high (ranging between 1ppm and 38 ppm at a depth of 1.6
m) immediately after the major event and it gradually decreased
with time (less than 1 ppm). Again in February 2005, another
survey was conducted over the same rupture zone to re-
examine the magnitude of the helium signature, in view of the
recent occurrence of mild seismicity in this area. From the
present study, It was found that the helium abundance varies
from 0.03 ppm to 0.58 ppm at a shallow depth of 0.8 m. This
study reveals that the present helium signal maintains an almost
similar concentration level, when compared to measurements
observed in 1998.

(GK Reddy, Rajeev Menon, G Ramacharyulu and C
Shankar)

Fig.5.5 Soil-gas helium and radioelemental  traverses  across the
uranium mineralized zone, Tummalapalli, Cuddapah dist.,
A.P.
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Crustal thermal structure of the Proterozoic Eastern
Ghats Belt, India

The Eastern Ghats Belt is a granulite-facies Proterozoic
orogenic belt juxtaposed against the Archaean Dharwar-Bastar-
Singhbhum cratons in the Indian shield. The belt is composed
dominantly of charnockites, khondalites and migmatitic
gneisses. The northern and southern parts of the belt (NEGB
and SEGB) have distinct crustal history, but 1600-1000 Ma old
tectono-metamorphic events are common to both these belts.
Radioelemental abundance (K, U and Th) of the granulites was
determined at 650 sites. The dominant rock types of NEGB
and SEGB have similar radioelemental abundance (> 4% K, 3
ppm U and 30 ppm Th). Heat production of charnockites,
gneisses, khondalites and intermediate granulites of the NEGB
is 2.9, 2.7, 2.9 and 1.1 mW m-3 respectively. In the SEGB, they
are 2.7, 2.5, 2.8 and 0.5 mW m-3, and mafic granulites are the
lowest (0.3 mW m-3). Based on the heat production data and
crustal petrological models, crustal contribution of NEGB and
SEGB is 55 and 50 mW m-3 respectively, which are in agreement
with the available heat flow data. Crustal thermal models
indicate that the temperatures at Moho is ~480oC, which is
higher than in the Dharwar craton (Fig.5.6). Radioelements

and heat production of the Eastern Ghats granulites are very
high compared to other granulite belts in the Indian shield, and
probably also worldwide. Crustal radiogenic heat of this belt
also appears high compared to the adjoining cratons, which
could also be responsible for development of inverted
metamorphic isograds in the tectonic boundary between the
Eastern Ghats and adjoining cratons.

(P Senthil Kumar, Rajeev Menon and GK Reddy)

5.6.1 HEAT FLOW AND HEAT PRODUCTION STUDIES

Geothermal investigations in the western Himalayas

Geothermal investigations for hydropower projects in Western
Himalaya, initiated during 2003-04, were continued in the
Loharinag-Pala segment between Uttarkashi and Gangotri to
estimate the subsurface temperature regime along the segment
of a proposed ~15 km long tunnel connecting two points on
the river Bhagirathi, through the rugged mountain ranges of
the western Himalaya in Uttaranchal (Fig.5.7). The tunnel has
been envisaged as part of a hydropower project and is proposed
to extend from Loharinag (barrage site) in the north to Pala
(powerhouse site) in the south. The overburden ranges from
few hundred metres to a maximum of ~1.5 km along the length
of the tunnel, and comprises quartzo-felspathic gneiss, augen
gneiss and mica schist, with bands of metabasic rocks and

Fig.5.6 Crustal temperatures in northern (NEGB) and southern parts
(SEGB) of the Eastern Ghats Belt. Temperature-depth profiles
of the Eastern Ghats belt are different from those in the
Dharwar craton (EDC-Eastern Dharwar Carton, WDC-
Western Dharwar Craton)

Fig.5.7 Simplified map showing the location of the proposed
alignment of the head race tunnel (HRT) with respect to the
river Bhagirathi and its tributaries, and distribution of cold
and hot springs in the area. Locations of boreholes drilled
during the present study are shown in solid circles
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quartz veins (often intercalated with the host gneisses)
belonging to the Central Crystallines of Proterozoic age.
Occurrence of hot springs (up to ~70o C) along the banks of
the river Bhagirathi, in the vicinity of the southern part of the
tunnel alignment, and the possibility of encountering high
temperatures due to their interference during its excavation
was the motivation for initiating the geothermal investigations.
Underground temperatures of water, rock and humid tunnel
atmosphere that exceed ~350C generally present very difficult
working conditions, usually requiring extensive refrigeration and
/ or rapid circulation of tunnel air.

There are no reports of previous measurements of subsurface
thermal regime in this area. On the basis of temperature
measurements carried out in 6 boreholes with depths ranging
from 60 to 195 m located in the proposed tunnel segment, and
measurements of thermal conductivity on cores representing
the major rock formations constituting the tunnel overburden,
an assessment of the subsurface temperature regime along
the proposed tunnel alignment has been made. The boreholes
were located as close as possible to the proposed alignment
of the Head Race Tunnel (HRT), keeping in view the ruggedness
of the terrain, accessibility of drill site and arrangement of logistic
support for drilling and associated activities (Fig.5.8). A majority

of the boreholes penetrate the tunnel invert level. The
temperature-depth profiles, though perturbed by fracture-
controlled groundwater flow in a majority of the cases, suggest
that the fractures do not tap deep hot water zones. Absence of
anomalous temperatures in the boreholes rules out the
presence of any major heat source, such as a magma chamber,
in the upper part of the crust. These observations are in
conformity with the moderate to low electrical conductivity in
the subsurface between Loharinag and Pala, as inferred from
MT sounding data acquired at a number of stations in the area
by NGRI.

Thermal conductivity of augen gneiss has a range 2.2 to 3.5
Wm-1K-1 and mean 2.8±0.4 Wm-1K-1. Both range and mean are
higher relative to the augen gneisses of Tapovan area. Other
gneisses, felsic gneisses and fine-grained gneisses range from
2.0 to 3.9 Wm-1K-1. Metabasic rock has a mean conductivity of
2.2 Wm-1K-1 while gneisses containing metabasic bands show
a range 1.8 to 2.6 Wm-1K-1 with a mean of 2.2±0.3 Wm-1K-1.

On the basis of previous mentioned data and other
considerations, it is concluded that the source of the hot springs
can be attributed to circulation of groundwater in the top few
kilometres of the crust, getting heated by the geothermal
gradient, and emerging at the surface through fault / fracture
systems. Geohydrological and isotopic studies have established
that hot spring waters are predominantly meteoric in origin,
which supports the geothermal model.

(Sukanta Roy, Labani and Anurup Bhattacharya)

Crustal thermal structure of southern Indian
Precambrian province

Previous attempts at understanding the thermal structure of
the southern Indian Precambrian province were based on heat
flow and heat production data limited mainly to the Eastern
Dharwar craton and northern part of the gneiss-granulite
province. Western Dharwar craton (WDC) was characterized
by heat flow data at three localities only, whereas the Closepet
granite batholith, the western part of the gneiss-granulite terrain
of Kerala and the Kerala Khondalite block (KKB) were totally
uncovered by such measurements. Furthermore, the three
measurements in WDC were from greenstone-covered terrains,
thicknesses of which are not well constrained by contemporary
studies.

With the objective of obtaining a heat flow dataset
representative of the major sub-provinces of southern India,
seven boreholes up to 500 m deep have been drilled at carefully

Fig.5.8 Temperature logging being carried out in Sunagar borehole
close to the top of a hill. The picture provides a glimpse of
the rugged topography in the area in general, and drilling
sites for geothermal investigations in particular. Relatively flat
terraces in the hills provide the only locations where a rig
could be mounted and drilling carried out
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chosen sites, specifically for heat flow measurements. Criteria
for site selection was corroborated by the undisturbed nature
of temperature-depth profiles obtained from later
measurements. The project was funded by the Department of
Science and Technology. The seven boreholes are distributed
as follows: two in the Closepet granite batholith covering the
greenschist as well as the amphibolite facies terrains, two in
the WDC covering the terrain comprising the oldest gneiss
(Gorur gneiss) in south India as well as the Late Archaean
post-accretion granulite terrain, two in the gneiss-granulite
terrain of Kerala both north as well as south of Palghat Cauvery
lineament, and one in the KKB located in the Nagercoil
charnockite massif (Fig.5.9). On-site supervision of drilling and
geological sampling of borehole cuttings at every ~5 m depth
was resorted to. Temperature measurements have been carried
out in all the boreholes after allowing for equilibrium with the
surrounding rock formations. Thermal conductivity
measurements on rock types representative of those met with
in the boreholes are underway, as are geological logging and
petrographic examination of the drill cuttings and evaluation of
heat flow. Interpretation of the heat flow data set, together with
heat production of major rocks constituting the crust, constraints
on crustal structure from geological and other on-going
geophysical studies in the region, would enable modeling of

thermal structure in a wide range of crustal scenarios
comprising the southern Indian shield.

(Sukanta Roy, Labani, Anurup Bhattacharya and R
Srinivasan)

5.7 STRUCTURAL AND GEOCHEMICAL
CONSTRAINTS OF HIGH -   GRADE GNEISSES
OF SOUTHERN GRANULITE TERRAIN, SOUTH
INDIA: IMPLICATIONS FOR THE
RECONSTRUCTION OF   GONDWANA
SUPERCONTINENT

Structural framework of South India and the
significance of major shear zones

The Precambrian crust of southern India is divisible broadly
into the Dharwar craton, the Southern Granulite Terrain (SGT)
and the Eastern Ghats Granulite Terrain (EGGT). A geologic
history of nearly three billion years is recorded in this region,
which is divisible into several sub-domains separated by a
complex system of major ductile shear zones. Essentially, crust
formation was accomplished during the Archaean while the
Proterozoic accounts for crustal reworking, accretion of terrains
and their final assembly into their present disposition. Focus
was made on the geometry and significance of some of the
major Shear zone systems transecting southern India that could
represent important terrane boundaries.

The oldest recognisable shear systems are in the Dharwar
craton, generally along boundaries of major greenstone belts.
Both dextral and sinistral movements are recorded although
sinistral deformation predominates. Along the boundary
between the western and eastern parts of the craton at the
eastern boundary of the Chitradurga belt, the shear zones
define a west verging thrust. The limited age data constrain
this to ca.2.2 Ga that coincides with an event of regional crustal
anatexis, generation of K-rich granites and control the sites of
faulting that underpin development of Proterozoic sedimentary
basins.

The dextral Cauvery Shear Zone system (CSZ) forms a
prominent east-west tectonic zone between the southern limit
of the craton and the Neoproterozoic granulite blocks further
south. Component structures in this zone of recurrent
deformation may date back to the Palaeoproterozoic. Such
structures could account for the thrust tectonics and events
such as the thrusting of Nilgiri block on to the Dharwar craton.
Much of the present crustal architecture in the northern granulite
blocks of the SGT could have been established by the

Fig.5.9 Geological map of southern India showing the distribution
of heat flow data. New data sites are shown as red solid circles.
Previous data sites are shown as black solid circles. Heat flow
values are given in mW m-2
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Mesoproterozoic, but reworked during the Neoproterozoic. The
shear zones in the EGGT are, by far, Neoproterozoic although
some of them such as the dextral Nagavali -Vamsadhara may
have developed during the Mesoproterozoic based on the
presence of pre-tectonic felsic plutons.

