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ABSTRACT

Weston Geophysical Corporation (WGC), Cambridge University (CAM), and the India Institute of Astrophysics (ILA)
formed a consortium in 2000 to deploy a network of eight high-quality broadband seismometers distributed across
India. This network began operation in April 2001 and is now fully operational providing important data for studies
focusing on the characterization of the structure and propagation of seismic waves throughout Southern Asia. Each
station consists of a Guralp CMG-3TD digital output seismometer plus a Storage and Acquisition Module (SAM) data
logger. The sensors have a broadband velocity response between 0.008 and 50 Hz, continuously record at 100
samples/second, and are time-stamped using a GPS receiver. The data are archived on 9 or 18 GB disks, which are
changed at intervals of approximately six months. We experienced various difficulties with the instrument design and
the operating environment during the first 18 months of deployment, and these problems spurred modifications to the
instrument by Guralp, Ltd. and a change in some of our operating practices. To simplify maintenance of the network
we have designed and constructed an interface for the stations allowing dial-up modem or Internet access to the CMG-
3TD + SAM, which will provide monitoring and rapid troubleshooting capabilities for the network. We have collected
a significant database that has already provided several noteworthy results. For example, an understanding of the
regional attenuation structure of India is critical to evaluating phase propagation for determination of source magnitude,
moment and yield estimates. We have explored the attenuation characteristics of the India and Pakistan crust through
analysis of the frequency dependence of Lg spectral decay with epicentral distance. We measured Lg amplitudes at
varying frequencies to compute O, the quality factor, and its frequency dependence in order to place constraints on the
regional attenuation structure [Mitra ef al., 2002]. We have also used receiver function analysis Rai et al. [2002] to
examine the velocity and anisotropy structure of the Neoproterozoic south Indian granulite terrane and compared these
with the velocity and anisotropy structure beneath Bangalore on the Dharwar craton. Also, Gupta et al. [2002, 2003ab]
used a receiver function stacking procedure to estimate crustal thickness and Poisson's ratio from receiver function
analysis at 32 sites on the Archaean and Proterozoic terrains of South India. In addition to the January 26, 2001 Bhuj
earthquake (Mw = 7.6) mainshock, we recorded numerous Bhuj aftershocks. We have determined source parameters
for the aftershocks from the regional seismic data [Gaur ef al., 2001]. Results from these and additional published
studies using this new dataset will be presented.
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OBJECTIVE

The objective of this project was to deploy broadband seismic stations in India in order to acquire new data needed to
improve the knowledge of regional seismic wave propagation in this complex region.

RESEARCH ACCOMPLISHED

The Indian Institute of Astrophysics, the National Geophysical Research Institute, and Cambridge University have now
operated the broadband seismographs on the Indian Shield since 1997. We initially concentrated on the seismic
structure of the shield in southern India but now have operated seismographs over much of the peninsula and in the
Himalayas. In this report we summarize our recent efforts in determining the seismic structure of India.

Crustal Structure from Teleseismic Receiver Function Analysis

We present crustal thickness and Poisson's ratio determinations from the receiver function analyzed at 32 sites on the
Achaean and Proterozoic terrains of south India (Figure 1). The crustal thickness in the late Achaean (2.5 Ga) eastern

Dharwar craton varies from 34-39 km. Similar crustal thickness is observed beneath the Deccan Volcanic Province and
the Cuddapah basin. The most unexpected result is the anomalous present-day crustal thickness of 42-51 km beneath
the mid-Achaean (3.4-3.0 Ga) segment of the Western Dharwar Craton. Since the amphibolite-grade metamorphic
mineral assemblages (5-7 Kbar paleopressures) in this part of the western Dharwar craton equilibrated at depths of 15-
20 km, our observations suggest the existence of an exceptionally thick (57-70 km) crust 3.0 Ga ago. Beneath the
exhumed granulite terrain in southernmost India, the crustal thickness varies between 42-60 km (Figure 2). The
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Figure 1. Left - Generalized geotectonic map of south India. Important geological blocks include EDC - Eastern
Dharwar Craton, WDC - Western Dharwar craton, DVP - Deccan Volcanic Provinces, SGT - Southern
Granulite Terrain, CB - Cuddapah Basin, GG - Godavari Graben, EGGT - Eastern Ghat Granulite
Terrain and BC - Bastar Craton. Locations of broadband seismic stations are indicated by filled
squares. Right -- Stacked radial receiver functions organized according to geological provinces. The
Moho conversion and reverberations are indicated on the receiver functions. The geological provinces
are denoted to the left of the receiver functions and the crustal thickness, the average Poisson's ratio,
and average slowness for the stack are given to the right of the receiver function. A clear time shift in
the Ps phase is visible for stations in the WDC and SGT compared to stations in the EDC. (From Gupta
et al, 2003)}
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Figure 2. Left -- Crustal thickness map for South India derived from the receiver function analysis and
published reflection/refraction results. Numbers denote Moho depth. The locations of the two
crustal cross-sections (AA', BB') are indicated. Right -- Cross-section depicting Crustal thickness and
Poisson's ratio variation across: (a) SW--NE profile across the Western Dharwar craton (WDC), the
Closepth granite (CG), the Eastern Dharwar craton (EDC) and the Cuddapah Basin (CB), (b) NW--
SE profile across the Deccan Volcanic Province (DVP), the Western Dharwar craton (WDC) and the
Southern Granulite Terrain (SGT). In cross-section AA' the crustal thickness is projected at depth
with horizontal offset in the direction of the earthquakes. The azimuth ranges used are SW-W, NE-E
and the entire 360° azimuthal sector. (From Gupta et al, 2003)

