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ABSTRACT

We measure the inter-station Rayleigh and Love wave phase velocities
across the northwestern Indian Peninsular shield (NW-IP) through cross-
correlation and invert these velocities to evaluate the underneath crust
and upper mantle velocity structure down to 400 km. We consider a clus-
ter of  three stations in the northern tip of  the Peninsula and another clus-
ter of  eight stations in the south. We measure phase velocities along 28
paths for Rayleigh waves and 17 paths for Love waves joining two stations
with one from each cluster and using broadband records of  earthquakes
which lie nearly on the great circle joining the pair of  stations. The phase
velocities are in the period range of  10 to 275 s for Rayleigh waves and of
10 to 120 s for Love waves. The isotropic model obtained through inver-
sion of  the phase velocities indicates 199.1 km thick lithosphere with 3-
layered crust of  thickness 36.3 km; the top two layers have nearly same
velocities and both constitute the upper crust with thickness of  12.6 km.
The upper crust is mafic, whereas the lower crust is felsic. In the mantle
lid, velocities increase with depth. The velocities of  mantle lid beneath
NW-IP is lower than those beneath south Indian Peninsula showing the
former is hotter than the later perhaps due to large Phanerozoic impact on
NW-IP. The significant upper mantle low velocity zone beneath NW-IP in-
dicates high temperature which could be attributed to the past existence
of  a broad plume head at the west-central part of  the Peninsula.

1. Introduction
The Indian Peninsula is a combination of  a few

Precambrian cratonic nuclei and is one of  the oldest
Archean shield regions of  the world. The amalgama-
tion of  the cratons occurred at the end of  the Archean
and all the nuclei stabilized at about 2.5–2.6 Ga [Meert
et al. 2010]. The juxtaposition along the Central Indian
Tectonic zone (CITZ, Figure 1) took place during the
earliest Paleo-Proterozoic [Stein et al. 2004]. Radhakr-
ishna [1989] proposed CITZ as an ancient suture be-
tween north and south protocontinents. The south

block consists of  the north Dharwar craton, its north-
ern part is covered by the Deccan trap flows and heart
of  the Deccan Volcanic Province (DVP), which is result
of  interaction between the mantle plume and the over-
riding continental lithosphere at ~65 Ma [White and
Mckenzie 1989]. The north block consists of  the Ar-
avalli-Bundelkhand craton which constitutes the base-
ment beneath the Lesser Himalayan successions, and
the Quaternary alluvium of  the Indo-Gangetic plain
[Kailasam 1976]. To the northwest of  this block, the Ra-
jasthan orogenic belt had evolution in the Archean and
continued to the end of  Phanerozoic. The north and
south cratonic blocks have a dominantly Proterozoic
cover with properties of  Archean lithosphere [Ma-
hadevan 2013]. 

Early use of  surface waves to find lithospheric ve-
locity structure beneath Indian region has been re-
viewed by Bhattacharya [1992]. However, such studies
for 1D structure were based on analog data and gener-
ally of  periods < 100 s. With the availability of  broad-
band digital data, we can now prepare 2D maps of
surface wave velocities; however, such maps have been
prepared with period only up to of  70 s [Acton et al.
2010]. Inter-station phase velocity measurements using
waves from distant earthquakes generate longer period
surface wave velocity data and such long period data
allow us to evaluate not only the lithosphere but also
deep structure of  the uppermost mantle; further, the
measured inter-station velocities are nearly independ-
ent of  the errors in epicenter and origin time determi-
nations [Mitra et al. 2006, Bhattacharya et al. 2013].

Many cratons over the globe are underlain by
lithospheric roots which extend to depth > 250 km in
contrast to the oceanic area and Phanerozoic conti-
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nents [Mahadevan 2013]. These deep roots may perturb
the surrounding mantle and the mantle convection
[Thompson et al. 2011]. However, the loss of  these
roots beneath Indian cratons might have been caused
by the Deccan plume [Lehmann et al. 2010]. Thus the
topology of  Lithosphere-Asthenosphere boundary (LAB)
i.e. the bottom of  the mantle lid, beneath the Indian
Peninsular shield will allow us to model its formation
and evolution. Further studies of  upper mantle velocity
structure beneath the Peninsular shield using long pe-
riod surface waves are limited [Mitra et al. 2006, Bhat-
tacharya et al. 2009]. The topology of  LAB has been
estimated by Priestley and Mckenzie [2006] by con-
verting S-wave velocity (VS) into temperature profiles
and then fitting the geotherms beneath Eurasian plate.
They showed LAB depth is ~160 km in central India
and increasing northward to ~250 km in the northern
tip of  the Indian Peninsula. In recent studies, litho-
sphere thickness beneath the Indian Peninsular shield
has been estimated with variations of  70 to 140 km thick
on one side using receiver function studies [Kumar et
al. 2007, Kumar et al. 2013a]; and 150 to 200 km on the
other side using Rayleigh wave phase velocities for pe-
riods up to 200 s by Mitra et al. [2006], gravity studies
by Arora et al. [2012], and receiver function analysis by

