Proc Indian Natn Sci Acad 86 No. 1 March 2020 pp. 531-552
 Printed in India.

DOI: 10.16943/ptinsa/2020/49794

Status Report 2016-2019

A Review of Seismological Research in India During The Past Five Years
(2015-2019)
G SRIJAYANTHI1, M RAVI KUMAR1,2 and VINEET K GAHALAUT2,*
1Institute of Seismological Research, Gandhinagar, India
2CSIR-National Geophysical Research Institute, Hyderabad, India
(Received on 02 September 2019; Accepted on 24 September 2019)
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Introduction

Crustal Architecture of the Indian Subcontinent

The Indian plate has a unique history of evolution
subsequent to its separation from the Gondwana
supercontinent. At present, it is a collage of complex
structural terranes of varied geology, ranging from
collision, subduction, paleo rifts, mobile belts, cratons
and basins (Fig. 1). During the past five years, several
seismological studies have been undertaken at various
geological terrains by many organisations and
individuals to decipher the crustal architecture,
seismotectonics, geodynomics and earthquake
occurrence processes in the plate boundary as well
as in the plate interiors. Significant efforts have been
made to estimate the source parameters (both
dynamic and static) of the earthquakes which have
occurred in the Indian subcontinent. GPS
measurements have been made at a number of sites
to determine the convergence rate, strain budget and
role of various tectonic units in accommodating the
plate motion. A major initiative was taken up by the
Ministry of Earth Sciences to upgrade and upscale
the national seismological network. We have restricted
this review to some significant work done by the
Indians on the Indian landmass. We do not claim that
this is an exhaustive review, and any omissions are
unintentional.

A recent review by Singh et al. (2015) collating the
results of receiver functions (RFs) at ~600 seismic
stations and ~10,000 km stretch of deep seismic
sounding profiles, documents significant changes in
the crustal character in different regions of the Indian
subcontinent. This synthesis reveals that the crustal
thickness varies from 29 km at the southern tip of
India to 88 km under the Himalayan collision zone
(Fig. 2) with significant deviations from the global
models (e.g. CRUST 1.0). The average crustal shear
velocity (Vs) is low in the Himalaya-Tibet collision
zone compared to the Indian shield. A simpler and
thinner crust is observed in the Eastern Dharwar
Craton compared to the Western Dharwar and most
of the other Indian cratons like the Bundelkhand,
Bhandara and Singhbhum. This was corroborated by
the models obtained by inversion of P to s receiver
functions at 317 broadband seismic stations covering
entire India (Singh et al., 2016). The inversion results
(Singh et al., 2017) greatly improved the existing
global/regional velocity models (CRUST1.0 and
SEAPS), primarily beneath various rift zones (e.g.,
Godavari, Narmada, and Cambay) and those close to
the coastal regions where the transition from oceanic
to continental crust is expected to cause drastic
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Fig. 1: Regional geological map of India and Tibet including the major geological units, rift zones and thrust faults. SGT:
Southern Granulite Terrain, CG: Closepet Granite, WDC: Western Dharwar craton, EDC: Eastern Dharwar craton,
CB: Cuddapah Basin, DVP: Deccan volcanic province, NSL: Narmada–Son Lineament, GG: Godavari Graben, BC:
Bastar craton, CTB: Chattishgarh Basin, SC: Singhbhum craton, VNB: Vindhyan Basin, BUC: Bundelkhand craton,
DAFB: Delhi–Aravalli Fold Belt, SP: Shillong Plateau, MKH: Mikir Hills, MHR: Mahanadi Rift, CBR: Cambay Rift,
MFT: Main Frontal Thrust, MBT: Main Boundary Thrust, MCT: Main Central Thrust, ITSZ: Indus–Tsangpo Suture Zone,
BNSZ: Bangong–Nujiang Suture Zone, JSZ: Jinsa Suture Zone (Singh,et al., 2015)

changes in the crustal configuration. The rift zones of
the Godavari and Narmada–Son Lineament show a
thicker crust(>40 km) compared to the adjacent
regions. Interestingly, the crust thickens abruptly to
>55 km at the boundary of the Dharwar Craton and
Southern Granulite Terrain. A thin crust is observed
beneath the Cambay Basin and the Delhi Aravalli Fold
Belt. Further, the Moho depth decreases to <35 km

beneath the Bengal Basin and a large lateral variation
is observed along the Himalayan collision front with a
thick crust of ~65 km beneath central Tibet. Further,
the crustal thickness in Himalayas appears to follow
the elevation. The regional continental scale 3D
isotropic velocity model (Singh, et al., 2014) was
refined by incorporating the effects of azimuthal
anisotropy using the shear wave (SK(K)S) splitting
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Fig. 2: Variation in crustal thickness in the Indian subcontinent estimated from receiver functions (Singh et al., 2015)

results (Mohanty et al., 2016). Although the P wave
delays significantly (–0.3 to +0.5 s) due to anisotropy,
the bias due to it does not affect the gross features
and only introduces certain artefacts at deeper levels
(> 150 km). Asummary of the crustal seismic structure
inferred from the work done during the past five years
(2015-2019) is presented for different tectonic regions.
South Indian Shield
The crustal shear wave velocity structure beneath
the Eastern Ghat Mobile Belt (EGMB) obtained by
Chaudhuri et al. (2016) using joint inversion of receiver
functions and Rayleigh wave group velocities indicates
large variation in crustal thickness from 37 to 42 km,
with an average shear wave velocity variation from
3.67 to 3.78 km/s. A variable low velocity layer around