Poisson's ratio ranges between 0.24-0.28 beneath the Precambrian terrains, indicating the presence of intermediate rock
type in the lower crust. These observations of thickened crust suggest significant crustal shortening in south India
during the Achaean. We have begun a study of the anisotropic properties of the crust. Shear wave splitting observed in
P-to-S converted phases from the Moho indicates velocity anisotropy in the crust. A 0.2 s splitting with the fast-axis
oriented NS is observed on the Dharwar craton (BGL, KIL - Figure 3) and a 0.2 s splitting with the fast-axis oriented
EW are obtained for stations in the granulite terrane in southern India (KOD, PALK - Figure 3).
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Figure 3. Left - Processing of Ps splitting observed at KOD. Center - Examples of splitting of the Moho
converted Ps phases for South-Indian stations (BGL, KOD and PALK). The fast-axis polarization
direction of crustal components of anisotropy for Dharwar craton (BGL) and Granulite terrain
(KOD and PALK). The fast direction is oriented N-S with a split time of 0.15 s for low-grade terrain
and E-W with a split time of 0.2 s for high-grade terrain. (From Rai et al (2003).
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We use broadband teleseismic data recorded at seven sites along a 250 km NS profile from stations in NE India to
determine the crustal structure along a profile extending from the Shillong Plateau to the Lesser Himalaya (Figure 4).
The analysis shows that the crustal thickness beneath the Shillong Plateau varies from 35-40 km, and that the site on
the southern edge of this plateau has an azimuthal variation in crustal thickness. The depth to the Moho obtained by
modeling the receiver functions for arrivals sampling the Bengal Basin indicates a very thick crust (66 £2 km), while
the events from the north show a comparatively thinner crust (38 £ 2 km), comparable to that observed in the central
part of the plateau. Further north along the profile in the Brahmaputra Valley, the crust is 40-44 km thick and the Moho
appears to dip gently northward, reaching a depth of about 48 km beneath the Lesser Himalaya several kilometers north
of the Main Boundary thrust and a few kilometers south of the Main Himalayan Central thrust in the region. These
Moho depths are compared with Moho depths beneath the southern Tibetan Plateau where the crust thickens from
about 65 km just north of the high Himalayas to about 85 km beneath Lhasa.

® Mag= 47 Erglahl location
O CMT saution with < 708 double couple

© CMT sclution

@ Taken from Chenand Molnar (1960, deptis recadoulated using velooty moded ghven blow
@ Remoddled (mechanism and depthy

L L2 = .-

TIBETAN PLATEAL i HIMALAYANLOAD | BRAHMAPUTRAVALLEY | g1 ong PLATEAL BANGLADESH PLAINS g

i N LSA BHI4 ;I'\IHH BEL BB SPES ST 1 i o . 1 BENGAL FAN LOAD
| BOM H TEZ BAL Gal y
Yy Y yvvy v Vv - | Moo
P : : aY | v vy i YV vy |
‘o ! ' ! (.o Ppcasy | T\, UPPERCRUST s sEoivesT .
™ ' ' V - . UPPER CRUST | NS 3
a2l M : : : $ . dp N 2 e
| H ' ' ' o i ) vepEn ...\.. ®
. H i i o, e . o oe
Bl . o b eee o A S
= [ { ! [ | L4 b i, Sl -t Ge * L]
=L i T . z y y )
MO T : AR R . T
- MANTLE
1 l I 1 1 1 1 1 1
o DHstance (ki an