Bodin et al. [2014]. These results underline the need for
studying the uppermost mantle structure further. 

So far the upper mantle structure of  the north-
western part of  the Indian Peninsular shield is poorly
resolved due to limited broadband earthquake records
in the northwestern part of  the shield region. With the
installation of  a few broadband stations recently, we
measure inter-station phase velocities of  both Love and
Rayleigh waves to evaluate the velocity structure of  the
northwestern Indian Peninsular shield (NW-IP) region
down to 400 km. Surface wave dispersion mainly de-
pends on S-wave velocity structure, which is reliably
obtained from surface wave studies. The dispersion de-
pends least on density. Left aside density, Rayleigh wave
dispersion depends both on P-wave velocity and S-wave
velocity structure, while Love wave dispersion depends
on S-wave velocity structure only. Thus use of  both
Love and Rayleigh waves, as has been done here, will
give a reliable result on S-wave velocity structure. Fur-
ther, a discrepancy to fit an isotropic elastic model to
both Love and Rayleigh wave dispersion will show a ra-
dial anisotropy, if  any, in the structure. The derived re-
sults are used to study (i) crustal structure (ii) nature of
mantle lid and depth of  LAB; and (iii) characteristics of
upper mantle LVZ. 
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Figure 1. Precambrian cratonic blocks and associated mobile belts in and adjoining regions of  present study (figure modified from Ma-
hadevan [2013]). Abbreviations: CBR, Cambay rift; CITZ, Central Indian Tectonic Zone; DVG, Damodar Valley Graben; CGD, Chotanag-
pur Gneissic-Granitic Domain; EGMG, Eastern Ghat Mobile Belt; GG, Godavari Graben; WGB, West Ganga Basin; EGB, East Ganga Basin.
Locations of  observatories (triangles) and the inter-station wave paths used in this study are shown.
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2. Data and methodology

2.1. Data
We consider records of  broadband seismic stations

operated by the India Meteorological Department (IMD)
and the National Geophysical Research Institute (NGRI)
to measure inter-station surface wave dispersion over
broad period range. We consider two clusters of  stations:
the south cluster, consisting of  8 stations, is located in
Koyna-Warna region in the NW Dharwar craton (in the
western Peninsula) and the north cluster, consisting of  3
stations, is in the northern tip of  the Peninsula (Figure 1).
The information on the stations is given in Table 1. 

For inter-station phase velocity measurement, we
consider the records of  two earthquakes (Table 2) each
of  which lies nearly in the same great circle joining a
pair of  stations with one from each cluster. The angle

between the two great circles (1) joining the two sta-
tions and (2) the longer of  the two great circles joining
each station and the epicenter, is considered to be less
than 3° [Bhattacharya et al. 2013], in order to minimize
the influence of  the structure between the earthquake
and nearest station; this also minimizes the errors in az-
imuth arising from refraction, but such errors introduce
only second order effects in phase velocity [Yao et al.
2005]. We process 28 inter-station wave paths for Rayleigh
waves and 17 paths for Love waves (Table 3) after care-
ful examination for good quality records consisting of
least scattered waves and only those waveforms hav-
ing a signal to noise ratio ≥ 2.5. We consider each
wave path between one of  the stations of  north clus-
ter and another of  the stations of  south cluster (Table
3). These wave paths are close to each other and
mainly cross north-Dharwar craton, narrow Central
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S.
no.

