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The controlled source seismology (CSS), where artificial sources are used and near-vertical reflections, refractions and
wide-angle reflections are recorded, has been a powerful tool for delineating shallow/deep crustal structures and subsurface
features. Significant results, brought out from the vintage and new CSS data in the 21% century, include geological/tectonic
aspects of the Dharwar craton, Delhi-Aravalli fold belt, Central Indian Tectonic Zone, Southern Granulite Terrain, Proterozoic
Cuddapah basin, Kangra fold-thrust belt, Hazara syntaxis in NW Himalaya, Chambal-valley Vindhya basin, Mahanadi
delta and Bengal basins. These studies also provide useful inputs in understanding the genesis of 1997 Jabalpur and 2001
Bhuj earthquakes. Imaging sub-volcanic Mesozoic sediments, in which more than 50% of global oil is found, has been a
challenge by routine geophysical methods. This problem has been alleviated by CSS experiments, and Mesozoic sediments
below the Deccan volcanic rocks have been delineated in the Saurashtra peninsula, Kutch peninsula, Tapti-graben and
Kerala-Konkan offshore regions, and Gondwana sediments below the Rajmahal Traps have been mapped in the Mahanadi
and Bengal basin. Several approaches have been proposed for the detection, characterization and assessment of gas-
hydrates from shallow seismic data. These have been applied to field data that has resulted into identifying gas-hydrates,
a major future energy resource of India, in the Krishna-Godavari, Mahanadi and Andaman offshore regions. Gas-hydrates
have been subsequently recovered by drilling & coring under Indian National Gas Hydrates Program. The prognosticated
amount of methane stored as gas-hydrates within Indian Exclusive Economic Zone is so huge that only 10% production
may suffice our vast energy requirement for the next 100 years.
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Introduction

Near vertical deep-travelling multi-channel seismic
(MCS) reflections, large-offset refractions and wide-
angle reflections recorded in Controlled Source
Seismology (CSS) are extensively used in deriving
shallow and deep features of the earth. Shallow
structures of sedimentary basins are useful for the
exploration of hydrocarbons and understanding
geological history, whereas crustal structures provide
useful inputs for tectonic implications, deep insight on
mineralized prospects and evolutionary processes of
various regions. Since 1972, more than 6000 line-
kilometers of CSS data (Fig. 1) have been acquired
by CSIR-NGRI. Conspicuous structural and
evolutionary signatures, which have been brought
during the last three decades of the 20t century over
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several provinces of India, are available in review
literatures (Kaila and Krishna, 1992; Kaila and Sain,
1997; Behera and Sain, 2006 and Sain, 2008). Several
advancements have taken place in seismic data
acquisition, processing and modeling during the last
two decades. Application of new tools to the vintage
data has led to the delineation of subsurface features
that were not evident earlier.

Significant results derived from the vintage and
new data that have been carried out in the 21% century
are presented here. These cover geo-tectonic
implications, imaging sub-volcanic sediments,
delineation of sedimentary basins and exploration of
gas-hydrates. Fig. 1 gives the locations of profiles
discussed in this paper.
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Fig. 1: Locations

Crustal Structures and Geo-Tectonics

Dharwar Craton (DC) in Southern India

The tomographic 2-D velocity model (Fig. 2) in the
upper crust with velocities varying between 5.7 to
6.4 km/s along the 200 km long NE-SW Perur-
Chikmagalur profile in the DC (Rao et al., 2015) is
consistent with the regional convergence and accretion
of two crustal blocks: western Dharwar craton
(WDC) and eastern Dharwar craton (EDC). The
undulating high and low velocity contours representing
the fold-thrust structure developed in compressional

of CSS profiles (marked by solid lines) shown in different provinces superimposed on geological map of India

regime ceases at ~8 km depth, indicative of a probable
detachment.

The steepness of the undulating layers is
interpreted as near-vertical faults bounding various
tectonic domains and geological units. Structural
variations are indicated by pattern of velocity contours
that also indicate the geological contacts on either
side of the model. Recent analysis of deep seismic
reflection data along the same line shows distinctly
different reflectivity patterns in the Mesoarchean
WDC and Neoarchean EDC (Mandal et al., 2017).
The WDC consists of a simple structure with a major
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Fig. 2: Velocity model along Perur (NE) Chikmagalur (SW) line with 5:1 vertical exaggeration. Inverted triangles represent
shot points. F,, F, and F, are inferred faults that coincide with tectonic/geological contacts shown at the top (after Rao

et al., 2015)

part of the crust from 6 to 28 km displaying a gently
dipping reflection fabric and a sub-horizontal reflection
fabric from 28 to 40 km except beneath the
Chitradurga schist belt. On the other hand, the EDC
displays a complex reflectivity pattern with deepening
Moho, oppositely dipping reflection fabric and crustal-
scale thrust fault. The west-dipping reflection fabric,
extending from 34 to 43 km in EDC, may represent
an upper-mantle subduction zone. The EDC is
thrusted obliquely against the pre-existing proto-
continent of WDC. Oppositely dipping reflection
fabrics with a crustal root at convergence boundary
suggest accretion of WDC and EDC during the
Neoarchean orogeny. The collisional boundary
coincides with the location of ~2.5 Ga Closepet
granite. However, the disposition of almost near-
vertical faults, as observed in shallow depths of
tomographic model, are not so evident in deep crustal
image.