An interesting outcome of recent studies is the recognition of
Neoproterozoic transpressional tectonics related to continent-
continent type collision both in the EGGT and SGT. For instance,
the Neoproterozoic crustal cross-section across the CSZ in
the SGT conforms to a large-scale flower structure typical of
convergent orogens. The EGGT and SGT followed distinct
evolutionary patterns during the Proterozoic. The EGGT has
been correlated with the Grenville-age orogens such as the
Rayner complex, Antarctica where the Nagavali-Vamsadhara
shear zone is linked to the boundary between the Rayner and
Napier terrains of east Antarctica. The CSZ may be correlated
with the Betsimi-Saraka suture zone, Madagascar. However, it
must be emphasized that both SGT and EGGT share a
common deformation event during the Pan-African. This is
manifested in the inferred contiguity of lineaments between
the SGT and EGGT.  It is suggested that the Pan-African can
be associated with an important phase of terrane assembly in
southern India similar to elsewhere in Gondwana land.

(TRK Chetty and YJ Bhaskar Rao)

Strain pattern and deformational history in the
eastern part of the Cauvery Shear Zone,  southern
India: implications to supercontinent models

Understanding the style and timing of the deformational events
in ancient orogenic belts, such as Precambrian Southern
Granulite Terrain (SGT), has important implications for models
of both the formation and breakup of supercontinents. Central
to these studies is the structural analysis of crustal-scale shear
systems such as the Cauvery Shear Zone (CSZ), which divides
the Archean and Proterozoic crustal blocks of SGT and records
multiple deformation events. Deformational history of the high-
grade gneisses in the eastern part of the CSZ is derived from
different space scales of satellite images and meso- to macro-
scale structural observations in the field. The synthesis of the
results obtained allows a textural foliation map to be drawn at
a regional scale revealing two major east-west trending
boundary shear zones: Salem-Attur shear zone in the north,
the continuation of Moyar-Bhawani shear zone; and the
Cauvery-Tiruchinapally shear zone in the south, the eastern
extension of the Palghat-Cauvery shear zone. Besides, a set
of sigmoidal shear belts occurs connecting the two boundary

shear zones. The sigmoidal shear belts also delineate the low
and high-strain domains. While the former is characterized by
complex elliptical and folded structures, the latter is marked by
a progressive increase in the axial ratios of the fold geometry
up to 1:15 indicating the regional strain gradient. Structural
observations demonstrate the superposition of finite stain
patterns D1 and D2. The D1 is characterized by early isoclinal
folds and near horizontal S1 fabrics and L1 mineral stretching
lineations coeval with the peak granulite facies metamorphism
presumably at 2.5 Ga. The D2 event is associated with
intensification and reworking of D1 structures leading to the
development of high-stain zones characterized by new
penetrative S2 steep fabrics, often associated with granite-
alkaline plutons and sub-horizontal stretching lineations (750-
500 Ma). Deflection of foliation trajectories and other shear
criteria indicate non-coaxial deformation coherent with a dextral
strike-slip motion along the D2 shear zones. The D2 finite
pattern shows a significant stain partitioning between the two
major east-west trending boundary shear zones as well as the
interconnected sigmoidal shear belts, reflecting a transpressive
tectonic regime. Such structures are well known in the
basement complexes of adjoining major Pan-African orogens
such as the extended east African orogen.

(TRK Chetty and YJ Bhaskar Rao)

Structure and tectonics of the Achankovil Shear
Zone, southern India

An integrated approach to resolve the kinematics of the
controversial Achankovil Shear Zone (AKSZ) has been
attempted involving remote sensing data, shaded relief topo-
maps, ground details of lithology and mesoscopic structures.
An excellent correlation of structural trends exists on all scales
of observation. The AKSZ is distinctly defined by NW-SE
trending foliation fabrics with steep dips to southwest. The
adjacent Madurai block and Trivandrum block show contrasting
lithological and structural characteristics as shown in structural
cross sections. The mesoscopic structural studies reveal the
presence of sub-horizontal stretching lineations, asymmetric
structures like S-C’ fabrics (Fig.5.10), porphyroclasts, ‘S’ shaped
folds (Fig.5.11) and shear bands confirming the strike-slip
component of shear along AKSZ. The deformation undergone
by the AKSZ could be described in terms of an initial dextral
deformation-D1, reactivated and superimposed by sinistral
kinematics-D2, which is also supported by megascopic
structural interpretation of remote sensing data. The
megascopic structural interpretation of AKSZ displays en-
echelon pattern of lineaments with right overstepping
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arrangement, which can be interpreted as an evidence of the
latest sinistral transpressional deformation.

(K Guru Rajesh and TRK Chetty)

Shear zones and metamorphism from the central part
of the Eastern Ghats Mobile Belt, India

Landsat TM and IRS-1D satellite image interpretation followed
by geological mapping reveal two major ductile shear zones,
the Nagavali (NSZ) and Vamsadhara (VSZ) in the central part
of the Eastern Ghats Mobile Belt (EGMB), India. They trend
near N-S with steep westerly dips, orthogonal to regional NE-
SW trend of the EGMB, and are characterized by the presence
of mylonites, stretching lineations, retrogression and granitic
magmatism (~980 Ma). The rock types in the area include
variably retrograded charnockites, khondalites, megacrystic
gneisses and quartzo-feldspathic gneisses. The complex
geologic history of the central part of EGMB can be grouped
into three tectono-thermal events. D1 is associated with NW-
directed thrusting, NE-SW trending recumbent folds, crustal

thickening and granulite facies metamorphism (~3000 Ma). D2
represents prolonged shearing event, magmatism,
migmatization and retrogression during the Proterozoic (1400-
800 Ma). D3 is an event of reworking restricted to shear zones
during the Pan African (600-400 Ma). Kinematic analyses like
deflection of gneissic foliation at the shear zone margins, sigma-
type porphyroclasts of garnet indicates dextral shear sense.
Satellite- to mesoscopic scale structural observations suggest
that the shear zones evolved in a transpressive tectonic regime.
Extensive megacrystic gneisses invade the NSZ, while sheared
quartzo-feldspathic gneisses mark the VSZ. Enclaves of mafic
bands, preserving early tight to isoclinal folds and narrow bands
of ultramylonites, paralleling the gneissic foliation are common.
Deformation mechanisms like sub-grain rotation, grain
boundary migration in quartz and plagioclase; and
decompression textures like symplectites and coronas are
consistent with metamorphism under granulite facies conditions.
Geochemistry of sheared gneisses from the shear zones exhibit
S-type nature with enriched LILE and depleted HFSE. Most of
these gneisses fall within the field of syn-collisional or volcanic
arc granites. These and other field observations suggest syn-
tectonic emplacement associated with the focused melt flow
into the shear zones. Published age data, varying structural
geometry and restriction of granitic magmatism to the shear
zones suggest that collisional tectonic processes were
responsible for the accretion of distinct crustal blocks and the
evolution of the EGMB.

(P Vijay and TRK Chetty)

Emplacement history of Pasupugallu Gabbro Pluton,
Eastern Ghats Belt, India: a structural study

Structural mapping of the Pasupugallu pluton, an elliptical
intrusive gabbro-anorthosite body, emplaced into the western
contact zone between the Eastern Ghats Mobile Belt and the
Archaean East Dharwar Craton, along the east coast of India,
reveals concentric, helicoidal and inward dipping magmatic and/
or tectonic foliations (Fig.5.12). A <1 km-wide structural aureole
has been identified, which is characterized by the pronounced
deflection of regional structures into margin parallel direction,
mylonitic foliations with S-C fabrics, sigmoidal clasts,
moderately plunging stretching lineations, non-cylindrical
intrafolial folds, and stretched elliptical mafic enclaves in the
aureole rocks. The results suggest that the pluton emplacement
is syn-tectonic with respect to the regional ductile deformation
associated with the Terrane Boundary Shear Zone at the
western margin of the Eastern Ghats. A tectonic model has
been proposed for the emplacement of the pluton invoking

Fig.5.10 Asymmetric Boudins defined by the gneissic foliation (S)
crenulated by the extension crenulation cleavages
(C’)indicating dextral sense of kinematics

Fig.5.11 Gneissic foliation deflected into “S” shaped folds by sinistral
shear bands
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shear-related ductile deformation, rotation and a minor
component of lateral expansion of magma. The intrusive activity
(1450–800 Ma) along the western margin of the Eastern Ghats
can be correlated with the significant event of recurring mafic,
alkaline and granitic magmatism throughout the global
Grenvillian orogens associated with the continent-continent
collision tectonics possibly related to the amalgamation and
the breakup of the supercontinent Rodinia.

(J Nagaraju and TRK Chetty)

LAM-ICPMS zircon U-Pb isotopic ages from the
Uppalapadu alkaline complex, Eastern Ghats, India:
implications for the origin of the ferrosyenites

The Uppalapadu alkaline complex is one of the three major
alkaline complexes of the Prakasam Alkaline Province in the
Eastern Ghats Granulite Belt of south India. The plutonic
complex consists of predominant nepheline syenite with minor
hornblende syenite and quartz syenite units. The pluton is also
closely associated with tholeiitic gabbro and ferrosyenites. It
has been suggested that the higher degree partial melting of
the mantle at shallower-level and segregation produced the
sub-alkaline (tholeiitic) basaltic melts; deeper level and lower
degree melting and segregation resulted in alkaline basaltic
melts. The sub-alkaline rock association of the tholeiitic gabbro

and ferrosyenites with the other lithological units of the pluton
as co-genetic is debatable. The whole rock Rb-Sr isotope data
of the Uppalapadu alkaline lithounits define an isochron with
an emplacement age of 1348+ 41 Ma (Sarkar et al. 1994).
New zircon U-Pb data was presented from the ferrosyenite
enclaves and their host hornblende syenite units determined
by Laser Ablation Microprobe-Inductively Coupled Plasma
Mass Spectrometry (LAM-ICPMS). The zircon grains ranging
in size from 70-0 µm have both prismatic and pyramidal
morphologies and show strong zoning indicating their magmatic
origin.  The U-Pb isotope data was measured in-situ on
individual grains in polished rock sections mounted on glass
slides using LAM-ICPMS at the ARC National Key Centre
GEMOC, Macquarie University, Sydney, Australia.

The new isotope data suggests an age of 1347+ 11 Ma for the
ferrosyenites of the Uppalapadu complex. This clearly suggests
that the ferrosyenites are contemporaneous igneous units to
the other syenites if not genetically related. These dates also
clearly predate the basic magmatism in the area. This is also
clearly corroborated by the fact that the syenite units of
Uppalapadu complex also show strong metamorphic features
in the form of gneissosity and banding, which is not conspicuous
in the Chimakurti complex.