20 km, with Vs ranging from 3.54 to 3.7 km/s is
interpreted in terms of fluids that are probably
responsible for intraplate earthquakes in the Ongole
region. This region previously experienced four
moderate earthquakes of magnitude 5.0. The latest
high resolution seismic image produced using
teleseismic receiver functions (Singh and Singh 2019)
further illuminates the hitherto-elusive crustal
architecture. The interesting inferences drawn from
this study include evidence for a very thick crust of
~40 km with an oppositely dipping Moho beneath the
EGMB and the Archean Bastar Craton, amalgamation
of different crustal domains thrusting over one another,
possibly during the Pan-African orogeny, resulting in
the formation of EGMB. Further, an eastward
extension of the crust of Archean Bastar Craton from
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its surface geological boundary to ~75 km beneath
the EGMB is observed. Akin to the observations of
Mandal (2019), the crust beneath the Archean
Singhbhum Craton (SC) is found to be thin and simple,
while the crust in the bordering Rengali Province is
thick and complex. Singh and Singh (2019) observed
a sharp contrast in the crustal structure, with a ~20/
km offset in Moho depths at the contact between the
Rengali Province and the Singhbhum Craton. This
prompted them to discard the possibility of a southward
growth of the Singhbhum Craton through accretion
and Grenvillian age (~1 Ga) docking of the EGMB
with Proto-India. Similar results of thinning of both
the crust (up to ~5-10 km) and lithosphere (up to ~1015 km) associated with a significant drop in Vs (–2.1
to –4.4%) in the upper mantle beneath the SC is
interpreted as a consequence of magmatism or
Archean plume episodes (Mandal, 2019). However,
Singh and Singh (2019) preferred to explain the
present day crustal features invoking intense PanAfrican (0.5-0.6 Ga) reorganization.
This section discusses the crustal thickness/
composition and the nature of crust-mantle boundary
beneath Southern India encompassing the Dharwar
craton, southern granulite terrain, Proterozoic basins,
rifted margins, escarpments and the DVP. The crustal
image along an east-west profile starting from the
west coast to east coast (south India), cutting across
the major geological features like the escarpment,
WDC and EDC reveals that the Moho depth varies
from 34 to 41 km with a sharp offset of ~8 km at the
boundaries or contact zones between the Western
Ghats and WDC; WDC and EDC (Saikia et al., 2016).
While the offset in the Western Ghats is attributed to
its differential uplift during the India-Madagascar
separation, the one at the contact between WDC and
EDC is ascribed to the presence of a steeply dipping
fault that separates them. Further, RF analysis by Das
et al. (2015) suggested a broad variation in the Moho
depth from 33-40 km in South India, except beneath
the (WDC) and Southern Granulite terrain (SGT) (Fig.
3). They observed an increasing trend in the Moho
depths from (~40 to 50 km) from north to south in the
WDC and a thicker (40-45 km) mafic crust beneath
the Archean domain of the granulite terrain compared
to its counterpart further south. This finding was related
to a possible Himalaya–Tibet like scenario beneath
southwestern Dharwar and northern granulite terrain,
where the deeper crust is steadily densified, as
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identified by a gradational crust–mantle transition,
rather than a sharp one. Further, in the (southern)
Deccan Volcanic Province region, no evidence for
alterations in the crust were observed in relation to
the volcanism (~65 Ma), the crust being similar to the
adjoining late Archean eastern Dharwar Craton. It is
observed that the mafic lower crust is consistent
beneath both the coastal plains and the western Ghat
escarpment, formed due to separation of India from
Madagascar.
The nature of the boundary between the southern
part of the Dharwar Craton, an Archean granulite
terrain, and the abutting Proterozoic Southern
Granulite Terrain (SGT) is debated for over ~75 years.
A high resolution 3D shear wave velocity model of
the region was generated by Das and Rai (2019) using
joint inversion of PRFs and surface waves derived
from ambient noise cross correlations. The inversion
results beneath the southern part of Dharwar Craton
reveal an unusually thick (15-28 km) high-velocity
layer (HVL) in the lowermost crust with Vs>4.0 km/
s that continues coherently southward to well beyond
the southern limb of the Palghat-Cauvery shear zone
(PCSZ). This HVL is interpreted as an evidence for
the mafic magmatic underplating during the Archean
due to time, granulite metamorphism. Therefore, they
suggest a continuous extension of the Dharwar Craton
to further south of the mapped surface boundary
beneath the Palghat shear zone. Kumar et al. (2018),
documented a thick (>38 km) mafic (Poisson’s ratio
>0.25) crust beneath the SGT. Although they could
not find evidence for any drastic changes in crustal
thickness across prominent shear zones like the PCSZ
and Moyar-Bhavani, a gradual decrease in crustal
thickness towards the south of PCSZ was clearly
established. Also, they observed dipping reflectors
around 8-20 km depth at a few seismic stations located
along the boundaries whose strikes are well correlated
with the trends of surface geological sutures. Further,
a drastic change in the crustal thickness is observed
around the “Fermor line” that separates rocks of
Chanockitic (Orthopyroxene bearing granitoid) and
non-Charnockitic (Orthopyroxene-free granitoid)
mineral assemblages, further north beneath the DC.
The crustal thickening to the north of Moyar-Attur
Shear Zone (MASZ) around the Fermor line is
interpreted as a signature of the subduction processes
operative during the Precambrian (Fig. 4).
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the escarpment, except for the surface topographic
undulation. Further, to delineate significant
discontinuities and the geometry of the Moho, Rohilla
et al. (2018) used P receiver function analysis. They
calculated the Moho depths with an average
uncertainty of 0.6 km and found a variation from
37.7 km to 42 km, with an upwarp beneath the
seismogenic zone. They observed higher near surface
velocities (NSV) to the west of the escarpment, which
is attributed to a thinner layer of Deccan trap, with
some contribution from the granite gneiss basement.
Further, they estimated an unusually high shear wave
velocity of ~4 km/s at shallow depths (5 km), indicating
higher rock strength that can sustain larger stresses
comparable to the lower crust. They proposed that
the higher strength coupled with pre existing brittle
fractures that are triggered by the reservoir load and
fluid effects, are the possible causes for the prolonged
seismicity (> 50 years) in the Koyna-Warna region.