Delhi-Aravalli-Fold Belt (DAFB) of Northwest
India

The state-of-the-art common reflection surface (CRS)
stack has been applied to the vintage deep seismic
MCS data across the DAFB in NW India (Mandal et
al.,2014). It has brought out Moho below the Marwar
basin and Sandmata complex, prominent upper to mid-
crustal reflectors and extension of crustal-scale
Jahazpur thrust becoming listric at lower crust/Moho
below the Sandmata complex (Fig. 3). The study
indicates that the CRS stack is more appropriate than
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Fig. 3: Seismic section below the Sandmata and Mangalwar
complexes. ‘E’ and ‘F’ mark the Jahazpur thrust and
opposite dipping reflections (after Mandal et al., 2014)

conventional CMP stack (Rao et al., 2000; Satyavani
etal.,2001,2004; Tewari and Rao, 2003; Prasad and
Rao, 2006) for imaging the complex region. Crustal
thickness across the Proterozoic orogenic belt varies
from 38 and 50 km. Paleo-signatures of the
Proterozoic subduction and collision processes are still
preserved in major portion of the crust as well as in
several parts of the world.

Central Indian Tectonic Zone (CITZ)

The CRS stack to seismic reflection data in CITZ
has revealed subsurface features (Mandal et al.,

2013) that were either poorly resolved or entirely
absent in earlier CMP section (Mall ef al., 2008). The
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result has brought out Moho throughout the seismic
line, existence of crustal blocks with distinct dipping
reflection fabrics on northern and southern sides of
central Indian suture (CIS), 8 km of Moho offset
beneath the CIS, and high amplitude reflectivity that
represents the CIS (Fig. 4). A deeply penetrating
crustal-scale imbricated structure imaged up to 16.0
s TWT, to the south of CIS, suggests that the Bastar
craton has subducted northwards. An oppositely
dipping reflection fabric, Moho-offset, positive-
negative gravity anomaly pair and the geological data
indicate that the CIS represents a collision zone
developed due to the interaction of the Bastar and
Bundelkhand cratons with the evolution of Sausar
orogeny at ~1000 Ma. This is contemporaneous with
the Grenvelliean orogeny and Rodinia assembly.
Another thrust fault extending from 4 to 14 s TWT
observed to the north of CIS may represent the earlier
pre-Sausar orogenic activity at 1.6-1.5 Ga.

Southern Granulite Terrain (SGT)

The coincident deep seismic reflection and wide-angle
experiments along the Kuppam-Palani transect in
SGT has delineated a four-layered crust (40-45 km)
with 7-15 km thick mid crustal low-velocity (6.0 km/
s) zone (Rao et al., 2006) and oppositely dipping
reflection bands (Fig. 5), exhibiting southern dip for
the northern segment and northern dip for the southern

segment. This implies the collision tectonics between
the Dharwar craton in the north and a crustal block in
the south (a part of present day Eastern Ghats mobile
belt) (Reddy et al., 2003; Rao et al., 2006). The high
Vp (6.3-6.5 km/s), Vs (3.5-3.8 km/s), Vp/Vs (>1.75)
and Poisson’s ratio (0.25-0.29) up to 8 km depth in
the tomographic image (Prasad et al., 2006) might be
related to exhumation of mid to lower crustal rocks
through the Mettur shear zone associated with the
Pan-African tectonothermal activity during the
Neoproterozoic (Kroner and Brown, 2005).

Further south along the Vattalkundu-Kalugumalai
transect of SGT, another CSS profile (Prasad et al.,
2007) shows noticeable changes in reflectivity pattern
in structurally distinct crustal blocks. It is apparent
from the north dipping reflectors near Vattalkundu
that the Kodaikanal massif extends 5 km further south
of Vattalkundu, where the dip direction changes
southwards. The crustal reflectivity in central part
(Sedapatti to Sarvathapuram) of the profile shows
upliftment leading to crustal deformation of the
Madurai Block. The dip is steeper on the southern
flank than that on the northern side.