(EVSSK Babu, J Nagaraju, TRK Chetty, YJ Bhaskar Rao
and NJ Pearson)

5.7.1 ELECTRICAL RESISTIVITY BEHAVIOR OF
HYDROUS AND ANHYDROUS MINERALS  AT
MANTLE PRESSURES

Clay mineralogy of K-T- boundary samples

Alverez et al. (1980) suggested the hypothesis of a large impact
at the Cretaceous-Tertiary (K-T) boundary for the first time after
the identification of an iridium-rich layer in the boundary clay at
Gubbio, Italy. Simultaneously Ir-rich K-T-boundary layer has
been  reported by Smit and Hetogen (1980) at Caravaca, Spain.
Bhandari et al. (1995) have identified K-T-boundary layer within
the Deccan intertrappean sediments at Anjar, about half way
between Flow III and Flow IV . The chemical analyses of the
samples just above the uppermost horizon containing dinosaur
fossils, show enrichment of Ir (1271 ppb). A thin clay layer,
typically ranges from few cm to tens of cm thick, which are
enriched in trace elements, as determined from a change in
planktonic fauna and flora, commonly marks the K-T-boundary.
It is believed that the boundary clay possibly consists of a
mixture of terrestrial ejecta and meteoritic material. Detailed

Fig.5.12 Foliation trajectory map of Pasupugallu gabbro pluton,
Andhra Pradesh, India
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mineralogical studies on the boundary clays would help in
identifying minerals possibly derived from the asteroid, that
are not normally present in the clay fraction of marine
sedimentary rocks. Detailed mineralogical and geochemical
investigations were carriedout on the clays from Anjar
intertrappean sediments. The Ir-rich layers show the presence
of phyllosilicates of smectite group, sepiolite-palygorskite group,
and kaolinite-serpentine group. These clay minerals are found
to be the alteration product of Mg-rich silicate glass. The studies
also show the depletion of smectite content and occurrence of
kaolinite in the clay samples from the Ir-poor layer or below
KTB layer, indicating that the smectites would most likely be
the carrier of iridium and fullerenes in Anjar intertrappean.

(G Parthasarathy, N Bhandari* and AC Kunwar**)

*PLANEX, PRL, Ahmedabad, ** IICT, Hyderabad

Mineralogical and compositional studies on
Kendrapara, an Indian meteorite

Carried out mineralogical and compositional studies on the
Kendrapara meteorite, a piece from the multiple fall which
occurred on September 27, 2003 near Suniti village of
Kendrapara District of Orissa, India. The sample is composed
of  olivine , pyroxene, abundant Fe-Ni metal, and troilite. Fayalite
content of olivine is about 19 mol %and Fs content in ortho
pyroxene is about 15 to 17 mol % . The high content of Fe, and
the values of Mg/Si= 0.83; Al/Si= 0.073 and Fe/Si=1.62 match
with the values of well-known H group chondrites (Krot et al.
2003) and hence we classify the stone as belonging to H5
group.

(N Bhandari*, SVS Murty* and G Parthasarathy)

*PRL, Ahmedabad

Spectroscopic studies on Carbonados (black
diamonds)

Carbonado has been recognized as a polycrystalline aggregate
of diamond since 1840 and was mined as a placer mineral in
Sincoro County in Brazil. Carbonado has been recovered only
from alluvial deposits in Brazil and the Central African Republic
(CAR). The origin of the unusual type of polycrystalline diamond
is not yet understood. Several hypotheses have been proposed
for the formation of carbonados including irradiation of
carbonaceous matter at crustal depths, exhumation from the
Earth’s  mantle, metamorphic processes related to  subduction,
meteorite impact, and solar system origin. In order to
understand the origin of this exotic diamond aggregates,

powder-X-ray diffraction, solid-state Nuclear Magnetic
Resonance and Fourier transform infrared spectroscopic, and
electron microscopic studies were carried out on the
carbonados from Brazil and CAR. While the data on the
chemical and trace elements analyses agree with the earlier
data, there is a minor difference in the observation of presence
minor minerals.  Identified few grains of osbornite (TiN) with
500 to 1000 nm size, and presence of lonsdaleite- a high –
pressure polymorph of diamond. The presence of these two
minerals has been independently and unambiguously
confirmed by XRD. The NMR spectrum also show a shock-
induced broadening of the diamond line centered at 34.8 ppm
which is more than the chemical shift 34.5ppm of pure diamond
crystal. Similar broadening has also been observed in the
diamond resonance in the samples recovered from Murchison
meteorite. The presence of osbornite in carbonados shows the
possible extraterrestrial origin of carbonados as this mineral is
known to exist only in enstatite chondrites and achondrites.

(G Parthasarathy, SE Haggerty* and AC Kunwar* )

*Florida International University, USA, **IICT, Hyderabad.

High-pressure studies on Hydrotalcites-
Environmental mineralogy

Hydrotalcites are used as catalysts, anion exchangers and sink
materials for radioactive environmental contaminants.
Hydrotalcite, stichtite, and pyroaurite are rhombohedral layered
double hydroxides with the general stoichiometry: M (II)1-xM(III)x

(OH)2[A
n-]x/n. m H2O and a structure composed of positively

charged brucite-type metal-hydroxide layers intercalated with
anions [An-] and water molecules. The structure accommodate
a number of cations, including Mn2+, Mg2+, Co2+,Ni2+, Zn 2+,Fe2+,
Al3+, Fe3+, and Cr3+. The inter layer anions are  as CO3

2-, NO3-,
Cl-, and SO4

2-. Therefore, the variety of hydrotalcites with varying
cationic and anionic compositions offer the possibility to prepare
tailor made materials for specific applications, such as basic
catalysts, absorbents, chloride scavenger, remediation of
radioactive contamination. Hydrotalcite, stichtite and pyroaurite
also occur as secondary minerals in Archean chromite bearing
serpentinites of Nuggihalli Schist belt, Karnataka., and closely
associated with brucite, chromite, aragonite, antigorite and
magnesite in serpentine.

In a recent study, Roh et al. (2000) has suggested that the
solubility of radioactive contaminant 235U, 238U, and 99Tc in
pyroaurite like phases, increases considerably in amorphous
phase compared to crystalline phase, as the carbonate anions
in the interlayer balance the excess positive charge from
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isomorphous substitution of the Fe2+ or Fe3+, by reduced U4+,

and technetium Tc4+. In order to explore the possible presence
of amorphous phase of hydrotalcite like compounds. High-
pressure experiments on hydrotalcites were carried to
determine the pressure dependence on the electrical resistivity
of anionic clays of synthetic hydrotalcite, stichtite (both natural
and synthetic) up to 8 GPa at room temperature. Powder XRD,
FT-IR and DTA measurements show the hydrotalcite
transforms to manasseite phase at about 1.5 GPa and then to
amorphous phase in the pressure range of 3.5 to 5 GPa. We
suggest that the pressure-induced amorphous phase could be
used in environmental management of radioactive
contaminants.

(G Parthasarathy, BM Choudary*, M Lakshmi Kantam* and
Ch Venkat Reddy**)

*IICT, Hyderabad- ** Department of Chemistry, Iowa State
University, Ames, USA.

High-pressure electrical resistivity and mossbauer
studies on synthetic nano-crystalline perovskites

Until recently it was believed that Mg, Fe SiO3 perovskite is
stable throughout the Earth’s lower mantle. Comprising ~75
vol.% of this part of our planet, perovskite turns out to be the
most abundant mineral in the Earth. Properties of this phase
have been extensively studied using advanced experimental
and theoretical techniques and have been used to interpret
geophysical observations. Though largely successful, these
interpretations spectacularly failed for the lowermost ~150 km
of the mantle, the so called D’’ layer. This layer is characterised
by large seismic anisotropy, heterogeneity, variable depth,
strong shear wave velocity discontinuity at the top, and
anticorrelation between shear and bulk sound velocities. Hence
there has been growing interest in studying the phase transition
in silicate perovskite under high pressure, which led to the newly
discovered post perovskite phase in the Earth’s D “ layer. This
pressure-induced phase transition should have a strong
geodynamical signature in hindering the whole mantle
convection and favor layering. In order to understand the effect
of post-perovskite phase on the electrical conductivity, were
carried out high-pressure measurements on the synthetic
analogous material, which has perovskite type structure at room
temperature. Determined the pressure dependence on the
electrical resistivity of the nano-crystalline perovskite structured
La-Sr-manganites up to 9 GPa, at room temperature. The
samples were prepared by sol gel technique and found to be
nano-crystalline with crystallite size of 12 to 18 nm. The

pressure dependence of the electrical resistivity shows a
first- order phase transition at 0.66 GPa and a subtle phase
transition between 3.5 to 3.8 GPa. Based on the high-pressure
resistivity and Mossbauer spectroscopic studies the
pressure-induced first order transition at 0.66GPa is due to the
transition from localized electron to band magnetism was
interpreted.

(G Parthasarathy and Usha Chandra*)

*Rajasthan University, Jaipur

5.8 AGE CONSTRAINTS ON THE ARCHAEAN TO
NEOPROTEROZOIC CRUSTAL EVOLUTION IN
THE EASTERN DHARWAR CRATON,
SOUTHERN INDIA

Crustal and lithospheric studies in the Archaean
Dharwar Craton, South India: new approaches

Processes underlying the formation, evolution, assembly and
dispersal of the continental crust are fundamental to several
key issues in Earth System Sciences, both basic and applied.
Understanding the evolution of the Archaean (>2.5 Ga) terrains
assumes great significance because as much as 80 percent
of the continental crust is believed to have formed during this
period and much of it recycled over the subsequent geologic
history. The problem of crust formation at a given time in the
geologic history can thus be resolved into two components: 1)
processes addressing extraction of primary magmas (the initial
products of mantle melting, protoliths of crustal magmas) from
the mantle sources and 2) processes responsible for
modification of their pristine compositions to those typical of
continental crust as we see today.

The Terrane ChronTM approach for crustal evolution
and metallogeny

The Terrane ChronTM is a comprehensive new tool for tracing
the crustal evolution as well as for regional exploration for
minerals and petroleum developed by the ARC National Key
Centre for Geochemical Evolution and Metallogeny Of
Continents (GEMOC), Australia. The methodology provides for
rapid, cost-effective characterization of crustal history on a
regional scale (10-10000 km2) based on U-Pb, Hf-isotope and
trace element analysis of single zircon grains by a combination
of Electron Probe Micro Analysis (EPMA) and laser-ablation
ICPMS (both Quadrupole- and Multi-Collector) methods with
the following implications:

✧ U-Pb ages with precision equivalent to SHRIMP.
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✧ Hf isotopes trace magma sources (juvenile mantle inputs
vs. crustal).

✧ Trace elements identify parental rock types of even detrital
zircons.

Samples for such a study are typically from (1) regional heavy
mineral sampling (modern drainages: terrane analysis), (2)
Sedimentary rocks (basin analysis) and (3) Igneous and
polymetamorphic rocks (dating, specialized genetic studies).

