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ABSTRACT ~The dispersion seismic surface waves have widely been used to obtain P-ware velocity, S-wave
velocity and density of the crust and upper mantle of India. The dispersion data consist of phase and group
velocities as a function of period for multimode Rayleigh and Love waves. India is divided into three regions:
B the Himalaya, B the Indo-Gangetic plain and B the Indian Peninsula or Shield. The surface wave
dispersion across each of these regions investigated during the last three decades are briefly presented.
Inversion of these data gives the crustal and upper mantle structure of each region. The thickness of crust
increases northward; it is being 387 km in the Indian Peninsula, 43 km in the Indo-Gangetic Plain and 55 km
in Himalaya. The mantle of Indo-Gangetic plain is the same as that of the Indian. Peninsula.

INTRODUCTION

The seismic surface waves form the most prominent

part of a long period seismogram. For example, figure 1

shows vertical, north-south and east-west components
of seismograms. When the source 1s known we can find
out the direction of propagation. So using north-south
and east-west components we cbtain a component of
secismogram in the direction of propagation (radial
component) and another component of seismogram
perpendicular to the direction of propagation (trans-
verse component) (figure 2). There are mainly two types
of surface waves: @ Rayleigh waves (LR} and B Love
Waves (LQ). LR 1s recorded in vertical and radial
components and LQ in transverse component. Norm-
ally the velocity of LQ is higher than that of LR.
However, velocity of each type depends on the period
of waves as these waves are dispersive. Further, each
type can propagate in different modes. We shall use the
following notations:

LR0O:. Fundamental mode Rayleigh wave

LR1: First higher mode Rayleigh wave

[.QO: Fundamental mode Love wave

LQI: First higher mode Love wave
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METHODS OF DATA COLLECTION

The dispersion data consist of group velocity (U) and
phase velocity (C) as a function of period (T). Large
data have been collected for different paths n India;
paths considered here have been shown in figure 3.

In the 1960s, group velocity was measured by
plotting arrival times of peaks and troughs; a smooth
curve through these points is drawn?!. At an arrival time
slope of this curve gives the perniod T. Thus at that
period T, group velocity U from epicentre to the
recording station 1s obtained by dividing epicentral
distance by travel time. Group velocity between two
stations can be obtained from ezrthquakes lying on the
great circle passing through the stations; here group
velocity is obtained by dividing the difference of
epicentral distances by the difference of arrival times.
Since the 1970s the arrival time of surface waves of a
certain period is obtained by frequency time analysis or
FTAN?*?“ Here time domain record (such as figure 2)
is changed to frequency domain by Fourier transforma-
tion. This is then multiplied with a narrow filter around
a frequency f and brought back to time domain by
inverse Fourier transformation; the time of peak
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FIGURE 1 Vertical {top), north-south (middle) and
east-west {bottom) components of long period
SRO seismograms at Cheng Mai (CHG), Thailand
from an carthquake on July 29 1980 at 12h 23m
07-7s in western Nepal (29°.34N, 81°.21E), Epi-
central distance 2144 km.

[ [ LR J |
r 1
VERTICAL
LR
{ |
PO s
La
[ ]
TRANSVERSE
| ! [ ;
12H27M 2M 17M (ZM

FIGURE 2 Using the azimuth of wave path at
CHG we obtain vertical {top, same as figure 1),
radial (middle) and transverse (bottom) components
of seismograms from figure 1. Rayleigh waves (LR)
and Love waves (LQ) are tmarked on seismograms.

