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2.1 LITHOSPHERIC STUDIES USING SATELLITE
DERIVED GRAVITY DATA (ANDAMAN
SUBDUCTION ZONE)

A three dimensional density model of Andaman Subduction
Zone has been constructed from gravity and geoid data over a
rectangular area coinciding with the Nicobar region, around
900-980E and 50-110 N.   The variations of the geometry and
density distribution of the subducting slab are modeled,
constrained by the earthquake distribution data, upto a depth
of 250 km(Fig.2.1a,1b). The joint modeling of gravity and geoid
is chosen to take advantage of their response sensitivity for
shallow and deeper features respectively. Thirteen parallel E-
W profiles have been identified for the construction of the 3D
density model with the constraints from seismic and
seismological data (Fig.2.1c) The average depth of subducting
plate is estimated to be 160–175 km, based on the earthquake
data. The thickness of the subducting and overriding oceanic
lithospheres are 80 km and 50-80 km respectively, comprised
of three layers with an upper crust of 3 km thickness and 2.8
gm/cm3 density, lower crust of 4 km thickness and 2.9 gm/ cm3

density and upper mantle of 65 km thickness and 3.3 gm/ cm3

density. The extent of subduction and depth increases from
north to south with reference to the trench. At the trench, the
crust of the overriding plate flexes significantly in response to
the load of the sediments of the accretionary prism. Southward
from 100N, the presence of the Ninety East Ridge is reflected
by the flattening of the anomaly curve on the subducting plate.
The thickness of the crust in a number of profiles is more in the
overriding plate because the topography of the continent and
islands generates an isostatic compensation mechanism.

Regional Lithospheric Study of major tectonic
regimes of the world based on Satellite derived
Geoid-Gravity-Gradiometry Data

Gravity-gradiometry tensors have been computed from a
regional density model  across the Western Continental
Margin of India along with parts of the Alps and the Andes. In
anticipation of gravity-gradiometry tensor data scheduled to
be available towards the end of 2008, simulated  gradients
from   GRACE gravity models are computed through a MATLAB
program and compared to the gradients computed from
published models as mentioned above. Detailed study of
sensitivity of each gradient tensor to the various aspects of the
model configurations of active and passive tectonic regimes is
underway. Simplified numerical model of a subduction- collision
zone has been initiated through ABAQUS Student Edition 2007.
This model would be developed with realistic parameters during
the future progression of this project.

Density modeling along Achankovil Shear Zone in
the Southern Granulite Terrain  (SGT)

A close look at the broad Bouguer anomaly over the SGT shows
no correlation with the exposed geology and appears to be

Fig 2.1a : Gravity Map of  Andaman  region ;

Fig 2.1b : Residual Geoid Map of  Andaman region

Fig 2.1c : Density model along Vertical plane of  10°N latitude
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controlled by the topography and the continental boundary. A
subdued Bouguer gravity anomaly over the Achankovil Shear
Zone signifies that the crust along this part of profile is devoid
of any crustal scale density discontinuity(Fig 2.2). Horizontal-
gradient, analytical signal and second vertical derivative
analyses of the gravity data suggest that the density
inhomogeneity associated to Achankovil Shear Zone is
relatively shallow in nature thereby negating the possibility of
attributing it to a terrane boundary. A prolonged zone of positive
gravity gradient, as much as 125 km in width, is due to the
effect of the continental margin. 2½-D modelling of the gravity
anomalies along the CSS Profile reveals a three layer crustal
configuration with the depth of Moho varying from 41 km
beneath Vattalkundu to about 34 km beneath  the Kanyakumari
and then reducing to about 32 km beneath the continental shelf
region. The 22 km thick quasi-continental crust in the adjoining
Indian Ocean indicates a transitional crust in the Gulf of Mannar
region. Analysis of gravity anomalies thus supports the idea
that the Achankovil Shear Zone is an intra-cratonic litho-tectonic
feature and the two provinces across it are related by a continual
progression in single metamorphic terrain rather than an ancient
geo-suture.

As part of Supra Institutional Project (SIP), the available gravity
data acquired over Southern Granulite terrain is analyzed along
with topographic data to understand the state of isostatic
compensations and its geodynamic implication. The plot of free
air anomalies verses topography shows two distinct patterns
(i) anomalies scatters around -25mGal for topography up to
500 mts and (ii) shows positive correlation with topography

above 500mts. This trend clearly indicates that the topography
up to 500 mts is involved in isostatic compensation and forms
the regional topography whereas topography above 500mts is
local in nature and is supported by the inverse correlation
strength of the lithosphere. These inferences are very well
supported by the Bouguer anomaly with topography up to 500
mts where topography above 500 mts has no contribution to
Bouguer anomaly  representing local topography.

Based on these premise, the regional topography for the
southern granulite terrain is obtained and the Bouguer
anomalies corresponding to this regional topography spelling
constitutes the regional isostatic anomalies. Assuming that
isostatic compensation takes place at Moho, inversion of the
isostatic regional anomalies in terms of the geometry of the
crustal root using the sea level crustal thickness of 32 Km and
density contrast of 0.43 kg/m3 across the crust mantle interface
yields a crustal root thickness that is lower by about 7-8 Km
than that observed from seismic sounding and receiver function
analysis. Therefore, isostatic equilibrium at the Moho level can
be achieved by reducing the buoyancy of the crustal root by
either increasing the density of the lower crust or reducing the
density of the upper mantle or a combination of both. Inversion
of the regional isostatic anomalies keeping density as a free
parameter produced minimum difference between computed
and observed Moho geometry for a reduced density contrast
to 0.29 kg/m3 across the crust mantle interface. This indicates
that southern Granulite terrain has anomalous physical
properties at deeper levels. which might have arisen partly due
to (i) densification of the lower crust because of phase transition
caused by episodes of metamorphism at ~2.5Ga and ~500
Ma prevalent in this region and (ii) lighter upper mantle resulting
from the remobilization due to delamination.

(Bijendra Singh, Prabhakar Rao MRK, Singh AP,
Chandrasekhar DV,  Laxman G, Vijaya Kumar V, Venkata
Raju DCh, Tiwari VM, Kusumita Arora, Subbalaxmi D,
Gopalakishan Rao M, Amol Eknath M, Niraj Kumar,
Rajasekhar RP, Diljit DT, Bahadur Ram, Harsha Y, Arjun
Bhaskar Rao D, Nageswara Rao B, Rohini S, Kishan
Ganesh, Narasimha A and Khan MdS)

Seismic Reflection and Refraction surveys in
Southern Granulite Terrain

To delineate crustal and sub-crustal structures of Southern
Granulite Terrain,it is proposed to carry out  seismic reflection
and  refraction surveys  along  Perumanallur-Dharapuram-
Oddanchatram-Pallapatti (140 km , NW-SE ) profile.

Preparation of pre-field activity to acquire NOC from district
collector, establishment of explosive magazines and obtaining

Fig 2.2 : Density modeling along Achankovil Shear Zone  Isostatic
study of  Granulite Terrain of  South India
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licenses, permission for establishing of field camp. Checking
of geophones, cable repair and charging of  SAR units etc.

The reconnaissance survey was conducted  to finalise the
profile. The profile connects earlier two recorded transects,
Kuppam-Palani and Vattalkundu–Kanniyakumari in SGT. The
four shot point locations for refraction survey have been
identified on the line.

(B.Rajendra Prasad, G. Kesava Rao and others)

Seismic reflection / refraction investigations  over
Southern Granulite Terrain (SGT)

Under DST sponsored programme, seismic reflection data
acquisition in the region of South Indian Granulite Terrain along
the profiles viz, Vattalakundu - Kalugumalai–Kanyakumari (260
Km) and Shanmuganallur-Alangulam-Ambasamudram (45 Km)
and refraction data along Vattalakundu- Kalugumalai-
Kanyakumari (260 Km) were obtained, using 24-bit Radio
Frequency Telemetry System (Eagle-88). Various recording
parameters like 100 m / 50 m shot/receiver interval, source
size, 2ms / 1ms / 4ms sampling interval were chosen for the
above profiles respectively, while acquiring the data. The basic
aim of the study is to delineate crustal formation in the area,
analyze the nature and tectonic implications of different neo-
proterozoic blocks/ shear zones, viz Madhurai Block, Kerala-
Kondalite Belt and Achankovil Shear Zone.etc.

Seismic stack sections for the reflection data acquired over
SGT along Vattalakundu-Kalugumalai-Kanyakumari and
Shanmuganallur-Alangulam-Ambasamudram were prepared
using Promax software. Line drawings were obtained for the
corresponding stack sections to interpret the implications of
shear zones and reflectivity of region.

(B. Rajendra Prasad, P. Koteswara Rao, G. Kesava Rao,
D.M.Mall, L. Behera, S. Raju, A.S.N. Murthy, M.S. Reddy,
G.S.P. Rao, ASSSRS Prasad, V. Sridher, and T. Sateesh)

Deep Crustal seismic reflection study over the
Cenozoic NW sub-Himalaya

Deep Crustal seismic reflection study is carried out along 35
km long Barsar-Bhota-Sandhera and 65 km long Nangal-Bhota-
Nerchowk profiles in the Nw sub-Himalaya, using 150 channels
RF telemetry system. These profiles traverse the important
thrust faults of the sub-Himalayan foreland basin. Processing
of seismic field data shows prominent reflection bands from
1.5 to 8.0 sec and bright reflectivity from 10-15 sec. The
reflection band observed around 5.0-6.5 sec may represent
the crystalline basement indicating huge thickness of sediments
in the region. The reflection fabric in the deeper part of the

crust represents the Moho. Interpretation of these sections is
in progress.

(B. Rajendra Prasad, Prakash Khare V.Vijaya Rao, S.Raju,
B.Mandal, ASSSRS Prasad and V.Sridher)

Imprints of a Proterozoic tectonothermal anomaly
below the 1.1 Ga kimberlitic province of Southwest
Cuddapah basin, Dharwar craton (Southern India)

A detailed 2-D modelling of the seismic structure and other
geological and geophysical signatures across the Cuddapah
basin of the southern Indian shield suggests up warping of
high velocity and high-density layers, which are observed close
to the surface below the southwestern part of the basin. This
anomalous feature is constrained by (i) a strong gravity high
anomaly of about 55 mGal, (ii) a 100-km-wide high conductivity
anomaly (resistivity < 100 ohm-m) extending from surface to a
minimum depth of 50 km in the mantle lithosphere and (iii)
large scale massive intrusive activity. These features are
interpreted to be an expression of a thermal anomaly, which
may have acted like a plume during the Proterozoic and could
well correspond to a 1.1 Ga kimberlitic activity. Below this
region, the thin granitic–gneissic crust is underlain by well
differentiated, high-velocity layers, possibly due to underplating
and densification of much of the crust by extruded magma.

(D. M. Mall, O. P. Pandey, K. Chandrakala and P. R. Reddy)

Tectonics and thermal structure of western Satpura,
India

Increased seismicity and occurrences of hot springs having
surface temperature of 36–58 0C are observed in the central
part of India (74–810 E, 20–250N). Deep Seismic Sounding
(DSS) studies along Thuadara-Sendhwa-Sindad profile in the
area has showed Mesozoic Sediments up to around 4 km depth
covered by Deccan Trap and the Moho depth with a boundary
velocity (Pn) of 8.2 km/s. In this study, surface heat flow of 48
± 4 mWm-2 has been estimated based on Pn velocity, which
agrees with the value of heat flow of 52 ± 4 mWm-2 based on
Curie point isotherms estimates. The calculated temperature-
depth profile shows temperature of 80–120 0C at the basement,
which is equivalent to oil window temperature in Mesozoic
sediments and around 570–635 0C at Moho depth of 38–43
km and the thermal lithosphere is about 110 km thick, which is
comparatively higher than those of adjoining regions. The study
reveals the brittle–ductile transition zone at 14–41 km depth
(temperature around 250–600 0C) where earthquake nucleation
takes place.

(D.M. Mall  and S.R. Sharma)
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2.2 GEOCHEMISTRY AND ORIGIN OF THE
ARCHEAN ANORTHOSITES FROM  KHAMMAM
REGION, A.P: IMPLICATIONS FOR PGE
METALLOGENY

Anorthosites from Sripuram, south of Wyra in Khammam district
have been studied in detail for its implication for the PGE
mineralization together with its geochemistry. Sripuram
anorthosites outcrops exhibit primary and alternate banding
defined by plagioclase feldspar and mafic minerals (Fig2.3).
These rocks are mainly characterized by the presence of
plagioclase together with subordinate amounts of amphibole
and minor amounts of clinopyroxene and epidote. The rock
shows granoblastic polygonal to hypidiomorphic-granoblastic
textures.

These anorthosite typically shows (1) equant plagioclase
megacrysts, deformation is evident in the form of bent twin
lamellae and the development of sub grain boundaries, the
plagioclases make different contact relations mainly straight
to curved boundaries, triple point grain boundaries and with
asymmetric high boundaries (Fig2.4). (2) highly calcic
compositions (9.03% to 12.53%)-low Na2O (0.66% to 2.76%)

(3) amphibole as the dominant mafic mineral; (4) the presence
of chromite, locally in ore-grade layers (5) low levels of Sr, Rb
and Ba ( Sr~182.59ppm, Rb > 1ppm and Ba~80.64 ppm) (6)
Ga/Al values typical of basaltic plagioclase and (8) moderately
fractionated REE patterns{(~Ce/Yb)N ratio in these anorthosites
are found to be in the range of 4.99}, strong Eu anomaly (~
2.7), flat or slightly depleted heavy REE, with REE abundances
varying in nearly one order of magnitude but less than 10X
chondrites which is typical for Archaean anothosites and
distinguished them from Proterozoic anortosites.( Fig.2.5). The
average individual elemental concentrations of platinum group
of elements in these anorthosites are found to be very low
(Ru~1 ppb, Rh~0.64 ppb, Ir~ 0.05 ppb, Pd~7.15 ppb, Pt~2.48
ppb and Au~10.6 ppb). The total PGE in these samples is
around 12 ppb. Pd is higher than Pt in all samples. The
chondrite normalized PGE pattern of Sripuram anorthosites
are shown in Fig. 2.6

The petrological and geochemical characteristics suggest a
primitive character for these anorthosites in similarity with
Archean anorthosites world over and distinctly distinguishing
them from the Proterozoic massif-type anorthostites. It appears
that the only property Archean anorthosites and Proterozoic

Fig.2.3 Field Photograph of  Sripuram anorthosite showing primary
alternate banding of  plagioclase and amphibole

Fig.2.4 Photomicrograph showing cumulates of  plagioclase feldspar
in Sripuram anorthosites

Fig.2.6 Chondrite normalized PGE distribution patterns of  Sripuram
anorthosite

Fig.2.5 REE pattern of  Sripuram Anorthosites showing positive Eu
anomaly
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anorthosites share is their plagioclase-rich nature, suggesting
that there must be more than one process (and probably
multiple processes) capable of producing these anorthosites.

(V.Balaram, Parijat Roy, D.V.Subba Rao, S.N.Charan,
T.Gnaneshwar Rao, M.Satyanarayanan, N.Berdniko*,
D.V.Avdeev* and E.M.Golubeva*, Institute of Techtonics
and Geophysics, Khabaraovsk, Russia).

Primary Volcanic Structures and Petrology of
Tholeiitic Basalts, SE Deccan Volcanic Province.