Fig. 3: Regionalised map of Moho depths in South India
estimated using H–k stacking method. Broadband
stations are shown as triangles and the major
structural boundaries as solid lines (Das et al., 2015)

Deccan Volcanic Province (DVP)
The Koyna-Warna region in the south-western part
of the Deccan volcanic province is situated to the
east of a remarkable N-S extending west-facing
escarpment that separates the lowly elevated (~ 100
to 200 m) Konkan Plains from the highly elevated (>
1 km) Western Ghats to the east. Inversion of surface
wave dispersion data obtained using waveforms of
local earthquakes and cross correlation of ambient
noise reveals a ~0.8 km thick basaltic layer of the
Deccan traps with a shear wave velocity of ~ 3.0
km/s, on the eastern side of the escarpment (Rohilla
et al., 2015). The inversion yields a low velocity layer,
possibly a weathered granitic layer with a shear wave
velocity of ~3.3 km/s, followed by the granitic
basement with a Vs of ~3.6 km/s beneath the traps.
Though the region is known for its complex structural
setting and lateral heterogeneity, the velocity structure
down to 10 km is found to be similar on either side of

The Narmada-Son lineament (NSL) is a E-W
trending tectonic feature that divides India into the
peninsular to its south and extra-peninsular regions to
its north. Though NSL marks the possible suture
between two contrasting geological settings termed
proto-continents lying to its North and South, many
views prevail about the nature of the rift zone. The P
wave receiver function study by Kumar et al. (2015)
presents a nearly continuous image of the Moho and
the overlying crust along a seismic profile across the
Narmada rift. The common conversion point receiver
function image reveals the duplex nature of the Moho
with the crust being distinctly thicker (>52 km) within
the rift zone and thinner on either sides (40 km) (Fig.
5). The weak conversions from the Moho at stations
sampling the NSL is considered as a qualitative
evidence for high velocity magmatic under plating
within the rift zone. Further, the results from nonlinear
inversion of receiver functions indicate a clear
variation in average crustal shear velocity from 3.5–
3.6 km/s (low) beneath the seismic stations within
the NSL to 3.8 km/s (high) at stations outside the
NSL margin. Also, modelling the back azimuthal
variations in the radial (SV) and transverse (SH)
components of RFs at a permanent station Jabalpur
are better explained by azimuthal anisotropy with the
fast axes perpendicular to the rift axis indicating frozen
anisotropy in the crust due to mineral alignment caused
by magmatism, which could be reminiscence of
Deccan volcanism and/or Reunion plume path.
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Fig. 4: Common conversion point stacked RF images and velocity models obtained from inversion of RFs, along profiles A) D1D2 and b) E1-E2, traversing the SGT, Palghat Cauvery Shear zone and the Dharwar Craton. The dotted line indicates the
Moho. A drastic variation in crustal thickness is observed in the proximity of the Fermor Line (indicated by black
arrows). The abbreviations in figure are CUD: Cuddapah Basin, EDC: Eastern Dharwar Craton, WDC: Western
Dharwar Craton, DVP: Deccan Volcanic Province, KKPTSZ: Karur-Kamban-Painavu-Trichur Shear Zone, ACSZ:
Achankovil Shear Zone, PCSZ: Palghat-Cauvery Shear Zone, MASZ: Moyar-Attur Shear Zone, BSZ: Bhavani Shear
Zone (Kumar et al., 2018)
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Fig. 5: Receiver function image from common conversion
point stacking of the Ps conversions and multiples
(Pps, Pss) along a S-N profile across the NSL. The red
and green colours indicate positive and negative
amplitudes of the receiver functions as indicated in
the colour bar. Location of the Jabalpur earthquake
is shown as a star (Kumar et al., 2015)