amplitude gives the arrival time of the surface waves
with period T=1/f. FTAN is useful il surface waves are
disturbed by other waves arriving at the same time or
by noises, 1L is also useful for separation of modes.
Phase velocity 1s measured by correlation of phases
between stations®; here the stations should be nearby
and preferably within one wave length (=T.C) of
surface waves. Phase velocity from  epicentre to
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FIGURE 3 Surface wave paths mainly in (1) the Himalaya,
(2) the Indo-Gangetic plain and (3) the Indian Peninsula,
(4) Station locations: BHK (Bhakra), BOK {Bokaro), BOM
(Bombay), CHG (Cheng Mai), DDN (Dehradun), KBL
(Kabul), KOD (Kodaikanal), KRD (Karad), NDI (New Delhi),
NIL (Nilore), POO (Poona), SHL (Shillong), VIS (Visakha-
patnam). Earthquakes used by (5) Chaudhury®, (6) Chau-
dhury'®*! (7) Tandon'® and Bhattacharya and Srivastava!®
(8) Bhattacharya®!% (9) Hwang and Mitchell®. Paths between
stations are. SHL-NDI!, NDI-DDN, DDN-BHK, BHK-
NDI°, NDI-KOD?® 1413 CHG-NDI?, KBIL-SHL, NIL-SHL,
SHL-POQO, POO-KOD?,

recording station 1s also obtained with proper initial
phase due to source®, FTAN described in the previous
paragraph also estimates phase which is used to find
phase velocity either from epicentre to station or
between a pair of stations?,

DETERMINATION OF STRUCTURE

The dispersions of LR and LQ depend on the medium
through which they travel. The medium parameters on
which dispersion depend are P-wave velocity, S-wave
velocity and density. So dispersion data are usefu! in
obtaining these parameters of the medium through
which the waves travel. However, the dispersions
largely depend on S-wave velocity and LQ does not
depend on P-wave velocity; thus S-wave velocity iy
determined well by the inversion of dispersion data.
The depth covered by surfuce waves increases with
increase of period; further higher modes cover deep
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structure. Fundamental mode surface wave of period
upto 40 s 5 aflected most by the crust. With same
period, LR covers a little deeper part than LQ does.

There are many numerical techniques for inversion of
dispersion data. Broadly, inferred structure is the one
for which theoretical dispersion curves fit the data. A
non-umiqueness often arises in finding the structure.
This is avoided by using both LRO and LOQU and if
possible by higher modes. Other geophysical data, if
any, are alse considered during inversion.

During inversion it js generally assumed that the
medium is laterally homogeneous. As such the data
should belong to a uniform region. We divide India
into three such regions: @ the Himalaya, 8 the [ndo-
Gangetic plain and B the Indian Peninsula or Shield.
The regions are shown in figure 3. Wave paths 1 this
figure lie approximately along each of the regions only
and later figures include dispersion data for these wave
paths and their inversion.

HIMALAYA

The Himalaya 1s the world’s highest mountain system.
It extends from Kashmir to Arunachal Pradesh. There
are two sharp bends of the Himalayan chain of
mountains: one on the west necar Nanga Parbat where
Indus takes a turn, and the other on the east near
Mishmi Hills where Brahmaputra takes a turn. Gupta
and Narain’ determined group velocities of LRQ and
LQO across Himalaya and Tibet Plateau. From an
inversion of these data, they inferred that the crustal
thickness in Himalaya and Tibet plateau is 65 to
70 km. The surface wave studies of this region have
been reviewed by Gupta and Bhatia®. Rayleigh wave
dispersion data accross Himalaya were obtained by
Hwang and Mitchell® and their mean data are shown
in figure 4, The phase velocities of LRO at periods from
20 to 50 s were obtained between the stations KBL-
SHL and NIL-SHL. Group velocities of LRO at periods
from 4 ta 40 s were determined between these stations
and also from a few epicentres to these stations (figure
3). Group veloctties of LRI at periods from 5 to 16 s
were also obtained from some of these epicentres to
these stations. Group velocity data show a large scatter
particularly at low periods.