Applications to mineral exploration

Implications are towards prioritization of targets for mineral
exploration based on (1) rapid assessment of the geology in
difficult or poorly mapped terrains, (2) “Event Signatures” for
comparison of crustal histories from different areas and (3)
Identify presence or absence of possible mineralized rock types
such as Cu/Au porphyries, A-type granites etc.

Applications to oil and gas exploration

In provenance studies, the information of Hf-isotope and trace
elements provide more detailed source signatures than U-Pb
ages alone. This is largely because (1) Terrane ChronTM defines
the crustal history of the source region of the sediment (2)
Serving as stratigraphic markers in thick non-fossiliferous
sediment packages.

Case studies from the Dharwar craton, South India:

Terrane ChronTM approach on 2.9 Ga Dharwar basal
quartzite

The quartz-pebble-conglomerate unit at the base of the
Dharwar Super Group represents a prominent fluvial deposit
of approximately 3.8 to 3.0 Ga. A 20 kg sample from
Shiggeguda belt was processed and nearly 80 zircon grains
with different sizes and morpho types mounted on a single
mount and analysed by a combination of EPMA, LAM-ICPMS
and LAM-MC-ICPMS as explained in the previous sections.
Back Scattered Electron (BSE) images of some zircons are
shown in (Fig.5.13).

Based on zircon chemistry the model host rocks are
predominantly granitoids, but include some mafic rocks
(Fig.5.14). Two zircon grains yielded 3.6 Ga U-Pb ages and
they indicated Carbonatite model origin. In the BSE images,
internal structures of these grains were featureless implying
complete recrystallisation of existing igneous-derived or newly
grown crystals. This is true not only for 3.6 Ga but also for

Fig.5.13 Electron probe BSE/CL images for two zircons from the
Dharwar basal quartzite

several younger grains. The U-Pb age data define four primary
groups: ca 3.6 Ga, 3.38 Ga 3.2 Ga and 3.16 Ga (Fig.5.15 and
5.16 ). Recent Pb-loss is indicated by the pattern of discordant
analyses. Initial Hf ratios are remarkably consistent for the oldest
zircons suggesting that they are genetically related. Thus the
zircons of 3.6-3.3 Ga may have experienced partial Pb-loss.
Hf data (Fig. 5.17) indicate a strong input of juvenile magmas
from depleted mantle with little or no involvement of crust, even
though its presence in the provenance region is suggested by
>3.3 Ga zircons. On the other hand, 3.3 Ga zircons may be
related to magmatism extended over a protracted event and to
a degree of crustal recycling processes. Thus, the information
obtained from the study of one sample clearly takes us beyond
the existing information in the region in more than one aspect
testifying to the over all advantages of this approach.

4-D Lithopheric mapping approach for
characterization of deep crust and lithospheric
mantle beneath the cratons

The 4-D lithospheric mapping program of the ARC National
key center GEMOC is largely aimed to link petrology and
geophysics to understand the vertical and lateral heterogeneity
of the subcontinental lithospheric mantle (SLCM) beneath the
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different cratons of the world. Mantle xenoliths brought by
volcanic rocks such as basalts and kimberlites serve as ‘snap
shots’ of the SCLM at a given time window of the Earth’s history.
Petrological data from such xenoliths provide us the base line
information on the distribution of different rock types and
compositions in individual mantle sections, which can be
compared or correlated with the present day geophysical
properties such as density and seismic velocities. However,
obtaining a large number of fresh xenoliths could be difficult
either due to paucity of sampling by volcanic rocks or due to
alteration during entrainment in the host magma. As the
chrome-pyrope garnet is an essential phase in most of the
mantle peridotitic compositions to depths exceeding 80 km, it
can therefore be used to study this important chemical reservoir.
Cr-pyropes are also resistant to weathering and hence, can
easily be recovered from the heavy-mineral concentrates of
the hard bank kimberlite or its regolith. 

The ambient temperature of each grain sampled from the
mantle can be estimated from its nickel content, and the
information contained in the garnet’s major- and trace-element
composition could be put into its depth perspective by projecting
this temperature to a local paleogeotherm, which also can be
derived from the garnet concentrates themselves. From the
statistical analysis of the major and trace element data from
over >60,000 garnet grains obtained from different SCLMs
available with the GEMOC’s database, compositional
populations can be obtained from different rock types and
processes. When the populations are plotted against the
estimated depths, ‘Chemical Tomography’ columns of the SCLM
for individual kimberlite pipes or clusters can be constructed.

Fig. 5.17 Initial 176H/f/177Hf vs. U-Pb age plot for zircons from
Dharwar basal quartzite.  For reference model chrondriticf
and depleted mantle evolution curves for Hf isotopes.

Fig.5.14 Histograms summarizing model rock types for Dharwar basal
quartzite zircon grains based on statistical analysis of zircon
major and trace element data from EPMA and LAM-ICPMS
analysis

Fig.5.15 U-Pb consordia diagram for zircons from Dharwar basal
quartzite, (LAM-ICPMS)

Fig.5.16 Relative probability plot summarizing LAM-ICPMS U-Pb
zircon ages for Dharwar basal hioghlighting weighted mean
ages for dominant populations
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Significance of such studies involves in establishing a broad
correlation between composition of the SCLMs and their
“tectono-thermal ages”, defined as the age of the latest thermal
event registered in the upper mantle segment.  Typically, this is
determined directly from dating xenoliths of upper mantle rocks
entrained in Kimberlite Clan Rocks (KCRs) and alkali basalts
in continental flood basalt provinces.  Broadly, three types of
SCLMs are recognized: Archons (with tectono-thermal ages
>2.5 Ga), Protons (2.5-1.0 Ga) and Tectons (<1.0 Ga).  These
three types have distinct compositional and rheological (?)
signatures.

Constraints on the lithospheric architecture of the
Eastern Dharwar craton: 4-D lithospheric mapping
approach.

Following the 4-D lithospheric mapping approach of GEMOC,
palaeogeotherms were constructed from the pressure-
temperature estimates of different lherzolitic, Harzuburgitic
xenoliths from different kimberlite clusters of the Eastern
Dharwar Craton of south India which is used as a base line
information. A preliminary attempt is made to construct chemical
tomograms for different kimberlite clusters of the Eastern
Dharwar Craton of South India based on the compositions of
pyrope garnets from different kimberlite pipes. Major elements
of individual garnets were analysed with Cameca SX100 EPMA
and trace elements with custom-built Laser Ablation Microprobe
coupled to Inductively Coupled Plasma Mass Spectrometer
(LAM-ICPMS) at the ARC National Key Centre GEMOC,
Macquarie University, Australia. Contrasting SCLM structures
were revealed from such modelling of the major and trace
element chemical compositions of the Cr-poor and Cr-rich
pyropic garnet xenocrysts from the 1.1 Ga Wajrakarur and
Kalyandurg kimberlite clusters of the EDC. A combination of
Ni thermometry (TNi) and Cr barometry (PCr) as well as trace
element variations suggest that the SCLM beneath the
Wajrakarur cluster is layered with a 1000-11000C – 40-45 kbar
temperature-pressure gap whereas the SCLM below the
Kalyandurg cluster is devoid of any such layering and is tightly
clustered at around 1050 0C – 45 kbar. Interestingly, the
estimated P-T data from the eclogites from the Kalyandurg fill
the position of such gaps in the lithosphere. Peridotitic olivine
XMg distribution of the SCLM in 3-D estimated by the inversion
of Ni-thermometry also suggest distinct break in the SCLM
beneath the Wajrakarur cluster. Trace element data when
modelled (Fig.5.18) further suggest that the SCLM beneath
the Wajrakarur cluster is largely Proterozoic and that beneath
the Kalyandurg cluster is Archaean.

The current data when viewed in the light of the present day
seismic reflection and refraction data suggest the possible
existence of a lithosphere-deep accretionary wedge between
WDC and EDC at 1.1 Ga.

The above work was carried out as part of collaborative project
on the “Crustal and lithospheric structure of the Dharwar Craton”
under an MOU signed between the ARC National Key Centre
for Geochemical Evolution and Metallogeny of Continents
(GEMOC), Macquarie University, Australia and the National
Geophysical Research Institute, Hyderabad, India. The
DiscoveryGrants, ARC, AUSTRALIA, BOYSCAST Fellowship,
Department of Science and Technology, Government of India
and the National Geophysical Research Institute, Hyderabad
funded this work.

(YJ Bhaskar Rao, EVSSK Babu, WL Griffin*, Suzanne
O’Reilly* and NJ Pearson*)

*Gemoc, Australia

Fig.5.18  Zr/Y vs. Y/Ga plot showing the broad divisions of Archon,
Protonand Tecton for the granet xenocrysts from A.
Wajrakarur cluster and B. Kalyandurg kimperlite cluster.  It
can be observed that most of the Iherzolitic garnets from the
Wajrakarur cluster fall within the Proton field whereas, those
from the Kalyandurg cluster fall in the Archon field.
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5.9 LABORATORY  ROCK MECHANICS STUDIES
AND  IN SITU STRESS MEASUREMENTS

Triaxial compressive strength and frictional
properties of charnockites

Physico-mechanical properties of charnockites were
determined in the laboratory at low confining pressures using
NGRI triaxial cell. This work was sponsored by the L&T
Chennai. The results show that charnockites under dry
condition in general are very strong in triaxial compression and
their compressive strength (σm) at σ3 = 0.8  MPa varies from
about 88–185 MPa whereas after water-saturation the triaxial
compressive strength was found to range from 97–164 MPa
only (Fig.5.19).  The coefficient of internal friction µ of all the
charnockites is > 0.75. The experimental results provided an
insight into the strength and frictional characteristics of
charnockites at low  confining pressures to know the influence
of the variations in composition and textural features on the
strength of rocks.

(KB  Chary, Syed Ali, NA Vijayakumar and MVMS Rao)

Shear wave velocity and quality factor
measurements in some rhyolites

Carried out laboratory measurements of shear wave velocity
(VS), Quality factor (QS) and attenuation (αS) in a large number
of core-drilled rhyolite rock samples. The tests have been
carried out at 1.0 MHz frequency using the ‘time-of-flight
measurement technique’. A high energy ultrasonic pulser on
the driving side and a storage oscilloscope on the receiving
side were used for the velocity and attenuation measurements.
The tests carried out on shear wave propagation in the
cylindrical rods (6 to 8 cm long) of high Q materials such as
aluminum have shown good number of S-wave echoes with
none of them showing any broadening. On the other hand, all
the lossy media  (low Q materials) did not show any echoes.
But the first received S-wave in them has shown pulse
broadening, which enabled us to measure it accurately and
compute the values of QS and αS in them. Hard copies of the
wave trains observed in an aluminum sample and rhyolites
rock sample are shown in (Fig.5.20). The top trace shows a
weak P-wave fore-runner and prominent S-wave echoes in an

aluminum sample at 20 µsec/cm
sweep-speed and the bottom
trace shows a weak P-wave fore-
runner and predominant S-wave
in a rhyolites rock sample at 2
µsec/cm sweep-speed along with
the time-measuring cursors. The
wave period between the first-
downward and first-upward pulse
(T2

/-T1
/) of the received

S-wave constitutes the major
measurement parameter. It is
compared to the wave period (T2-
T1) of the reference signal and the
difference between them {∆t = (T2

/

-T1
/) – (T2-T1)} is the increase in

pulse width due to the energy loss
in the test material. The results
show that the average values of
VS, QS and αS are close to 3.00 X
105 cm/sec, 115 and 1.20 dB/cm
respectively. The Poisson’s ratio
of rhyolites is found to be ~ 0.23
and the ratio of QP to QS is
approximately 2.2. The mineral
composition, in particular, the
volume percentage of

Fig.5.19  Mohr’s circles and Mohr-Coulomb envelope and the results of ‘C’ and ‘φ’ of dry and water-
saturated samples of CB4R1(FBTR)  and  R1(HEF).
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groundmass, which is mostly glass in rhyolites, is found to have
a strong control on VS, QS and αS of the samples tested.