Station
Station

code

Station coordinates Instrumentation

Latitude
°N

Longitude
°E

Elevation
(m)

Sensor +
data logger

Frequency response
of  Sensor

1 New Delhi NDI 28.683 77.217 230
STS-2 +

Kinemetrics Q330
120s - 50Hz

2 Lodi Road LDR 28.583 77.217 200 -do- -do-

3
J.N University,

New Delhi
JNU 28.540 77.166 210 -do- -do-

4 Karad KAD 17.307 74.183 582
STS-2 +

Quanterra Q680LVG
-do-

5 Pune POO 18.530 73.849 560
Trillium-240 +

Taurus
240s - 32Hz

6 Ambegar ABG 17.275 73.829 835
Reftek 151-120 +
Reftek 130B-01

120s - 50Hz

7 Kokrud KOK 17.007 73.980 555 -do- -do-

8 Furus FUR 17.338 73.618 116 -do- -do-

9 Sakarpa SKP 16.930 73.700 100 -do- -do-

10 Gokul GKL 17.397 73.727 762
Guralp CMG-3ESP +

Reftek 130B-01
-do-

11 Warna WAR 17.123 73.897 518 -do- -do-

Earthquake
number

Date
Origin time

(UTC)
Latitude Longitude

Depth
(km)

Magnitude

1 2012 Jun 29 21:07:33.90 43.43 84.70 18 6.3 (mb)

2 2012 Oct 28 03:04:08.82 52.79 -132.10 14 7.8 (MW)

Table 2. The hypocentral parameters of  the earthquakes used (from NEIC, USGS).

Table 1. List of  stations used.



Indian Tectonic Zone (CITZ) in the middle and then
northwestern cratonic block. Epicentral distances of
event 1 (Table 2) are around 1770 km from the north-
ern cluster of  stations and around 3070 km from
southern cluster of  stations. While those of  event 2
(Table 2) are around 10,560 km from southern cluster
of  stations and around 11,860 km from northern clus-
ter of  stations. 

2.2. Measurement of  inter-station Phase velocities 
Measurement of  inter-station phase velocities is

based on cross-correlation method [Yao et al. 2005]. A
brief  description of  the methodology implemented
through MATLAB is as follows: 

(a) Recorded data are corrected for its instrument
response to get true ground motion records. 

(b) The N-S and E-W components are rotated to
obtain radial and transverse components; we use the
vertical component for Rayleigh wave and the trans-
verse component for Love wave. 

(c) For each seismogram, we obtain group arrival
times (tgi = D/Ui ) of  a given period Ti, where D is epi-
central distance and Ui is the group velocity at that pe-
riod Ti. We obtain Ui through frequency time analysis
(FTAN: Dziewonski et al. [1969], Bhattacharya [1981,
1983]). Now consider two stations with a pair of  ver-
tical seismograms (for Rayleigh wave) and another
pair of  transverse seismograms (for Love wave). Using
a given pair of  seismograms, we evaluate inter-station
phase velocity at period Ti as described in the next
three steps: 

(d) each seismogram in time domain is passed

through cosine tapering window W(t,Ti,tgi) centered at
tgi, where 

where m > n. We have normally selected m = 4.5 and
n = 4.0; we have kept a small difference between m and
n to have small tapering parts on both sides of  the win-
dow. This window effectively removes the noise of
higher mode waves and other spurious signals. 

(e) Each windowed seismogram is now filtered
with a narrow frequency band centered at frequency
1/Ti. For filtering, we use wavelet transform with Mor-
let wavelet [Wu et al. 2009]. 

(f ) Finally we cross correlate a pair of  such filtered
seismogram, one from the north cluster and another
from the south cluster. The correlated waveform
shows maximum amplitude (crest) at a time when the
phase difference is zero; this time corresponds to the
phase arrival time and is used to compute phase ve-
locity (= inter-station distance/ arrival time) of  period
Ti. Thus, computed phase velocities for various periods
have been plotted as phase velocity image. On this
image, at higher periods phase velocities marked by
amplitude peaks (crest) are easily discernible and phase
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 1 Paths

NDI-
ABG

NDI-
FUR

NDI-
GKL

NDI-
KRD

NDI-
KOK

NDI-
SKP

NDI-
WAR

Waves
used

LR,
LQ

LR,
LQ

LR, LR, 
LQ

LR, 
LQ

LR, 
LQ

LR, 
LQ

E
ve

nt
 n

o.
 2

Paths
NDI-
ABG

NDI-
FUR

NDI-
GKL

NDI-
KAD

NDI-
KOK

NDI-
POO

NDI-
SKP

NDI-
WAR

LDR-
ABG

LDR-
FUR

LDR-
KOK

Waves
used

LR, 
LQ

LR, 
LQ

LR LR, 
LQ

LR, 
LQ

LR, 
LQ

LR, 
LQ

LR LR LR LR, 
LQ

Paths
LDR-
GKL

LDR-
KAD

LDR-
POO

LDR-
SKP

LDR-
WAR

JNU-
ABG

JNU-
FUR

JNU-
GKL

JNU-
KAD

JNU-
SKP

JNU-
WAR

Waves
used

LR LR, 
LQ

LQ LR, 
LQ

LR, 
LQ

LR LR LR LR LR LR

Table 3. Station pairs used. Note: LR: Rayleigh waves (28 wave paths); LQ: Love waves (17 wave paths).