As the disperston depends largely on S-wave velocity,
Hwang and Mitchell® inferred this velocity structure
(figure 5) keeping P-wave velocity and density as in a
tectonically active region. The result (figure 5) indicate
that the Himalayan crust is about 55 km thick,
consisting of a 30 km thick upper crust and 25 km
thick lower crust. The S-wave velocity just below the
crust is about 4.4km/s. Here upper mantle low velocity
layer is between 100 and 110km where S-wave velocity
1s about 4.0km/s.
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FIGURE 4 Phase veloaity (C) and group veloaty
(U) of Rayleigh waves across Himalayas®. The
theoretical curves correspond to the model shown
in figure 5.
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FIGURE 5§ S-wave velocity model in Hi-
malaya (based on Hwang and Mitchell®).

INDO-GANGETIC PLAIN

Between the Himalaya and Peninsula lies the Indo-
Gangetic plain—built up of recent alluvium through the
rivers that flow sluggishly towards the seas. It varies in
width from 200 km in the east to about 400 km in the
west. Tandon and Chaudhury! obtained group veloci-
ties of surface waves between SHL and NDI; the period of
LROis between 16 and 70 s and that of LQO is between 18
and 100 s. They found that crustal thickness of Gangetic
basin is between 40 and 45 km. Chaudhury® used surface
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wave record of NDI from earthquakes in and around
northeast India; phase and group velocities of LRO were
obtained at periods ranging from 18 to 60s; group
velocities of LR1 at periods from 5 to 15s were also
obtained. For Love waves Chaudhury® determined group
velocities of LQO at periods between 18 and 63s, phase
velocities of LQO at periods between 17 and 50s and
group velocities of LQQ1 at periods between 6 and 14s.
From these data Chaudhury® inferred 40km thick crust
including 3km sediments at the top.

Tandon and Chaudhury’ obtained phase velocities of
LRO at periods between 17 and 50s across the stations
NDM-DDN, DDN-BHK and BHK-NDI using phase
correlation. DDN-BHK path is in Himalaya nearly along
the border with Indo-Gangetic plain; the phase velocities
along this path are approximately the same as those along
NDI-DDN and BHIC-NDI. It appears that the structure
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of Indo-Gangetic plain continues in this bordering regions
of Himalaya, Tandon and Chaudhury® found that the
crustal thickness is about 40km including 5 to 6km of
sediments. Gupta et al.” obtained phase velocities of LRO
and LQO between the station CHG-NDI for periods
extending to 200s. They noted shield like upper mantle
structure beneath the Indo-Gangetic plain.
Fundamental mode surface waves for short periods
were also observed in lndo-Gangetic plain. Chaudhury!®
obtained group velocities of LRO at periods from 5 to 155
across (Uangetic plain and found 4 to 6km of sediment
with S-wave velocity 2:0km/s. However large parts of
some of these paths were in Himalaya. We consider only
three paths (figure 3) which are mainly along Gangetic
plain; these are from two earthquakes at (28°-5N, 80°9E)
to NDI and from an earthquake at (28°-5N, 83°2F) to
BOK. Chaudhury'! obtained group velocities of LRO and
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FIGURE 6 Rayleigh (4) and Love (b) waves dispersion data across Indo-Gangetic plain: (1) Tandon and Chaudhury’, (2)
Chaudhury®, (3) Chaudhury'?, (4) Gupta et al?, (5) Chaudhury’?, (6) Tandon and Chaudhury®, Theoretical dixpersion curves are

drawn for the models IG{1 and IG12 (1able 1),
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LQQG at periods between § and 20s across paths from
earthquakes in Sulaiman range {(Pakistan) to NDL ]t ;s
inferred that sediments overlying the granitic basement
are about Skm, Chaudhury'! also obtained group
velocities of LRI along these paths at periods ranging
from 4 10 14s.