The Cretaceous age Deccan Volcanic Large Igneous Province
(DVLIP), covering an area of 500,000 Sq.Km encompasses
largely western and central India is of dominantly tholeiitic
compositions and intimately associated with minor but co-
genetic ferro-picrites, rhyolites, andesites, dacites and
interlayered chemical and  fine grained detrital sediments at
various locations. In this first report on the occurrence of primary
volcanic structures from Vikarabad-Anantagiri-Dharur area in
SE Deccan Volcanic Province, the tholeiitic basalt flows are

Fig. 2.8 Sketch showing primary volcanic structures in Deccan Basalts
of  Vikarabad-Anantagiri-Dharur area, A.P (Not to Scale).
UCZ- Upper Collonade Zone, MEZ- Middle Entablature
Zone, LEZ- Lower Collonade Zone.

Fig.2.7 Field photograph showing a) UCZ, b) MEZ, c) LCZ in
Deccan Basalts of  Vikarabad-Anantagiri-Dharur area, A.P.

observed to dominantly exhibit a sequence of primary volcanic
structures represented by the Lower Collonade Zone (LCZ),
the Middle Entablature Zone (MEZ) and the Upper Collonade
Zone (UCZ) (Figs. 2.7a, b, c and Fig. 2.8). The well developed
vertical and closely packed columns making up the LCZ are 4-
5 sided, 2-4" thick, 2-3’ in height, having a cross-width of 4-6"
with an average flow stack thickness of 60’. The MEZ is of a
highly variable nature showing intersecting and inclined
columns which are 2-6" thick with a cross-width of 2-4" and an
average flow stack thickness of 25’.Occasional fanning of the
columns in this zone has resulted in discrete column thickness
ranging from 4-6" at the bottom to 8-10" at the top. This zone
extends horizontally for over a kilometer, separating the LCZ
and the UCZ respectively. The UCZ exhibits well developed
vertical columns which are 4-5 sided, greater than 2’ in
thickness with a cross-width of 12-20", height of 4-5’ and an
average flow stack thickness of 10’. The tholeiitic basalts
constituting the LCZ, MEZ and the UCZ respectively are fine
to medium grained porphyritic and Plagioclase-Cpx-phyric in
nature with fine grained Olivine, Titano-magnetite, Plagioclase,
Cpx and Glass constituting the mesostasis.

(S.N.Charan, V. Balaram, Ravi Shekar Singh, Zahida
Begum, Archana B Kaotekwar, C.D.Chavan, B.Govinda
Rajulu and Rajeev Menon).
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Radiolarian cherts in North Andaman Islands

Radiolarian cherts occurring in ophiolitic belts are
conventionally considered to be pelagic deposits derived from
abyssal radiolarian oozes though, recent studies have shown
that they may be deposited in varied oceanic environments. In
Andaman group of islands, several bands of radiolarian cherts
are exposed in contact with greywakes and clay stones. One
such occurrence is exposed in the inter tidal zone near Saddle
Peak in the eastern part of north Andaman island. This band,
which is brownish in colour, is about half a meter to two meters
in thickness and forty meters in length. It does not show the
rhythmically interbedded nature with shale, which is commonly
observed. It is massive with very fine laminations and traversed
by numerous quartz veins. These cherts which are composed
of radiolarian tests set in a fine-grained clayey matrix, are
characterized by a hematite pigmentation which is uniformly
distributed. The radiolarians tests are observed to be invariably
filled by secondary quartz (Fig. 2.9).  Compositionally these
cherts are characterized by high silica (>90%) and low Mg, Fe,
Ni and Cr content. In geochemical discrimination diagrams for
provenance, these chert samples plot in the field of quartzose
sedimentary provenance and for tectonic settings, they plot in
the passive continental margin field. Further, rare earth element
studies of oceanic sediments have also shown that they are
predominantly influenced by continental source, exhibiting a
decrease in Ce anomaly due to increased continental input.
These cherts are characterized by a weakly negative Ce
anomaly (Fig.2.10), suggesting that they have not been
influenced by hydrothermal activity during their accumulation
nearer to the continental margin.

(S.H. Jafri, D.srinivasa Sarma, S.L. Ramesh and Prasanti
P. Dash)

Dolerite dykes of the Ambadongar region:

The Na2O+K2O-FeOt-MgO relationship suggests their tholeiitic
nature (Fig.2.11). Negative Eu anomalies are characteristic
feature of these dykes (Eu/Eu*= 0.83-1; avg.0.94) (Fig.2.12).
The Zr/Y vs. Nb/Y relation indicates the involvement of plume
relate material in their petrogenesis (Fig. 2.13).

The dolerite dykes have only moderate levels of rare earth
element (REE) contents (ΣREE= 55.2-91.73 ppm; avg. 67.09

Fig. 2.9

Fig. 2.10

Fig.2.12. Chondrite-normalized rare earth element patterns of  the dyke
rocks (Chondrite Values after Sun and McDonough, 1989).

Fig.2.11. AFM diagram showing the tholeiitic nature of  the dykes.
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ppm), showing limited fractionation as seen from   LaN /SmN

(1.39-2.35; avg. 1.81), LaN /YbN (2.02-3.50; avg. 2.72) and GdN

/YbN (1.09-1.97; avg. 1.50). The dolerite dykes appear to have
been emplaced subsequent to the voluminous outpouring of
the basaltic magma and different pulses of magma injection
into the weak planes of the terrain could have resulted in the
emplacement of dykes in different orientations.

(M. V. Subba Rao, S.L.Ramesh, K. Suresh, M.
Satyanarayanan, A. Keshav Krishna and B. Dasaram)

Gabbroic rocks of the Ambadongar region:

 Deccan Volcanic Province   (DVP) of 65 Ma in the Ambadongar
region of Gujarat (well known for the carbonatite occurrence)
is also characterized by the occurrence of a number of gabbroic
bodies and dolerite dykes.  An attempt is made to document
the geochemical characteristics of the gabbroic rocks emplaced
into the Ambadongar basaltic terrain and to have an insight
into the source characteristics of the magma parental to these
rocks, as also to look into the possible occurrence of platinum
group elements (PGE) in the gabbroic rocks.

The major element geochemistry of the gabbros suggest their
origin as “mafic cumulates” (Fig.2.14) which might have formed

in a slowly cooled magma chamber.  Relative to primitive mantle
the gabbros have enriched trace element character in respect
of Rb, Ba, Th, Ta, La, Nd and Zr, whereas  U, K, P and Ti have
negative anomalies. The gabbros are enriched both in Nb and
Ta (Fig. 2.15). Nb/U ratios are usually high. REE for the most
part is moderately- to strongly fractionated (LaN /YbN = 3.79-
68.03; Avg: 16.68).  LREE are relatively more fractionated
(1.58-10.36; Avg: 3.53) compared to HREE (GdN/YbN = 1.72-
5.59; Avg: 2.73). No significant Eu anomalies exist (Fig.2.16).
Preliminary results on the platinum group element (PGE)
geochemistry of the gabbros indicate potential for the
occurrence of PGE in these rocks (Σ PGE = 119.8-846.4 ppb;
Avg. 360.95ppb) and warrant further detailed studies.

Fig-2.13 Zr/Y vs.  Nb/Y variation diagram of  the dykes showing
plume signature for  their  Origin.

Fig.2.14 CaO-MgO-Al
2
O

3
 ternary diagram showing the “mafic

cumulates” nature of  the gabbros.

Fig.2.15 Primitive Mantle-normalized multielement spider gram of  the
gabbros (Primitive Mantle values after Sun and McDonough,
1989).

Fig.2.16 Chondrite-normalized rare earth element (REE) patterns of
the gabbros. (Chondrite- normalization values after Sun and
McDonough, 1989).

(M.V.SubbaRao, S.LRamesh, K.Suresh, M.Satyanarayanan,
A. Keshav Krishna and B. Dasaram)

Hyderabad Granite Complex and its mafic enclaves:

The Hyderabad Granite Complex (HGC) represents one of the
major granite forming events of the south Indian shield.  An
attempt has been made to mineralogically and geochemically
characterize the mafic enclaves and the various granite types
of the Complex and understand the mutual relationships if any
of the mafic enclaves and host granites that occur in the
Nalgonda region of the HGC.
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Under the microscope the granites consist essentially of quartz,
k-feldspar, hornblende and biotite with occasional plagioclase
and a few opaque (Fig.2.17). On the other hand the mafic
enclaves are mostly fine- to medium grained, consisting of
amphibole, occasional opx and hornblende with micro granular
texture (Fig. 2.18).

The host granite samples encompass the field of “granite”,
occasionally tending towards “adamellite” and “granodiorite”
fields (Fig.2.19).

The granites are characterized by high silica contents with
moderate levels of alkalis indicating their origin as I-type
granites by anatectic processes. The enclaves for the most
part are of amphibolite nature (Fig.2.20), with low-to moderate
levels of silica and alkalis with enriched contents of
ferromagnesian trace elements such as Cr and Ni etc.

It appears that the mafic enclaves of amphibolite character
are remnants of older crustal material brought up by the
ascending granitic magma. In the process of assimilation of
the pre-existing mafic crust, the magma might have been

modified in composition to varying degrees depending on the
extent of digestion of the mafic crustal material trapped in the
ascending granitic magma, before emplacement of the granite,
which might have resulted in the observed variations in both
the host granites as well as the mafic enclaves. Further studies
involving Sr and Nd isotopic characteristics of the host granites
as well as the mafic enclaves will help in ascertaining the finer
aspects of the petrogenesis of the granites and enclaves.

(M.V.Subba Rao, K.Suresh and S.L.Ramesh)

2.3 GEOCHEMICAL INVESTIGATIONS IN SANDUR
SUPERTERRANE,   DHARWAR    CRATON,
INDIA

The ~ 2.7 Ga Sandur Superterrane (SST) is located within the
central belt of ~ 2.6 Ga Closepet granite that divides the
Dharwar craton into eastern and western sectors.  This
composite SST includes multiple terranes defined by distinct
lithologial associations, and metamorphic-deformational
histories, demarked by accretionary structures. The Sultanpura

Fig.2.17 Photomicrograph of  the granite showing essentially quartz,
K-feldspar, hornblende and biotite with occasional Plagioclase

Fig.2.18 Photomicrograph of  mafic enclave showing amphibole, with
occasional opx and hornblende with micro granular texture.

Fig.2.19 Na
2
O-K

2
O binary diagram showing the granitoid rocks

encompassing the granite-adamellite-granodiorite fields.R1=
4Si-11Na+K)-2(Fe+Ti). R2= 6Ca+2Mg+Al (After Batchelor
and Bowden, 1985).

Fig.2.20 R1-R2 binary diagram indicating the anatectic nature of  the
granites and the predominantly “amphibolite” nature of  the
mafic enclaves.
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features, in conjunction with mostly positive Eu anomalies, rule
out detectable crustal contamination, such that adakites, and
associated basalts having normalized anomalies at Nb-Ta-P-
Ti, represent an arc association. Consequently, the distinctive
magma associations of the SVT and EFVT are consistent with
the Sandur Superterrane being tectonic fragments of distinct
continental and oceanic provenance tectonically juxtaposed
in a Cordilleran type, accretionary orogen at ~ 2.7 Ga.

(C. Manikyamba, Tarun C. Khanna, A. Keshav Krishna and
M.Satyanarayanan)

Mineralogy, Petrology, Geochemistry of the Deccan
Lavas in the Vicinity of Pranhita-Godavari Basin
(Penganga Group), Eastern Deccan Volcanic
Province

The basaltic flows occurring in the vicinity of Penganga basin
in Yavatmal district in Maharashtra have been investigated to
characterize their nature using mineralogical, petrological and
geochemical studies. These flows have not been studied in
detail when compared to the flows of Western Ghats (Ambenali,
Mahabaleswar, Igatpuri, Poladpur, etc.). The study area forms
a part of the Eastern Deccan Volcanic Province (EDVP). Basalt
samples were collected from the quarry sections (N19o53’45.5"
Lat.; E78o57’53.3" Long.) at several locations in and around
Mohda town located along Ghughus to Wani road (~60 km
“W” of Chandrapur) in Yavatmal district in Vidarba region of
Maharashtra State. These basaltic flows are surrounded by
purple/pink coloured shales showing microfolding of bedding
laminations and colour banding which represents the Upper
Shale Formation of the Penganga Group. The basaltic flows
belong to Poladpur formation of the Wai subgroup in the study
area. These flows are characterized by the presence of simple,
plagioclase phyric, compact, massive, dark grey to black
coloured basalts. Many of the distinctive features observed in
Deccan Traps of other areas in Western Ghats such as giant
phenocryst bearing basalts (GPB), picritic horizons, compound
flows and ropy lavas / amygdular flow tops are  absent in the
study area. The compact basaltic flows occurring in the study
area vary in thickness from ~5 m to ~25 m and exhibit spheroidal
weathering and columnar jointing at some places. These
basaltic rocks are dense, hard and fine-grained, black coloured
and porphyritic in nature. The plagioclase phenocrysts are >3
cm long at places. Petrographic studies on these rocks reveal
the presence of characteristic porphyritic textures with
phenocrysts of abundant altered olivine psuedomorphs
(Iddingsite) (8-12% modal abundance), well twinned/un-
twinned plagioclase phenocrysts occasionally zoned (60-65%)
and minor clinopyroxenes which are set in the fine-grained
groundmass consisting of  plagioclase, Cpx, epidote (7-10%),Fig. 2.22 REE fractionated  Sandur adakites

Fig. 2.21 Al-undepleted Komatiites and Komatiitic basalt

volcanic terrane (SVT) includes well preserved spinifex textured
komatiites and komatiitic basalts, with pillow tholeiitic basalts.
Komatiites and komatiitic basalts have respective Mg# of 0.82-
0.84 and 0.55-0.64, and  are of Al-undepleted type (Fig. 2.21).
Collectively, the data are interpreted as signatures of a zoned
mantle plume, having multiple sources that erupted through,
or at the margin of, continental lithosphere.

Felsic flows, associated with arc basalts, of the eastern felsic
volcanic terrane (EFVT), adjacent to the SVT, possess adakitic
compositional characteristics:  elevated Al2O3 but low Yb (0.30-
0.50 ppm) contents, coupled with high (La/Yb)N (43-71;
Fig.2.22) and Zr/Sm (37-41) ratios, but low Nb/Ta (5-12).  These
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glass/chlorite (12-15%) and Fe-Ti oxides such as titaniferous
magnetite and ilmenite (5-7%)(Fig.2.23a&b). Black coloured
glass is found which is in the form of irregular patches
distributed throughout the rock. The thin and elongated
opaques are also aligned parallel to twin lamellae in calcic-
plagioclases at some places. The plagioclase phenocrysts have
the inclusions of opaques, iddingsite and epidote. Dark and
light rims that are observed around iddingsite indicate Fe poor
and Fe rich rims. These rocks are also characterized by sub-
ophitic and variolitic intergrowths of Cpx and calcic-plagioclase.
These rocks are subjected to post-metasomatic alteration as
evidenced by the presence of cross cutting thin epidote veins
and pseudomorphic alteration of olivines to iddingsite.
Compositionally, these basaltic flows are subalkaline tholeiitic
basalts. They are characterized by high TiO2 (3.17 to 3.24 wt
%) moderate MgO content (6.11 to 6.18 wt%), K2O content
(0.71 – 0.73 wt%), high Fe/Mg ratios (wt % Fe2O3 /MgO = 2.31
to 2.37) and their relatively high SiO2 contents (49 to 51 wt %)
here interpreted as evidence showing that these Continental
Flood Basalt Sequences (CFB’s) are not primary mantle melts
but represent magmas that have undergone significant
magmatic differentiation, presumably through crystal-liquid

separation, prior to eruption. These CFB’s are classified as
high “P” or plume-type on the basis of their high TiO2 (>2 wt
%), Ti/Y ratios (4.35 to 4.85), La/YbN ratios (5.55 to 5.82)
compared to”A” or arc-type CFB’s. REE of these rocks show
nearly flat patterns coupled with the absence of Eu anomalies
(La/SmN = 2.20 to 2.34; Gd/YbN = 2.20 to 2.33 and Eu/Eu* =
0.91 to 0.92). This high titanium, CFB’s has low LILE/HFSE
ratios similar, albeit with lower overall LILE and LREE
abundances to those of OIB, kimberlites and sodic-alkali basalts
(Fig.2.24a&b).  Primitive mantle normalized distribution patterns
in these rocks also show characteristic LILE, LREE depletions,
positive Nb-Ta anomalies, negative Sr anomalies in contrast
to “A” or arc-type low titanium CFBs .  On the basis of
geochemistry, it is suggested that these high-titanium CFB’s
represent melts of an upwelling asthenosphere (or young
lithospheric mantle recently metasomatized by fluids/melts
derived thereof). The geochemistry of these rocks under study
is comparable to the Lower Traps from the central provinces
and is different to that of the Deccan lavas occurring in Western
Ghats.