(1)
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velocities of  available period range are obtained in a
continuous manner. As an example, Figure 2 shows a
pair of  vertical component of  seismograms of  NDI and
SKP from the event 2; the cross correlated plot of  this
pair as in the steps above is shown in Figure 3. 

2.3. Observed data and comparison with data of  the
Peninsular India 

The measured phase velocity extends for periods
from 10 to 275 s for Rayleigh waves and from 10 to
120 s for Love waves (Table 4, Figure 4). We could get
phase velocities of  surface waves of  lower period
range (10 to 52 s) from event 1 and higher period
range (26 to 275 s) from event 2. Phase velocities of
Love waves are restricted up to 120 s due to insuffi-
cient signal-to-noise ratio at longer periods. Love wave
phase velocity with period is not so smooth (Figure 4);
from 70 s onward the phase velocity is nearly flat with
an upward jump at 100 s. Such anomalous part may
not be due to noise, because we have obtained these
data with many wave paths and the standard devia-
tions at this part are small. We feel that this part is
likely to be due to some lateral variation along the
wave path. Yoshida [2000] has demonstrated that a lat-
eral variation of  Moho depth (at about 35 km) gives
rise to a flat phase velocity of  Love wave around the
period 30 s. In the present case the flat phase velocity
observed between 74-100 s indicates that such a lateral
variation along the wave path is occurring at a greater
depth. As per the partial derivatives of  phase veloci-
ties of  Love waves with respect to S-wave velocity
[Bloch et al. 1969], this period range is most affected
by a layer at a depth ~200 km. A down going LAB was
noted by Priestley and Mckenzie [2006] from south to
north across CITZ. Such anomalous part of  phase ve-
locity for Rayleigh wave is not discernible because ef-
fect of  lateral heterogeneity is small on Rayleigh
waves than on Love waves [Lavender 1985]. We shall
model the phase velocity data with a laterally homog-
enous structure assuming that the effect of  lateral het-
erogeneity in a small period range may not affect the
result significantly.

For the Bastar craton, on the eastern part of  the
Peninsula, crust and upper mantle structure was ob-
tained earlier through inversion of  inter-station phase
velocities of  Rayleigh and Love waves [Bhattacharya et
al. 2009]. The theoretical curves for this model closely
agree with data of  Love wave, but not that of  Rayleigh
wave (Figure 4). The theoretical phase velocity curves
are obtained here for an isotropic elastic layered spher-
ical Earth following Bhattacharya [1996, 2009]. The
crustal structure of  DVP was evaluated earlier [Prajap-
ati et al. 2011, Suresh et al. 2014] through inversion of

group velocities of  Rayleigh and Love waves; the region
lies close to the southern part of  the wave paths con-
sidered here. Based on this crust of  NW-DVP and upper
mantle crustal structure of  the Bastar craton, we de-
veloped an initial model for which dispersion curves are
close to the present phase velocity data. We shall ob-
tain the crust-upper mantle model through nonlinear
inversion around these initial model parameters.

CRUST-MANTLE OF NW INDIAN PENINSULA

Figure 2. Vertical components of  seismograms of  NDI and SKP
from event 2 (Table 2). The start time of  both the waveform is 03h
04m 08.82s. The phase velocities obtained through cross correlation
of  this pair of  seismograms are shown in Figure 3.

Figure 3. An example of  Rayleigh wave phase velocity measure-
ment between NDI and SKP using the vertical records (Figure 2)
from the event 2 (Table 2). White and black areas show positive and
negative amplitude part in the cross correlated waveform at each
period. A peak (crest) is shown by a symbol, which is properly cho-
sen as phase velocity.