(MVMS Rao and KJ Prasanna Lakshmi)

Physico-mechanical properties of dark grey shales

The results of uniaxial compression tests of dark gray shales
of underground coal mines of SCCL were analysed and
interpreted. A comprehensive technical report was prepared
and submitted to the sponsoring industry (SCCL, Kothagudem,
Andhra Pradesh).

(KB Chary, LP Sarma, Syed Ali, NA Vijayakumar and
MVMS  Rao)

Laboratory studies on granulite facies rocks of
Southern Granulite Terrain

A sponsored activity entitled “Laboratory studies on some
physical properties of charnockites and other granulite rocks
of the Southern Granulite Terrain” was formulated and the
details of it were presented to the PAMC following the
suggestions of the DST. This activity will provide the necessary
inputs through laboratory studies for the DST Project “ Structure
and Evolution of the South Indian Craton & Mobile Belts” at
the NGRI.

(MVMS Rao, LP Sarma, KB Chary and KJ Prasanna
Lakshmi)

Effects of confining pressure and fluid saturation on
velocities

A new grant-in-aid project on “ Laboratory investigations on

the effects of confining pressure and fluid-saturation on
velocities, Poisson’s ratio and attenuation in crustal rocks” was
sanctioned for our laboratory in March 2004.

(MVMS Rao, LP Sarma, KB Chary and KJ Prasanna
Lakshmi)

Laboratory rock mechanics tests on Neyveli rocks

A large number of sandstones of the Neyveli Lignite
Corporation, Tamilnadu were subjected to both dynamic and
static tests in the laboratory. The tests include the determination
of elastic wave velocities and attenuation, uniaxial compressive
strength, Young’s modulus and Poisson’s ratio. The data were
processed and the results were analysed and communicated.

( KJP Lakshmi,  MVMS Rao, Syed Ali, NA Vijaya Kumar
and  KB Chary)

Maintenance work of wire-line hydrofrac field system

The damaged portion of the 36-core wire rope was cut and
removed. The steel wires of the rope were suitably ground
and positioned firmly in the 36 hole steel buffer. The 7-conductor
cable was checked for its continuity and connected to the
pressure transducer mounted in the cable head. The work on
other maintenance jobs of the field unit was also taken up.

(KB Chary, Syed Ali, NA Vijaya Kumar, C Prakash and A
Sham)

Fractal analysis of damage evolution, rock fracture
and rock bursts

The damage creation in brittle rocks under compressive loading
was modeled based on acoustic emission (AE) measurements
and the corrosion-aided sub-critical crack growth theory for
crack population which is characterized by fractal distribution.
Furthermore a detailed study of the spatial clustering of three
major area rock bursts (ARB) of Kolar gold mines was carried
out using a multi-fractal technique and generalized correlation
integral functions.

(K Shivakumar*, X Lei**, T Satoh**, O Nishizawa**, K
Kusunose** and  MVMS Rao)

*    University of Queensland, Brisbane, Australia.

**  Institute of Geological Sciences, AIST, Tsukuba, Japan

Application of ANN (Artificial Neural Networks) for
the estimation of rock properties

Attempts have been made successfully to start the work on
the application of Artificial Neural Networks (ANN) which is a

Fig.5.20 Hard copies of the wave-trains obtained from shear wave
measurements in an aluminium test sample (top trace, 20 µsec/
cm sweep speed) and a rhyolite rock sample (bottom trace, 2
µsec/cm sweep speed). The tests were carried out using direct
shear wave transducers of 1.0 MHz resonant frequency. Both
the traces show a weak fore-runner of P-wave. The (T

2
/ -T

1
/)

represents the pulse width for carrying out the pulse broadening
measurements with respect to the reference signal.
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new approach to the problems of data classification and
prediction of values such as properties of rocks. In this
approach, the relationships between input and output variables
are developed through a training process in which sets of inputs
are applied to the network and the resulting sets of output are
compared with known correct values. The errors in the network
are minimized through modification of network parameters. This
work was carried out with the help of the available data on the
mechanical properties of the sandstones of Singareni coal
fields.

(VK  Somvanshi, KB Chary, MVMS Rao, OP Pandey and
NV Kalanker )

5.10 GEO-PHYSICAL INVESTIGATIONS OF THE
ANDAMAN ISLAND ARC-TRENCH SYSTEM AND
THE BACK-ARC BASIN

The Andaman Island arc-trench system plays a unique role in
the geodynamics of the northern Indian Ocean, being the only
seduction zone in the entire Indian ocean.  While seafloor
spreading is a continuing process along the three arms of the
Indian ocean spreading ridge system, continent collision along
the Himalayan front has restricted the seduction processes
and sebduction of the Indian Ocean lithosphere is being
accommodated only along the Andaman – Sumatra arc.  The
ocean lithosphere is getting sub ducted at an oblique angle,
and the presence of the Ninetyeast a seismicridge near the
trench adds to the complexity.  Preliminary investigations
indicate that the ridge may also be getting subducted along
the ocean lithosphere over which it rides.

The gravity (Sandwell  and Smith 1977) and bathymetry maps
(ETOP02) reveal the complex pattern associated with the
Ninety east ridge, the island arc-tench system and the back-
arc basin.  Of great significance is a strong negative anomaly
associated with a bathymetry curvilinear through running behind
the sedimentary outer arc, which on the maps, appear to be
more prominent than the trench anomaly itself.  Similarly, as
the Ninety east ridge approaches the trench, the linear
character of the ridge is lost on both the gravity and bathymetry
maps, replaced by en-echelon like block structures.  A
preliminary analysis gives the impression that the block like
structure may be due to the resistance to subduction caused
by the buoyant ridge with thick crustal roots.  Along the
subduction zone, from Lat 8° to 12° the area is marked by a
complex pattern of gravity and bathymetry signatures, caused
either by the presence of the Nietyeast ridge or the proximity
of the spreading center in the back arc basin.  A thorough
analysis of these two maps is in progress, in conjunction with
the volcanism and seismcity patterns of the region.

Five single channel seismic lines have been examined to
understand the convergence of the Ninety east ridge towards
the trench of the Andaman subduction zone. The sections
reveal the proximity of the ridge near the subduction zone giving
the impression of the subduction of the ridge along with the
oceanic lithosphere over which it rides. Gravity anomalies along
the profiles have clearly brought out the positive anomalies
associated with the Ninety east ridge and the strong negative
anomaly of the sediment-filled trench.  Gravity modeling of the
five seismic sections is in progress.

(C Subrahmanyam, Ramesh Khanna and R Gireesh)

5.10.1 STUDY OF CRUSTAL ACCRETION AND
RIDGE CREST PROCESSES AT  INDIAN OCEAN
RIDGE SYSTEM AND ANDAMAN BACK ARC
BASIN

Field and laboratory investigations and new facility

Existing geo-data from the study region were compiled. The
Carlsberg Ridge and Northern CIR (Fig.5.21) was mapped
through Multi-beam bathymetry, gravity and magnetic data
acquisition and detailed sampling (rocks, water samples) during
SK-201 and SK-207. Water Samples for trace metal
concentration and helium analysis were collected during SK-

Fig5.21 Location map for the study area over (a) Carlsberg Ridge and
(b) Northern Central Indian Ridge. The filled circles are CTD
stations of SK-201 and SK-207
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201and SK-207 from NCIR and Carlsberg Ridge to find out
the location of hydrothermal site and hydrothermal plume.
Estimation of 3He/4He anomaly and trace metal concentration
anomaly was completed. The fresh rock samples, selected from
the dredge samples collected during SK-194 and SK-195 over
CR and NCIR regions, have been analyzed for isotopic ratios.

Recovery of serpentinites from western flank of CIR probably
confirms the ‘Overprint magnetization Hypothesis of Drolia et
al (2000). Columnar basalts, ultramafics were also recovered
in the dredges. The dredge samples from two locations suggest
the re-melting of older crust when new magma erupted and
re-crystallized.

Preliminary joint processing and interpretation of swath
bathymetric data (NIO and NGRI) suggest right lateral and left
lateral offset in ridge axis and bend in axis which are probably
2nd and 4th order discontinuities. The gravity data were
processed and MBA maps have been prepared. The gravity
low in MBA maps suggests the magma upwelling centers in
the study area. Interpretation of gravity and magnetic data in
terms of ridge segmentation was completed.

A major facility under network project has been created,
wherein, Cameca SX100 EPMA Machine with 4 WDS Channels
(Fig.5.22) from M/s Cameca, France costing Rs. 3.26 Crores
has been purchased, and commissioned. It has the provision
of qualitative (X-ray spectra, SEM, BSE images, line scans
and profiles) and quantitative (elemental analysis from % down
to ~20ppm) analysis.

This facility would facilitate to undertake studies on various
aspects of ridge processes eg. major element analysis of

basaltic glasses, major and selected trace element analyses
of base metal sulphides, oxides etc., Mineral analyses of
gabbros, peridotites and other mafic and ultramafic rocks from
the dredge samples, study of alteration process in ridge
environment.

