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SUMMARY 

Weston Geophysical Corporation (WGC), Cambridge University (CAM), and the 

India Institute of Astrophysics @A) formed a consortium in 2000 to deploy a network of 

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 velocity 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 possess 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. 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 dialup modem or internet access to the 

CMG-3TD + SAM, which will provide monitoring and rapid troubleshooting capabilities 

for the network. A significant database has already provided the basis for several 

noteworthy results which have been reported in numerous presentations and published 

papers which are included in this report in an Appendix. 

This report consists of two parts. The main text provides an introduction to the 

goals of the project and a review and summary of the highlights of the various research 

objectives that were accomplished. The research results are discussed in detail within the 

papers and presentations contained in Appendix A. 

INTRODUCTION 

Recent nuclear tests detonated by India and Pakistan motivated the need for an 

improved understanding of the velocity structure and seismic wave propagation 



characteristics of the south Asia region. The objective of this research project was to 

deploy seismographs in Indii in order to acquire seismic data needed to improve the 

fundamental understanding of seismic wave propagation in this region, e.g., attenuation, 

phase blockage and phase focushg!defocusing, and to improve the resolution of regional 

velocity models, such as WINPAK3D [Johnson and Vincent, 20031 An understanding of 

the regional attenuation structure of Indii is critical to evaluating phase propagation for 

determination of source magnitude, moment and yield estimates. 

Weston Geophysical Corporation Geophysical Corporation (WGC), Cambridge 

University (CAM), and the Mia  Institute of Astrophysics (IIA) formed a consortium in 

2000 to deploy a network of eight high-quality broadband seismometers distributed 

across Mia (Figure 1, left). 
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Figure 1: (Left) Location of stations currently operating in hdii (semi-pemanent: yellow squares, 
mobile: yellow triangles). The h d h  and P a k i i  nucleartests are shown as red stars. (Right) Map 
illustrating study region. The red box denotes the geographical extent of Weston Geophysical's 
W I N P M D  tornographical velocity model. The location of seismic stations in southern Asia is also 
shown. The yellow squares represent h e  WGCICAMIIIA network installed and operated under the 
previous contract beginning in April 2001. Blue diamonds show locations of stations belonging to the 
FDSNnetwak 

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 



Gwalp CMG-3TD digital output seismometer plus a Storage and Acquisition Module 

(SAM) data logger. The sensors possess a broadband velocity response between 0.008 

and 50 Hz, continuously record at 100 samples/second, and are time-stamped using a 

GPS receiver. We experienced various difficulties with the instrument design and the 

operating environment during the first 18 months of deployment which, spurred 

modifications to the instrument by Gwalp, 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 CMG3TD + 
SAM, which will provide monitoring and rapid troubleshooting capabilities for the 

network 

The significant database that has been acquired to date is the basis for the 

published papers that are highlighted in Table 1. The reader is referred to Appendix A 

Table 1. 

1. M i a  S, S. A. Russell, K Priestley, V. K. Gaur, S. S. Rai (2002), Measurements of ftequency 
dependent Lg attenuation in Indii, Eos Trans. AGU, 83, Fall Meet. Suppl., Abstract, 2002. 
2. Maggi A,, Teleseismic and regional waveform modeling of the 26 Jan 2001 Bhuj earthquake 
sequmce, PhD thesis chapter, Cambridge University, 2002. 

3. Raii S. S., K. Priestley, K. Suryaprakasam, D. Srinagesh, V. K. Gaur and Z. Du, Crustal shear 
velocity of south Indian shield J Geophys. Res., 108, No. B2,2088-2100,2003 

4. Gupta, S., S. S. Rai, K S. R a k m ,  D. Srinagesh, B. K. Bansal, R K. Chadha, K. Riestley and V. 
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T e m e  Around Kodaikanal, Eos Pans. AGU 83(47), Fall Meet. Suppl., 2002 

8. Gupta, S., S.S. Rai, K.S. Prakasam, D. Srinagesh, RK Chadha, K. Priestley, and V.K Gaur, First 
evidence for anomalous thick crust beneath mid-archean western Dhanvar cratcm, Cment Sci., May, 
2003. 
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which, contains copies of these publications that present detailed research results. The 

main body of this report wilt be devoted to a summnvy description of the project and 

scientific results. We begin with overview of the geological and geophysical setting 

of India 

THE GEOLOGY AND GEOPHYSICS OF INDIA 

Southern Asia (Figure 1, right) has a complex tectonic history resulting in 

extreme variations oflithospheric structure. Mountain ranges extend kom the Kjrthar 

Range in southern Pakistan across the Sulaiman Range, the Himalayas in NE Pakistan, 

India, Tibet, Nepal, and China, and the Indo-Burmese range in NE India and Myanmar. 