(D.V. Subba Rao, V. Balaram, S.N. Charan, Chakradhar
Chavan and Himanshu P. A. Topno)

 Fig.2.24 a& b Fig.2.23 a& b
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Ultrasonic velocity anisotropy and attenuation
measurements on Latur basalt samples:

We have carried out ultrasonic longitudinal and shear wave
velocity (VP and VS) and attenuation measurements (αP and
αS) in a large number of basalt rocks of Latur at 1.0 MHz
frequency using ‘Through transmission technique’. The
anisotropy in velocity and attenuation has also been measured
in these samples. The test samples (right circular cylinders of
30 mm dia and approximately 60-65 mm long) were oven-dried
to make experiments at the room conditions. Unlike the
polycrystalline rocks such as granites, the Latur basalts which
are fine grained and massive, have exhibited mode conversion
and echoes of longitudinal energy which enabled the
measurements of shear wave velocity (VS) and attenuation in
them for making a comparative study with the results obtained
by using direct shear wave transducers. Furthermore, the pulse-
broadening measurements using direct shear wave transducers
yielded accurate results of VS and QS in basalts. The rocks
show a wide range of velocity and attenuation at 1.0 MHz
frequency (VP : 5661 m/sec to 6011 m/sec,  Ave. 5863 m/sec;
VS : 3274 m/sec to 3428  m/sec, Ave. 3359 m/sec; αP : 0.0079
np/cm to 0.0509 np/cm, Ave. 0.0189 np/cm; αS= : 0.0263 np/
cm to  0.0633 np/cm,   Ave. 0.0461 np/cm). It is inferred from
the anisotropy  data of Latur basalts that  the anisotropy in
velocities is less comparatively to  anisotropy in attenuation.

(MVMS Rao, KJ Prasanna Lakshmi, KB Chary and NA Vijay
Kumar)

Ultrasonic Attenuation in Engineering Materials : An
Experimental Study

Ultrasonic attenuation measurements of both longitudinal and
shear waves have been carried out in some engineering
materials whose quality factor(Q) varies over a wide range.
The samples tested include some high-Q materials such as
stainless steel, mild steel, aluminium etc and a few low-Q
materials such as rock, concrete etc.  The tests were conducted
at the laboratory scale on cylindrical rods using ‘amplitude
decay’ and ‘pulse broadening’ measurements at room
temperature and pressure conditions. Amplitude decay
measurements have been found to be more accurate for the
determination of attenuation (α) in high-Q materials which are
homogeneous, whereas the ‘pulse broadening measurement
technique’ has been found to be quite ideal and most suitable
for the determination of Q and a in rock, concrete etc which
are porous and heterogeneous.

(MVMS Rao, KJ Prasanna Lakshmi, KB Chary and NA
Vijayakumar)

Elastic properties of charnockites and associated
granitoid gneisses of Kudankulam, Tamil Nadu, India

Laboratory data of velocities (VP and VS) and Q (QP and QS)
measurements and modal composition analysis of a large
number of charnockites and associated granitoid gneisses of
Kudankulam were carried out.  The results show linear
relationships between density and velocities of both the rock
types (Fig.2.25). The charnockites, compared to granitoid
gneisses, show higher velocities and a wide range of Poisson’s
ratio and Q values. The laboratory velocity data when
extrapolated to high pressure conditions is comparable to the
DSS velocity values at depths ~15 km in the southern part of
the SGT. This lends support to the field inferences that
charnockites of the present study belong to the high-grade
metamorphic basic granulites which are exhumed to shallow
crustal levels.

Fig 2.25

(MVMS Rao, KJP Lakshmi, KB Chary and K. Vijay Kumar)

Elastic wave velocity  measurements and uniaxial
compression tests on Koyna basement rocks

Elastic wave velocity  measurements and uniaxial compression
tests on basement rocks (Aplite, Greywacke, Granite and
Gneissic granite) of Koyna region were carried out successfully
at the room conditions under the second phase of the INSA-
JSPS collaborative project. The average P-wave velocities of
aplite, greywacke, granite and gneissic granite are 4199 m/
sec, 5417 m/sec, 5145 m/sec and 5500 m/sec respectively.
The average S-wave velocities of aplite, greywacke, granite
and gneissic granite are 2870 m/sec, 3292 m/sec, 3231 m/sec
and 3309 m/sec respectively. The uniaxial compressive
strength of these basement rock samples range from 100 MPa
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to 185.60 MPa.  It is found that both P-wave and S-wave
velocities of these basement rocks increase with increase in
density and uniaxial compressive strength increases with
increase in density and velocities.

(KB Chary, RK Chadha, MVMS Rao, KJP Lakshmi, and K.
Vijay Kumar)

Laboratory Investigation of Stress-induced
Fracturing Process in Granite rocks Using Acoustic
Emission

 A series of controlled laboratory experiments have been carried
out on some borehole granite rock samples of Latur and
Hyderabad for the study of their fracture behaviour under
compression using Acoustic Emission (AE) technique at the
NIRM. The AE data and stress-strain data of each rock sample
were monitored and recorded using a Spartan system and    PC-
based strain monitor during the deformation and failure of each
rock sample under uniaxial compression with MTS 815 Rock
Mechanics Servo-controlled Testing Machine. The recorded
AE data of various subsets of each rock sample have been
processed and analyzed using Mistras-2001 software at the
NGRI. The results show that Latur rocks, which are
metamorphic granites, are more dense and strong (UCS ~ 190
MPa) compared to Hyderabad granites (UCS ~ 145 MPa) which
are igneous. However, all the samples tested have shown a
more or less similar trend as far as deformation and fracture
behaviour are concerned as inferred from AE signatures and
strain data. Among various AE parameters, the b-value and
cumulative energy count data (AE) are found to be of great
utility, and they both can serve as damage index parameters
for tracking, analyzing and also quantifying the various stages
of stress-induced micro-crack damage in rock. The evaluation
of micro-crack damage in terms of AE energy count data is
quite useful. Although there may be variations in the overall
statistics of energy count data from sample to sample, the AE
energy count data when normalized shows an accelerated
increase as a function of the applied stress for all the samples
at stresses > 96% failure stress (Fig.2.26).

(MVMS Rao, GM Nagaraja Rao*, KB Chary, KJ Prasanna
Lakshmi, NA Vijay Kumar, S Udaykumar and RK Chadha)
* National Institute of Rock Mechanics

Installation of High Voltage Pulser –receiver system
for PC based ultrasonic velocity measurements

The new instrument of High Voltage Pulse-receiver of
Panametrics NDT (Model no. 5058PR) has been successfully
tested and installed. Further, velocity and attenuation
measurements are carried out on some engineering materials.

(MVMS Rao, KJ Prasanna Lakshmi, KB Chary and NA
Vijayakumar)

2.4 ELECTRICAL STRUCTURE BENEATH BEAS-
PARBATI VALLEY IN HIMACHAL  PRADESH.

Magnetotelluric (MT) data has been acquired at 18 locations
along Rohtang pass-Mandi profile with a station interval of 10
km, in general, covering the frequency band 103 to 10-3 Hz to
delineate the geoelectric structure. However, the rugged
topography in the region, makes the availability of sites for MT
measurement very scarce and hence site spacing has been
increased to 15-18 km at some places. At each MT site, the
measured time series is carefully analysed and processed using
Mapros MT time series analysis and processing software to
estimate the best MT impedance values. The MT data in the
measured direction is subjected to distortion analysis to retrieve
the regional 2-D impedance tensor, by reducing the effect of
local heterogeneities. The strike analysis is performed by

Fig 2.26
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Groom-Bailey technique to estimate the 2-D regional strike. In
general, the calculated strike values at sites range between
N450E to N550E. The 900 ambiguity is generally associated
with the strike estimation. In the present case, N450W is in
agreement with the geology of the region that shows
predominantly NW trending structures. Hence, a regional strike
value of N450W is assumed for the data set and the measured
data is rotated into this regional electrical strike direction to
derive the regional MT responses. Both TE and TM mode
responses are simultaneously inverted. The inversion is initiated
with a half-space of 100 Ohm-m. An error floor of 10% is kept
for apparent resistivity values, while 5% is assigned to the
phase values. As the sites are located at varying altitudes, the
elevation values are also included during the inversion process
to derive the 2D model with topographic considerations. The
final 2D model obtained after after 250 iterations with an r.m.s.
error value of 3.76 is presented in Fig. 2.27. First order

230 to 730C. The Sutluj valley cuts across major litho-tectonic
units of the Himalaya and illustrates complex geology (Figure
2.28). The studied profile is close to the vehicular traffic and
many hydropower projects were located along the Sutluj river
valley. The rugged topography in the region has limited the
MT measurement sites only to the areas with accessibility. The
MT data in the 0.001 – 1000 Hz range is analyzed for
dimensionality and regional strike. The data rotated to the
regional electric strike (N410W) is inverted using the 2D
algorithm of Rodi and Mackie (2001). The MT resistivity model
indicates high resistive basement rocks in the study region
that extend deep into the mid crustal levels. The basement
appears to be very resistive (>5000 Ohm.m) in the north-
eastern part of the model representing the high grade
Himalayan crystallines; while the south-western part of the
model represents, show relatively low resistive rock media (500
- 2000 Ohm.m) in the region covered by low grade Himalayan
crystalline rocks. It appears that the lower grade rocks thrust
over the higher grade crystalline rocks. Low resistivity (<50
ohm.m) zones representing fractured rocks filled with ground
water and possible thermal water circulation are mapped in
the upper few hundred meters. Model also shows an anomalous
low resistive zone between sites SS05 and SS07. The heat
source for the thermal springs can be attributed to the young
granitic intrusives in the area.

(T. Harinarayana, K. K. Abdul Azeez, K. Veeraswamy,
Sharana Basava, K. Ravishankar, G. Dhanunjay Naidu)

Fig:2.27 2-D resistivity model derived by using both TE and TM data
sets. The r.m.s. error value is 3.76 after 250 iterations. The
surface topographic variations are also included in the model.
Please note that the elevation difference between the two ends
of the profile is ~3 km.

Fig:2.28 MT sites along Sutluj valley The inset (bottom) shows the
location of  the study area. The resistivity model is shown in
inset (upper).

observations of the modeled data indicate distinct conductive
structures within the crust in the vicinity of MCT, which marks
the surface expression of the India-Asia collision.

(K. Veeraswamy, G. Virupakshi, Dhanunjay Naidu, Ravi
Shanker, Sharana Basava, K.K. Abdul Azeez and T.
Harinarayana)

Sutluj - Spiti & Beas -Parbati valleys in Himachal
Pradesh

Magnetotelluric measurements are made along the Sutluj valley
that represents thermal springs with temperatures ranging from
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Surajkund geothermal region, Hazaribagh district,
Jharkhand

Surajkund area forms one of the important geothermal regions
after Tatapani hot springs of Chattisgarh state covered by the
proterozoic metamorphites with highly fractured migmatites/
gneisses associated with chert. Surajkund main hot spring
records the second highest temperature in Narmada-Son
lineament region. The thermal discharge accompanied by
moderate gas flow with sulphurous smell is about 4 lit/sec and
is mainly controlled by the NE-SW trending fractures. A total
of 35 MT soundings have been carried out in and around
Surajkund geothermal region with a station interval of 0.5-1
km close to the hot spring and an interval of 2-4 km away from
the spring. Four MT profiles oriented in NW-SE, NNW-SSE,
NE-SW and N-S direction were modeled to delineate the
boundary of the conductive feature. The data are modeled with
TE and TM mode. The 2-D modeling results of NW-SE, NNW-
SSE profiles show a large anomalous conductivity body from
a depth of ~7 km extending to about 20 km, with a resistivity of
4 ohm-m could be due to the presence of geothermal source.
The hot water at subsurface depths might be traveling to surface
through the multiple faults/joints noticed near the spring as the
area is highly disturbed  with antiforms and synforms with a
number of  crossfolds, joint sets and faults dissecting the rocks.
There appears to be a sharp lateral variation in electrical
resistivity towards NW of the hot spring, indicating that the
source for the hot spring might be towards NW from where it is
gushing out.

(T. Harinarayana, S. Prabhakar E.Rao,  Sharana Basava,
Sreedhar Sreejesh, A.K. Gupta and G. Virupakshi)

Deep geoelectric structure across the NSL based on
regional magnetotelluric studies and
tectonomagmatic implications.

The Narmada-Son lineament (NSL) is one of the major tectonic
features of the Indian subcontinent. It is oriented nearly in WSW-
ENE direction as a tectonic feature dividing the Indian shield
into two parts. It also consists of Satpura mobile belt in which
the Bundelkhand craton towards north and Dharwar craton
towards south appears to be sutured together. The drainage
in this area is westward, which is reverse to the general
(eastward) pattern over other parts of the Indian subcontinent.
Magnetotelluric data acquired along three N-S profiles cutting
across NSL have been modeled to derive the electrical structure
at crustal and subcrustal levels. These results have been
integrated with deep seismic and gravity sections. Presence

of high conductive layers at crustal depths within Narmada-
Tapi and Cambay regions supports the concept of
remobilization within these zones as compared to the adjacent
cratonic regions. In addition to this, presence of high conducting
layer at subcrustal levels in the NW part of this area has been
discussed in light of pre-outburst phase of Reunion plume
during 70-65 Ma. The possible relation of the high conductivity
anomalies in the Satpura, Vindhyan and Malwa uplifts, may
be due to outburst of mantle plume, and also to the mineralized
belt of Archaean age is discussed.

(K. Veeraswamy and T. Harinarayana)

WITHIN AND BEYOND THE PROTOCONTINENTS:
Some geophysical aspects reflecting geodynamics
of the Indian continental lithosphere.

Nearly four decades back, it was suggested that the Indian
continental lithosphere (ICL) may be considered to be made
up of three proto-continents. This concept proved quite useful
in understanding the lateral growth of the Indian crust. With
ever accumulating multi-disciplinary data sets, it is time that
accretion within each proto-continent is examined at finer scales
and causative geodynamical processes are deciphered. On
the basis of available multi-disciplinary data especially from
the geophysical probings a number of  models are suggested
for the case of Dharwar and Bundelkhand proto-continents
(Figure 2.29),which help in filling up certain gaps in the earlier
suggested proto-continental scenario, dealing with the
Archaean-Proterozoic era. The study also focuses attention
on the Phanerozoic geodynamics of the subcontinent specially
keeping in view addition of the juvenile crust (e.g. through
magmatic underplating) and consequent development of
geophysical anomalies and tectonic features (both of which
appears to be channeled mostly along the relatively mobile
corridors). It implies that certain intra plate/mid-continental
features within the proto-continents do require going beyond
plate (or horizontal) tectonics. For this, hypothesis of mantle
plume has been invoked. The trace and outburst of the
Kerguelen and Reunion plumes on eastern and western sides
of the subcontinent has been briefly outlined along with
consequent geophysical, tectonic and geomorphological
features.