(RK Drolia, DT Diljith. T GnaneshwarRao, Vijay Kumar, SL
Ramesh, V Balaram, B Dasram, YJ Bhaskar Rao, Nirmal
Charan, EVVSK Babu and PV Sunder Raju)

Multibeam bathymetric and magnetic data results

The results of analysis of multibeam and magnetic data
collected during SK165 in 2001 from Northern Central Indian
Ridge between 3-100S (Fig.5.21) show how recent plate slip
directions and abyssal hill fabrics change within diffuse triple
junction region of transitional plate motion and provide new
independent evidence for a smooth deformation gradient across
the wide triple junction. A prominently corrugated megamullion
(Fig.5.23) adjacent to the Vityaz transform fault, the first
reported for the northern Central Indian Ridge, appears to have

Fig.5.22  Cameca SX100 EPMA machine

Fig.5.23 (a) Along and across profiles showing corrugation and
detachment surfaces
(b) Vityaz Megamullion details
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been active since ~2.6 Ma. Swath mapping of the 6400-meter-
deep Vema transform valley reveals the principal transform
displacement zone (Fig.5.24), consisting of multiple closely
spaced faults that can be traced continuously for more than
200 km along the valley floor. Apparent offsets of serpentinite
or volcanic intrusions of the transform valley floor (Fig.5.24)
imply approximate intrusion ages of 30,000-45,000 years and
a similar age for the abandonment of an adjacent, relict PTDZ,
testifying to the youth of active features on the valley floor.
Abyssal hills that flank the six mapped spreading segments
show no variation in their orientation over their 0-4 Ma age
range, indicating that the plate opening direction since 4 Ma
has changed less than the 1-30  measurement uncertainties.
Abyssal hill directions are the same within uncertainties on
both sides of the spreading axis, indicating that the deformation
along reactivated fracture zones east of the ridge is neither
rotating nor shearing the intervening lithosphere. The Fabric
analysis (Fig.5.25) shows that seafloor spreading is 50 –120

oblique throughout the survey area. Transform fault directions

everywhere in the survey area agree within their uncertainties
with the Africa-Australia slip direction predicted by NUVEL-
1A, but are biased 50 –90 clockwise from the predicted Africa-
India direction. In contrast, seafloor-spreading rates everywhere
north of the Vema transform fault agree within their uncertainties
with those predicted by the Africa-India angular velocity vector,
not the Africa-Australia angular velocity vector. These
seemingly conflicting observations are reconciled by a model
in which lithosphere within the diffuse triple junction rotates
about the India-Capricorn pole at angular rotation rates that
increase smoothly from zero at one edge of the deforming zone
to the full plate rotation rate at the other edge. The kinematic
data establish the Vema transform fault as the southern
boundary of the diffuse triple junction, but do not extend far
enough to the north to define its northern boundary.

(R.K.Drolia)

EPMA studies

Lithologies vary from pillow and vesicular basalts with glass
rims thickness of ~3 to 5 mm. Alteration reduces the thickness
of glass rims and leads to brown alteration product (Palagonite).
The samples show a wide range of textures from aphyric to
highly porphyritic basalts. The main phenocrysts mineral phases
are plagioclase, olivine and clinopyroxene. Plagioclase is
euhedral-subhedral and the most abundant mineral phase

Fig5.25 Fabric summary and windrose diagrams

Fig5..24 Details of  tectonic structure of Vema Transform valley
(closeup)
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followed by olivine with trapped spinel with ± clinopyroxene
(Fig.5.26) . Glomerophyric and hetrocumulate textures with
olivine and plagioclase coexist as clusters with occasional melt
inclusions.

(P.V.Sunder Raju., EVSSK Babu., S.Nirmal Charan )

Helium studies for hydrothermal site locations

120 samples in copper tubing pinch clamp samplers from
Expeditions SK-201 and SK-207 in the Indian Ocean were
extracted and analyzed in Lupton’s laboratory, USA for 3He
and 4He concentrations, and for 3He/4He isotopic ratios.  For
seawater samples, the 3He / 4He isotopic ratio is expressed in
units of δ3He (%), which is the percentage deviation of the 3He/
4He ratio from the ratio in air.

The results are summarized in the plots (Fig.5.27).  Of particular
interest is the first plot, which shows δ3He (%) vs. depth for the
all the sample analyzed.  The samples from SK-207 are in red,
and the grey plusses are values from WOCE stations along
I8N in the Indian Ocean.  Since WOCE I8N did not cross any
active spreading centers, the grey data points are therefore
useful as indicating the general background variation of d3He
in the central Indian Ocean.

The first plot shows that the majority of the samples from SK-
207 fall within the general field of background variation as
indicated by the grey WOCE I8N samples.  However there are
5 samples that clearly have excess δ3He above this background,
indicating input of hydrothermal helium.  Of these, 3 samples
(5-1, 5A-7, and 6-1) from Vema area on the Central Indian
Ridge at about 9.7ºS have moderate to low amounts of excess
3He (δ3He = 17-18% compared to background of δ3He = 15%).

This suggests that the hydrothermal source is weak or
somewhat distant from the station locations. The other
anomalous samples (16-1 and 16-7) from the Carlsberg Ridge
at about 5.8ºN show δ3He values of 31.0 and 26.1 %,
respectively.  These are much larger δ3He anomalies, indicating
a stronger source or perhaps closer proximity to the source.
The 3He/4He results suggest the possibility of Hydrothermal
vent in Vema region of NCIR and in 5-6o N region of Carlsberg
Ridge (Fig.5.27).

(RK Drolia)

Sea water column studies

The water samples collected during cruises SK 201 and 207
(Fig.5.21) were analyzed for trace metal concentration using
AAS and ICPMS. The methodology was developed for
estimation of trace metals in seawater using Inductively
Coupled Plasma-Mass Spectrometry (ICPMS). Trace metals
in seawater were complexed by using ammonium pyrrolidine
dithiocarbamate (APDC) and extracted into methyl iso-butyl
ketone (MIBK).The samples were pre-concentrated to bring
the concentration levels of the metals above the detection limits
of the instrument. CASS-4 and NASS-5 (open ocean seawater

Fig.5.26  Olivine with trapped spinel with ± clinopyroxene (in the large
circle)

Fig.5.27 Helium anomalies in NCIR and Carlsberg Ridge segments
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Standard Reference Materials) obtained from National
Research Council of Canada were used to validate the method.
The method was optimized at various pH ( pH 2.0, 2.8, 4.1,
6.4, 7.3, 8.0 and 8.9). Recovery of all the trace metals viz., Fe,
Mn, V, Cr, Cu, Co, Ni, Zn, As, Cd, Mo, U and Pb were significant
at pH 4.1 - 6.4. Recovery of about 100% was obtained for Fe,
Mn, V, Cr, Cu, As, Mo, U and about 70-90% for Co, Ni, Zn, Cd
and Pb. The use of small reagent volumes and diluted reagent
concentrations reduced blank levels and enabled very low
detection limits to be obtained. Using matrix matching seawater
standards the interference effects were minimized.  The
precision is < 7% RSD with comparable accuracy.

The trace metals V, Cr, Cu, Co, Ni, Zn, As, Cd, Mo, U and Pb
were analyzed in about 120 seawater samples and the results
are comparable with other open and coastal oceanic waters.
Dissolved iron and Manganese concentration, which are the
non-conservative tracers for hydrothermal signatures were also
estimated. Fig. 5.28 shows the plot of distribution of these trace
metals from which inferred it was about the probable distal
occurrence of hydrothermal sites in Carlsberg and NCIR
regions. It requires further detailed investigations.

(RK Drolia, T Gnaneshwar.Rao, M Satayanarayana, SL
Ramesh, B Dasram and Diljith DT)

5.10.2 ORIGIN AND NATURE OF MANTLE PLUMES
IN THE INDIAN OCEAN

Rajmahal flood basalts and kimberlites from the East
Indian magmatic province : Sr-Nd-Pb evidence for
Kerguelen plume head and axis derived magmas

The Rajmahal-Sylhet-Bengal (RSB) flood basalt province (~117
Ma) in eastern India though spatially close to the active
Kerguelen hotspot about 118 Ma ago could not be

unequivocally correlated to this hotspot due to wide variation
in isotopic compositions of both the RSB and the Kerguelen
hotspot lavas. However, Sr-Nd-Pb isotopic compositions (87Sr/
86Sri: 0.70535 to 0.70561; εNd(T):  -2.6 to –3.2; 206Pb/204Pbi: 17.88
to 18.07) (Fig. 5.29) of a co-eval (116±2 Ma) Group II kimberlite
from this flood basalt province that is identical to recently
identified pristine Cretaceous Kerguelen plume basalts from
the Kerguelen Plateau and Broken Ridge (87Sr/86Sri: 0.7051 to
0.7058; εNd(T):  -0.2 to –2.9; 206Pb/204Pbi: ~18.0) (Fig.5.30) have
been reported. These suggest that the Kerguelen hotspot could
indeed be responsible for the ~117 Ma magmatic activity in
Eastern India. While the RSB were a product of the starting
plume head, which was a mixture of source material, entrained
continental lithosphere and crustal contamination, the
kimberlites and the Cretaceous Kerguelen basalts were
products of the uncontaminated plume axis or tail.

(Anil Kumar, AM Dayal and VM Padmakumari)

Fig.5.28 Mean trace metal concentration in seawater collected during
SK-201 and SK-207

Fig.5.29 Initial  Sr vs initial Pb isotopic compositions of Jharia
kimberlites compared with Indian Ocean plume composition

Fig 5.30 Initial Sr vs ∑∑∑∑∑ NdT of  Jharia kimberlites compared with typical
Sr and Nd isotopic compositions of Indian Ocean plumes
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Fig.5.31   δ13C and  δ18O against sub-bottom depth

5.10.3 RECONSTRUCTION OF PALEOMONSOON
AND PALEOCEANOGRAPHY IN THE NORTH
INDIAN OCEAN DURING  THE LATE
QUATERNARY: ISOTOPIC AND TRACE
ELEMENTAL   PROXIES FROM CORALS AND
OCEAN SEDIMENTS.

A 70 - Ka record of sea surface temperature and
productivity changes in the Bay of Bengal

A continuous 70-ka record of sea surface temperature (SST)
and productivity changes is generated from the Bay of Bengal
using stable carbon and oxygen isotopes and Mg/Ca ratios in
the mixed species of planktonic foraminifera .The deep-sea
sediment core SK-157-14 used here was retrieved during the
Sagar Kanya cruise in October, 2000 from a water-depth of
3306 m (Lat.5o11.56’ N; Long. 90o5.97’ E; core-length 3.4 m).
Time framework of this core was developed using ten
radiocarbon dates of the bulk sediment samples and oxygen
isotope stratigraphy.

The δ18O record of G.ruber exhibit high glacial-interglacial
amplitude (~2.2 per mil), which is in agreement with other
published records from this region. The δ18O  contrast between
the Last Glacial Maximum (LGM) and Holocene, after correcting
for global ice volume effect, is relatively high (~1.0 per mil).
This residual δ18O  could arise either because of ~ 4-5oC
decrease in temperature or due to ~ 3 per mil increase in salinity
or a combination of both. Mg/Ca ratios determined in G.ruber
and G.Sacculifer of this core and previously published records
from the North Indian Ocean suggests a decrease in sea
surface temperature by ~ 2.5oC during LGM. This means that
~ 0.5 per mil change in δ18O can be attributed to temperature
decrease and the remaining ~ 0.5 per mil is because of an
increase in salinity by ~ 1.5 per mil. Hence the surface waters
of this site were characterized by both, i.e. decrease in
temperature by ~ 2.5oC and increase in salinity by ~1.5 per mil
during the LGM. The δ13C record of planktonic foraminifera
(Fig.5.31) shows large fluctuations with significantly higher
values of productivity during the LGM.