3. Inversion and results
We perform a nonlinear iterative search of  a model

using genetic algorithm (GA) [Suresh et al. 2008]. In GA,
we obtain a model minimizing the misfit between ob-
served and theoretical phase velocities. We define mis-
fit as

{ = max(misfitR, misfitL)

where misfitR =(Ri di
R)/NR and misfitL = (Rj dj

L)/NL and
di

R is the absolute difference between the observed and
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Period 
(s)

Rayleigh wave Love wave

c (km/s) sd (km/s) No. of  data c (km/s) sd (km/s) No. of  data

10.00 3.480 0.069 7 3.691 0.072 6

11.48 3.529 0.063 7 3.738 0.069 6

13.18 3.594 0.057 7 3.785 0.042 6

15.14 3.643 0.051 7 3.844 0.017 6

17.38 3.711 0.056 7 3.916 0.014 6

19.95 3.768 0.060 7 3.965 0.016 6

22.91 3.807 0.088 7 4.013 0.016 6

26.30 3.853 0.084 10 4.084 0.012 6

30.20 3.932 0.071 13 4.255 0.061 16

36.47 3.985 0.069 15 4.299 0.048 16

39.81 4.012 0.035 24 4.330 0.030 16

45.71 4.041 0.016 23 4.433 0.035 17

52.48 4.057 0.024 23 4.451 0.029 17

60.26 4.066 0.011 21 4.466 0.031 17

69.18 4.088 0.008 21 4.481 0.036 16

79.43 4.094 0.009 21 4.506 0.043 13

91.20 4.132 0.023 21 4.617 0.063 12

104.71 4.186 0.030 21 4.730 0.061 12

120.23 4.188 0.034 21 4.773 0.065 11

138.04 4.206 0.046 20

158.49 4.260 0.052 19

181.97 4.352 0.068 19

208.93 4.429 0.089 19

239.88 4.534 0.117 19

275.42 4.615 0.168 18

Figure 4 (left). Observed mean phase velocities of  Rayleigh and Love
waves are shown by small circles and triangles; vertical grey lines
through these symbols show ± one standard deviation. The theo-
retical curves for crust-upper mantle of  Bastar craton (IP11BA,
Bhattacharya et al. [2009]) and those of  north Indian peninsula
(NW-IP) (present study) are shown. The theoretical curves of  Love
waves for IP11BA and NW-IP (present study) are close to each other.

Table 4. Mean (c) and standard deviation (sd) of  observed Rayleigh and Love wave phase velocities.
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theoretical phase velocity of  a given model at period Ti
(i =1, 2, …, NR) for Rayleigh wave; dj

L are correspon-
ding values of  period Tj (j = 1, 2, …, NL) for Love wave.
We have used misfit as the maximum of  misfitR and
misfitL to give equal importance to Rayleigh and Love
waves. In this case, in the GA solution of  a model, the
values of  misfitR and misfitL are nearly equal.

We consider a layered structure down to 400 km
with 3 layered crust, below which there are 8 layers.
The model parameters VS, VP/VS and thickness in each
of  the top 10 layers are considered as variables with pos-
sible upper and lower limits as search ranges (Table 5). 

The GA begins with a random K models. In each
successive generation, we create K new models through
crossover and mutation as well as through a few (e.g.
2) elite models, which replace the worst models of  cur-
rent generation of  models with the best individuals of
previous generation. After L number of  generations,
we retain the best solution (model). With 30 variables
(Table 5), we consider K = 600 models during each gen-
eration and best solution is obtained after 200 genera-
tions. In each GA operation, we get best solution for 30
variables. GA operation is repeated 24 times and mean
of  the 24 best solutions is considered as the final ac-
cepted solution (Table 5). The theoretical curves for the
accepted model are in Figure 4; the misfit { for this
model is 0.0288. The model parameters along with
standard deviations of  the accepted model are given in
Table 5. The accepted model shows that LAB is the top

of  the 7th layer. From each of  the 24 solutions, we have
obtained the depth of  LAB as 199.1 ± 9.6 km. 