Mahanadi Delta

Modeling of wide-angle seismic and gravity data along
three profiles in Mahanadi delta in eastern India have
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Fig. 4: Seismic section along Seoni-Beni line. End of seismic reflectivity represents the base of crust (Moho). A, B and C mark

the dipping reflection bands (after Mandal ez al., 2013)
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Fig. 5: 3-D representation of seismic reflection line drawings showing the collision zone with the Dharwar craton forced
towards the south where it has subsequently collided with the southern crustal block. Also notice the evolution of a

suture at the Mettur shear zone (after Rao et al., 2006)

delineated a five-layered 2-D crustal structure with
velocities 0f 6.0, 6.5, 6.0, 7.0 and 7.5 km/s and densities
of 2.7, 2.8, 2.65, 2.9 and 3.05 g/cc respectively
(Behera et al., 2004). These results, along with high
heat flux (Rao and Rao, 1983) and other geological/
geochronological information, indicate typical rift-
related evolution of the delta. The crustal thinning (34-
37 km), presence of mid-crustal low velocity/density
zone and emplacement of ~10 km thick high velocity/
density material at base of the crust strongly suggests
basaltic underplating probably associated with the
Kerguelen hot spot activity. These activities are
synchronous with the Rajmahal volcanism (~117 Ma)
of northeast India and the Lambert graben of East
Antarctica, and are linked to breakup of the
Gondwanaland.

Complex Velocity Structure in central India
Across Narmada Lineament

Re-analysis of wide-angle CSS data in central India
along the Hirapur-Mandla profile shows Moho upwarp
below the Narmada lineament, lateral and vertical
structural heterogeneities and velocity inhomogeneities
in the crust (Murty et al., 2008a). These have caused
instability to the crustal blocks and could have been
responsible for the reactivation of the Narmada south
fault near Jabalpur. The features associated with the

boundary fault near Jabalpur (Sain ez a/., 2000) might
have acted as path for release of stress accumulated
due to continuous northward movement of the Indian
plate causing the 1997 Jabalpur earthquake.

Epicentral Region of the 2001 Bhuj Earthquake

The prestack depth migration of seismic refraction
data, which were originally acquired for the delineation
of basement configuration and overlying formations
(Sarkar et al., 2007), reveal crustal-scale hidden faults
beneath the 2001 Bhuj epicentral region and highly
reflective 45 km thick crust compared to shallow (35
km) crust in the coastal region (Fig. 6). This
observation contradicts the seismic activity in the Bhuj/
Kutch region due to thin rifted crust as was found
along the East African rift (Mooney and Christensen,
1994). The crustal thickening could be due to the
compressive regime of the past 55 my or may be
attributed to magmatic intrusions during the Mesozoic
rifting connected to the breakup of Gondwanaland.

Saurashtra Region

Remodeling of wide-angle seismic data along the 160-
km long E-W Amreli-Navibandar profile in Saurashtra
Peninsula has yielded a crustal model (Rao and
Tewari, 2005) that is different from the earlier model
(Kaila et al., 1980). The new model shows the upper
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Fig. 6: Three seismic-reflection lines (A, B, C) with prominent subsurface reflectors shown in pie-slice diagram near the 2001
Bhuj epicentral region. Red dots are the aftershocks; location of the Kutch Mainland Fault is also shown (after Sarkar

et al., 2007)

crust down to a depth of 16 km in the west and 13 km
in the east and an underplating material (7.2 km/s) at
the base of crust with Moho lying at ~36 km in western
part and ~33 km in eastern part. This represents an
uplifted crust, akin to Cambay basin, and exhibits an
impression of India passing over the Reunion Plume
during Late Cretaceous.

Eastern Ghats Belt-Cuddapah Basin Collisional
Zone

Wide-angle seismic data along the Parnapalle-Kavali
segment of Kavali-Udipi profile (Kaila et al., 1979),
acquired for the first time in India, have revealed
intracratonic Proterozoic Cuddapah basin with ~4 km
thick sediments bounded by two major faults
(Chandrakala et al., 2015). The fault, delineated up
to the Moho on its eastern boundary, demarcates the
Cuddapah basin from the Nellore Schist Belt. The
crustal layers beneath the Nellore Schist Belt and the
Ongole domain of Eastern Ghats Belt having distinct
eastward dipping trend conform to an upthrusted
feature. Besides this, the area lying east of Cuddapah
Basin appears to be an accreted orogenic terrain,
beneath which lower crust has upwarped substantially.
The entire stretch of study area is underplated by

unprecedently thick (~20 km) high velocity (7.0-7.4
km/s) magma layer above the Moho, indicating a
strong crust-mantle thermal perturbation and massive
sub-crustal erosion. Further, an expression of a deep
seated mantle thermal anomaly has also been found
below the Parnapalle region of the SW Cuddapah
basin beneath which deeper crustal layers have been
exhumed.