Many researchers strived to understand the
exceptional characteristics of the northwestern
Deccan Volcanic Province (NWDVP) of India that
is associated with voluminous basaltic eruptions during
the interaction of the Indian plate with the Reunion
plume, and intense seismic activity. Joint modelling
for velocity structure and hypocentral locations in the
Kachchh, Saurashtra, and Narmada regions provided
3 rudimentary 1D velocity models with seven, four
and six layers respectively (Joshi et al., 2017). This
study only provided a broad variation in the Vp and
Vs values from 3.01 to 7.09 km/s and 1.74 to 4.55
km/s. The results enable constructing an apriori model
for 3D inversion studies and improved hypocentral
locations studies. A comprehensive understanding of
the NWDVP region is attempted by inverting the
regionalized group velocity dispersion data in the period
range of 6 to 100 s, which reveals distinct intracrustal
layers, Moho, mantle lid, and asthenospheric low
velocity layer (Sharma et al., 2018). The signatures
of magmatic underplating were deciphered from high
Vs and a thick crust beneath the Kutch and Western
Ghats. Interestingly, they observed the thinnest
lithosphere at the junction of Cambay-Narmada rifts
and in the Kutch region, which is interpreted as the
source zone of volcanic eruption. Moreover, a
predominant low velocity zone is consistently seen
beneath the Cambay, Saurashtra, and adjoining
regions, that is most likely the effect of a residual
thermal anomaly. Further, local earthquake
tomography studies (Singh et al., 2019) characterized
the Vp, Vs and Vp/Vs anomalies that are associated
with the effect of plume, presence of fluids and local
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seismicity. The tomography images clearly indicate
the variation of Moho depths from ~30 to 45 km.
Similar to the results from surface wave studies
(Sharma et al., 2018), the tomography study also
ascertains an increase in crustal thickness beneath
the Kachchh rift zone (KRZ). Crustal thickening
beneath the Kachchh region where the 2001 Bhuj
earthquake occurred and most other regions
associated with local seismicity and swarms suggests
that crustal thickness is an important parameter that
controls the lithospheric strength and locales of tectonic
deformation. The most interesting feature that
emerged from this study is some intrusive type vertical
structures with low Vp anomalies down to 80 km depth
in the northern part of the Kachchh rift basin, akin to
large low Vp zones at 80 km depth observed previously
from teleseismic tomography results in the Cambay
rift basin which was interpreted as LAB. The vertical
and horizontal intrusions of the Deccan volcanic
magma in the uppermost mantle and lower crust are
imaged as high Vp and Vs anomalies. Low Vp and
high Vp/Vs zones are imaged in the vicinity of the
2001 Bhuj earthquake source zone (depth 10-30 km)
in Kachchh and at deeper depths, indicating presence
of fluids. The source zones of the shallow, mining
induced seismicity are imaged as low Vp, Vs zones
(Figure 6). Similarly, the prominent role of fluids in
the genesis of earthquakes in Kachchh region is
ascertained by close association of local seismicity
with anomalous variation in both 3D seismic velocities
(local earthquake tomography) and electric
conductivity measurements (Pavan Kumar et al.,
2017).
Contrary to the crustal thickening observations
in the above mentioned studies, the inversion results
of both the teleseismic P wave tomography and PRFs
(Mandal 2016; 2017) revealed thinning of crust (~4-7
km) as well as lithosphere (6-12 km) in the central
Kachchh rift zone, which is again interpreted in terms
of influence of the Reunion Plume. The other factors
in favour of a thinning model include negative P-wave
residuals, a low shear velocity zone extending from
70-110 to 170-220 km depth beneath the central KRZ.
Further, the reduction of 6-10% Vs at LAB (Mandal
2016a, 2017) and low dVp, dVs and high d (Vp/Vs)
at 5-35 km depths (Mandal, 2016b) is attributed to
the presence of meteoric water at shallow depth (010 km) and brine fluids released due to metamorphic
reactions in an olivine-rich lower crust (10-35 km),
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Fig. 6: The distribution of Vp/Vs at 5 km depth, in the northwestern DVP. The dotted lines indicate major faults and red dots
are shallow local earthquakes (< 12 km) that are mostly clustered in the regions with high Vp/Vs (Singh et al., 2019)

which triggers crustal earthquakes with uninterrupted
aftershocks in the Kachchh rift zone. The crustal
Poisson’s ratio of 0.271 with lower shear velocities
ranging from 3.8 km/s to 4.19 km/s in the lower
crustal layers in Saurashtra and Cambay are
interpreted as an effect of magmatic underplating due
to emplacement of mafic cumulates in the lower crust
(Deshpande and Mohan 2016).
Estimates of average crustal thickness (Fig. 7)
and bulk crustal Vp/Vs in diverse tectonic environments
in the NWDVP inferred from the P Receiver Function
analysis by Rao et al. (2015) reveal evidence for a
thick underplated crust beneath the Kachchh rift and

a thin (uplifted) crust beneath parts of Saurashtra and
Cambay regions. Rao et al. (2015), observed large
Moho depths beneath the southeastern part of
Kachchh Mainland Uplift (~41.4 km) and the Wagad
uplift (~42.8 km) in the Kachchh region, contrary to
shallower Moho depths beneath the Narmada rift basin
and the coastal areas. However, the high Vp/Vs values
are consistent beneath the Kachchh rift (1.8-2.05),
coastal areas of Saurashtra (1.75-2.06), as well as
North Gujarat (1.81-1.85), which are interpreted as
evidence for extensive magma underplating beneath
these regions.
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Fig. 7: Crustal thickness beneath stations in the northwestern Deccan Volcanic Province estimated by H-k stacking method
(Rao et al., 2015)

The Himalayan Arc
The Himalayan arc spanning 2500 km from west to
east is a fold-thrust belt that is developed due to
underthrusting of the Indian plate below the Eurasian
plate (Figure 8). The surface expression of this process
created a series of faults from south to north starting
from the Main Frontal Thrust (MFT), Main Boundary
Thrust (MBT), Main Central Thrust (MCT), Southern
Tibetan Detachment (STD), Indus Zangpo Suture
(IZS), Karakoram Fault (KF) and Bangong Suture
(BS). The lateral extent is also classified as western,
central and eastern Himalayas. The western
Himalaya lies between the Indus in the west and the
Kali river in the east (880 km), the central
Himalaya(~800 km), where the Great Himalayan
ranges attain a maximum height, is between river Kali
in the west and river Tista in the east and the eastern
Himalaya lies between the Tista river in the west and
the Brahmaputra river in the east and extends to ~720

km. The Tibetan block consists of the Ladakh and
Karakorum batholiths to the north of the IZS. To the
south of the IZS lies the Tethys Himalaya with the
STD as the southern boundary.
The dipping geometry of the Indian plate is
captured by a gradual increase in both the Conrad
and Moho depths (Kumar et al., 2017). This was
subsequently corroborated by the NE-dipping Moho
inferred by Kumar et al. (2019), studying the Rayleigh
wave group velocities in the period range of 6–60 s
across the Himalaya-Karakoram-Tibet. The Moho
depth increases from ~40 km beneath the frontal part
of the Himalaya to ~70-80 km beneath the collision
zone and shallows down substantially beneath the
Tarim basin. No step like structure within the Moho
is observed throughout the western Tibet, where it is
fairly deep (~68-84 km) (Gilligan et al., 2015).
However, they observed a sharp decrease (~20-30
km) in the Moho depth to the north of the Altyn Tagh
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Fig. 8: Geological map of the Himalaya with major geological units, thrust faults and rivers (Kumar et al., 2017)