It is well known that Rayleigh wave dispersion
largely depends on VS compared to VP and Love wave
dispersion is independent of  VP. The dependence of
Rayleigh wave phase velocity to VS and VP at different
depths of  the accepted model is shown by relative sen-
sitivity in Figures 5 and 6. The relative sensitivity of
phase velocity of  Love waves to VS is shown in Figure
7. The relative sensitivity of  Love wave is maximum in
the crust and decreases with depth. The crustal VS af-
fects phase velocity of  Rayleigh waves of  period below
~30 s; above this period, Rayleigh wave sensitivity to
VS has peaks in the uppermost mantle (Figure 5). The
sensitivity to VP has maximum in the crust at all periods
and decrease with depth (Figure 6). In Figures 5 and 6,
we have plotted relative sensitivity to VS and VP only for
5 representative periods. We may also draw sensitivity
for all the 25 periods (Table 4) considered for GA inver-
sion and get two figures each with 25 curves instead of
5 as in Figures 5 and 6: one for VS and other for VP.
From each figure, for a given depth, we evaluate the
maximum sensitivity among all 25 curves. Figure 8
shows the depth-wise variation of  maximum sensitivi-
ties to VS and also to VP. In Figures 5 and 6 each curve
shows the relative sensitivity of  a particular period.
While the two curves of  maximum sensitivities in Fig-
ure 8 show the relative sensitivities to VP and VS in the
period range 10–275 s. In this figure we also plot depth-

CRUST-MANTLE OF NW INDIAN PENINSULA

Layer
no.

Search range Accepted structure

Thickness
(km)

VS
(km/s)

VP/VS
Thickness

(km)
VS

(km/s)
VP

(km/s)
Depth of

top layer (km)

1 04 - 08 3.0 - 3.4 1.7 - 1.85 05.9±0.6 3.335±0.031 6.155±0.058 0.0

2 05 - 08 3.4 - 3.6 1.7 - 1.85 06.7±0.7 3.493±0.043 6.395±0.100 05.9

3 @ 3.8 - 4.0 1.68 - 1.8 23.7±1.1 3.871±0.029 6.517±0.051 12.6

4 55 - 70 4.3 - 4.7 1.68 - 1.8 62.5±2.1 4.548±0.012 7.650±0.022 36.3

5 55 - 70 4.3 - 4.7 1.68 - 1.8 65.1±0.9 4.588±0.019 7.726±0.038 98.8

6 20 - 40 4.3 - 4.7 1.68 - 1.8 35.2±2.4 4.676±0.021 7.912±0.068 163.9

7 28 - 48 4.3 - 4.7 1.68 - 1.8 41.6±3.8 4.528±0.058 7.642±0.111 199.1

8 50 - 70 4.3 - 4.7 1.68 - 1.8 59.8±3.0 4.434±0.041 7.494±0.085 240.7

9 50 - 70 4.3 - 4.7 1.68 - 1.8 62.4±2.6 4.383±0.054 7.404±0.101 300.5

10 10 - 30 4.3 - 4.7 1.68 - 1.8 18.0±4.9 4.632±0.051 7.868±0.119 362.9

11 $ 4.7 1.732 19.1 4.70 8.60 380.9

12 ∞ 5.08 1.842 ∞ 5.08 9.10 400.0

Table 5. The search range of  the 12-layered model and the accepted structure. VP : P-wave velocity; VS : S-wave velocity. Values after ‘±’
show the corresponding standard deviations. @: Thickness of  3rd layer = Crustal thickness - Sum of  thickness of  top two layers. Search range
of  crustal thickness 35-40 km. Crustal thickness of  the accepted structure is 36.3 km. $: Thickness of  11th layer = (400 - sum of  the thick-
ness of  top ten layers) km; Depth of  LAB = Top of  7th layer = 199.1 ± 9.6 km.



wise variation of  ratio of  maximum sensitivity = (max-
imum sensitivity to VP)/ (maximum sensitivity to VS).
At depths below 10 km the ratio is about 0.1. Thus for
Rayleigh waves, nearly at all depths the sensitivity to VP

is about 10 per cent of  the sensitivity to VS in the pe-
riod range considered here. This shows that the de-
pendence of  Rayleigh wave phase velocity to VP is
relatively small but not negligible. Thus using the lim-
its of  VP/VS, we have inverted VP, whose determination
is less reliable than that of  VS.