LA BRIA BRIS BRZ} BOM THZ BAI GAL
2 3 4 52 a2 52 3 4 52 3 4 52 3 4 52 3 4 52 o

T 4 5% 3 4 8 I

ShearWine Vedodty (k)

Figure 4. Schematic N-S profile from the Southern Tibetan plateau to the Bengal basin. The stations are
marked with inverted triangles and the depth to the Moho at the 7 sites being used as a guide to
interpolate the northward dip and pop-up of the Shillong plateau. (From Mitra et al, 2003)

Seismic structure of India from regional waveform matchin

We use regional seismic waveforms to determine the velocity structure using a neighborhood algorithm adaptive grid
search procedure and reflectivity synthetics to model seismograms from regional earthquakes recorded on these
seismographs, FSDN seismographs, and seismographs operated by the Indian Meteorological Department (Figure 5).
This procedure results in 1-D path average crust and upper mantle velocity and attenuation models whose propagation
characteristics closely match that of the real Earth.

We use an adaptive forward modeling approach, which efficiently samples the entire data space of Earth parameters we
wish to model, and closes in on the minimum-misfit solution. This approach is similar to the neighborhood algorithm
of Sambridge (1999) (Figure 6). The number of Earth parameters modeled, and the ranges within which they are
allowed to vary, depend strongly on the sensitivity of the data itself. We have created an Earth Model Framework
(EMF) which allows us to specify our model as a set of uniform or gradient layers with interfaces that can be fixed or
mobile (Figure 7). Furthermore, we allow any subset of Earth parameters to be defined for each layer, and calculate the
undefined parameters using standard relationships. Any parameter that has been explicitly set may be used by the
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Figure 6. The neighborhood algorithm. (a) Flowchart of the adaptive grid-search method with an example of
(b) an initial and (c) final distribution within a parameter space. (b) and (c) are reproduced from
Sambridge (1999). (From Maggi et al, 2002).

neighborhood algorithm (NA). Any dependent parameter will be recalculated for each sample. To stop a dependent
parameter being used by the NA, we set the upper and lower bounds on that parameter to be identical. The EMF
ensures full flexibility of Earth parameter constraints, but also self-consistency within a single Earth model

The portions of the regional waveform that are most influenced by shallow crust and upper mantle Earth structure are
the P,/ and the 20-100 s period surface waves. We perform simple synthetic tests (Figure 8) to determine the smallest
number of parameters for which it was possible to obtain a good fit to the seismograms, and also to quantify the
influence of the resulting 1-D Earth models of error in the earthquake source parameters. P,/ and 50-100 s surface
waves do not allow us to differentiate between a two-layer crust and a gradient (Figure 8). Note that large errors in
origin time (and by extension epicentral location) can substantially affect the resulting 1-D Earth model. For each path
we simultaneously fit vertical component P,/ and surface waves. We choose the time and frequency window
individually for each seismogram (Figure 9). Figure 10 depicts the 1-D Earth models we obtained by adaptive grid
searching. We searched for models with a gradient crust over a uniform mantle for all paths, and parameterized both
Vs and Moho depth. Most paths are well-modeled by a gradient crust over a half-space. The integrated crustal
thickness over the path varies from close to 50 km for northern India to 35-40 km for central and southern India (Figure
11).
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Framework (EMF). The
Earth model is made up
of horizontal layers that
can have uniform
parameters (in the
example the upper and
lower mantle), or
gradients in parameters
(the crust), and that can
have fixed or mobile
interfaces (the Moho).
Relationships between
parameters are shown
by faint grey lines, or by
thick black lines if they
are used in the
calculation of dependent
parameters. (From
Maggi et al, 2002).

We find that the structure of the Indian shield is both simple and uniform, and that both P,/ and the surface wave
portions of most of the regional seismograms are well-matched by reflectivity synthetics for a half-space mantle (f ~
4.65 km/s) overlain by a crust with a linear gradient in shear wave velocity between 3.0-3.6 km/s at the surface and 3.8-
4.2 km/s at the Moho at 35 to 40 km depth. The two, circled models in figure 10 above seem to have too large a crustal
thickness compares to other models. Their two paths are both for a large proportion of their length within the
sediment-filled foreland deep of the Himalayas. Therefore, it is possible that a gradient crust is no longer a good
approximation to the 1-D structure, and a two-layer crust is required.
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Figure 8. Synthetic test. (a)