Imaging Proterozoic Chambal-valley Vindhyan
Basin in NW India

The CRS stack of seismic reflection data along the
165 km long Chandli-Bundi-Kota-Kunjer profile in
Chambal-valley, Vindhya basin shows a gently dipping
structure of the Vindhyan basin with 7.5 km thick
Proterozoic sediments and 1.5 km volcanic sequence
over the granitic-basement (Mandal et al., 2018). The
Great Boundary Thrust (GBT), a NW-dipping crustal-
scale regional tectonic feature outcropping at Bundi
and a new NW dipping reflection band from 9 to 30
km depth, named as the Chambal thrust (CT), are
imaged beneath the Bundi-Kota segment (Fig. 7).
Seismic images of compression on one-side and
extension on other-side along with differences in the
Moho characteristics, strong lateral discontinuity and
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(after Mandal et al., 2018)

strike-slip features are observed. The Moho
topography varying between 40 to 44 km with a 9-12
km thick mafic underplating at lower-crust suggests
a post-collisional vertical tectonic. The difference in
crustal structure to the west and east of Kota indicates
a tectonic boundary that separates the compressional
events in the west and extensional activity to the east.

Northwest Himalaya

Crustal Structure Across the Hazara Syntaxis

Re-analysis of seismic refraction, wide-angle
reflection and gravity data along the 270 km long
Lawrencepur-Astor profile (from the Indus plains,
crossing over the Main Central Thrust (MCT), Hazara
Syntaxis and Main Mantle Thrust (MMT) to the east
of the Nanga Parbat) in northwest Himalaya infers
the High Himalayan Crystallines (HHC) with a
velocity of 5.4 km/s over the Indian basement (5.8-
6.0 km/s). The crust consists of four layers with
velocities 0f 5.8-6.0, 6.2, 6.4 and 6.8 km/s respectively
with the Moho dipping from 55 to 61 km northward
indicating the subduction of Indian plate beneath the
Eurasian plate (Bhukta et al., 2006).

Structure Beneath the Sub-Himalayan Fold-thrust
Belt, Kangra Recess

Most compressional orogens include recesses along
their strike. In the Kangra recess, which is the largest

recess within the active Himalayan orogen, the Sub-
Himalayan sedimentary fold-thrust belt increases in
width to 90 km in the Kangra basin and narrows to
10 km in the adjoining Nahan salient of the main
Boundary Thrust (MBT) to the southeast.

The seismic reflection profiling places the
Himalayan décollement at 6-8 km depth above a thin
reflective Meso-Neo-Proterozoic Vindhyan strata
(Lesser Himalayan Series-equivalent) (Prasad et al.,
2011). The study shows that the Vindhyan
sedimentary rocks are thinner in the Kangra recess
than further southeast, supporting the hypothesis that
the width of the Lesser Himalayan thrust belt and
existence of the Kangra recess could be related to
the pre-deformation basin thickness. This hypothesis
obviates the need for control of the Kangra recess by
a lateral ramp in the Main Himalayan Thrust, making
it more likely that the Kangra segment could rupture
as part of an earthquake far more than the devastating
1905 M = 7.8 Kangra earthquake. Below the
Proterozoic sedimentary rocks, the study shows a
west—southwest dipping reflective fabric spanning a
30 km-crustal thickness. This may correspond to a
widespread “Ulleri-Wangtu” orogenic event at
1850 Ma affecting a pre-Tethyan Indian continental
margin, thickening the basement by 20%. The deepest
10 km of 50 km-thick crust shows a more horizontal,
arguably younger reflectivity, though the Moho is not
clearly imaged.
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Sub-Volcanic Sediments

As more than 50% global oil is found in Mesozoic
sediments, oil industries show a lot of interest for
exploration of Mesozoic sediments for possible oil
resources. However, in India, a vast tract of such
sediments (both onshore and offshore) are covered
by volcanic rocks that have made routine geophysical
methods including standard near-vertical seismic
reflection technique incapable of probing them. Wide-
angle seismic experiment has been successful in
delineating large-scale velocity-structure of sub-
volcanic sediments (Dixit et al., 2000; Mall et al.,
2002; Sridhar et al., 2009; Sain et al., 2002a; Prasad
et al., 2013; Murty et al., 2016) by traveltime
tomography. The results show (i) ~1.6 km thick
Mesozoic sediments masked by ~1.3 km thick Deccan
volcanic rocks in Saurashtra peninsula that match with
the litholog in Lodhika well; (ii) ~1.5 km Mesozoic
sediments below ~0.45 km Deccan Traps in Kutch
peninsula; and (iii) ~2.0 km thick Mesozoic sediments
covered by ~2.0 km thick Deccan volcanics in Tapti
graben.