The dispersion data of Indo-Gangetic plain for each of
the abowve investigations are plotied in figure 6. In an
investigation if data are many, a smooth curve is drawn
through the original data set; the data from this smooth
curve are shown 1n figure 6,

Chun and Yoshi'? reinterpreted the group velocity
data of LRO and LQO obtained by Chaudhury® and
inferred a model for the Gangetic plain. As shown in figure
b, dispersion curves for the model 1G11 {table 1) satisfy the
dispersion data of the Indo-Gangetic plain except data of
fundamental mode at short period range. The model 1G11
has the same crust as found by Chun and Yoshii? and the
same mantle as that in the model IP11 (table 2) which has
been obtained for the Indian Peninsula. In the model
IG11 thickness of sediments s 3.5km. The short period
fundamental mode surface wave dispersion data are
satisfied with the dispersion curyves for the model 1G12
(table 13; this model is the same as IG11 except that the
sedimentary layer thickness is 4-5km. It appears that
average sedimentary layer thickness s 3:Skm across the
long surface wave pathsin Indo-Gangetic plain. However,
along the short wave paths, across which short period
surface waves were observed, i1s a sedimentary layer
thickness of 4Skm. Gabriel and Kuo'® determined
phase velocities of LRO along a profile between NDI and
Lahore, Pakistan at periods between 14 and 45s.

Although these data agree with those in figure 6 between

TABLE 1. Models of crust and upper mantle of Indo-
Gangetic Plain.

Depth of Thickness P-wave  S-wave
topof oflayer velocity velocity Density
Model layer (km)  (km) (km/s}  (km/s) (gm/cm”)
IGI] 0.0 3.5 3.40 2.00 2.00
35 16.5 6.15 3.55 2 60
20.0 23.0 6.58 3.80 3.00
43.0 57.0 8.19 4 603 3.30
100.0 20.0 8.30 4.603 3.30
(200 20,0 8.30 4.603 3.40
140.0 80.0 8.40 4.57 340
2200 60.0 8.40 4.55 3.50
280.0 60.0 8.50 4.55 3.50
340.0 200 8.50 4.70 3.60
360.0 40.0 8.60 4.70 3.60
400 0 S 9.10 5.30 370
1G12 0.0 4.5 3.40 2.00 2 00
4.5 158 6.15 3.55 2.60
20.0 ve As 1n 1G11

k nkhillnf T —
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TABLE 2. Models of crust and upper mantle of Indian

Peninsula.
Depth of Thickness P-wave  S-wave
top of of layer  velocity velocity Density
Model layer (km) (km) (km/s}  (km/s) (gm/cm?)
IPii (0.0 20.4 3.78 3.530 2.60
204 18 3 6.58 3.916 3.01
38.7 61.3 8.19 4 603 3.30
100.0 20.0 8.30 4.603 3.30
1200 20.0 8.30 4 603 3.40
140.0 80.0 8.40 4.57 3.40
220.0 60.0 8.40 4,55 3.50
280.0 60.0 8.50 4.55 3.50
340.0 20.0 8.50 4.70 3.60
3600 40.0 3.60 4.70 3.6U
400.0 00 9.10 5.30 3.70
IP12 0.0 10 4.80 2.65 2.40
1.0 19.4 5.80 31.56 2.60
204 oo As inIPl11

35 and 455 but remain higher than those given in this
figure at lower periods and the difference becomes about
0-2 km/s at 20s period. These data may be explained by
decreasing the sedimentary layer thickness of IG11 along
this profile. Gupta et al. (1977) suggested a sedimentary
layer of thickness 0-4km for this profile.

INDIAN PENINSULA

The Indian Peninsula is a shield region which has
maintained its continental structure since Precambrian
times and is also known as Indian Shield. Group velocities
of LRO and LQO for period extending upto 100 s were
obtained by Bhattacharya'#'® along north south
profiles across this region. Bhattacharya® obtained
group velocities of LRO, LR1 and LQO at pertods ranging
respectively from 5 to S6s, from 5 to 14s and 5 to 43s
along east-west profiles in central India and inferred the
crust-mantle model IP!l (table 2). Bhattacharya!®
obtained group velocities of LRO and LQO at periods
ranging respectively from 7 to 46s and 5 to 465 across
northwestern part of the Indian Peninsula and noted that
data are nearly same as those in central India; it is inferred
that the model {P11 continues in the northwestern part of
the Peninsula. Hwang and Mitchell® obtained phase
velocities of LRO at peniods from 20 to 50s, group
velocities of LRO at periods from 4 to 40s and group
velocities of LR1 at periods from § to 16 s along various
paths of this region (figure 3); they obtained crust-mantle
model which is similar to that of IP11, but has velocity
jumps across discontinuities and contains gentle velocity
gradients between the discontinuities.