Thus, while interpreting the multi-disciplinary data, it becomes
necessary that bimodal geodynamics viz. plate (horizontal) and
plume (vertical) tectonics may be taken into account. In view
of this, effects of the super-continental and super-plume
episodes - during the long geological history of the ICL – need
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to be carefully deciphered.  Evidently, the model and concepts
discussed above require further substantiation through
geophysical and geochemical data, especially for the Greater
Bundelkhand terrain (GBT) part, since not much geophysical
data except gravity is available over this terrain.

(K. Veeraswamy)

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

The First ever Chemical Tomogram for the Dharwar
Lithosphere

Garnet xenocrysts and xenoliths from the ~ 1.1 Ga kimberlites
of the Dharwar Craton provide a glimpse of the chemical
architecture of the subcontinental lithospheric mantle (SCLM)
to a depth of ~ 250 km. The chemical variations in terms of
Mg# (molar Mg/Mg+Fe) in the modeled mantle olivine
compositions and trace element distributions namely Y, Zr and
Ti provide information on zones of depletion/metasomatism
within the SCLM (figure 2.30). Thermobarometric constraints
from the garnets and xenoliths suggests thick mantle keel of
over 200 km compared to shallow (< 100 km) present day
SCLM of the Dharwar craton.

The goethermometric information with Y distribution provides
first constraints on the location of the Lithosphere-
Asthenosphere boundary (LAB) at depths of 205-210 km. The
temperature, geochemical and mineral chemical variations
across the different kimberlite clusters close to the convergence
zone of the Eastern and Western Dharwar Cratonic blocks
further suggests that the two blocks evolved as separate entities
prior to their convergence at ca. 2.5-2.7 Ga. The new data
also help in redefining the convergence zone from the
Chitradurga schist eastern boundary thrust to the western
margin of the Closepet granite.

(E.V.S.S.K. Babu, W.L. Griffin1, A. Kobussen1, S.Y. Oreilly1

and P. Sengupta2)
1GEMOC Australia
2Rio Tinto Mining & Exploration Australia

Cr-Ni-PGE studies in Western Dharwar Craton

Cr-Ni-Cu±PGE deposits are known to occur in early Archaean
mafic-ultramafic rocks. Early Archaean mafic-ultramafic
(MUMF) rocks occur in the eastern Dharwar craton and range
in size from small pods to schist belts. These MUMF pods
consist mainly of meta-peridotites, tremolite-actinolite schists,
serpentinites, amphibolites and metabasalts. Spinifex, nodular,
and ocelli textures are also present. The rocks have been
subjected to greenschist and amphibolite facies metamorphism.
Geochemical studies were undertaken to evaluate the possible
occurrence of economically important elements in the mafic-
ultramafic enclaves around the major Arsikere-Tavarkere
lineament and surrounding gneissic terrain adjoining local shear
zones that occur as discontinuous pods between Arsikere and

Fig.2.29 A proposed model for the finer scale growth of  the Greater
Bundelkhand Terrane (GBT) which appears similar to that
of  Greater Dharwar Terrane (GDT). The core of
Bundelkhand craton (B-C) and possible outer terranes (OT1
& OT2) whose boundaries seem to be defined by the tectonic
belts like Delhi, Aravalli, Narmada & Satpura, MS-R, SMB
etc. The diagram also depicts probable (?) traces (pre-, syn-
& post-outburst) of  Reunion and Kerguelen mantle plumes.
The latter seems to have largely affected the geodynamics
and developments of  tectonomagmatic features since the
Mesozoics. Abbreviations: BB-C – Bastar Bhandara Craton,
B-C – Bundelkhand Craton, BGC – Bundelkhand Granitic
Gneiss, DAMB – Delhi-Aravalli mobile belt, DF – Dauki
Fault, GD – Godavari trend, K - Kutch, KGB – Karimnagar
Granulite Belt, MS-R - Munger-Saharsa Ridge, OT

 
– Outer

Terrane, P-C – Palghat Cauvery shear zone, SC – Singhbhum
craton, ShP – Shillong Plateau, SMB – Singhbhum mobile
belt, VB – Vindhyan Basin, WDC – Western Dharwar Craton
and WR – Western Rajasthan. The inset shows the
approximate triangular areas affected significantly by plume
trace and which show hydrocarbon potential.
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Chennagiri. Talc-serpentine and tremolite-actinolite schists
contain chromite which is rimmed by ferrit-chromite.

A notable feature of these MUMF rocks is that they exhibit
high MgO (22-40%), total iron (8.34 - 10.01%), Ni and Cr
(~3000, 2800 ppm) contents with some samples showing
komatiitic affinity. The REE data show slightly fractionated
patterns with enriched LREE (LREE/HREE ~5.0) and negative
europium anomalies. The Pt and Pd values reach 6500 and
191 ppb.

The MUMF rocks, especially those exhibiting high chromium
contents and occurring near shear zones( Fig 2.32), are
potential hosts for economic PGE deposits. Mafic-ultramafic
(MUMF) enclaves of different sizes and shapes occur to the
east of the Bababudan-Nallur lineament adjacent to the
Arsikere-Tavarkere shear zone. They also occur as lenses in
the surrounding gneissic terrain. These suites of Archaean age
rocks occur as discontinuous pods around Arsikere up to
Antargatta north of the Vedavathi river (Fig 2.31). The enclaves
vary in size from tens of metres up to 4 km. They are aligned in
a general NNW trend and exhibit steep dips in the Antarghatta
belt north-west of Arsikere up to the southern part of the
Shimoga supracrustal belt. Both intrusive and extrusive
ultramafic bodies have been reported in the Peninsular Gneissic
Complex The extrusive MUMFs show pillow, nodular and
ocellar structures .These enclaves and pods consist mainly of
meta-peridotites, tremolite-actinolite schists, serpentinites,
amphibolites and metabasalts. Pre- and post-tectonic gabbro
and dolerite dykes intrude these formations. The area has

undergone greenschist to amphibolite facies metamorphism.
Mafic and ultramafic bodies between Tiptur in the south and
Chennagiri in the north-east were sampled and geological,
petrological and geochemical studies conducted. Four major

Fig 2.30. Variations of  modeled olivine X
Mg

 and Ti (ppm), Zr (ppm) in Garnet xenocrysts with depth for different kimberlite clusters of  the
Dharwar craton, south India.

Fig 2.31. Regional Geological Map of  Mafic-Ultramafic rocks around
Arsikere.
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mafic-ultramafic bodies that occur to the NE of Arsikere and
extend up to the Vedavati river were studied. They strike linearly
in a general NNW direction and occur as detached bodies
ranging in size from 200 - 20 m to 4000 - 2000 m.

Apart from the above, studies were also carried out in the
Kalyadi-Kadihalli-Aldahalli areas in the northern parts of
Holenarasipur and in the Nuggihalli schist belt in Central
Karnataka.

(PV Sunder Raju)

PGE Studies in Sittampundi Anorthosite Complex,
Tamil Nadu

The anorthosite complexes and related rock types of the Indian
Precambrian shield are primarily associated with either cratons
or mobile belts formed under amphibolite to granulite facies
conditions. The major rock types are chromite bearing meta-
anorthosites, amphibolites, basic granulites, pink granites and
gneisses. This study was carried out on chromitite bearing
samples from Sittampundi anorthosite complex (SAC), Tamil
Nadu, to evaluate the nature and textural settings of platinum-
group minerals (PGM), using state of the art technology (Fig
2.33). The structure and petrology of SAC were well studied
earlier   but only scanty data on geochemical, petrology and
mineralogy of PGM are available. The mineralogy of the
samples is dominated by chromite ( >70 mass %), plagioclase
(An90), and chlorite-actinolite with orthopyroxene (En85).
Details of the petrological evolution of the Sittampundi complex
will still have to be studied further, but indications of magma
replenishment at the level of chromite formation and the
elevated PGE values associated with the chromitite samples
make the Sittampundi complex are promising target for future
exploration activity.

(PV Sunder Raju, EVSSK Babu and YJ Bhaskar Rao)

Gradual Rise of Atmospheric Oxygen between 2.5
and 2.0 Ga

The evolution of atmospheric oxygen during the Precambrian
is basic to the co-evolution of life and environment. A significant
change in the redox state of the atmosphere during the
Paleoproterozoic inferred from geologic records has been
referred to as the ‘Great Oxidation Event’. This is marked by
the disappearance of mass independent fractionation in sulfur
isotopes which confirms to an increase in oxygen levels from
< ~ 10-6 to > ~10-3 atm between 2.45 and 2.0 Ga. This also
underlines the timing of PO2 transition rather than its quantitative
pattern. Despite this conceptual advancement, the precise
nature of quantitative evolution of atmospheric oxygen during
the Paleoproterozoic has remained elusive.

The fractions of redox sensitive elements such as Fe and Mn
retained in weathering profiles should reflect the concentrations
of atmospheric oxygen at the time of weathering. We calculated

Fig 2.32. Field photograph showing deformed ultramafic bodies by
NW-SE shear zone.

Fig 2.33  BSE images of  PGMs
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retention fractions of Fe and Mn (ratios of the concentrations
in a paleosol relative to the parent rock on an iso-volumetric
basis), FeR and MnR, corrected for compaction factors using
available literature data. The FeR and MnR increased gradually
with age during the Paleoproterozoic (MnR showing less steep
slope than FeR) suggesting an almost continuous increase in
the oxidation of Fe2+ and Mn2+ in paleosols between 2.5 and
2.0 Ga (Fig. 2.34).

Methane oxidation, BIF deposition and glaciation
during the earliest Paleoproterozoic

Diminishing methane levels were thought to be responsible
for the disappearance of mass independent fractionation in S
isotopes (S-MIF) and multiple glacial events during the time
period between 2.43 and 2.32 Ga. The earliest of the three
glacial events is preceded by deposition of largest banded iron
formations (BIFs) at a very rapid rate (> 30 m/Ma) and a mafic
magmatic event as is evident from the Hamersley Group and
the Transvaal Supergroup. It appears that the BIF deposition
at a very rapid rate has a causal effect on the initiation of the
first of global-scale multiple glaciation events. Our new data
show that (Fig.2.36)the 13C depleted carbon isotope
compositions associated with various BIF lithofacies in both
the Hamersley and Transvaal basins resulted due to oxidation
of methane. The δ13C compositions of carbonate and organic
carbon of the various lithofacies of BIFs in both Hamersley
and Transvaal basins is given in the following table:

Lithofacies δ13Ccarb δ13Corg δ13Cin

(‰ V-PDB)

Oxide facies -12 -18.6 -13.3

Siderite facies -7.4 -37.8 -13.5

Carbonate facies -1.3 -43 -9.6

Clastic facies -3.5 -36.6 -10.1

Fig. 2.34 Variations of  Fe and Mn retention fractions (Fe
R
 and Mn

R
)

with time. Eleven pairs of  data points are plotted by
screening 20 available palaeosols formed between 2.8 and 1.8
billion years ago (Ga). The Fe

R
 values have attained unity in

palaeosols of  ~ 2.1 Ga onwards. Error bars represent age
ranges of  the palaeosol formation, and errors for the symbols
without error bars in the main figure are within the sizes of
the symbols.

Fe oxidation kinetics (-d[Fe2+]/dt = k[Fe2+] [OH-]2 (PO2)
x; x is the

variable) are applied to the data set of Fe2+ and Fe3+

concentrations in paleosols to quantitatively model the
atmospheric oxygen increase. The above equation was finally
converted to:

ψ/ψA = (PO2)A
x’/(PO2)

x

where y is the ratio of  [flowing-out Fe2+]/[dissolved Fe2+] and
the parameters with subscript A are values for reference
paleosol A. The formation time of weathering and variation of
PCO2 are considered with time in our calculations. Our results
suggest that the atmospheric oxygen increased linearly in the
logarithmic scale from ~ 10-6 atm at 2.5 Ga to ~ 10-3 atm at 2.0
Ga (Fig. 2.35), which is in contrast to the drastic rise at ~ 2.3
Ga. The gradual rise of oxygen is consistent with isotopic
records of carbon and sulphur.

(Bulusu Sreenivas, Takashi Murakami* and S. Das
Sharma)

*Dept. of EPS, University of Tokyo, Jepan

Fig.2.35 Variation of  atmospheric oxygen concentrations during the
period between 2.5 and 2.0 Ga (hatched zone in the main
figure) and those for the drastic rise and the fluctuations during
multiple glaciations (solid curve and hatched zone in the inset,
respectively). The drastic oxygen rise at ~ 2.2 Ga depicted as
solid curve in the inset can be generated only by a drastic
decrease in ø values between 2.3 and 2.2 Gyr, which is
inconsistent with the Fe

R
 and Mn

R
 variations in Fig. 1. The

fluctuations in PO
2
 (hatched zone in the inset) were generated

considering fluctuations of  temperature and PCO
2
.
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The δ13C of the input carbon during the BIF deposition appear
to range from -13 to -8 ‰. Our calculations suggest that the
ambient seawater bicarbonate exchanged with CO2 formed
due to oxidation of atmospheric methane (δ13C of -47 ‰) in
proportions of ~ 15 to 30 %. This would amount to ~1017 moles
of atmospheric methane drawdown.

(Bulusu Sreenivas, S. Das Sharma)

A Mesoproterozoic Sm-Nd age for the Oddanchatram
anorthosite massif, South India, evidence for ancient
crustal contamination and significance to the
regional terrane assembly

Within the Southern Granulite Terrane (SGT),  the margin of
the Archaean Dharwar craton demarcates an apparent suture
zone between Late Archaean and Proterozoic terranes.   This
zone was intensely reworked in a collisional tectonic regime
during the Neoproterozoic and is presently manifest as the
deep-section of a crustal-scale shear zone system, the Palghat
Cauvery Shear Zone (PCSZ). The Oddanchatram anorthosite
massif, an elongated oval shaped body (~ 80 km2) occurs within
a steeply dipping shear zone that branches off from the PCSZ.
It is composed largely of coarse grained metaanorthosite (avg.
An=55%) in the core and deformed gabbroic anorthosite and
norite along the margin. The suite is structurally concordant
with deformed charnockite, garnet-sillimanite gneiss and
granitoid units. A primary mineral assemblage of plagioclase
(> 90 modal %), interstitial hornblende, pyroxene, zircon and
titanite and a secondary assemblage of recrystalized high-calcic
plagioclase with K-feldspar exsolution, garnet, biotite, and
quartz characterize the anorthosites. Major and trace element
compositions are consistent with plagioclase cumulates from
a calc-alkaline mafic melt. Compared to model primitive mantle,

the Oddanchatram suite is enriched in Sr, Eu and depleted in
Nb, Ta, Zr and U.  An Sm-Nd isochron gives an age of 1239±50
Ma (2 ?), ?Nd= -19.7.  Nd (TDM) model ages range between 3.5
to 2.5 Ga, similar to those of the spatially associated
charnockites.  The relationship between Nd abundance and
Nd- isotopic compositions suggest a significant crustal-
contamination of a differentiated mafic parental melt involving
Mid- to Late Archaean crust.  Implications of such
Mesoproterozoic crustal components, (a possible anorthosite-
mangerite-charnockite-granite association) to the regional
terrane assembly in an orogenic setting, is implied.