4. Discussions

4.1. The crust
Along the present wave paths we have considered

a 3-layered crust namely shallow, upper and lower crust
based on the findings for DVP [Prajapati et al. 2011,
Suresh et al. 2014]. The VS as well as VP in the top two
layers are close to each other (Table 5); thus considering
these top two layers as an upper crust, we find the thick-
ness of  this part of  the crust as 12.6 km, while the lower
crust is 23.7 km. Such thin upper crust is seen in a north-
south profile crossing whole of  the Indian Peninsula
[Bhattacharya 1974]. Further, Rao et al. [2002] obtained
13.8 km thick upper crust for central India in a grid
search method through ray tracing using the data of
body waves at regional distances from 1997 Jabalpur
earthquake occurred in Central India. The southern
part of  the present wave paths are close to those used
by Prajapati et al. [2011] across NW-DVP, where upper
crust is 15.2 km thick; in addition there is a top Deccan
Trap layer of  thickness 1.6 km (Figure 9). Here, we have
ignored the thin Deccan Trap since the present wave
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Figure 5. Relative sensitivity of  phase velocity (c) of  Rayleigh waves
to S-wave velocity (Vs) versus depth of  the accepted model (Table 5)
at various representative periods. The sensitivity shows partial de-
rivatives ∂c/∂Vs in a layer of  1 km centered at the given depth.

Figure 6. Relative sensitivity of  phase velocity (c) of  Rayleigh waves
to P-wave velocity (VP) versus depth of  the accepted model (Table
5) at various representative periods. The sensitivity shows partial
derivatives ∂c/∂VP in a layer of  1 km centered at the given depth.

Figure 7. Relative sensitivity of  phase velocity (c) of  Love waves to
S-wave velocity (Vs) versus depth of  the accepted model (Table 5) at
various representative periods. The sensitivity shows partial deriv-
atives ∂c/∂Vs in a layer of  1 km centered at the given depth.
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paths are partly across DVP where the Deccan Trap is
thinner; further, the periods considered here are 10 s
and above where the effect of  a top thin layer may not
be significant.

In the upper crust of  NW-IP, the VP/VS is between
1.83 and 1.85. Such mafic crust was noted in adjoining
West Ganga Basin [Mitra et al. 2011]. However, at NW-
IP, the lower crust is felsic (VP/VS ~1.68). Felsic lower
crust has also been seen earlier in the Indian Peninsular
by Bhattacharya ([1981], IP11, VP/VS = 1.68), Singh et
al. ([1999], VP/VS =1.60) and Rao et al. ([2002], VP/VS =
1.70). Zhou et al. [2000] explained such felsic crust in
central India as possible compositional differences be-
tween Archean and Proterozoic crust.

The lower crust has VS (= 3.87 km/s) similar to
that of  NW-DVP (VS = 3.89 km/s). Such VS at lower
crust is higher than the corresponding values in the ad-
joining regions like West Ganga Basin [Mitra et al. 2011]
and Indus block crust [Suresh et al. 2008], where the
crust is thicker due to sedimentary deposits (Figure 9).

4.2. The mantle lid
Down to 164 km, the mantle lid of  NW-IP is simi-

lar to that of  the Bastar craton (Figure 10). Below this
depth there is a slight increase of  VS down to LAB,
which is at 199 km depth. Such increase is consistent
with other observations in cratons, where VS reach

higher values with depth in the lithosphere [Lebedev et
al. 2009]. For south-IP (S-IP), a significant high velocity
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Figure 8. Rayleigh wave maximum relative sensitivities to VS and VP
at a given depth considering sensitivities of  all the periods (Table 4)
considered in inversion. These two curves show relative sensitivities
in the period range 10 to 275 s. The figure also shows depth-wise
variation of  ratio of  maximum sensitivities = (maximum sensitiv-
ity to VP)/ (maximum sensitivity to Vs). At depths below 10 km the
ratio is about 0.1.

Figure 9. The crust and sub-crustal S-wave velocity (Vs) structure
of  NW-IP (present study) compared with that of  the surrounding
regions: (1) NW-DVP: North West DVP [Prajapati et al. 2011],
(2) IB11: Indus Block [Suresh et al. 2008], (3) WGB: West Ganga
Basin [Mitra et al. 2011] and (4) NW-IP (present study). The grey area
around the NW-IP model shows its standard deviations in inversion.