The mean values of dispersion data obtained at each of
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FiGurg 7 Rayleigh (a) and Love (b) waves dispersion data across the Indian Peninsula: (1) Bhattacharya!#'* along NDI-KOD,

(2) Bhattacharya®, (3) Bhattacharya'®, {4) Tandon'® and Bhattacharya and Srivastava'®, (5) Hwang and Mitchell®. Theoretical
disperston curves are drawn for the models IP11 and 1P12 (table 2).

the investigations mentioned above are shown in figure 7.
The mean values of Bhattacharya® for central India are
modified with the inclusion of data of two paths from
Koyna to VIS used by Bhattacharya'!®, Mean values of
Bhattacharya®® in figure 7 includes only the data along
paths across northwestern part of the Peminsula. The
figure 7 shows that the theoretical dispersion curves for
the model [P11 satisfies the observed data obtained in
various investigations. At long periods observed group
velocity of LQO is higher than the theoretical curve of
[P11, Bhattacharya'? interpreted this by considering that
the mantle between 60 and 160 km is anisotropic and SH-
wave velocity {(which alfects Love wave) about 5% higher
than SV- wave velocity (which affects Rayleigh wave). We
may note that in an isotropic medium SH-wave velocity is
equal to SV-wave velocity and commonly called as S-
wave velocity, Singh'” determined dispersion data of
fundamental mode surface waves along a few paths; but
deviations for different paths were large.

Group velocities of very short period (0:6 to 2-8s) LRO
from Kirkee {(3-6 km from PDQO) to KRD were obtained
by Bhattacharya and Srivastava'®. Group velocities of
short period (1-0 10 6:4s) LQO {rom Koyna to BOM were
obtaincd by Tandon’?, These short period surfuce waves
pass through the Deccan Trap., Bhuattacharya and
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Srivastava'® and Tandon!? found thickness of this trap as
125 and 115 km respectively. These data are shown in
figure 7. Here we tried to fit this data by dispersion curves
of a model with a Deccan Trap layer overlying a structure
similar to IP11 and found the model P12 (table 2) to
satisfy the data. The model IP12 is the same as 1P11
except that the top ! km is Deccan Trap and velocities of
granitic {ayer is slightly increased.

CONCLUSIONS

B India is divided into three regions B the Himalaya
B the Indo-Gangetic plain and & the Indian Penin-
sula or Shield. The dispersion data of varicus
ivestigations across each of these regions are
presented. The data extend over a wide range of perniod.
The crust-mantle models obtained through inversion of
the observed dispersion data are aiso presented,

B The crust-mantle model of Himalava is shown in

figure 3.
B The crust-mantle model of Indo-Gangetie plain is
given by IGtL (able 1) which includes 3 3km

sedimentary layer. However, ntany areas 1 this plan

g
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have a sedimentary layer of thickness 4:5km (model
IGi2, table 1).

B The crust-mantle model of the Indian Peninsula
or Shield 1s given by P11 (table 2). Koyna-POO-BOM
area has a Deccan Trap of thickness 1km at the top
(mode] IP12, table 2).

B The mantle of Indo-Gangetic, plain is the same as
that of Indian Shield. It is weilknown that Indo-
Gangetic plain forms a foredeep in the process of the
colision of Indian plate with Eurasian plate across
Himalaya. Thus the basement of the Indo-Gangetic
plain being the same as that of the Indian Shield is in
agreement with the evolution of the plain.

B The thickness of crust increases northward. It is
being 387km 1n the Indian Peninsula, 43km in the
Indo-Gangetic plain and 55km in the Himalaya.
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