(T. Vijaya Kumar, Y.J. Bhaskar Rao, J.K. Tomson and A.K.
Choudhary*)

*Instrumentation Centre, IIT-Roorkee

Rb-Sr dating of mylonites along major intra-cratonic
and craton margin shear systems of the Precambrian
Dharwar Craton, Southern India and tectonic
implications

Large-scale brittle-ductile shear zone systems, at both intra-
cratonic and craton-margin settings, comprise a prominent
deformation fabric of the Precambrian Dharwar Craton.
Mylonites from a number of shear systems were dated by the
Rb-Sr whole rock-biotite isochron method in an attempt to
constrain chronology of latest deformation along the shear
zones and improve our understanding of the temporal evolution
of the craton in terms of deformation, magmatism and uplift
events since the Archaean.

Mylonites from the intra-cratonic shear zones bounding the
Bababudan, Chitradurga and Ramagiri greenstone belts
indicate a spread of ages between 2.45 to 1.80 Ga. The results
bear evidence for recurrent Palaeoproterozoic reactivation of
the boundary zones that separate large tracts of greenstone
belts and granite-gneiss domains. While the older ages could
relate to a terminal stage of Late Archaean thermo-tectonic
events involving east-west shortening and thrusting in the
Dharwar Craton, the younger ages may correspond to thermal
and tectonic events such as the emplacement of mafic dyke
swarms and development of large intra-cratonic sedimentary
basins like the Cuddapah basin.

Unlike the intra-cratonic shear zones, an overwhelming number
of Rb-Sr biotite ages of mylonites and gneisses in the vicinity
of the Palghat-Cauvery shear zone system and the Eastern
boundary thrust zone of the Cuddapah basin, which mark the
southern and eastern margins of the Dharwar Craton, cluster
around 486 Ma.

(K.V.S.S.Krishna, Y.J.Bhaskar Rao, T. Vijaya Kumar and
A.K. Choudhary*)
*Instrumentation Centre, IIT - Roorkee

Fig.2.36 Carbon isotope compositions of  various BIF lithofacies
belonging to the Hamersley and Transvaal Supergroups
showing 13C depletion in both carbonate and organic fractions.
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Quad Temperature Controller for Acid Distillation

High-purity acids are a pre-requisite for sample dissolution in
geochemical and isotopic studies. Commercially available
reagent-grade acids can be purified by ‘sub-boiling’.  A low-
cost instrument called ‘Quad Temperature Controller’ (QTC)
was designed and fabricated(Fig.2.37) for carrying out sub-
boiling of acids at preset temperatures for the Clean Chemistry
Laboratory, MC-ICPMS National Facility at the NGRI. The QTC
(Figure 1), controls four distillation units with an accuracy of 1º
C of the preset temperature.  The preset- and monitored-
temperatures are displayed on LCD panel meter as per the
selection using 8-way rotary switch and the temperatures can
be set by four front panel potentiometers.

2.6 NORTHWARD SPATIAL MIGRATION OF THE
SEISMIC ACTIVITY IN KACHCHH, GUJARAT,
INDIA:

Aiming at explaining the observed northward migration of
aftershock activity of the 2001 Mw7.7 Bhuj earthquake during
2001-2008, we modeled the Coulomb failure stress change
(ΔCFS) produced by the 2001-mainshock, the 2006 Mw5.6
Gedi event and the 2007 Mw4.5 ABF (Allah bund fault) event
are modeled on optimally oriented plane (Figures 2.38 &2.39).
A strong correlation with occurrences of aftershocks and
regions of increased ΔCFS is obtained on the associated three
faults i.e. north Wagad (NWF), Allah bund (ABF) and Gedi
(GF) faults. The predicted ΔCFS on the GF increased by 0.9
MPa at 3 km depth, where the 7th March 2006 Mw5.6 event
occurred, whereas, the predicted ΔCFS on the ABF increased
by 0.07 MPa at 30 km depth, where the 15th December 2007
Mw4.5 event occurred. Focal mechanism solutions of three
events on the ABF have been estimated using the iterative
inversion of broadband data from 5-10 stations, which are also
constrained by the first P-motion data from 8-10 stations. These
focal mechanism solutions reveal a dominant reverse
movement with a minor component of strike-slip along a
preferred north-dipping (~60o) plane. The focal mechanisms
of events on these three fault zones (i.e. NWF, GF and ABF)
reveals an N-S oriented P- axes or maximum principal stress
in the region, which agrees with the prevailing N-S compression
over the Indian plate. Thus, it is inferred that the northward
migration of the static stress changes from the NWF might
have caused the occurrence of the events on the GF and ABF
during 2006-08.

Estimation of Site Response in the Kachchh Seismic
Zone, Gujarat, India:

The horizontal components of S-wave spectral amplitude data
from 38 aftershocks (Mw 3.0-5.6) recorded at 18 strong-motion
sites in the Kachchh seismic zone, Gujarat, India, were
analyzed to estimate the site response, in the frequency range
0.2 to 10.0 Hz using a generalized inversion technique. The
site response values thus obtained at each site were averaged
(logarithmically) over two frequency bands, 0.2-1.8 Hz and 3.0-
7.0 Hz, respectively, to study their spatial variation in the
Kachchh seismic zone. It is found from this study that in both
the 0.2-1.8 Hz and 3-7 Hz frequency bands, the presence of
geological contacts and sediment thicknesses control the site
responses in the Kachchh seismic zone.

Fig. 2.37 Quad temperature controller connected to the chemical
distillation plant.

Features & brief design details

In this design, the LM35 precision integrated-circuit temperature
sensors with output voltage linearly proportional to the Celsius
temperature have been used. This sensor provides ±10 mV/
ºC with an accuracy of 0.5 ºC at room temperature and rated
for -55ºC to 150 ºC range. Stable reference voltages for the
four comparators designed using LM399 integrated chip. are
derived using LM385 Micro power voltage reference diode with
low temperature coefficient characteristics.   Appropriate
hysteretic is incorporated to suppress noise induced on/off
conditions. Solid state relays, with rating of 230V AC, 5A, are
used to switch power to thermal pads.

(B.Vijaya Gopal)
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Soft sediment deformation studies from Asan
reservoir, NW Himalaya

The soft sediment deformation structures are commonly
observed in ancient and modern sediments world over and
liquefaction is invariably considered a cause of deformation
during or shortly after the deposition. Invariably, the deformation
in the horizontal sedimentary layer over a large region is been
attributed to seismically induced liquefaction. The soft
sediments deformation in late-Quaternary glacio-fluvial and
fluvial deposits in Himalaya are attributed to pre-historic
earthquakes  owing to the region being an active center of
recurrent seismicity with three great earthquakes, several
moderate and innumerable micro-earthquakes observed during
last century. We have investigated a fluvio-lacustrine sand bar
in Asan reservoir, NW Sub-Himalaya for soft sediment
deformation. This bar has uninterrupted deposition since 1975
AD. This ~ 2.35 m thick sand bar has two zones (10-20 cm)
thick, of soft sediment deformation (SSD) structures in
horizontal beds. These zones occur at 90 cm and 130 cm levels
in the sediment column. The sediments in SSD zones show
an apparent reverse density gradient. The fringes of bar and
the top-most bed are affected by slope induced extensional
faulting and SSD, respectively. The depositional and
deformational pattern, boundary condition and sedimentation
rate suggests that these SSD were triggered by 1991-Uttarkashi
and 1999-Chamoli earthquakes that occurred within 100-150
km from the reservoir. The reservoir is in V-VI intensity zones
of the above events. This suggests that highly liquefiable
sediments in the reservoir have deformed during respective
events. This study is probably the first from the seismically
active Himalayan range.

Deccan Trap volcanic eruption affected the Archean
Dharwar craton of Southern India: Seismic evidences

Indian subcontinent passed through an extremely dynamic
phase during Late Cretaceous – early Tertiary period when it
came into contact with four mantle plumes ( Reunion, Marion,
Crozet and Kerguelen) in quick succession and also
experienced extraordinary mobility ( ~20 cm/yr) and large scale
flood volcanism. This included Deccan Trap volcanics (DTV),
which is considered as one of the world’s largest flood basaltic
eruptions on the continental surface of the Earth. It covers an
area of about half a million square km over western and central
part of India with basaltic thicknesses reaching 2 km or even
more near western margin. In spite of a large number of
geoscientific studies in the past, the origin and evolutionary
history of these volcanics remain controversial. We still do not
know if there could be any other plausible source mechanism
for this massive event   than the well-accepted mantle plume

Fig.2.39 Static stress changes due to the Mw7.7. 2001 Bhuj earthquake,
the Mw5.6 2006 GEDI earthquake and the Mw4.5 15th

December 2007 ABF event considering three dislocation
models along NWF, GF and ABF at (a) 3 km, (b) 10 km, (c)
20 km and (d) 30 km. Rectangle suggests the orientation of
the NWF.

Fig. 2.38 (a) Epicentral plot of  the located aftershocks during 2006-
February 2008. Solid squares represent accelerographs and
solid triangles mark the seismographs. Open blue circles mark
the events with Mw2-2.9; Small open green circles represent
the events with Mw3-3.9; large open red circles mark the
events with Mw4-4.9. And, solid red circles mark the events
with Mw5.0-5.8. (b) N-S cross-section of  located hypocenters
of  aftershocks, and (c) E-W cross-section of  located
hypocenters of  aftershocks. Solid lines mark the inferred faults
i.e. NWF, KMF, GF and ABF.
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upwelling. There are  even suggestions that this volcanic activity
did not affect the Indian continental lithosphere. These
propositions  are  however hard to accept, as our present study
of the seismic structure of the south Indian shield based mainly
on available  broad band seismic data would demonstrate.

Fig. 2.40 shows the average S velocity distribution beneath
Deccan Trap volcanic (DTV) covered  regions as well as
uncovered regions of EDC. For comparison, velocity-depth
distribution for global shields and platforms is also included.
This figure clearly shows  that  to a depth of about 25 km from
the surface, S velocity beneath DTV region is much higher
than the uncovered part of EDC. Compared to whole crustal
mean of 3.83 km/s  for  the  DTV  region ,  the uncovered part
is associated with a lower velocity of 3.72 km/s . At some depths
in DTV, velocities are higher ,  as much as 8 to 9 % (fig. 2.40).
This difference  is  more visible when we compare the mean
velocities from the surface to a depth of 25 km only within which
solidified magma appears to have been emplaced. In such a
case, DTV region has a higher mean velocity of 3.80 km/s
compared to only 3.65 km/s in the remaining part of EDC.

Further, the mean velocities beneath  the DTV region are found
to be  even higher than that recorded below the mafic granulitic
terrain of southern India (SGT) representing lower crust  The

average crustal velocity  down to  25 km depth below SGT is
only 3.74 km/s .Therefore, an extrusion of high-density volcanic
material in the underlying subsurface crust becomes a
possibility. There could not be a better source than the
magmatic material associated with Deccan volcanism, which
lasted for almost 5 Ma between 65 and 69 Ma  Fig.2.40 gives
an indication that such mafic material could be present between
5 and 25 km depth, where much of the crust appears to have
been injected or  replaced by extruded magma. Consequently,
the crust has become denser or possibly even denser than the
mafic granulitic  crust.   As it would be expected, in the Deccan
volcanic covered region of EDC, Moho is thicker by about 3
km compared to adjacent areas of EDC, apparently due to
magmatic emplacement.

(O.P. Pandey, V.K. Somvanshi, Prantik Mandal, Prabha
Pandey, Shyam Sunder)

2.7 STRUCTURAL AND REMOTE SENSING
STUDIES OF HIGH-GRADE TERRAINS,
SOUTHERN INDIA.

Crustal architecture of the northern parts of the
Eastern Ghats Mobile belt, India

The Eastern Ghats Mobile Belt (EGMB), a Mesoproterozoic
collisional orogen, occurs all along the east coast of India and
plays a crucial role in the reconstruction models of east
Gondwana. The EGMB comprises a collage of juxtaposed
terranes or different crustal provinces and are   separated by a
network of major ductile shear zones. The northern parts of
the EGMB , a composite terrane of high-grade metamorphic
rocks, strikes east-west in contrast to the  regional NE-SW
trend of the EGMB. This composite terrane is bounded by the
Northern Boundary Shear Zone (NBSZ) in the north and the
Mahanadi Shear Zone (MSZ) in the south (Fig. 2.41).  The
terrane consists of four distinct lithostructural domains. They
include from north to south: Rengali high-grade assemblage
(2.8Ga) north of the NBSZ, Angul migmatitic assemblage,
Tikarapara Pelitic assemblages lying between the NBSZ and
the MSZ, and Daspalla gneissic domain to the south of MSZ,
and all of them are separated by major ductile shear zones.
Angul domain is characterized by intense migmatization and
granitic intrusives with steep fabrics while the Tikarapara
domain comprises complexly deformed dominant pelitic
gneisses with reoriented and reorganized foliation fabrics
exhibiting mega-shear band structures consistent with   dextral
kinematics. The Daspalla domain that occurs to the south of
MSZ consists of variably retrograded gneisses exhibiting en-
echelon folds with curvilinear axial planes coalescing with the
MSZ.

Fig.2.40  S velocity distribution beneath Deccan Trap volcanic (DTV)
covered block of  EDC and beneath the uncovered region.
For comparison, average S velocity distribution (converted
from P wave velocity; Christensen and Mooney, JGR,100,
9761-9788) beneath  shields and platforms is also added.
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The NBSZ is closely associated with upper Palaeozoic basins
of coal bearing lower Gondwana sediments on either side.
There are also other small, isolated and elongated Mesozoic
upper Gondwana basins which occur in the vicinity of MSZ.
The occurrence of these rift related basins, made this belt locally
known as ‘Mahanadi rift’. Two contrasting opinions exist
regarding the origin and evolution of these Gondwana basins:
one, as a consequence of strike-slip tectonic regime along a
pre-existing shear zone in the basement and the other non-
tectonic regime where the basins are preserved as the faulted
remnants of former widespread depression. Mahanadi rift has
also been correlated with the Lambert rift of east Antarctica. In
order to address the issues described above, structural and
tectonic studies in the terrane have been attempted involving
structural interpretation of satellite images, field traverses,
critical outcrop mapping and kinematic studies of macro- as
well as microstructures of the shear zone rocks along the shear
zones together with the geometry and disposition of Gondwana
basins. Our results provide here, for the first time, the post
Grenvillian crustal architecture of the basement and assess
the sequence of successive tectonothermal events that were
responsible for the origin and evolution of the basins, which
would be helpful in the reconstruction models of east
Gondwana.

The NW-SE trending NBSZ is a ~250 km long suture zone
with varying width upto a maximum of 20km in the central part.
This zone is characterized by intensely sheared quartzites and
pelitic gneisses exhibiting southerly and steeply dipping
mylonitic fabrics. While its western part coalesces with the
continental-scale Narmada-Son lineament, the eastern
extension is marked by steep-south dipping Sukinda thrust that
hosts dismembered ophiolitic assemblage and rhythmically

layered intrusives. The NBSZ also separates the Talchir
Gondwana basin to the south and the high-grade assemblages
of Rengali domain to the north. Rengali domain is bounded by
shear zones on all sides suggesting that it could be an
allochthonous block, probably overthrust on to the Sighbhum
craton from the south. Abundant shear criteria on macro- meso
and micro scales indicate that the NBSZ has been subjected
to transpressional dextral kinematics. Repeated reactivation
along the NBSZ gave rise to the evolution of Lower Gondwana
basins, subsequent normal faulting and magmatism.