Retrieval of a
gradient crust
starting model
assuming a gradient
crust. (b) Fitting
synthetics created
using a two-layer
crust model with a
gradient crust model.
(c) Trade-of test for
origin time (dt=3
sec). (d) Trade-off test
for depth (dh =10
km). (From Maggi et
al, 2002)
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Figure 9. Example result. The Earth model panel shows all models whose misfit is within 5% of the best misfit.
Similarly, the best 5\% seismograms fits are shown for the P,/ and surface wave. (From Maggi et al, 2002).
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Figure 10. 1-D results. All 1-D profiles show shear wave velocity Vs (km/sec) against depth (km). (From
Maggi et al, 2002).
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Figure 11. Two layer crust adaptive grid-search for (a) the 1999 - BHUJ and (b) the 1999 - BHPL paths.
(From Maggi et al, 2002).

Measurements of frequency dependent Lg attenuation in India

We measure the spatial decay of spectral amplitudes of the higher-mode seismic surface wave train Lg for the Indian
Peninsula. The shield area can be sub-divided into three main Archean cratons- Dharwar, Singhbhum, and Aravali
(Figure 12). There is an essential coherence of the entire shield since Late Archean or early Proterozoic. Geophysical
studies have confirmed that most of the Indian peninsula has normal crustal thickness (35-40 km), with very small
velocity variations in the crust (Kharechko, 1981). The crustal characteristics of the Indian shield are broadly typical of
other shield areas in the world.

20000 0 200 400 1000 5500
Elgvation

Figure 12. (a) Figure showing the 3 major Archean cratons of the Indian sub-continent, Aravali, Singhbhum
and Dharwar. (b) Shows the locations of the earthquakes (1-1997,2-1999,3-2001), seismic stations, and
the travel path between them. (From Mitra et al, 2002).

The earthquake data set for this study consists of regional, digital seismograms of 3 earthquakes; one in the Himalayas
and two in the Indian sub-continent. The data were recorded at several stations operated by NGRI, Cambridge
University, Indian Institute of Astrophysics and the Indian Meteorological Department in the sub-continent (Figure 12).
We selected events that were recorded by at least three of the stations and covered a large range of epicentral distances.
The travel paths provided a good sampling of the Indian sub-continental crust.
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Figure 13. Record section plots of the 3 earthquakes used for the analysis. The velocity window between 3.6-2.8
km/s is colored blue on the seismograms. (From Maggi et al, 2002).
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Figure 14. Left-travel paths for all three events. Right-Plot of weighted Average Log Q vs. Log f. (From
Maggi et al, 2002).

We determine shear wave attenuation structure of the southern and central Indian shield region through spectral
amplitude measurements of Lg. Lg in vertical component is extracted using a velocity window 3.6-2.8 km/s (Figure
13). Spectral amplitudes of Lg are measured on the vertical component in the frequency range 0.6-6 Hz. Amplitude as
a function of frequency (f) and epicentral distance (R) of Lg can be expressed as:

S &
G(R) ©

AR, f) ==~ M

where S(f) is the source term, G(R) the geometrical spreading, \/E , v the average velocity, 3.5 km/s, and Q is the
attenuation quality factor. We take log;, of the amplitude equation yielding:

1
log,, A+0.51og,, R =log,, S —OgLQe@FR )
%
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For each earthquake, we plot log;o4 + 0.5 log;oR versus R and perform a linear regression to find Q at each frequency.
We assume frequency dependent Q of the form:

O(f) =0 /" 3)

or

log,, O =log,, O, +nlog,, f 4)

where O, is Q at f= 1 Hz. Linear regression of log;,Q versus f'yields values for O, and n.

We measure Lg spectral attenuation for paths from three large Indian earthquakes sampling the shield structure of
India. For the overall Indian shield region, we find an average value of Q, = 655 + 10 and n = 0.67 + 0.03 (Figure 14).

This value is consistent with previous results obtained by Singh et al. (1999) (Q, = 508, n = 0.48) for the same region
and is similar to the Lg attenuation results observed in eastern North America. There was variability in attenuation
values for the individual earthquakes, however, we are unable to constrain spatial variations without additional
measurements to more precisely determine regional O, and n. Future work will focus on analyzing more earthquakes
recorded at the IMD and NGRI/IIA/CAM broadband networks.

CONCLUSIONS AND RECOMMENDATIONS

The goal of this project was to deploy a temporary network of seismic stations. The network is now fully operational
and a number of important research results have been produced based on the data. It is recommended that this
deployment be continued and stations be deployed in other sub-regions of India, in order to acquire a more
comprehensive database.
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