fault compared to the south. Further, Kumar et al.
(2019) observed a broad low-velocity zone at midcrustal depths beneath the western Tibetan Plateau,
the Karakoram region and the surface-collision part
of the India-Eurasia tectonic plates (Indus-Yarlung
Suture Zone), which is attributed to the presence of
partial melting and/or aqueous fluid. A similar midcrustal low velocity layer is observed beneath both
the Lhasa Terrane and the Tethyan Himalayas, which
is uninterrupted by the Karakoram Fault, indicating
that the fault does not cut through the entire crust
(shallow fault) (Gilligan et al., 2015). Both the studies
(Kumar et al., 2017, 2019) indicated high velocities in
the deeper part in the south. While the former
interpreted the high velocities in terms of dense and
cold lower crust and uppermost mantle of the Indian
plate, the latter attributed it to lateral heterogeneity of
the crust and strong anisotropy in the lower crust
beneath the frontal Himalayan region (western
Himalaya) due to development of preferably oriented
folds/ faults/fractures and reorientation of crystals as
a consequence of the ongoing deformation caused by
the continent-continent collision. They further

observed thick deposits of sediments in the IndoGangetic plains (~6 km) and the Tarim Basin.
The regional body wave tomography (Pn & Sn)
studies by Kanna et al. (2017) shed light on the
uppermost mantle velocities and dip of the Indian
Moho beneath the NW Himalaya and Ladakh. The
apparent Pn and Sn velocities beneath the NW
Himalaya show a slight variation with the travelpath
in the updip (for earthquakes from north i.e. from
western Tibet) and downdip directions (for
earthquakes occurring south of the profile from
western Indian shield). The downdip and updip Pn,
Sn velocities beneath NW Himalaya are 8.08 ± 0.04
km/s & 4.64 ± 0.07 km/s and 8.70 ± 0.13 &
4.76 ± 0.12 km/s respectively. These velocities
beneath Ladakh vary greatly from 7.18 ± 0.07
&4.32 ± 0.05 km/s for downdipand 8.50 ± 0.10 and
4.39 ± 0.12 km/s for updip. Considering the velocity
variations, a Moho dip of ~2.4 ± 0.14º beneath the
NW Himalaya and ~6.6 ± 0.54º beneath Ladakh, is
estimated. Further, the true Pn and Sn
(8.37 ± 0.07 km/s and 4.70 ± 0.1 km/s) velocities
beneath the NW Himalaya are higher compared to
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Ladakh (7.73 ± 0.08 and 4.33 ± 0.09 km/s). The large
variation in the interstation Pn velocities provided an
opportunity to trace the dip of the underthrusting Indian
Moho which is shallow (~2.5º) beneath the Himalaya
and steepens abruptly (~6.6º) further north of the
Southern Tibetan Detachment and continues at a
shallow angle (~3.8º) beneath Ladakh (Fig. 9).
The 1-D velocity model proposed by Negi et al.
(2017) in the Garhwal-Kumaun region by inverting
2837 P-wave and 2680 S-wave arrivals from 251 local
earthquakes indicated the Moho discontinuity at
46 km. The studies by Hazarika et al. (2017) imaged
a gentle north dipping Main Himalayan Thrust (MHT)
instead of a ramp like structure earlier proposed
between the Sub and Higher Himalaya in the Garhwal
and Nepal Himalaya. However, such a ramp like
structure was identified further north, beyond the
South Tibetan Detachment in the Satluj valley (Fig.
10). The depth to the MHT gradually increases from
~16 to 27 km from the Sub, Lesser, to Higher
Himalaya and suddenly increases to ~38 km beneath
the Tethyan Himalaya, forming a ramp like structure.
The significantly different structure of the MHT
beneath the Satluj valley is interpreted as an effect of
the underthrusting Delhi-Hardwar Ridge which is a
transverse feature across the Himalayan arc.
Modelling of RFs shows a low shear wave velocity
of ~0.8-1.8 km/s in the uppermost 3–4 km beneath
the stations in the vicinity of the Himalayan Frontal
Thrust (HFT) probably influenced by the sedimentary
column of the Indo-Gangetic Plain. The crustal

541

thickness gradually increases from ~44 km beneath
the HFT to ~62 km beneath the Tethyan Himalaya.
Hajra et al. (2019) observed a gradual increase
in the crustal thickness values across a profile from
the Indo-Gangetic plain (IGP: ~38 km) in the south
along the Kali river valley to the Higher Himalaya
(Kumaon/Central Himalaya: ~41 km) in the north.
Further, they suggested that the Sub-Himalaya and
outer Lesser Himalaya are underlain by a felsic crust,
identified based on the low values of Poisson’s ratio
(σ) (~0.23) beneath the stations sampling those
regions. The high Poisson’s ratio (~0.28) values in
the Dharchula region of the Chiplakot Crystalline belt
coincide with the region of clustered seismicity at
shallow to mid-crustal depths. The high Poisson’s ratio
is attributed to the possible presence of fluids/partial
melts at mid-crustal depths that is most probably
influencing the rheological properties, thereby
controlling the mechanical and shear strength of crustal
rocks producing a cluster of seismicity beneath the
Dharchula region.
The 3D crustal structure generated from joint
inversion of receiver functions and surface wave
dispersion measurements across the strike of the
Sikkim Himalaya (Paul and Mitra 2017) reveals a
consistent northward dip in the MHT, a mid-crustal
discontinuity and Moho, with a ramp flat ramp
geometry. The ramps observed beneath both the
Lesser and Tethyan Himalaya have dips of ~7o and
~15o. A dome like structure of the ramp beneath the