The sub-parallel MSZ occurs about 80km south of NBSZ and
extends for about 200km long. The MSZ dips northwards with
moderate values around 45o. As one approaches westwards,
the width increases from ~2km to about 20km in the form of
several linked branches finally merging with the northern
extensions of Sileru Shear Zone (SSZ), the western boundary
of the EGMB. The occurrence of a large megacrystic granitoid
intrusive body is restricted to these splay shear zones in the
region. A few isolated and elongated upper Gondwana basins
with an aspect ratio of 1:5 are also mapped along the MSZ. In
the eastern part of the MSZ, the foliations wrap around the
rhombohedral shaped upper Gondwana Athagarh basin
following NE-SW oriented shear zones. A 120 Ma old mafic
dyke intrudes the upper Gondwanas of this basin. Regional
deflections of foliations, en-echelon fold patterns, down-dip
lineations and the occurrence of extensive ultramylonites along
the MSZ are common. Mappable as well as mesoscopic scale
shear criteria and well defined microstructural kinematics clearly
indicate that the MSZ is subjected to dextral shear kinematics.

A north-south structural cross section presents a crustal-scale
‘Flower structure’ across the composite terrane exposing
different domains displaying distinctive internal structures with
widely varying different geological evolution and strain
partitioning. The possible reactivation of these shear zones
during the Pan –African event (470 Ma) resulted in giving rise
to granitic intrusives, intense migmatisation, obliteration and
reorganization of pre-existing fabrics. The deep crustal section
was internally reorganized, uplifted and overthrusted on to the
Singhbhum craton from south. The evolution of upper Paleozoic
(280 Ma) lower Gondwana basins and associated normal
faulting may be related to the continued dextral transpressional
tectonics in the basement particularly along the NBSZ. The
successive development of Mesozoic upper Gondwana basins
cropping out locally along the MSZ must have taken place
during lower Cretaceous (140Ma) and the mafic magmatism
has been recorded around 120 Ma in the region.

The post Grevillian crustal architecture of the composite terrane
(northern part of the EGMB) is marked by distinct structural

Fig.2.41 Crustal architecture of  the northern composite terrane,
EGMB, showing different lithologies, structural fabrics and
network of  shear zones.
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domains separated by major shear zones. The regional dextral
transpressional tectonics along these shear zones and their
repeated reactivation could be responsible for initiation and
successive evolution of Gondwana basins, different episodes
of sedimentation, and  modified subsequent deformation
involving block rotation. The normal faulting and  displacements
associated with the basin evolution might be the resultant
products of deeper processes that occurred along the major
mid-crustal detachment horizons suggesting  the convergence
of both NBSZ and MSZ at depth.

(T.R.K. Chetty)

Structural mapping of Ovda Regio, Venus:
similarities to orogens on the Earth

Mapping of structures is fundamental to the understanding of
geological processes of any planet and remote sensing is the
only tool to unravel the geologic history of Venus .Ovda Regio,
the largest of the Venusian crustal plateaus, is located in the
equatorial highland of western Aphrodite Terra. The Magellan
Synthetic aperture radar (SAR) data of NASA has been used
to indentifying and characterizing structural features and their
spatial distribution, orientation, and temporal relationships
between and among them. They would provide clues about
regional scale deformation mechanisma and tectonic processes
for the evolution of the Ovda Regio.

After initial interpretation of entire region on a regional scale,
several key areas have been chosen for detailed structural
mapping. Local structural patterns and strain histories provide
fundamental constraints for a holistic tectonic architecture of
the Ovda region. The interpreted structural features include
folds of different styles and scales, mega shear zones, wrinkle
ridges, ribbons and other kinematic indicators. Folds vary in
wavelength, style and trend in different domains. They show
concentric folding pattern in the western Ovda while in the
eastern Ovda, they are characterized by shear folding. Ribbon
structures define broadly radial pattern, consistent with broad
E-W folding of the entire region. Two mega shear zones have
been identified: one, the NE-SW trending sinistral and the other,
NW-SE trending dextral shear zones. Layer parallel shearing
has been significant in the central and southern margins.

The structural data for the Ovda region comprises a coherent
and continuous strain history that reveals the following structural
and temporal sequence. The first tectonic stage involves the
N-S trending maximum compression giving rise to regional
east-west folding and ridges that provides the fundamental
tectonic architecture of the Ovda Regio. Development of ribbon
structures in a broad radial fashion is inferred to be
contemporaneous with this folding event. The second tectonic

stage is the development of a conjugate pair of mega shear
zones, consistent with the continued N-S compression,
affecting the pre-existing fold pattern, resulting in the
development of new and modified folds, particularly in the
eastern part.

In summary, the structural characteristics of Ovda Regio have
significant implications for its strain history and evolution. We
propose that the crustal plateau of Ovda Regio must have
experienced tectonic processes amounting in range and
intensity to what in Earth’s geology we describe it as an orogens
similar to that of Himalaya-Tibet collision front.

(T.R.K. Chetty, M. Venkatrayudu, and V. Venkata Sivappa)

Structural geology and Remote sensing studies of
Southern Bastar Craton:

Bastar craton is one of the oldest cratons in central India with
an area of 2x105sqkm bounded by two Mesoproterozoic belts,
Eastern Ghats Mobile Belt (EGMB) in the southeast and
Satpura mobile belt in the northwest and Paleoproterozoic
Mahandi graben in the north and Godavari graben in the south.
The southern margin of the craton consists of Sukma and
Bengpal group of rocks that include amygdular basalts,
metagabbroic dykes/sills with intercalated chlorite amphibolite
schists, sillimanite quartzites, cordierite bearing rocks and wide
spread BIF, younger granite intrusions, mafic dykes and
Proterozoic sediments. The craton has been subjected to a
complex polyphase deformation.

Remote sensing data of LANDSAT 2000 ETM+, IRSP6-LISS-
III and SRTM data on 1:250,000 and 1:50,000 scales have
been used for structural interpretation to understand the tectonic
history of the craton with special focus on shear zone
demarcation. Preliminary field studies have also been carried
out to understand the deformation history around Proterozoic
basins of Indravati and Sukma in southern margin of Bastar
craton to have ground truth of structural interpretation. The
study reveals that the southern part of the craton is dominated
by various lithologies of basement gneiss, Sukma
supracrustals, Bengpal group/Dongargarh group of rocks,
several episodes of mafic dykes, pegmatite veins, ultramafics
etc.  The craton had undergone polyphase deformation giving
rise to a broad net work of brittle to ductile shear zones trending
NW-SE and NE-SW with a strike length of over hundreds of
kilometers, width ranging from 0.5 km to 2 kms. Highly deformed
quartz veins represent as shear zone markers. Several
kinematic indicators like pinch and swell structures, mica fish
scale structures, sigmoidal foliations, mylonites and phyllonites
are well developed along shear zones.

Extensive mafic dyke activity in NW-SE direction, parallel to
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the original foliation of the craton occurs south of Indravati and
Abhjamd basins. The dykes extend 50m to a few  km in length
and 10m to 500m in width and are compositionally dolerite to
gabbroic in nature. Some circular ring dykes are also observed
towards east of Biladilla formations. These dykes have also
been affected by shear zones at several places. Various
representative rock samples have collected for petrography
and geochemical analysis.

(T. Yellappa and T.R.K. Chetty)

Structure and Tectonics of the Kanigiri Granite
Pluton: A case study through Anisotropy of Magnetic
Susceptibility (AMS). Southern part of the Eastern
Ghats Mobile Belt, India:

Study of internal fabrics of plutonic complexes within the
orogenic belts has been gaining special attention in recent
times, since the magmatism can be associated with both
compressional and extensional phases of an orogeny. Plutonic
fabrics reflect the interplay between tectonic and magmatic
stresses that record the ‘snap-shot’ of prevailing tectono-
thermal conditions during emplacement. The structural analysis
of the plutonic fabrics helps decipher the time-relationship
between pluton emplacement and deformation/ orogeny.

The Anisotropy of Magnetic Susceptibility (AMS) studies have
become crucial in studying the nature of isotropic and partly
undeformed rocks as they can well characterize the nature of
magma streams. AMS is a rapid and non-destructive
measurement technique to detect the subtle fabrics in igneous
rocks. It is the measurement of anisotropy of the acquired
magnetization (M) of the material, when it is subjected to an
external field (H), i.e. M

i = Kij. Hj. This susceptibility tensor Kij is
geometrically represented by a triaxial ellipsoid whose principal
magnitudes and orientations are K1>K2>K3. The long axis of
the AMS ellipsoid (K1) represents magnetic lineation and the
short axis (K3) is normal to the magnetic foliation. It has been
demonstrated in previous studies that the magmatic flow aligns
magnetic minerals parallel to the magnetic foliation plane (K1-
K2).  AMS fabrics may therefore be related to emplacement (e.g.
diapiric inflation) or to a regional shearing event. To better
understand the emplacement history and its time relationship
with regional tectonics of the Kanigiri Garnite Pluton (KGP)
situated at the interface of a mobile belt and the craton field,
petrographic and AMS studies have been carried out

Regional geological setting

Kanigiri Garnite Pluton (KGP) is a part of the Prakasam igneous
province that hosts a colony of numerous alkaline, mafic-
ultramafic-anorthosite and granitic plutons. This province
(~1450-1100 Ma) forms a NE-SW trending linear belt straddling

the transition zone between the Eastern Ghats Mobile Belt
(EGMB) and the East Dharwar craton, southeastern Indian
shield. This transition zone has also been described as a
Terrane Boundary Shear Zone as well as a cryptic suture zone.
Several elliptical to linear mafic-ultramafic-anorthosite and
alkaline plutons of the Prakasam Igneous Province, are
preferentially emplaced along the deep fault systems within
the TBSZ.

A total of 65 oriented rock samples covering the entire range
of lithologies of the pluton and the country rocks from well-
exposed outcrops have been collected. Sampling sites were
precisely positioned with a GPS and were carefully chosen to
be away from faults and fractures. Sampling at regular intervals
was not possible because of irregular and scarce distribution
of outcrops, particularly in the central and northern parts.
Around 325 standard cylindrical cores (2.5cm in diameter and
2.2 cm long) were obtained by collecting 5 to 6 cores at each
site. The attitudes of layering and /or foliation in the field at
these sites were also recorded.

AMS measurements

Low field bulk susceptibility (Km) and other AMS measurements
(P’, K1, K2, and K3) were carried out with a KLY-2 Kappabridge
(Geofyzica Brno, Czech Republic) at the palaeomagnetic
laboratory of Indian Institute of Geomagnetism (IIG), Allahabad,
India. An alternating low field (3.8x10-4 T; 920HZ) AMS was
determined with a sensitivity of 2x10-7 SI. A sequence of 15
susceptibility measurements along different orientations of the
samples was carried out to determine the orientation and
magnitude of the susceptibility ellipsoid with principal axes
K1>K2>K3. From this basic data, the mean susceptibility
magnitude (Km), strength of magnetic lineation (L) and foliation
(F), shape parameter (T), the degree of anisotropy of the
susceptibility ellipsoid (P), and its corrected measure (P’) were
determined.  Isothermal Remanent Magnetization (IRM) studies
were also carried out by a spinner magnetometer (Molspin Ltd,
New castle Tyne, UK) and pulsed field magnetizer (maximum
field is 1 T). The calculations of these parameters were done
using KLY-3 software.

The long axis K
1 (magnetic lineation) lies parallel to the long

axis of biotites/ mean elongation of mafic minerals. The K3

defines the short axis that is normal to magnetic foliation, and
accounts for the mean preferred planar orientation of Fe-Mg
minerals.

Isothermal Remnant Magnetization (IRM) Studies

In order to detect the dominant magnetic carrier contributing
to the AMS, IRM curves have been constructed for some
representative cores at room temperature by subjecting them
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to an external field (H), which is ramped from 0 to 1 T, and 0 to
–500 mT. All the samples are saturated before or near 200
mT. These rock types have reached full magnetization at low
applied voltages, which is a characteristic behavior of
magnetite. IRM results are consistent with high Km values,
demonstrating the control of magnetite on rock magnetic
properties. The normalized IRM spectrum displays similar
trends and the pattern, which suggest large grain size. The
comparison of these curves with the empirical curves of Dunlop
(1986) reveals that the magnetic carrier is multi-domain to
pseudo-single domain magnetite. Petrographic studies have
also revealed the large grain sizes of magnetite, which are in
tune with IRM studies. These grains range in size from 10
microns to more than 100 microns and belong to multi-domain
magnetite class.

(G.S. Vara Prasad, T. Yellappa, and T.R.K. Chetty)

2.8 ELECTRICAL RESISTIVITY BEHAVIOUR OF
HYDROUS AND ANHYDROUS MINERALS  AT
MANTLE PRESSURES.

Partial dehydration and Electrical properties  of
mantle derived  Ti-rich phlogopite at high-pressures
and temperatures.

Pressure and temperature dependence of the electrical
resistivity of Ti-rich phlogopite were measured up to 8 GPa
and 800K respectively. The samples were collected from 1.2
Ga old Ramannapeta lamproite body of Krishna Lamproites,
Andhra Pradesh, India. Ti-rich (6 wt %TiO2) phlogopite was
collected from the phlogopite-leucite and richterite- phlogopite
lamporoite. The presence of mantle peridotite xenoliths and
xenocrystic minerals such as chrome-diopside, spinel, and
garnet indicate deep seated mantle derivation of the Krishna
lamproites . In order to understand the thermodynamic phase
stability of Ti-rich minerals relevant to lunar mineralogy we have
carried out systematic high-pressure-temperature studies on
mantle derived Ti-rich minerals. The electrical resistivity studies
were carried out by using the four-probe method and Bridgman
anvil cell technique. The composition of the samples was
determined by EPMA. Typical composition of the sample is
5.8 wt % TiO2; 12 wt % Al2O3; 20 wt % MgO; 7.4 to 12 wt %
FeO; 0.4 wt % Cr2O3, 0.33 to 0.11 wt % NiO. The electrical
resistivity decreases from 8.30 X 10 E+06 ohm m at room
pressure to 5.60 X 10 E +03 ohm.m at 5.8 GPa. At 6.0 GPa,
Ti-rich phlogopite undergoes irreversible and partial
dehydration. The amount of dehydration has been determined
by Fourier-transform infrared spectroscopy . Ti-rich phlogopite
also undergoes a pressure induced order-disorder structural

phase transition at about 6.5 GPa. The present observation
has significant bearing in understanding of dehydration
processes at mantle conditions and Lunar mineralogy.

(G. Parthasarathy and  T.A.K. Reddy*)
* Geological Survey of India

Electrical Resistivity of amphiboles from the World’s
deepest Kola super deep-borehole (KSDB-3) , Russia

The geophysical techniques for the knowledge of the electrical
properties of the deep continental crust are those of magneto-
telluric and controlled source surveying . These methods have
showed that the Earth’s continental crust consists of zones of
high electrical conductivity that are attributed to the effect of
pressure in reducing the porosity. The cause of the high
conductivity zones has been the focus of many hypotheses
and theories  that have invoked the presence of graphite , partial
melt , hydrated minerals , Ti-based metal oxides   and brines ;
but the unraveling of the actual physical processes that cause
the dramatically increased conductivities is still remain elusive
.In order to understand the nature of the fluids present in the
deep crustal level, and the nature of mantle anisotropy,  we
carried out the temperature and pressure dependence of the
electrical resistivity of amphiboles  from the Kola super-deep
borehole (KSDB-3) up to 700 K and 4 GPa.  Ten samples from
different depths (from the surface to the deepest 12,890 m )
were selected for this investigationThe Kola super-deep
borehole near Zapolyarny, Kola Peninsula, Russia is the
deepest borehole in the world (12899 m deep) and provides
an excellent opportunity for the Earth scientists to pursue their
academic research in understanding the Earth’s crustal
processes and to determine the chemical composition of the
Precambrian continental crust. The borehole has penetrated
Proterozoic complex from the surface to 6840 meters, with
mafic meta-volcanic on the top 1000m, meta sedimentary rocks
from 2800m to 4500 m, and intermediate metavolcanics
dominating from down to 6800 m depth, further in the depth
region 6800 m to 12890 meters the KSDB-3 intersects an
Archaean gneiss-migmatite complex with ubiquitous
amphibolites bodies up to 30 meters thickness.