(S. Masood Ahmad, V.M. Padmakumari and G. Anil Babu)

5.11 CRUSTAL STRUCTURE ACROSS WESTERN
HIMALAYA AND LADAKH

Depth variation in brittle-ductile transition layer in
Koyna-Warna seismic zone

The Koyna-Warna region located in the southwestern part of
Deccan Volcanic Province is known for sustained seismicity

Fig.5.32 (a)  General tectonic features and station locations in Koyna –
Warna ragion. Epicenters of relocated earthquakes define three
fault segments namely the North escarpment zone (NEZ)
South escarpment zone (SEZ) and Warna seismic zone (WSZ)



NGRI

90

during the last four decades. Catalog P and S phase data of
local earthquakes recorded by the Koyna-Warna digital network
were used to relocate 609 earthquakes using double difference
algorithm. The relocated seismicity patterns (Fig.5.32a)
delineate the presence of three fault segments and variation
in the brittle –ductile transition depths amongst the individual
faults as the earthquake foci in the north are limited up to 11
km depth whilst in the south they are confined up to 6-8 km
(Fig.5.32 b). The focal mechanism solutions also indicate
distinct styles of faulting amongst the three inferred fault
segments. The variation in brittle-ductile transition zone is
probably controlled due to the geometry of the fault system
and the effective stress.

Fig.5.33 (b) Moho depth and V
p
/V

s
 deduced from receiver function

grid search stacking are plotted along the profile beneath the
stations. The sharp Moho offset ~12 km is clear in the NSL
region. On top of the figure, surface topography is also shown

Fig.5.33 (a)  Seismic station locations along with important geological
features of the Narmada-Son Lineament, Central India.
Jabalpur earthquake of 21 May1997 is shown with a star (*)
mark

Fig.5.32 (b)  Variation in brittle-ductile transition zone along the strike
of the three fault segments. Focal mechanisms of individual
faults are plotted below the seismicity. Stars indicate the Koyna
1967 (M 6.3) and Koyna 1994 (M 5.4) earthquakes

topographic feature in the northern Indian Ocean. Lithospheric
seismic velocity structure was modeled using regional and
distant earthquake waveforms recorded at two broadband
stations (Fig.5.34) in Minicoy (Laccadive Island) from Jan 2005
to April 2005. The stations were equipped with Guralp-3T
sensors and Reftek data loggers.

Seismic crustal structure in Narmada–Son
lineament, Central India

Crustal properties beneath the deep crustal (~35 km) Jabalpur
earthquake of 21 May 1997, Narmada-Son Lineament (NSL),
central India, in search of a possible cause of stress
accumulation in the region are being investgated. Teleseismic
receiver functions computed at nine digital seismographs  (Fig.
5.33 a) along a 250 km long profile suggests Moho downwarp
to ~52 km across the width of the lineament, in contrast with
an average 40 km depth elsewhere (Fig.5.33 b). In addition,
the crust beneath the NSL has higher Vp/Vs of 1.84 compared
to ~1.73 in the surrounding, suggestive of a high-density mafic
mass at depth that compensates the crustal root, also
supported by small topographic variation (200 m) across the
lineament. Presence of such an anomalous mass in the deep
crust may lead to gravitationally induced stresses in the lower
crust that contribute to the failure of rock along the pre-existing
Narmada-Son fault leading to the earthquake in deep crust.

Broadband seismic surveys over Laccadive ridge

Chagos-Laccadive Ridge (CLR) is a prominent aseismic
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Seismological measurements over Andaman Islands

Operated a network of 8 broadband seismological stations from
February to May 2005 to investigate spatial distribution of
seismicity, earthquake mechanics and related parameters,
physical property of crust and subjacent mantle and imprint of
any deformation in the crustal fabric of Andaman Island. Earlier
also, a network of 5 stations from north Andaman to south
Andaman during November 2003 - February 2004 was
operated. The locations of all the stations are shown in Fig.5.35.

The station configuration included CMG-3T seismometer and
REFTEK 72A-07 data logger recording waveforms at 50
samples per sec in continuous mode.

(SS Rai, D Srinagesh, K Surya Prakasam, K Sivaram,
Sandeep Gupta, PVSS Rajgopala Sarma and Y
Satyanarayana)

5.12 CHARACTERIZATION OF EARTH’S SYSTEM TO
STUDY ITS NON-LINEAR DYNAMICS
EMPLOYING SEISMIC, POTENTIAL,
ELECTRICAL AND THERMAL PROPERTIES BY
FRACTAL APPROACH

Heterogeneity in continental crust derived from
gravity data of Kutch area

Nine profiles (e.g. four East – West, five NE- SW) in the Kutch
region were analyzed to see the possible discontinuities by
the scaling spectral method. At the outset, a profile X-X’
(Fig.5.36) is selected which is almost parallel to the known
seismic profile. The depth values found along this profile give
reasonably matching depths with the values obtained from
seismic result. The E-W striking profiles were basically chosen
to see the lateral variation in N-S direction of the Kutch rift,
which might have been perturbed by various stresses arising
due to compressive tectonic forces between Indian and
Eurasian plate. Other profiles are cutting across the anomalies,
so that some meaningful interpretation can be achieved. These
profiles are not showing any commonality in depth values and
scaling exponent, β values. These depths could be assigned
to basement and/or some other shallower depths namely traps,
sediments etc. These depths and β values of our study certainly
point towards a more disturbed nature of crust. The β values
are indicating the variation of these with depth but certainly

Fig.5.34  Location of broadband seismic stations in Laccadive Ridge

Fig.5.36 Location of the nine profiles selected in the Kutch area.Fig. 5.35 Location of broadband seismic stations in Andaman
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not following the same relation. Different β values indicate
multiscaling nature of the upper crust and more heterogeneity.

The β values can be used as a tool to understand the tectonic
and geology of the disturbed nature of the crust. The value of
scaling exponent may be signifying anisotropy, heterogeneities
including faulting while lower value at the deeper depths may
be related with the homogeneous rock assemblages. The
heterogeneities can be mechanical, chemical, lithological,
structural, rehological and deformational. The faults and fracture
systems are the cases of mechanical hetereogeity and
representing the localized concentrations of the strains.

The variation of scaling exponents can be understood in terms
of heterogeneity of the area.  Earlier also the variation of scaling
exponents, found from the well log data of German continental
Deep Drilling project (KTB), were interpreted in terms of crustal
heterogeneities. The heteorogenity in the crust of the Kutch
region is also supported by the study of other workers. It is
suggested from the paleoseismic study that the stresses in
the Kutch region are controlled by rheological heterogeneities.
The study of heterogeneities of the area will be useful in
understanding the correlation distance of waveforms, source
time function of the earthquake, wave propagation and rock
strength.

It is suggested that this type of study should be carried out in
some other intraplate seismic prone areas in order to
understand the scaling behavior, which in turn provides
heterogeneity and asperity in an area of uneven faulted
contacts.  The values of scaling exponents can be one of the
useful tools for hazard estimation of the area.

Deconvolution and variogram analysis

A synthetic seismic trace has been generated using Dash and
Obaidullah’s method and Weiner least square inverse filter has
been computed for the said trace and later tested.  A spectral
shaping filter based on scaling deconvolution is also tested on
the above trace.

A computer code for variogram analysis has been prepared
using MATLAB for the data in a profile. Geophysical data were
analyzed and different models are fitted to the variogram.

Stochastic ground-water flow modeling

Two-dimensional groundwater flow equation in an unconfined
aquifer with Dupuit assumptions is solved using analytical
decomposition. Aquifer heterogeneity is represented by a

random transmissivity field with a known correlation structure.
New simple analytical expressions for the mean of the hydraulic
head and its variance distribution are given for two common
sets of field boundary conditions and recharge. This procedure
allows for the calculation of the head mean and error bounds
in practical situations when limited sample allows the estimation
of the mean and correlation structure of the transmissivity only.
Under these circumstances, the usual assumptions of a specific
probability distribution in the transmissivity, logarithmic
transformation, small perturbation, discretization, or Monte
Carlo simulations are not possible. The results indicate that
the head statistics are strongly dependent on the transmissivity
statistics, as well as on the magnitude and type of boundary
conditions, recharge, and other hydrogeological parameters.
It is shown that the head variance increases directly with the
coefficient of variability and the correlation decay parameter of
the transmissivity.

The effect of highly-fluctuating stream stage on the adjacent
alluvial valley aquifer is studied with a new analytical solution
to the nonlinear transient groundwater flow equation subject
to stochastic conductivity and time varying boundary conditions.
A random conductivity field with known correlation structure
represents uncertain heterogeneity. The resulting nonlinear
stochastic Boussinesq equation is solved with the
decomposition method. New expressions for the mean of the
hydraulic head and its variance distribution are given. The
solution is verified via an application to the Scioto River aquifer
in Ohio, which suffers from periodic large fluctuations in river
stage from seasonal flooding. Predicted head statistics are
compared with observed heads at different monitoring wells
across the aquifer.  Results show that the observed transient
water table elevation in the observation well lies in the predicted
mean plus or minus one standard deviation bounds. The
magnitude of uncertainty in predicted head depends on the
statistical properties of the conductivity field, as described by
its coefficient of variability and its correlation length scale.

The transient steam aquifer response has been modeled using
the Boussinesq equation and analytical closed form solutions
to the linearized and the non- linear problems have been
obtained. The linearized problem has been solved using the
semi groups and the non-linear problem has been solved using
the well-established decomposition method. A laboratory model
was developed with a transient sinusoidal pattern at one
boundary and keeping a no flow condition at the other boundary.
The results have been compared with the observed data at
different locations in the aquifer.
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Results obtained show that the model is highly controlled by
the aquifer parameter and the pattern of the sinusoidal
fluctuating boundary. The time continuous linearized solution
has matched well with the observed data in the aquifer.
However it is controlled to a great extent by the transmissivity
value. Next the non linear solution has been added. Finally
different results have been compared with the observed data
bringing out the significance of the appropriate models.

Gravity, magnetic and earthquake studies

In the final trip to Jabera - Damoh area of Vindhyan basin, 150
gravity and 150 magnetic data points were collected and whole
data has been processed. Regional and residual anomalies
have been separated and final modeling is in progress.

Wavelet based fractal analysis of the aftershock data of the
disastrous Bhuj earthquake (26th January 2001) has been
carried out to understand the behaviour of the aftershocks.
The Omori’s curve suggests that the decay of aftershocks
follows a power law relation with time. The p-value, known as
‘decay constant’ is found to be 0.88. The b-value of the region
as obtained by wavelet variance analysis is close to 1, which
is in agreement with the normal value for tectonically active
regions. The results obtained from the multi-scale analysis of
the aftershock sequence using the wavelets indicate that the
fractal behaviour of aftershock data sustains up to certain scales
only (Fig 5.37). Using the wavelet variance, the fractal
dimension of the source is obtained as 2.06, which indicates
that it is a 2D plane that is being filled up by the source fractures.
The slip ratio that determines the fraction of total slip occurring
on the primary fault is computed to be 0.48, which reveals that
48% of the total slip has occurred on the primary fault.

High-resolution spectrum method and variogram

A computer software for maximum likelihood method of
spectrum estimation has been prepared and tested for
validation.