Fig. 9: Cross section across the Main Frontal Thrust (MFT) in the south to the Karakoram Fault (KF) in the north showing
variations in the dip of the Indian Moho and elevation. The dip angles are calculated considering KUK (southernmost
station in the profile) as a reference station. The Moho depths obtained by a RF study (Rai et al., 2006) are indicated by
solid circles. Triangles represent the locations of seismic stations (Kanna, et al., 2017)
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Lesser Himalaya forms an arcuate geometry of
thrusts upwarping the thrust sheets of Peling and the
Main Central Thrust. The average shear wave
velocity of the underthrusting Indian crust is 3.63 km/
s which is similar to the Indian shield crust and the
thickness varies from 35-42 km. Further, they
observed dome-like structures in the Moho that are
intersected by steeply dipping transverse low velocity
zones which are interpreted as active dextral strike
slip faults in the Sikkim Himalaya. A plausible
explanation for the alternating pattern of the Moho
from shallow to deeper depths in segments is
attributed to the progressive active displacement of
the transverse faults caused by several strike-slip
earthquakes. Mitra et al. (2018) utilised the PRF
technique to investigate the crustal structure south of
the Eastern Himalayan plate boundary, Northeast
India. A felsic continental like crust is observed
beneath majority of the regions including the
Brahmaputra Valley, Shillong Plateau and Mikir Hills,
except a thinned transitional mafic crust beneath the
Bengal Basin. Interestingly, a similar velocity structure
beneath both the Shillong Plateau and the Mikir Hills
reveals a thin crust of 30 ± 2 km, which corroborates
a common origin and uplift history. Further, the Moho
to the north of Shillong Plateau and Mikir Hills steeply
dips by ~30o towards north with a ~8-10 km jump in
the crustal thickness. Akin to the observation in the
north, the crustal thickness increases abruptly by ~1213 km to the south of the Shillong Plateau ~1 km
across the Dawki Fault which is overlain by thick
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Bengal Basin sediments. Comprehensive evidence for
the initiation of upliftment of the Shillong Plateau (SP)
by thrust faulting of the reactivated paleorift Dawki
Fault and back thrusting of the south dipping Oldham
Fault includes a positive correlation between the
offset, timing, long term upliftment of SP and
convergence rate across the Dawki Fault, with the
present day GPS velocities.
Bay of Bengal and Bengal Basin
The largest bay in the world, the Bay of Bengal,
comprises the northeastern part of the Indian Ocean,
which over millions of years is fed by enormous
sedimentary deposition from several rivers from the
mainland of the Indian subcontinent. Previous studies
based on surface-wave dispersion inferred an oceanic
crust of 15 km in the south which increases to 35 km
towards the northernmost end of the bay. However,
Whittaker et al. (2013) mapped the sedimentary
thickness to be 6-8 km in most parts of the Bay of
Bengal with a maximum of 16 km in the northeastern
fringe. The recent studies based on joint inversion of
Rayleigh and Love wave group velocities in the period
range of 15-120 s, generated by earthquakes that
occurred near the Andaman-Sumatra arc, also indicate
a strong lateral variation in shear wave velocity as
well as thickness of sedimentary layers in the Bay of
Bengal (Kumar et al., 2018). A three layer
sedimentary deposit, with a top layer of unconsolidated
sediments underlain by consolidated sediments and a
layer of meta-sediments was inferred, whose thickness