(G.Parthasarathy and F.Gorbatsevich* )
* Kola Science Center, Russian academy of Sciences, Russia

High-pressure behaviour of Titanium –based oxide
minerals

he study of titanium based oxide minerals gained scientific
importance because of their occurrences in lunar basalts with
wide range of composition varying from <1 to 16 wt% TiO2,
which are used for the mining of helium-3, trapped in ilmenite-
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geikielite solid solutions. Pressure dependence of the electrical
resistivity of synthetic and natural geikielite has revealed the
thermodynamic stability of nano-crystalline geikielite and natural
geikielite up to mantle pressure and temperature conditions
viz 7 G Pa and 1000 K. The activation volume of the electrical
conduction for natural geikielite is almost twice that of the nano-
crystalline geikielite indicating the increase of activation volume
with the crystallite size. The activation energy for the electronic
conduction decreases from 0.39eV at room pressure to 0.25
eV at 6.0 GPa for natural geikielite, and 0.68 eV to 0.225 eV
for synthetic geikielite respectively. The pressure dependence
of the electronic activation energy of geikielite sample can be
expressed as ΔE (eV) = 0.39- 0.026(1) P + 0.0036 P2  for natural
sample, and ΔE (eV) = 0.68- 0.080 (2) P + 0.0007 P2  for
synthetic sample, where P is Pressure in GPa . This work is
supported by ISRO under PLANEX program.

(G.Parthasarathy)

Natural Fullerenes from Permian-Triassic boundary
in the Tethys Sea, Himalayas, India.

The Permian-Triassic (P-Tr) boundary (~251 Ma) sections in
Spiti valley, Himalaya represent sedimentary deposits of a
shallow sea and exhibit a sharp negative transition of d13C in
total carbonaceous matter . Siberian volcanism and impact of
a bolide have been postulated as two probable causes leading
to this global mass extinction during the P-Tr transition.
However, it has been difficult to arrive at a clear understanding
of the P-Tr mass extinction event as there are only a very  few
outcrops available on the continent. The presence of the P-Tr
section in the sedimentary strata of the Spiti valley and their
geochemical  and carbon-isotopic characteristics have been
published elsewhere. Our recent investigations  on the acid-
resistant carbonaceous matter extracted from the boundary
horizon in Attargoo and Lalung sections of the Spiti valley,
Himalaya, India, using mass and Fourier transform infrared
spectroscopic studies reveal several new observations
indicative of impact during the P-Tr Boundray. The mass
spectra yielded mass peaks at 720 amu, showing the  presence
of C

60 fullerene in the P-Tr- boundary samples of Spiti valley.

(G.Parthasarathy, N. Bhandari1, M.Vairamani2,
A.C.Kunwar2, and P.N. Shukla2)
1Physical Research Laboratory, Ahmedabad
2Indian Institute of Chemical Technology

High-pressure phase of natural fullerene C60 in
Iridium-rich Cretaceous-Tertiary boundary layers of
Deccan Inter-trappean deposits, Anjar, Kutch, India

The presence of the natural, toluene- soluble C 60  and toluene
insoluble high-pressure and temperature phase of fullerene

C60 have been identified for the first time , in the carbonaceous
matter extracted from the iridium-rich layers of the Anjar
Intertrappean sediments.  The toluene-insoluble form of
fullerene is formed at   high temperature and pressure (HPT)
and is distinguished from normal fullerene by UV-visible and
Fourier transform infrared (FT-IR) spectroscopic techniques
described here.  The C60 fullerene has been identified by high-
resolution electron-impact ionization mass spectrometric
analysis, as well as by Fourier transform infrared (FT-IR), UV-
visible and 13C- nuclear magnetic resonance (NMR)
spectroscopic techniques. In iridium-poor horizons of the same
section, fullerenes are absent but complex hydrocarbons are
present in some of them. The FT-IR spectroscopic studies on
the insoluble fullerenes  show strong absorption peaks at about
740 and 509 cm-1 and a number of weak peaks at 1380, 1300,
1205, 1120, 1000, 608, 554, and 441 cm-1, which are
characteristic of a high -pressure and -temperature  C60
fullerene.  The ultraviolet (UV)-visible spectra of the toluene-
soluble fullerene as well as the insoluble fullerene show strong
absorption bands at 270 and 348 nm, which are characteristic
of pristine fullerene C60. The toluene-insoluble carbon-rich
residue shows additional absorption bands at 710nm, 640 nm,
and 395 nm. These UV-visible bands independently confirm
the presence of the high-pressure-temperature (HPT) form of
fullerene C60.  Conditions of high pressure and temperature
required  for formation of HPT fullerene  phase can be created
by an  energetic  impact. Therefore presence of HPT fullerene
in KT boundary layer at Anjar confirms that an extraterrestrial
impact may be responsible for KT transition.

(G. Parthasarathy, N. Bhandari1, M. Vairamani1,
A.C.Kunwar2)
1Physical Research Laboratory, Ahmedabad
2Indian Institute of Chemical Technology

Mineralogical Studies on Aarki (L5) chondrite : first
meteorite find in Thar desert of India

Compositional and mineralogical studies are carried out, on a
chance find meteorite in the sand dunes of Rajasthan. Thin
sections of the meteorite  show a large variety of abundant
chondrules. These include barred, radial, fine grained, granular
and porphyritic olivines (about 40 %), Ca-poor-pyroxenes
(about 30 %) types of chondrules of different shapes, sizes
and composition. Many chondrules are rusty and fractured.
Their boundaries generally appear diffuse, sometimes barely
discernible as they are intergrown with the granular matrix that
largely consists of olivine, pyroxene and opaque minerals
(mostly nickel-iron and troilite). Olivines show simple twinning
while pyroxenes generally display polysynthetic twinning. The
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meteorite is mildly shocked and also has veins filled with metal
and graphite indicating that it belongs to high metamorphic
grade, probably grade 5. Olivine is 26.3 mol% fayalite indicating
that the meteorite belongs to L group of chondrites. However,
the abundance of olivines (about 40 %), Ca-poor pyroxenes
(30 %, with Fs contents 83 mol%) and high metal content (5 to
8 %) indicates that the meteorite is an L type chondrite.

(N. Bhandari, S.V.S. Murty, P.N.Shukla Physical Research
Lab, Ahmedabad, M.S. Sisodia, J.N.V.University, Jodhpur,
G.Parthasarathy, NGRI, I.A. Franchi, The open University,
Milton Keyes, U.K.)

2.9 HEAT FLOW, HEAT PRODUCTION AND
CRUSTAL THERMAL STRUCTURE OF  THE
INDIAN SHIELD

Heat flow and crustal thermal structure in the
Closepet Granite batholith, south India

The Closepet Granite batholith, located in the Archaean
Dharwar craton of south India provides an unusual opportunity
for studying the relationship between heat flow and radiogenic
heat production at different crustal levels in the same rock type.
Heat flow determinations were made from measurements in
two areas Pavagada and Magadi within the domain of the Main
Mass porphyritic monzogranite but representing the granitoid
of the greenschist and amphibolite facies crustal levels
respectively (Fig.2.42). For the purpose, two dedicated heat
flow boreholes were drilled to depths of 432 m and 445 m at
carefully chosen sites, one in each area. Besides these,
measurements were carried out up to depths of ~200 m in a
number of boreholes of opportunity. A large number of rock
outcrops in the two areas were samples for thermal conductivity
measurements.

The study demonstrates a clear-cut heat flow variation from
38 mW m-2 in Pavagada area to 25 mW m-2 in Magadi area,
concomitant with the crustal levels exposed in the two areas.
The mean heat production estimates for the greenschist facies
and amphibolite facies layers constituting the Main Mass of
the batholith are 2.9 ìWm-3 and 1.8 ìWm-3 respectively. Crustal
thermal models were derived on the basis of heat flow and
heat production datasets acquired in the different crustal facies
levels (Fig.2.43). The enhanced heat flow in the Pavagada
area is consistent with the occurrence of a radioelement-
enriched 2-km-thick greenschist facies layer overlying the
granitoid of the amphibolite facies layer which is twice as thick
as represented in the Magadi area. The models indicate similar

Fig.2.42 Geological map of  ~2.5 Ga Closepet Granite batholith
exposed at greenschist (GF), amphibolite (AF) and
metasomatised granulite facies (MGF) crustal levels,
simplified from Moyen et al. (J. Structural Geol. 2003).
Existing heat flow site at Malligunte is shown as open
circle whereas new heat flow sites are shown as solid
circles (small circles: boreholes of  opportunity; large
circles: deep, heat flow boreholes PG and MD). Heat flow
values are shown in mW m-2.

mantle heat flow estimates in the range 12-14 mW m-2,
consistent with the other parts of the greenstone-granite-gneiss
terrain of the Dharwar craton. The study has important
implications for understanding the relationship between heat
flow and heat production in similar cratonic regimes and in
modeling their lithospheric thermal structure.

(Sukanta Roy, Labani Ray, Anurup Bhattacharya and R.
Srinivasan)
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High radiogenic heat production in the Kerala
Khondalite Block, south India

The Kerala Khondalite Block (KKB) constitutes the
southernmost part of the Indian subcontinent and a
considerable part of the Southern Granulite Province. Major
rock types exposed in the KKB are garnet-biotite-gneiss,
khondalite, leptynite and charnockite. In-situ radioelemental
(K, U and Th) data from 87 rock outcrops of granulites and
gneisses (Fig.2.44) and published geochemical analyses on
granites and syenites were analysed. The extensive dataset
allows good characterization of radiogenic heat production for
the major granulite facies rocks and granitoids of the KKB.
Salient results are as follows: (i) Garnet biotite gneisses are
characterized by high levels of Th and U, with mean values of
60 and 3 ppm respectively.  (ii) Khondalites, leptynites and

charnockites have slightly lower levels of Th (23, 20 and 22
ppm respectively) and U (2.9, 2.4 and 0.9 ppm respectively). (iii)
The mean K, U, Th abundances for the granites, leucogranites
and granitic gneisses ranges from 3.9 to 4.3%, 2.6 to 4.3 ppm,
22 to 50 ppm respectively, and for the syenites 4.8%, 2 ppm
and 5.7 ppm. (iv) Mean radiogenic heat production values for
garnet-biotite gneiss, khondalite, leptynite and charnockite are
5.5, 2.7, 2.4 and 2.2 μW m-3 respectively. For the granites,
leucogranites, granitic gneisses and syenites it is 2.6, 3.4, 4.6
and 1.4 μW m-3 respectively.

Heat production of granulite facies rocks, which are the most
abundant rocks in KKB, correlate well with Th, but less with U,
suggesting that variation is caused by Th and U bearing
accessory minerals such as monazite and zircon. The high
heat production of the KKB granulites are in contrast to the low
heat production of the Late Archaean granulites of the Northern
Block (NB) of the SGP which are highly depleted in
radioelements and also the granulites of Madurai Block (MB)
that have higher radioelemental abundances than in the
granulites of the NB. The high heat production of the KKB
granulites could be due to the nature of protoliths and/or
metasomatism associated with Neoproteroic- to- Pan African
alkaline magmatic activity represented by alkali granite and
syenite-carbonatite emplacements and emplacement of
pegmatites. The granulites exposed in the KKB are not only
the highest heat-producing granulites in the Southern Granulite
Province of India, but also are among the highest heat-
producing rocks from other granulite provinces reported in
literature. The study also demonstrates that heat production of
granulite facies rocks, which are generally considered to be
depleted in radioelements, can be as high as granites in certain
cases.

(Labani Ray, Sukanta Roy and R. Srinivasan)

Fig.2.43 Heat flow and crustal heat production models representative
of  greenschist facies crustal level (Pavagada) and amphibolite
facies level (Magadi) in the Closepet Granite batholith. Rock
types constituting the crustal sections and their mean heat
production estimates (in ìW m-3) are indicated. The
contribution to surface heat flow (in mW m-2) from each layer
is shown inside the layer. Surface heat flow at each site is
shown at the top of  the corresponding model along with the
site name. Estimated mantle heat flow values are shown at
the bottom of  each model.

Fig.2.44. Geological map of  Kerala Khondalite Block, KKB [modified
after Geological Survey of  India (1998)]. Inset map shows
different blocks of  Southern Granulite Province. Sites of
radioelemental measurements in the KKB are shown by open
circles. Locations of  Puttetti syenite (PU) and Chengannoor
granite (CR) are also shown.
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2.10 CRUSTAL DYNAMICS OF UTTARANCHAL
HIMALAYA

Attenuation study of Uttaranchal Himalaya

The  Lg  waves  recorded in broadband waveforms of regional
earthquakes are analysed  to study  the  seismic  attenuation

0Q  along a profile from Lower to Higher Himalaya  in Garhwal
region, India (Fig.2.45). Earthquake waveforms are recorded
on 18 broadband seismographs with inter-station spacing of
~7 km. Lateral variability in seismic attenuation is derived from
inversion of 35 two station  measurements using a Differential
Evolution Global Optimization scheme. We observed
contrasting value in the two Himalayan belts (Fig2.46). The

Lower Himalaya has  in the range of 400-650, similar to those
observed in Indian shield. In contrast the Higher Himalaya is
characterized by an unusual low  value of 20-50. The seismic
attenuation is also well correlated with the P-wave teleseismic
travel time residual pattern. We observe relatively faster arrival
(approx. -0.2 s) for stations in Lower Himalaya as compared to
azimuthally independent time delay of ~ 0.75 s over the Higher
Himalayan stations.  The evidence for high attenuation and
low velocity in Higher Himalaya suggests low viscosity, partial
melt in the crust that possibly connects the mid-crustal channel
beneath Tibet.

1-D velocity model and seismicity of Uttaranchal
Himalaya and NCR (National Capital Region)

A one dimensional P-Velocity model (Fig.2.47a) was derived
for the Uttaranchal and NCR by averaging the four velocity
models obtained through VELEST program. The initial velocity
models were taken from  Rai et al., 2006 and Monsalve et al.,
2006. This velocity model was used to locate 1480 events in
this region. Fig.2.47b shows the local seismicity pattern in
Uttaranchal Himalaya.

Also the data from the NCR for two years (2005-2007) is
analysed.  Fig.2.48  shows the local seismicity pattern in the
NCR .  The study reveals   a cluster of events between Delhi
and Rohtak.

Fig. 2.45 Regional tectonic map of  the Garhwal Himalaya showing
major thrust systems.  HFT: Himalayan Frontal Thrust, MBT:
Main Boundary Thrust, MT: Munsiyari Thrust , MCT: Main
Central Thrust, STD: Southern Tibetan Detachment.
Location of  broadband seismographs operated during 2005-
2007 is also marked as filled triangle (²%).  Inset shows the
location of  earthquakes in Indian shield (E) recorded over
the broadband seismographs (S).

Fig. 2.46  Q values for the individual blocks obtained from inversion of
several two- station pair data. The relative position of  stations
and the corresponding geological block have been shown. Fig.2.47 a)  1-D PwaveVelocity Model for uttaranchal himalaya
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Local Earthquake Magnitude Scale for Kumaon
Himalaya

A local magnitude scale is developed for the Kumaon Himalaya
using earthquake waveforms collected during 2005-2007 by a
network of broadband seismographs. This region was the site
of a possible great earthquake in 1803 and has potential of
generating future great earthquake. For a more precise
definition of earthquake hazard in this region, we developed
the scale using waveform data from USGS reported 48
earthquakes (mb 3.0-5.3) with 0<Δ<400 km recorded over 32
digital broadband seismograph locations in the region. All the
waveforms were corrected for instrument response and

convolved with the Wood–Anderson seismograph response.
Fig 2.49 shows the ray paths between stations and events
used in the study. A total of 747 maximum S- amplitude data
was used in an iterative regression to compute the station factor
and the log A0 term. The resulting distance station correction
factor is:

-logA0 = 1.4960 log(r/100) – 0.0017(r-100) + 3.0,

where r is the hypocentral distance in km. We also derived
similar equation for a reference distance of 17 kilometer. The
distance attenuation relationship for Kumaon Himalaya show
efficient transmission of seismic wave and much less
attenuation compared to the California region. The local
magnitude (ML) is related to the teleseismic body wave
magnitude (mb) through

ML = 0.8406*mb + 0.2068.