A variogram analysis for the data relating to Bouger anomaly
observed at Jabera-Damoh area, Jabalpur was performed. The
Variogram model identified for the above data is of the type
γ(h)= A + B|h|a , where A is the nugget effect, B= scale, a
=exponent, h= relative separation. The identified theoretical
model is γ(h)= 0.6 + 112|h|1.42

(VP Dimri, JB Selvaraj, M Ravi Prakash, Kirti Srivastava,
Anand Pandey, Abhey Ram Bansal, Nimisha Vedanti, Ravi
Prakash Srivastava and Ashutosh Chamoli)

5.13 TIME SERIES ANALYSIS AND MODELING OF
THE PALEO ENVIRONMENTAL DYNAMICS

Characterization of model for Northeast India
earthquake using the artificial neural network

 Occurrence of earthquakes is widely considered as non-linear
and chaotic phenomena. The Northeastern India (NEI) region,
is seismo-tectonically one of the most active regions of the
world. Controversy continues on the nature of earthquake
dynamics in this region. Dimensionality of earthquake
generating mechanism has been assessed by using modern
concept of Artificial Neural Network (ANN). ANN technique,
based on Back Propagation Network (BPN) algorithm with the
supervised learning mode, has been used to train the network
for the monthly frequency earthquake time series (magnitude
≥ 4; and the time period from 1960-2003) obtained from NOAA
and USGS catalogues. The multi-layered feed forward ANN
models were designed with optimum input set configuration,
which provides feasible model for earthquake prediction. The
results obtained by the ANN methods were also compared

Fig.5.37 Wavelet variance analysis at small and large scale.
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with other method of nonlinear forecasting analysis. Both results
are found stable and in good agreement suggesting that optimal
embedding dimension obtained from the nonlinear forecasting
method compares well with optimal number of inputs of the
neural networks. The constructed model suggests that
earthquake dynamics in the NEI is a non-random phenomenon,
however operating on high dimensional chaotic plane. Evidence
of high dimensional chaos seems to be associated with
“seasonal” bias in this region. The finding may provide useful
constraints for testing the models and criteria to assess
earthquake hazards on a more rigorous and quantitative basis.

Characterization of model for Koyna earthquake
using the nonlinear forecasting approach

Attempt has been made to find evidence of possible seasonality
bias of seismic activity in the Koyna region, India using the
modern statistical analysis approaches. The study is based on
all earthquakes recurrence time series with M ≥ 4.0 from March
1968 till April 1996. Application of the Schuster test reveals
that these earthquakes originate from a non-random process
possibly associated with deterministic seasonality bias.
Assessment of the dimensionality of earthquake generating
mechanisms using the non-linear predictability analysis on
phase portrait suggests that the earthquake process in the
Koyna region evolves on a high dimensional chaotic system.
The seismically active part of the Koyna area appears to have
come in the state of ‘criticality’ because of the impounding of
the reservoir. The quasi-cyclic loading of the reservoir, due to
seasonal rainfall, appears to trigger enhance seismic activity
after a certain delay in time. Assessments based on average
crustal parameters indicate that the time needed for pore fluid
pressure to propagate downward to the seismogenic depths
in the Koyna region could be approximately one to three
months, most likely during the months of October to December.
The study hypothesize that stochastic seasonal resonance
combined with other effect, such as pore pressure variation,
might cause triggering leading to self-organized earthquakes
pattern. Effect of seasonality could be one of the significant
parameters to constrain the earthquake model in this region.

Global climate teleconnection on millennial time
scale

Evidence of millennial cycle in ocean climatic proxy records
and its physical significance is extensively discussed. However
it’s global persistence particularly in continental records is yet
to be widely explored. In order to test the global climate
teleconnection hypothesis of underlying periodicity, various

types of high resolution climate proxy records were examined
from the continental areas and Greenland ice core (GISP2) to
identify their frequencies of variability, coherence and phase
using the modern multiple spectral methods. The multitaper
spectral analysis of climate time series reveals a statistically
significant harmonic components at 1422 year (at ≥ 95%
confidence level) against a robust “red noise background” and
some relatively weak oscillations at around 580, ∼480-430, 190
and 105 years. The 1422 years oscillation in continental record
is interesting since it provides evidence for atmosphere- ocean-
land teleconnection.  The wavelet spectra of these records
also reveal similar oscillations suggesting temporal persistence
of spectral peak through the entire evolutionary period. The
underlying mode also matches nicely with nearly identical
periodicity detected in paleo-ENSO records.  The coherency
analysis of continental climate records and the Greenland
oxygen isotope record (GISP2) exhibit strong signal (≥95%
CI) at the millennial cycle accounting for their close kinship.
Matching millennial periodicity of NAO, ENSO and continental
proxy records renders a credulous support to the hypothesis
of coupling and reorganization of land-ocean-atmospheric
system on millennial scale and may provide stimulus for
quantitative modeling of global climate system.

(RK Tiwari, S Sri Lakshmi, Saumen Mait and Smita Biswas)

5.14 INNOVATIVE TECHNIQUES FOR PROCESSING
AND MODELLING OF EXPLORATION
GEOPHYSICAL DATA

Extraction of zero-phase, symmetric and
antisymmetric signals from Gaussian white noise

First a technique is developed for locating the centre of
symmetry / antisymmetry of the given symmetric (zero phase
or otherwise) / antisymmetric signal. The location enables
getting rid of odd / even part of the noise in the given noisy
time series containing an even / odd signal. Further steps
include finding time and band limits of the signal. Next step is
to estimate the signal and noise spectrum. The last step yields
an estimate of the signal in time domain. Fig.5.38, 5.39 and
5.40 depict respectively the extracted signals for the zero
phase, symmetric and antisymmetric cases.

General harmonic transform and extraction of a
signal of known phase from the Gaussian white noise

The general harmonic transform reduces a signal of a given
phase to an equivalent zero phase signal. It can be shown that
the same transform converts a sample of Gaussian white noise
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Fig. 5.38 Sequential display of a zero phase signal, signal plus noise,
extracted signal and superposition of the  extracted signal on
the original signal

Fig.5.39 Sequential display of asymmetric signal (phase alternating
between 0 and) signal plus noise, extracted signal and
superposition of the extracted signal on the original signal.

to another sample of Gaussian white noise. Therefore, under
this transform a noisy trace containing a signal of a given phase
changes to a sum of a zero phase signal and a sample of a
Gaussian white noise sequence. From then onwards the
problem reduces to the location and extraction of a zero phase
signal from Gaussian white noise, for which the procedure has
been already outlined above. An estimate of the original signal
is made after the known phase is compounded with the
estimated zero phase signal. An example of such reconstruction
is provided in Fig.5. 41.

Configuration of celestial bodies, eclipses and
devastating earthquakes

A possible connection between celestial bodies, eclipses and
devastating earthquakes has been a long standing hypothesis
in this research group. By analysing the would be eclipses in
April, 2005 and the accompanying special configurations of
the solar members, a forecast for possible devastating
earthquakes in the month of April, 2005 was made in a letter
dated February 3, 2005, addressed to the Editor, The
Astrological Magazine. The possible epicentral locations were
mentioned as about 68° E; the western coast of the U.S; and
132° E involving the Far East including Japan. The forecast
was corroborated by a strong earthquake (M ~6) on April 20,
2005 striking Fukuoka city of Japan lying at about 131° E, and
damaging some 271 buildings besides injuring 58 persons.

Proton Magnetic Resonance (PMR):  Forward and
inverse modelling

Forward and inverse modelling has been carried out using the
PMR method taking the particular model data related to
Maheshwaram watershed area. The aim of the modelling is to

Fig.5.40 Sequnential display of antisymmetric signal ( phase alternating
between) , signal plus noise, extracted signal and superposition
of the extracted signal on the original signal.

Fig.5.41 Sequential display of a signal with a given phase, signal plus
noise, extracted signal and superposition of the extracted signal
on the original signal.
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verify the capability of the PMR method to detect groundwater
and characterize aquifers in the fractured basement condition
of the Maheshwaram watershed area. The plots of amplitude
of PMR signal versus pulse movement have been drawn for
different layer parameters. The amplitude values of the signal
are studied for changing the antenna size, water content,
geomagnetic field and different other parameters of the model.
Inverse modelling has been carried out for particular area of
Mohabathnagar and KB tanda villages of Maheshwaram
watershed area.

Gravity studies over sedimentary basins

The Cuddapah, Kaladgi and Bhima basins have generated
renewed interest among the petroleum geologists for possible
hydrocarbon in Proterozoic environment. These basins were
initially placed at lower priority but in recent times these have
gained importance after the discovery of hydrocarbons in
different parts of the world in equivalent Proterozoic basins,
such as Amadeus basin of Australia, Sichauan and Bohai bay
of China and Lena-Tunguska basin of Siberia. In recent past,
in India also gas fields are discovered in Proterozoic basins in
Shadol area near Jabalpur, Madhya Pradesh and in Rewa. In
light of this, the gravity studies of the Proterozoic Cuddapah
and Kaladgi-Badami basins are reprocessed. Although the final
selection of drilling sites will be decided in future by Amplitude
versus Offset (AVO) studies in seismics and possibly by
magneto-tellurics to distinguish between gas-filled and water-
saturated portions in the basin, the less expensive Bouguer
gravity studies reported in the present study provided the size,
shape and depth of the basin as the first step in this exploration
endeavor.

The Mahanadi basin, one of the east coast sedimentary basins
of India, is well known for coal deposits. The thick coastal
sedimentation, both on-shore and off-shore, occurrence of oil

in similar Deltaic areas e.g. Missisippi Delta and Godavari –
Krishna - Cauvery Delta and the recent discovery of gas off
the Paradip coast, have generated a renewed interest among
petroleum geologists and geophysicists to delineate the
subsurface target horizons for hydrocarbon prospecting.

The regional – residual separation and the modelling of the
residual field have been carried out for the Cuddapah, Kaladgi-
Badami and Mahanadi basins. The present studies show the
thickest sedimentary rocks in Cuddapah basin to be in the range
of 8 - 10 km, raising the expectations of the petroleum geologists
to go in search of hydrocarbon accumulations. In the Kaladgi-
Badami basin, the maximum depth obtained is 3.6 km and
compares well with the geological observations. The scattered
portion of the deeper parts in the northwest direction provide
clues regarding the northward extension of the basin. The
detailed analysis of gravity data and 3-D modelling of residual
gravity field indicated that the maximum thickness of the Cuttack
depression in Mahanadi basin could be 4.4 km. Previous
geophysical studies to estimate the sediment thickness are
inconclusive. The drilling depth upto 3 km did not encounter
the basement structure. Thus, the residual component obtained
by finite element approach produced more realistic basement
configuration for the Mahanadi basin.

(SK Ghosh, D Indira Nagubai, K Prabhakar Rao, Ch
Venkateshwarlu and A Vasanthi)

Software Development :

(a) A C++ program has been developed for finite difference
electromagnetic modelling of 2D buried conductors.

(b) A Java Graphic Interface program has been developed
to observe the different types of electromagnetic models,
using Java language tools like, menus, menuitems, card
layouts, inheritance properties and constructors.

(K Prabhakar Rao)
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