The wide-angle seismic experiments have also
delineated (i) ~1.5 km thick Gondwana sediments
below ~200 m thin lid of Rajmahal Trap in Mahanadi
delta (Sain et al., 2002b); and (ii) ~1.5 km thick
Gondwana Sediments below ~1.0 km Rajmahal Traps
in Bengal basin (Murty et al., 2008b). However, the
velocity model as seen from the example section (Fig.
8) lacks in finer details in which oil industries look for
structural traps or stratigraphic horizons for
accumulation of hydrocarbons. The state-of-the-art
full waveform inversion (FWI) can delineate not only
accurate seismic velocity but also fine-scale structures
by exploiting all components (traveltimes, amplitudes,
frequencies, phases) of seismic data (Sain et al.,
2004). The application of FWI has been demonstrated,
for the first time in India, to industry-standard wide-
angle ocean bottom seismic (OBS) data in Kerala-
Konkan (KK) offshore. The data were procured from
Oil & Natural Gas Corporation (ONGC) Ltd., Mumbai
to pursue this cutting-edge research. The delineation
of 105 m Limestone formation below 950 m volcanic
rocks (Sain et al., 2018), which matches with the
available log data, has boosted interest in improving
structural images by advanced processing like the
CRS stack or prestack depth migration (PSDM) or
reverse time migration (RTM); increasing the study
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Fig. 8: Sub-volcanic Mesozoics along a N-S seismic line
passing through the Lodhika well with litholog
superimposed. Solid circles are shot points (after Sain
et al., 2002a)

area in KK offshore; and extending similar works in
other regions (Kutch, Saurashtra and Cauvery
offshore) for exploration of hydrocarbons in sub-
volcanic sediments. Industries have also developed
interest for imaging Proterozoic Vindhyan sediments
below the volcanic rocks and exploration of
hydrocarbons in difficult terrains such as the thrust-
fold belt regions in the sub-Himalaya.

Sedimentary Basins, Delta

Marwar, Mahanadi, Vindhyan and Cuddapah basins
have been delineated from wide-angle seismic data.
The basement configuration and overlying
sedimentary formations of a few basins are described
below.

Bengal Basin

Application of traveltime tomography to the first arrival
seismic data along four profiles in West Bengal
sedimentary basin has revealed a smooth structure
of sedimentary formations including the Rajmahal
Traps with velocities varying between 1.7 and 5.6
km/s overlying the basement, characterized by 5.8-
6.0 km/s seismic velocity (Damodara et al., 2017).
The sudden increase in basement depth from 8 to 16
km towards east within a short distance is identified
as the Hinge zone (Fig. 9), where the stable Indian
shield ends.
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Fig. 9: Fence diagram, derived from tomographic velocity
models along four seismic profiles (P, P,, P3’ P,
showing pseudo 3-D velocity structure in the West
Bengal sedimentary basin (after Damodara et al., 2017)

The subsurface Rajmahal traps delineated in the
present study may be related to mantle plume activity,
either the Kerguelen or the Crozet, which is
responsible for the breakup of East Gondwana during
the early Cretaceous. The Rajmahal traps at depth
and the Hinge zone suggest the role of global tectonics
on the architecture of the West Bengal basin.

Marwar Basin

Rao et al. (2007) have presented a new approach
and applied to the single-ended first arrival seismic
data, which were originally recorded for the
investigation of deep crustal structure. The result
shows a three-layered shallow model of the
Neoproterozoic Marwar basin in northwestern Indian
shield above the complicated basement (5.9 km/s),
which was not recognized in earlier deep seismic
reflection profiling (Tewari et al., 1997). The first two-
layers represent the Quaternary/Tertiary (2.2 km/s)
and Marwar (4.2 km/s) sediments respectively, and
the third layer is the Malani volcanics (4.9 km/s). The
approach is quite successful for delineating refractor
depths, steep dips and velocities, which are found to
be qualitatively consistent with the near-vertical MCS
section, and is thus the best suited to the long-streamer
marine seismic reflection data.

Mahanadi Delta

The ray-based 2-D forward modeling of first arrival
seismic data shows alternate graben and horst
structures - the Konark depression (0-15 km), the
Bhubaneswar ridge (15-50 km), the Cuttack
depression (50-100 km) and the Chandikhol ridge
(100-115 km) along the N-S Mukundpur-Konark
profile (Behera et al., 2002). The Konark depression
is composed of three sedimentary layers with
velocities of 1.75, 2.4 and 4.0 km/s and attains a
maximum depth of 2.9 km at 9 km profile distance.
To the north of the profile, a low velocity (4.0 km/s)
layer with basinal shape, believed to be the Gondwana
sediments, has been imaged using the ‘skip’
phenomenon of the first arrival data. This layer with
a maximum thickness of 1.75 km near Cuttack is
sandwiched between a thin (100-300 m) cover of high-
velocity Rajmahal Trap (5.25 km/s) and underlying
basement (6.0 km/s) rocks.