Figure 10. The upper mantle S-wave velocity (Vs) structure of  NW-
IP (present study) compared with those of  south Indian Peninsula
(S-IP, Mitra et al. [2006]) and Bastar craton in east Indian Peninsula
(IP11BA, Bhattacharya et al. [2009]). The grey area around the NW-
IP model shows its standard deviations in inversion.



was noted in mantle lid with LAB at 155 km depth
[Mitra et al. 2006]. Thus the mantle beneath S-IP is
colder than that beneath NW-IP. The Phanerozoic im-
pact was feeble in S-IP compared to NW-IP making S-
IP lighter and colder lithosphere [Mahadevan 2013]. In
the recent study by Bodin et al. [2014] clarified that the
LAB at depth about 110 km obtained from S receiver
functions by Kumar et al. [2007] and Kumar et al.
[2013a] is a mid-lithospheric discontinuity and the ac-
tual LAB is seen at depth between 150 and 200 km in
central India. In the western side of  Dharwar craton,
gravity data shows LAB is as deep as 165 km [Arora et
al. 2012]. Considering maximum negative VS gradient
as an indicator of  LAB, the velocity structure of  the
Bastar craton shows LAB depth as 160 km beneath this
craton [Bhattacharya et al. 2009]. While in NW-IP, we
find LAB is at 199.1 ± 9.6 km depth. Thus, the LAB
depth is increasing from south to north agreeing with
the findings of  Priestley and Mckenzie [2006]. In the
mantle lid beneath NW-IP, VP/VS ~ 1.69. Low values
of  VP/VS ~ 1.70 are noted in the mantle lid beneath
central India [Singh et al. 1999] and beneath southern
Africa [Wang et al. 2008]. Low velocity ratios were also
noted in the stable cratons around the Tibet plateau [Pei
et al. 2011]. In the mantle lid, lower aluminium content
might have caused increase in clinopyroxene and or-
thopyroxene and decrease in garnet and thus lowering
velocity ratio in the mantle lid [Wang et al. 2008].
Since an isotropic model satisfied both the measured
Rayleigh and Love wave velocities, the radial anisotropy
in the Peninsular shield is nearly absent in the crust and
uppermost mantle.

4.3. The LVZ of  upper mantle
Beneath NW-IP, the 164 km thick upper mantle

LVZ extend from 199 to 363 km depth (Figure 10); the
lowest velocity in LVZ is 4.383 km/s, which is 6 per
cent decrease of  VS in LVZ. Although the LVZ thick-
ness closely agrees with other cratons but the decrease
of  VS in LVZ is slightly larger compared to 4-5 per cent
beneath other cratons [Priestley and Mckenzie 2006,
Lebedev et al. 2009]. Kumar et al. [2013b] reported de-
lays in P-to-S conversions from the 410 km discontinu-
ity below the Indian shield and suggested low shear
wave speeds in the lithospheric and sub-lithospheric
mantles due to higher temperatures. Approximately 10
per cent reduction of  VS in LVZ has been noted for Tan-
zanian craton [Weeraratne et al. 2003]; such reduction
indicated high temperature and the presence of  melt
which are due to plume head beneath Tanzanian cra-
ton. For the Indian Peninsular shield, Rao and Lehmann
[2011] postulated past existence of  a large plume head
of  diameter 2000-2500 km centered at the middle of  the

Peninsula. Partial melt only decreases VS and not VP
[Wang et al. 2008]. In LVZ beneath NW-IP, we find VS
has decreased along with VP (Table 5). Thus we do not
consider the existence of  partial melt in LVZ, which is
hot due to past existence of  a plume head. In LVZ also
we find VP/VS ~1.69, which is below normal value.
Low velocity ratio may be caused by lower aluminium
content as indicated above for the mantle lid.

5. Conclusions
1. The 3-layered crust is 36.3 km thick. The top two

layers have velocities close to each other and these two
layers constitute upper crust, which is 12.6 km thick and
is mafic. However, the lower crust is felsic.

2. The theoretical curves of  the isotropic elastic
structure satisfy the observed phase velocities of  both
Rayleigh and Love waves. This indicates that the radial
anisotropy either is absent or weak in the crust and up-
permost mantle. 

3. The lithosphere is 199.1 km thick and VS increases
downward below the crust. However, VS in mantle lid
of  NW-IP is lower than S-IP. Relatively low VS in man-
tle lid shows its high geothermal gradient. This low VS
shows that the lithosphere in NW-IP is hotter than S-IP
perhaps due to large Phanerozoic impact on NW-IP
compared to S-IP.

4. Strong LVZ is interpreted as positive thermal
gradient due to which thermal mantle convection may
not occur [Eaton et al. 2009]. The high temperature in
LVZ is likely due to past existence of  a broad plume
head centered at middle of  the Indian Peninsula.

5. The important result of  crust and upper mantle
structure obtained here will help to study the evolution
and stability of  lithosphere and to obtain upper mantle
thermal convection model beneath cratons of  NW-IP.
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