Fig. 10: A cross section along different lithotectonic units depicting the Main Himalayan Thrust (MHT) and Moho, based on
the results obtained from depth migrated receiver function images. Both the Moho and MHT gently dip from south to
north and a ramp like structure is observed in the MHT beyond the South Tibetan Detachment (STD) (Hazarika et al.,
2017)
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and velocities decreased from north to south. Higher
shear wave velocities were observed in the southern
part compared to the northern part of Bay of Bengal
which was interpreted as a change from oceanic type
of crust in the southern part to more of a continental
type in the north. Both the Moho and LAB
discontinuities consistently deepen towards the north.
Further, the results by simultaneous estimation of the
focal mechanism solution and P wave velocity model
of Bay of Bengal using full waveform modelling of
the 21 May 2014 earthquake of M 6.0 (Rao et al.,
2015) ascertains thick sedimentary deposits of 6 km
(~VP = 4.7 km/s) underlain by an oceanic crustof 12
km, with a P-wave velocity of 6.6 km/s, indicating its
oceanic nature (Fig. 11).
The inversion of high quality 2768 RFs (Singh
et al., 2016) reveals a dramatic increase in the
thickness of the overlying sediments beneath the
Bengal Basin from 3 to 17 km across the Hinge Zone
of the Early Cretaceous passive margin. However,
the Moho shallows across the region reflecting thinning
of the crystalline crust from 38 km in the Indian Craton
to 34 km at the Hinge Zone to < 16 km in the Bengal
Basin. Significant thinning of crust (16-19 km) beneath
the 15-17 km of sediment associated with velocities
(> 4.0 km/s) at lower crustal levels clearly indicates
the influence of the Kerguelen plume igneous activity
during rifting.
Andaman Subduction Zone
Seismic images constructed using both the P and S
receiver functions reveal variations in the crustal and
lithospheric thickness along the hitherto less
investigated Andaman-Nicobar subduction zone
(ANSZ). It is observed that both the Moho and
Lithosphere Asthenosphere Boundary (LAB)
suddenly deepen from ~20 km to ~40 km and ~50 km
to ~70 km between 7° N and 8° N latitude (Fig. 12)
(Kumar et al., 2016). The sharp offset in the crustal
and lithospheric discontinuities imaged using high
resolution body waves is interpreted as a tear in the
subducting oceanic Indian plate beneath the AndamanNicobar Islands. Further, the lithospheric tears are
believed to be direct pathways for 3D mantle flow
around the slab, which was later confirmed by trench
parallel anisotropy observations in the mantle wedge
(Srijayanthi & Kumar, 2019). The presence of a tear
is further validated from the steeper dips traced by
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the hypocentres (ISC bulletin) along the profiles in
the vicinityof the slab-tear, compared to other regions
along the arc, clustering of earthquake swarms having
magmatic affinity and large co-seismic slip during the
2004 Sumatra earthquake inferred from GPS
measurements (Gahalaut et al., 2006). Thus, tears in
the subducting plate are generally believed to control
the rupture characteristics of major earthquakes and
deformation pattern along the arc.
The latest 1D velocity models derived using
ocean bottom seismometer (OBS) data from the
Andaman arc region also indicates a Moho at 30 km
depth and a sharp increase in the dip of the subducting
Indian plate from 26° in the Nicobar segment to 53°
in the Andaman segment, deciphered by mapping the
intermediate-depth earthquakes (Singha et al., 2019).
They also observed a seismic gap in the subducting
Indian plate between 7.5° N and 9.5° N at depths
greater than 100 km, which was attributed to partial
subduction of the Ninetyeast ridge. The velocity
structure obtained by joint inversion of receiver
functions and Rayleigh wave group velocities in the
periods from 5 to 21 s obtained using cross-correlation
of ambient seismic noise data, suggest a continent
like crust: possibly the Burma continental crust, ~24
km to 32 km thick, in the northern and southern
Andaman regions (Gupta et al., 2016). Further, a ~2
to 6 km thick low shear velocity (Vs ~ 1.3-2.5 km/s)
layer is interpreted as Andaman flysch sediments,
followed by a 12-14 km thick layer of silicic material
(average Vs ~3.5 km/s). Further, the lower crust is
mapped as an 8-12 km thick mafic layer having Vs
~4.0 km/s and the uppermost mantle shear wave
velocity is found to be ~ 4.55 km/s.
Earthquake Source Dynamics and Rupture
Parameter Related Studies
During the past 5 years, three significant earthquakes
have occurred in the India and adjoining regions,
namely, the 2015 Gorkha earthquake, 2016
Tamenglong earthquake in Manipur and 2017 Manu
earthquake in Tripura. Yadav et al. (2017) reported
coseismic offsets at GPS sites in Bihar and Jharkhand
region due to the 2015 Gorkha earthquake and used
them to derive a rupture model of the earthquake.
They estimated that places, like Dhanbad and Ranchi
experienced coseismic offsets of 2-7 mm due to the
2015 Gorkha earthquake. Gahalaut et al. (2016)
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Fig. 11: (A) Shear wave velocity structure across Bay of Bengal from south (Trivandrum) to north (Shillong) obtained from
inversion of surface waves. (B) The shear wave velocity model across the same profile constructed using results from
previous studies, for comparison (Kumar et al., 2018)
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Fig. 12: (A) Receiver function image along the north-south profile. Earthquakes of M b>5 are plotted with black dots. Focal
mechanism of a strike-slip type earthquake that occurred in 2010 is also shown. Numerals 1, 2 and 3 denote the three
distinct lithospheric segments observed beneath seismic sections. (B) The stacked RF traces from stations sampling
these three different zones clearly show an offset in the positive and negative amplitudes corresponding to MOHO
and LAB respectively. (C) The interpretive model of slab tearing. The station locations are shown with blue inverted
triangles (Kumar et al., 2016)

reported source parameters of the 2016 M 6.7
Tamenglong earthquake which occurred at a depth
of 59 km. They also reported the Peak Ground
Aceeleration (PGA) recorded at a nearby station and
the offsets in GPS time series at some nearby GPS
stations. Parameswaran and Rajendran (2017)
estimated coseismic slip distribution on the rupture.
Singh et al. (2018) correlated the occurrence of this
earthquake with the Kopili lineament which runs
between the Shillong plateau and Mikir hills.
Debbarma et al. (2018) reported the source
parameters and features of sand boils and liquefaction
due to the 2017 Manu earthquake (Fig. 13) and
suggested that this earthquake too occurred within
the Indian slab through strike slip motion.
Sunil Kumar et al. (2019) determined a
kinematic slip distribution model for the 2011 Mw 6.9
Sikkim earthquake. They suggested a NE SW trending,
steeply dipping sinistral source zone within the
underthrusting Indian slab. Mallick and Rajendran
(2016) investigated the source parameters and slip

distribution of the 2014 Bay of Bengal earthquake
and related it to the reactivation of 85 degree east
ridge. Rajendran et al. (2018a) revisited the source
parameters and slip distribution of the 1991 Uttarkashi
and 1999 Chamoli earthquakes using waveform
inversion. Mallick et al. (2017) analysed two
earthquakes in the Wharton basin for their source
parameters and slip distribution. They suggested that
these events occurred due to 2004 Sumatra
earthquake stress redistribution.
Efforts are being made to model the pore
pressure variation due to the Koyna Warna reservoirs
(Yadav et al., 2017). Rao and Shashidhar (2016)
analysed earthquake focal mechanisms of the Koyna
Warna region and suggested a cyclic pattern in the
variation of stress field in the region. Gahalaut et al.
(2018) studied the influence of Tehri reservoir on the
seismicity and suggested that the reservoir
impoundment indeed destabilised some of the nearby
faults, south of the reservoir.
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Fig. 13: Sand boils and soil liquefaction due to the 2017 Manu (Tripura) earthquake (Debbarma et al., 2018)