Vindhyan Basin

Remodeling of wide-angle seismic data along a 240-
km-long Hirapur-Mandla CSS profile in central India
(Sain et al., 2000) has delineated shallow structure
that depicts a horst feature in which high-velocity (6.5
km/s) lower crustal materials have risen up to a depth
of less than 2 km below the Narmada lineament.
North of this horst feature has received ~1.5 km thick
Upper Vindhyan (4.5 km/s) and ~4.5 km thick Lower
Vindhyan (5.3 km/s) sediments, which are verified
by traveltime tomography (Zelt et al., 2003). The
tomographic model also provided the model bounds
and lateral resolution that are required for assessing
a model.

Cuddapah Basin

Cuddapah basin, one of the largest intra-cratonic
Proterozoic basin, is situated in the eastern part of
Dharwar craton and magmatically infested. Based
on CSS and thermal driving force, it was perceived
that the basin may contain as much as 10-12 km thick
sediments (Mall et al., 2008). However, the updated
model (Chandrakala et al., 2013) show a five layered
upper crust associated with velocities of (i) 4.50 km/
s, (11) 5.20-5.30 km/s, (iii) 5.50-5.80 km/s, (iv) 5.85-
6.00 km/s, and (v) 6.40 km/s respectively. The second
and third layers correspond to the upper and lower
Cuddapah sediments having only 4.0 km sediments in
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the deepest part of the basin below the Nallamalai
fold belt. The study shows that the role of thermal
driving force may be marginal, particularly in the
deeper eastern Cuddapah, as isostatic subsidence due
to sedimentary accumulation alone is enough to explain
the depth of the basin.

Gas-Hydrates — Major Future Energy
Resources

Gas-hydrates, ice-like crystalline form of methane
(99.9%) and water, occur in shallow sediments along
the outer continental margins and permafrost regions.
These are envisaged as one of the best alternatives,
as their energy content is more than two times that of
total fossil fuels (oil, natural gas and coal). It is
presumed that only 15% production from global reserve
can meet world’s energy requirement for about 200
years. The amount of methane prognosticated in the
form of gas-hydrates along the Indian margin is more
than 1500 times of country’s present natural gas
reserves, and only 10% recovery can meet India’s
overwhelming energy requirement for about 100 years
(Sain and Gupta, 2008; Sain and Gupta, 2012). The
production tests in Alaska of USA, McKenzie delta
of Canada, Nankai Trough off Japan and South China
Sea provide great hopes for energy security of many
Asia-Pacific countries like India, Japan, South Korea
and China. Hence, there lies a great interest for the
delineation and quantification of gas-hydrates using
various geo-scientific methods for evaluating the
resource potential followed by technology development
for viable commercial production. Globally, gas-
hydrates have been identified by geophysical,
geochemical and geological surveys, and recovered
by drilling and coring.

Gas-hydrates are detected mainly with seismic
experiment by identifying an anomalous reflector,
known as the bottom simulating reflector or BSR,
which lies at the base of gas hydrates stability zone.
CSIR-NGRI has taken up this research, and
established state-of-the-art Gas Hydrate Research
Center at its own campus with world-class facilities
that include inversion, processing, modeling &
interpretation of seismic data for the detection and
assessment of gas-hydrates along with laboratory
studies to understand the formation and dissociation
kinetics aiming for providing inputs to develop suitable
production technology. The global status on exploration

and exploitation of gas-hydrates and when will they
be produced safely is available in a recent editorial
(Sain, 2017). Salient features are described below:

e  Prepared gas-hydrates stability thickness map
(Fig.10) along the Indian margin (Sain et al.,
2011), and illuminated the scenario within Indian
exclusive economic zone (Sain and Gupta, 2012;
Sain, 2012).

e  Characterized gas-hydrates reservoirs using
seismic attributes (Satyavani et al., 2008; Ojha
and Sain, 2009; Sain et al., 2009; Sain and Singh,
2011; Satyavani and Sain, 2015; Kumar et al.,
2018).

e Developed innovative methods for the
quantification and assessment of gas-hydrates
(Ghosh and Sain, 2008; Ojha et al., 2010; Ojha
et al., 2016; Ghosh et al., 2010a; Ghosh et al.,
2010b; Sain et al., 2010; Shankar et al., 2013;
Shankar et al., 2014; Ojha and Sain, 2013; Wang
etal.,2013; Wang et al.,2014; Jana et al.,2015;
Jana et al., 2017; Satyavani et al., 2015;
Satyavani et al., 2016).

e  Identified prospective zones of gas-hydrates,
using industry-standard seismic data, in Krishna-
Godavari (KG), Mahanadi and Andaman
offshore basins (Fig. 10) from where gas-
hydrates were later recovered by drilling and
coring of Indian National Gas Hydrates
Program.

e Detected proxies of gas-hydrates in KK,
Saurashtra, Kerala-Laccadive and Cauvery
offshore basins (Fig. 10) also.

e  Designed a specific experiment using state-of-
the-art data acquisition system, and delineated
new potential zones of gas-hydrates in KG and
Mahanadi basins through acquisition, processing
and modeling of MCS and OBS data (Sain et
al.,2012).