Fig.2.47 b)  Local seismicity of  Uttaranchal Himalaya.
 : seismic station     � epicenter

Fig. 2.48 Local seismicity map of  National Capital Region (NCR)

Fig.2.49 Ray path between stations and events used in M
L

computations.

(S.S.Rai, K. Suryaprakasam, PVSSR  Sarma, K. Sivaram,
Sandeep Kumar Gupta, Y. Satyanarayana,  S. Jagdeesh,
Ashish, P. Mahesh, V. Pavankumar)

2.11 PETROPHYSICAL EVOLUTION OF STRATIFIED
LITHOSPHERIC  MANTLE: A UNIFIED
APPROACH

Petrophysics of Lithospheric Mantle

The mantle transition zone (MTZ) bounded by the well known
410 and 660-km seismic discontinuities are characterized
respectively by positive and negative Clapeyron slopes,
resulted due to phase transitions in olivine system. In addition
to MTZ-related jums in seismic velocities, recently accumulated
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data from high resolution seismological studies from various
parts of the globe sampling tectonically diverse regimes broadly
indicate sporadic presence of additional seismic boundaries:
the Lithosphere-Asthenosphere, LAB (100-150km average
depth range); Lehmann discontinuity (200-250km) and the X-
discontinuity (250-300km). However, the nature and origin of
these upper mantle discontinuities are yet to be understood
and different hypotheses have been put forth by various
researchers.

A database from different parts of the world are built up to
understand the nature and origin of Lehmann and X-
discontinuities adopting an innovative approach. Our
preliminary analyses suggest that although the depth
disposition of Lehmann and X-discontinuities are different, their
origin perhaps could be attributed to a single process. More
work is in progress to validate firmly the above inference.

(S. Das Sharma, D. S. Ramesh and B. Sreenivas)

2.12 NUMERICAL MODELLING OF DEEP EARTH
PROCESSES : GEOMAGNETIC AND
GEODYNAMIC EVOLUTION

Double diffusive convection in planetary cores and
its influence on magnetic field generation and
reversal

Thermal convection is considered as the main heat transport
mechanism in planetary interiors. In the case of terrestrial
planets, the heat required for driving convection in the liquid
part of the core comes mainly from the secular cooling, latent

Fig.2.50 The effect of  increasing the compositional buoyancy contribution (0% to 100%) in a double diffusive convection model.

heat release due to the solidification of iron alloy, and possibly
from radiogenic heat sources. The release of the
compositionally light constituents at the inner core – outer core
boundary due to solidification suggests that compositional
heterogeneities may significantly contribute to the driving force
for convection. Thermo-chemical convection has been studied
by using the concept of co-density, by combining thermal and
compositional density variations into a single co-density
variable, under the assumption of same diffusivity for both the
components. We have analyzed the role of compositional
convection by modifying a spherical harmonics based thermal
convection code. In the modified code, we solve two separate
transport equations to model the evolution of temperature and
compositionally light constituent concentration in the core which
overcomes the limitations of the earlier co-density parameter
based approach.

The effect of increasing the compositional buoyancy
contribution in a double diffusive convection (DDC) model is
shown in figure 2.50. Here, 0% and 100% represent two end
member models of pure thermal and pure compositional
convection. The regular columnar pattern of pure thermal
convection changes to a more complex pattern of thin columns.
We have further analysed the effect of DDC on the magnetic
field generation for the same set of parameters but by taking
compositional diffusivity an order of magnitude smaller than
the thermal diffusivity and redistributing the net buoyancy flux
into equivalent thermal and compositional buoyancy fluxes
considering 0.2 and 2% Sulphur concentration. The results are
drastically different (Figure 2.51c,51d) from those obtained for
the equivalent co-density case (Figure 2.51a,51b). In DDC
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model, we observe generation of thin narrow plumes of light
constituents penetrating into thermally stratified layer of the
outer core. Long-term time averaged poloidal and toroidal
velocity and magnetic fields also show significant differences
in results for co-density and DDC cases.

(A. Manglik, J. Wicht*, and U.R. Christensen*)

* Max-Planck Institute for Solar System Research, Katlkenburg-Lindau, Germany

Installation of HPC System for Dynamo Simulation
studies

Under the new research project on dynamo simulation, a 32-
nodes SGI HPC system has been installed at NGRI. The three-
dimensional spherical harmonics based magneto-
hydrodynamic code has been tested on this system.

(A. Manglik)

Modelling of elastic intraplate stresses along Nagaur
– Jhalawar deep crustal seismic profile

The NW-SE trending Nagaur – Jhalawar deep crustal seismic
profile was shot across the Aravalli – Delhi Fold Belt to delineate
the crustal structure and infer about the tectonics of this region.
Seismic and gravity analyses of this profile revealed a complex
tectonic structure in the central part of the profile including the
presence of a crustal-scale thrust with surface exposure near
Jahazpur and a domal structure beneath the Delhi Fold Belt
(DFB). We have estimated elastic intraplate stresses due to
density heterogeneities and mechanical property variations,
induced by such a complex crustal structure, under the plane
stain approximation for a range of material parameters by using
a finite element method. The results indicate that the
mechanical properties of the domal structure beneath DFB and
the lower crust control the level of stress concentration in the
upper crust. A significant enhancement in the magnitude of
the shear stress in the central part of the profile is obtained for
the models in which either of the domal structure and the lower
crust is mechanically weak in comparison to the models having
mechanically strong domal structure and lower crust.

(A. Manglik, S. Thiagarajan, Tanvi Arora)

HVDC Earth Electrode Site Investigation near Agra

In continuation to our work in Assam and near Agra under a
POWERGRID sponsored project, during this year we have
carried out shallow and deep resistivity investigations of Agra
HVDC terminal site (northern region) employing MT and multi-
electrode resistivity imaging. The site, located near Dhanpura,
was investigated with 10 MT soundings in an area of 10 km
radius from the centre.  Shallow resistivity investigations
included six 800m long multi-electrode resisitivity profiles at
Serab and two profiles at Dhanpura. Deep resistivity
investigations revealed the presence of a ~100 Ohm.m surface
layer of 20-30 m followed by a good conducting layer up to the
depth of about 800-1000m. A resistive layer of about 2.5-3.5
km thickness was obtained below this depth in the southern
part of the area. This is followed by a conducting zone down to
the depth of 7-8 km. Shallow resistivity investigations indicated
the presence of a good conducting zone up to the depth of
investigation (120 m) except for a 20-30m thick surface layer
of 100 Ohm.m resistivity.

(A. Manglik, S.K. Verma, D. Muralidharan, S. Thiagarajan,
U. Satyanarayana, Rolland Andrade)

HVDC Earth Electrode Site Investigation near Siliguri

A Memorandum of Understanding was signed with Power Grid

Fig.2.51.: Isosurfaces of  temperature and composition for (a,b) co-
density, and (c,d) double diffusive convection model.
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Corporation of India Ltd. (POWERGRID) during this year to
carry out magnetotelluric and multi-electrode resistivity surveys
of a potential High Voltage Direct Current (HVDC) Earth
Electrode Station site near Siliguri to delineate the resistivity
structure of the site and recommend its suitability for the
construction of earth electrode station. The geophysical data
has been acquired in the surveyed region.

(A. Manglik, D. Muralidharan, S. Thiagarajan, Tanvi Arora,
U. Satyanarayana, Rolland Andrade)

MT investigations at Thummulapalli, Cuddapah basin

MT investigations in Cuddapah basin were carried out at two
places, one at Thummulapalli and another at Sydapuram, in
order to find the thickness of the sediments to complement the
shallow resistivity investigations carried out in this area with
the deeper information.

(S. Thiagarajan, S.K. Verma, A. Manglik)

MT investigation of Nanded seismic activity region

Nanded town has been experiencing frequent very small
magnitude seismic activity. The centre of this activity was initially
confined near Science College within the town and then some
more activity was reported in Taroda Khurd (NE of the town)
and Sugaon Buzurg (SW of the town). People of the area
experienced ground shaking as well as rolling ground noise.
Seismological team of NGRI started monitoring this seismic
activity region by installing a number of short-period
seismometers. It was then planned to conduct other
geophysical surveys  to delineate the subsurface structure of
the region and ascertain the nature of causative fault(s).  It has
been planned to carry out a preliminary survey employing MT
technique to check whether we can record good natural EM
signals in this region having very high level of electrical and
cultural noise. The results of the preliminary MT survey are
encouraging and have good evidence for the change in the
geological structure at the seismic activity zone.

(A. Manglik, S. Thiagarajan, D. Srinagesh, R.P. Srivastava)

2.13 PALAEOMAGNETIC STUDY OF KIMBERLITES
FROM THE EASTERN DHARWAR CRATON

Over 60 kimberlite pipes occur along a 250 km N-S striking
corridor in the eastern Dharwar Craton of south India. Recently,
it has been established that most of these kimberlites were
emplaced close to 1100 Ma ago and that this event was wide
spread in Australia, North America, Greenland, Scandinavia,
South Africa and Liberia.  In order to establish the relative

positions of these continents and the global distribution of the
1100 Ma event at that time, a review of published
paleomagnetic data on coeval rocks from these continents has
been made. A detailed paleomagnetic study on several of the
kimberlite pipes both from Wajrakarur and Narayanpet clusters
which include Kalyandurg, Gollapalli, Chigicherla, Narayanpet,
Siddanpalli and Kotkonda has also been initiated.  The
Characteristic Remnant Magnetization (Fig.2.52) in the south
Indian pipes as inferred from rock magnetic properties resides
mainly in magnetite and corresponds to a pole position similar
to the coeval Premier kimberlite pipe in the Kalahari craton,
Africa. Similar correlation with coeval pipes from other
continents will also be attempted.

Fig.2.52 Vector migration diagram showing the behaviour of
Kalyandurg Kimberlite pipe during Thermal demagnetization.

(M. Venkateshwarlu, Ramesh babu & Anil Kumar)

Migration of the Indian subcontinent during the
Cretaceous

After the break up of the Indian Subcontinent from the
Gondwana land about 125 Ma ago, the subcontinent
experienced an anticlockwise rotation migrating north rapidly
and collided with the Eurasian plate about 45 Ma ago.  In order
to study these aspects a detail paleomagnetic study on
Cretaceous (135 to 66 Ma) sedimentary deposits from the
Cauvery basin has been taken up. Several sites representing
the entire stratigraphic succession including Uttatur,
Trichinopaloy and Ariyalur Groups have been sampled.
Preliminary results suggest that the migration of the Indian
subcontinent may have arrhythmic and not continues. The data
has also been used to locate the relative positions of India with
the Indian Ocean hot spots, Kerguelen and Reunion.

(Bibin Das, Ramesh babu, V. Subramanian  & Anil Kumar)
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2.14 PALEOSEISMIC AND PALEOCLIMATIC
INVESTIGATIONS IN THE ANDAMAN-NICOBAR
AND LAKSHADWEEP ISLANDS USING CORAL
RECORDS

High-resolution δ18O and δ13C records from a drilled coral colony
of Kavaratti (Lakshadweep) island are generated to infer
seasonal changes in surface water characteristics. The
chronology of the coral core was established by counting annual
and seasonal bands from the X-radiograph. The monsoon-

induced upwelling in this region is manifested in an increase in
δ18O of monsoon band. High-density (monsoon) bands are
characterized by enriched δ18O and low-density (summer)
bands by depleted δ18O. The skeletal δ18O values during
monsoon and non-monsoon periods appear to have been
controlled by sea surface temperature (SST).

Both carbon and oxygen isotopes have responded to the
seasonal changes in surface water characteristics. Lower δ13C
values (indicated by shaded areas in Figs. 2.53a & 53b) mostly

Fig. 2.53 (a) : Distance from top (cm)

Fig. 2.53 (b) : Distance from top (cm)
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coincide with low δ18O of monsoon bands. The lower δ13C during
the monsoon months may arise due to the decrease in
photosynthetic activity of the symbiotic algae. Endosymbiotic
phototosynthesis preferentially fixes lighter isotope (12C) relative
to the heavier isotope (13C) into organic carbon, thereby
enriching the internal dissolved inorganic carbon “pool” from
which coral derives carbon for its calcification process.
Consequently the high-density bands formed during the
southwest monsoon (June-September) are depleted in δ13C.

(S. Masood Ahmad, V.M. Padmakumari, Waseem Raza, K.
Venkatesham, G. Suseela and L. Shiva Kumar)

Isotopic and geochemical investigations on Miocene
marine sediments from the Northeast Indian Ocean

Deep-sea sediments from ODP Site 758 on the Ninetyeast
Ridge in the Northeast Indian Ocean were studied for
provenance and to delineate the transport pathways of
sediments to the site of deposition. The implications for tectonic
uplift in Himalaya-Tibet during its evolution are also explored.
Isotopic (Sr, Nd) and other geochemical data suggest a
provenance mainly of the Tethyan Sedimentary Series (TSS)
along with other rock types of igneous/metamorphic nature from
possibly the Indus-Tsangpo Suture Zone, Eastern Himalaya,
Southern Tibet and Indo-Burman ranges.

These sediments, probably were transported to the Bengal Fan
during the Miocene time, by a paleo-drainage system like
Tsangpo river draining the suture zone, south Tibet, eastern
Himalayan areas and flowing through Surma basin (Sylhet
Trough) and finally falling in the Bay of Bengal at its northeast.
Brahmaputra is reported to have captured the above said paleo-
drainage to take the present course. Sr-Nd isotopic composition
variations in the sediments through time, exhibit two clear

events of uplift and erosion, a moderate one in the early
Miocene and a rapid episodic one in the late Miocene.

(V.M. Padmakumari and S. Masood Ahmad)

Boron and Arsenic in highly evolved Archean felsic
rocks: Implications for    Archean subduction
processes:

Systematic database for concentrations of fluid mobile elements
(Li, Be, B, and As) in 60 Archean granitoids, spanning ~3.8 to
~2.5 Ga in age is generated. The behavior of the very fluid
mobile B and As relative to the similarly incompatible Be and
Pr, demonstrates that two end-member types of Archean felsic
magmas existed. Those with low fluid mobile element
abundances have the steepest La/Yb, lowest W/Th and highest
Nb/Ta and Sc concentrations, features compatible with an origin
as direct slab melts that ascended through the mantle (Western
Dharwar Craton, Greenland and Wyoming TTG). On the other
end of the spectrum are TTG with strong B and As enrichment,
which cannot be distinguished from modern arc melts (TTG
from Abitibi and Eastern Dharwar Craton (EDC); felsic volcanic
rocks from EDC) except for their high La/Yb. In between these
extremes are TTG that share some characteristics with each
end-member. These could have formed by melting of
underplated basaltic eclogite at the base of the crust, in mantle
above (hot) subduction zones where B and As were lost at too
shallow depth, or they could represent differentiates from very
hydrous basaltic precursors in which garnet and plagioclase
replace olivine and pyroxene as the earliest crystallizing
phases.

(M. Ram Mohan, Balz, S. Kamber* and Stephen, J. Piercey*)

*Dept. of Earth Sciences, Laurentian University, Sudbury, Canada
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