Fig. 14: Spatial extent of surface ruptures of medieval earthquakes along the central eastern Himalaya: 1315-1440 CE; 12211262 CE; and ~1146-1256 CE. Corresponding candidate historical earthquakes of 1344 and 1255 CE that fall within the
time brackets are also shown. Trench sites are marked by filled red rectangular boxes (Rajendran et al., (2018c)

Seismotectonic Studies
Studies in the Himalayan arc reveal that the deeper
part of the MHT under the Higher and Tethys
Himalaya slip through continuous aseismic creep. Slip
accumulates at the brittle-ductile transition along the
MHT and results in moderate thrust seismicity in the
Lesser Himalayan duplex, in the Sikkim Himalaya
(Mukul et al., 2018). During large to great events,
coseismic slip is transferred along the locked frontal
portion of the MHT to the frontal Himalaya resulting
in either out-of-sequence deformation in the
Himalayan wedge (e. g. Mukul et al., 2017; Kaushal
et al., 2017) or activation of the Main Frontal thrust
(MFT). Repeated reactivation of the MFT during
multiple great earthquakes can result in a well-

developed fault zone (Srivastava et al., 2016) as well
as warping of frontal alluvial fans (Srivastava et al.,
2017) or even fault related folding (Srivastava et al.,
2018). Malik et al. (2015) identified an active right
lateral strike slip fault in the Kangra valley which
produced at least four earthquakes since BC 900. In
the Garhwal Kumaun region, Malik et al. (2017) found
no evidence for the occurrence of 1505 earthquake.
Rajendran et al. (2018b) concluded that the rupture
of 1803 earthquake in the Kumaun Garhwal Himalaya
did not extend up to the MFT. Rajendran et al. (2018c)
also provided estimates of the extent of rupture from
the available publications (Fig. 14).
Geodetic measurements have proved to be very
effective in understanding the geodynamics,
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Fig. 15: A simplified vertical cross section across the
Himalaya showing the locked and aseismically
slipping Main Himalayan Thrust derived from GPS
measurements (Yadav et al., 2019)

seismotectonics, plate convergence, strain budget and
seismic potential of a region. Yadav et al. (2019) and
Gautam et al. (2017) used GPS measurements from
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the Garhwal-Kumaun region to map the extent of
locking on the MHT (Figure15). Panda et al. (2018a)
analysed GPS measurements across the Sagaing fault
and proposed a segmentation of the fault. Panda et
al. (2018b) found that the available estimates of
crustal deformation from the NE India imply strain
partitioning in the Assam Brahmaputra region and
accommodate the oblique motion between India and
Southern Tibet. Kundu et al. (2018; 2019) analysed
the influence of groundwater extraction on the
occurrence of 2015 Gorkha and 2017 Iran-Iraq border
earthquake, thereby adding new dimensions in
understanding the hazard due to man-made activity.
Jade et al. (2018) used GPS measurements from the
Indian region to estimate the Euler pole of rotation.
Gahalaut et al. (2018) used GPS measurements from

Fig. 16: A conceptual model of earthquake occurrence in case of reservoir triggered seismicity. Unlike seismicity induced by
wastewater injection, where strength decreases with time due to increase in pore pressure, and gas extraction, where
stress increases with time due to compaction, in the case of reservoir triggered seismicity, both stress and strength
vary with time. Strength decreases due to filling of the reservoir and stress increases due to secular rate of plate
motion. (a) Time evolution of seismicity at a point in the fault zone depicting the role of reservoir in changing the
strength and the role of plate tectonic stresses. Mainshock occurs when the strength of the fault zone is relatively low
either during reservoir filling or during high water stand in the reservoir. (b) In the fault zone, the strength decreases
during filling of reservoir and stress increases with time (from t 0 to t 3 ), leading to earthquakes in the fault zone
Gahalaut et al., 2018)
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Fig. 17: Indian national seismological network of broadband stations

the Koyna Warna region, inferred low deformation in
the plate interior regions and proposed a model of
earthquake occurrence in the region (Fig. 16). Dumka
et al. (2018) proposed that even a very small reservoir
can influence the deformation and may antrigger
earthquake. Gahalaut et al. (2019) analysed the
crustal deformation across the Kuchchh paleo rift to
suggest that the paleo-rift is under excessive
compression.

Earthquake Monitoring in India
The National Centre for Seismology (NCS), an
attached office of the Ministry of Earth Sciences, is
the nodal agency of the Government of India for
earthquake monitoring and related matters in the
country. It was established in 2014 by reorganizing
seismological related activities of India Meteorological
Department (IMD), the then nodal agency of the
Government of India and Ministry of Earth Sciences.
Until 2014, NCS/IMD was operating 86 stations in
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India and some of the stations either had analog
recorders and/or short period seismographs. However,
by the end of 2018, the network was upgraded to 115
stations, with the stations equipped with broadband
sensors along with accelerographs (Fig. 17). The data
from these remote stations are processed in real time
due to VSAT connectivity of all the stations with the
headquarters at NCS, New Delhi. The earthquake
information is disseminated to the designated
destinations. The earthquake parameters are assessed
by a scientist on operation duty and the final
earthquake information is disseminated for follow up
actions. The response time, which was about an hour
before 1996, got reduced to less than 10 minutes now
and the earthquake location capability increased
significantly.
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