Future Work With Social Implications

As requisite expertise in state-of-the-art seismic data
acquisition, processing, inversion and modeling have
been developed, future activities with regard to
reprocessing and/or remodeling of vintage data using
modern tools as well as acquisition processing and/or
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Fig. 10: (Left) Gas-hydrates stability thickness map within the Indian EEZ boundary showing the most prospective (Krishna-
Godavari, Mahanadi and Andaman) and less-explored but potential zones (Kerala-Konkan, Saurashtra, Kerala-
Laccadive and Cauvery) of gas-hydrates; (Middle) A representative seismic section showing BSR, marker for gas-
hydrates, with recovered gas-hydrates samples at right-bottom corner; (Right) Sonic log and result of rock physics

modeling for estimation of gas-hydrates

/modeling of new data are listed to derive improved
image of the subsurface:

For the Five Year Scientific Program of CSIR,
Delhi, during 2012-2017, acquisition of long-offset
MCS and wide-angle OBS data was planned to shed
light on seismogenesis of the Andaman subduction
zone. Due to non-availability of ship, the data
acquisition could not be achieved in time but have
been in 2018. The data are to be advanced processed
by CRS stack or PSDM and tomographic modelled
to understand the geometries of both over-riding and
undergoing plates, dip angles, extent of asperity zone,
fault-systems that may help in understanding the
seismo-tectonics of the region and undertaking similar
studies in its counterpart Himalayan subduction zone.
Besides these, the shallow sediments in the
accretionary wedge may host gas-hydrates, and the
data should be processed and inverted accordingly.

MCS and wide-angle seismic data have been
recently acquired by CSIR-NGRI in the Kutch
peninsula under the aegis of the Ministry of Earth
Sciences (MoES), Delhi and Institute of Seismological
Research, Gandhinagar, and the data will be
processed/modelled by advanced tools for delineating
crustal fabrics including the subsurface disposition of
faults (both known and hidden) to shed light on
seismotectonics of the Kutch.

After having successfully imaged the deep
crusts in DC, DAFB, CITZ and Proterozoic Chambal-
valley Vindhyan basin using CRS stacking, now it is
planned for seismic tomography followed by CRS

stack to available CSS data for imaging Achankovil
Shear Zone in SGT with view to better understand
the geotectonic of the region.

The conventional processing of CSS data in the
sub-Himalayan fold-thrust belt acquired under the
HIMPROBE Project of the Dept. of Sci. & Tech.,
Delhi in Kangra recess couldn’t delineate the
geometry of the decollement that detaches/separates
deformed rocks above from undeformed or differently
deformed rocks below. It is planned to utilize the
available data for CRS stack or PSDM for improving
the image of sub-Himalayan fold-thrust belt and
delineation of decollement, which is the site for the
large/major earthquakes. This study is very important
for the investigation of the Himalayan seismogenic
zone with respect to accumulation of strain and its
release by major earthquakes that pose threat to
population and properties of states adjoining to the
Himalaya.

Wide-angle and multi-channel seismic data need
to be acquired at suitable profile locations in the
Himalaya using state-of-the-art wireless nodes to
provide information on some fundamental issues
related to subsurface disposition of decollement, nature
of thrust geometry & splay faults, role of fluids in
rupturing, effect of crustal thickness & rheology on
locking, radiation patterns for future major events,
observation of changes in physical properties as
precursors for future events. All these may finally
provide answer if the Himalayan seismogenic zones
have the potential for great earthquakes.
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As finding oil/natural gas at ease is almost over,
industries look desperately for the exploration of
hydrocarbons in difficult terrains such as the sub-
volcanic areas or fold-thrust belt regions of the
Himalaya or the deep-water regions or unconventional
energy resources. After successful application of FWI
to wide-angle seismic data in KK offshore, it is
envisaged to image Proterozoic Vindhyan sediments
covered by Deccan volcanics in central India through
acquisition and advanced processing and inversion/
modeling of wide-angle seismic data as well as in the
fold-thrust belt of sub-Himalaya in Himachal Pradesh
near Jawalamukhi or in Assam-Arakan fold belt.

A lot of MCS data have been acquired for the
investigation of gas-hydrates in the KG and Mahanadi
offshore basins by CSIR-NGRI. The data can be
subjected to FWI followed by PSDM or CRS stack
for improving the image of shallow sediments to
understand the genesis of gas-hydrates in respective
areas. The data can be further utilized for estimating
critical parameters such as the porosity, permeability,
pore pressure and geo-technical properties that are
required for the development of viable production
technology.

MOoES has acquired a large volume of MCS data
along both margins of India under the Commission on
Legal Continental Shelf (CLCS) program with a view
to extend the Indian Exclusive Economic Zone (EEZ)
that decides what portions of the seabed can be
exclusively mined for natural resources. Both the
margins of India have many petroliferous basins such
as the Bengal, Mahanadi, KG and Cauvery basins in
the eastern margin, and Kutch, Saurashtra and KK
basins in the western margin. It is right time to
reanalyze and remodel the available seismic data in
deep-waters using modern tools that may lead to
delineation of hydrocarbon bearing structures.

The Himalayan tectonics and regional climates
are recorded into the sedimentary piles of the Indus
Fan, Indo-Gangetic Plains and Bengal Fan, where
high-quality large-offset MCS data are available with
the industries (ONGC, Reliance Co.) It is the state-
of-the-art seismic FWI in which CSIR-NGRI has
recently demonstrated its capabilities for estimating
accurate seismic velocities as well as delineating fine-
scale structures of the subsurface. Hence, application
of FWI followed by PSDM or CRS stack to large-

offset MCS data in the Alluvial Plains or Bengal and/
or Indus Fans, and correlating the sections with
available litho-stratigraphy may provide the sediment
thickness map of different geological periods and lead
to deriving sedimentation rate, spatial-temporal
distribution of lithology. This, in turn, will shed light to
understand the Himalayan geodynamics and paleo-
climates.

During the last few years, a new tool based on
amalgamation of several seismic attributes by artificial
neural networks has been developed for advanced
interpretation of seismic data (Singh ef al., 2016;
Kumar and Sain, 2018; Kumar ef al., 2018a, b). The
available seismic data may be subjected to cutting-
edge interpretation.

Conclusions

The significant results obtained by the CSS
experiments over the Indian subcontinent in the 215
century are the (i) delineation of fold-thrust structure
and subsurface disposition of different geological
boundaries in shallow part of Dharwar craton and
noticeably different crustal reflectivity patters in
Mesoarchean Western Dharwar (simple crust with
gently dipping reflection fabric) and Neoarchean
Eastern Dharwar (complex crust with dipping Moho,
oppositely dipping reflection fabric and a thrust fault)
cratons; (i1) imaging crustal-scale Jahazpur thrust that
becomes listric at the lower crust / Moho below the
Sandmata Complex in Delhi-Aravalli fold belt; (iii)
imaging crustal blocks with distinct dipping reflection
fabrics in the northern and southern sides of Central
Indian Tectonic Zone, characterized by high amplitude
reflectivity with 8 km Moho offset; (iv) mapping
oppositely dipping reflectors in the Southern Granulite
Terrain suggesting collision tectonics along with
imaging of rapid exhumation of mid to lower crustal
rocks through the shear zone as evidenced by high
Vpand Vg; (v) imaging ~10 km thick underplating
materials in Mahanadi delta and inferring hinge zone
with steep increase in basement with mapping of
subsurface Rajmahal volcanics in West Bengal
sedimentary basin both indicative of Gondwana
breakup; (vi) deriving heterogeneous crustal structure,
Moho upwarp and deep faults in central India that
has implications to the 1997 Jabalpur earthquake; (vii)
imaging crustal-scale hidden faults and thickened crust
beneath the 2001 Bhuj epicentral region; (viii)
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delineating Proterozoic Cuddapah basin with ~4.0 km
thick sediments and unprecedented 20 km thick high
velocity (7.0-7.4 km/s) underplating above the Moho;
(ix) imaging crustal-structure beneath Kangra fold-
thrust belt that places Himalayan decollement at 6-8
km depth above a thin but reflective Meso- to Neo-
Proterozoic Vindhyan strata and delineating Moho
dipping northward from 55 to 61 km across the Hazara
syntaxis in the NW Himalaya associated with the
subduction of Indian plate beneath the Eurasian plate;
and (x) different crustal structures to the west and
east of the Chambal-valley Vindhya basin indicating
a tectonic boundary that has separated the
compressional events to the west from the extensional
activity to the east.

Oil industries show a lot of interest for the
exploration of sub-volcanic Mesozoic sediments for
commercial gain. The wide-angle shallow seismic
experiments have revealed (i) ~1.6 km thick Mesozoic
sediments below ~1.3 km thick Deccan volcanics in
Saurashtra peninsula; (ii) ~1.5 km Mesozoic sediments
hidden by ~0.45 km Deccan Traps in Kutch peninsula;
(ii1) ~2.0 km thick Mesozoic sediments covered by
~2.0 km thick Deccan Basalts in the Tapti graben;
(iv) ~105 m Limestone formation below 950 m thick
volcanic rock in KK offshore; (v) ~1.5 km thick
Gondwana sediments masked by a ~200 m thin lid of
Rajmahal Trap in Mahanadi delta; and (vi) ~1.5 km
thick Gondwana Sediments below ~1.0 km Rajmahal
Traps in West Bengal basin. The basement
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