These ranges represent a d f i s e  zone of deformation that is the result of continent- 

continent collision between India and Eurasia A string of continental blocks, micro- 

continents, and island arcs have been incorporated into the plate boundaries, further 

complicating this deformation zone. 

Most of the Indian subcontinent is a mosaic of different Archean and Proterozoic 

cratons which, together with intervening mobile belts, form the Indian shield. Southern 

India consists of the Dharwar, Singhbhnm, and Aravalli Archean cratons separated by the 

Delhi, Satpura, and Eastern Ghat mobile belts. The exposed parts of the cratons are 

composed of granulite-greenstone terranes whereas the mobile belts consist of moderate- 

to high-grade metamorphic rocks. Most of the Wi shield north of theDharwar craton 

and east of the Aravalli craton is an early Proterozoic magmatic terrane of granite 

gneisses. These are exposed as far north as the southern margin of the Himalayan 

foreland basin and are thought to extend to the north beneath the Himalayan foreland 

basin and the high Himalaya, and possibly as far north as southern Tibet. Based gn their 

correlation ofearly-to-middle Proterozoic intercratonic sedimentary rocks, Radhabishna 

and Nagvi [I9861 believe that the entire shield has been a coherent landmass since the 

late Archean or early Proterozoic. 

The National Geophysical Research Institute of India has had a Deep Seismic 

Sounding @SS) program i%r determination of crustal structure since the mid-1970's. 

Most studies in this program have utilized waveform correlation techniques introduced 

by Russian seismologists at the initiation of the Indian DSS program. The early results of 



the DSS program are summarized in Kaila and Krishna [1992]. Data for a number of the 

older profiles have recently been re-examined employing ray tracing analysis [Krihna et 

al., 19891, and this technique has been utilized in interpreting recently recorded seismic 

profile data [e.g., Louden, 1997; Prasad et al., 1998; Krishna and Ramesh, 20001. 

However, the details of crustal structure variations of the subcontinent are still poorly 

known 

Early surface wave studies phattacharya, 19741 suggest that the Indian shield has 

a thin lithosphere, whereas body wave studies indicate the presence of a thick, cool 

lithospheric root beneath at least part of the Indian shield [Srinagesh and Rai, 1996; 

Gupta et al., 1991; Gupta et al., 20021. For the past -50 million years, the Indian 

subcontinent has been penetrating deeper and deeper into Eurasia. This collision has 

uplifted the Himalaya Mountains and the Tibetan Plateau, the highest mountain range and 

plateau on Earth. The effects of the collision, which are evident 2500 km to the north in 

Mongolia, attest to the great strength of the Indian lithosphere, but whether the strength 

lies in an unusually thick, strong upper mantle lithosphere [Sonder and England, 19861 or 

in an extremely strong crust [Maggi et al., 20001 is currently a subject of debate [Jackson, 

20021. 



SEISMOGRAPH NETWORK DEPLOYMENT AND MAINTENANCE 

We began installation of the WGCmAlCAM network in April 2001 and now 

have seismographs operating at eight sites. Each station consists of a Guralp CMG-3TD 

digital output seismometer plus a Storage and Acquisition Module (SAM) data logger. 

*CMG-3~ Digital Output Seismometer 
-120 seccmds to 50 Hz sensor frequency 
mpcnse 
-3000 Vlmhec sensor sensitivity 
-3 Channd 24-bit ADC 
-16-bit environmental channels 
-LTA/STA triggering 
--GPSaatama 

-RS-232 data oontput 

SAM Storage and Acquisition Module 
--Continurn Data Acquisitiun 
-Operates (NR 10 to 26 Volts input 

-Outpub to radio, telephone, or digital 
telaneay 
-9GB dish 

The sensors possess 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 achived on 9 or 18 Gb disks which are changed at intervals of 

approximately six months. The data are hrst accessed at IIA in Bangalore, then either 

hand-cauied or t r a n s h d  by ftp to CAM &om where they are sent to WGC for eventual 

delivery. The installation and maintenance of the stations is primariiy the responsibility 

of Vmod Gaur, Keith Priestley, and graduate students at CAM. Figure 1 shows the 

distribution of the network while Figure 2 describes the operational dates of the stations. 

As noted earlier, numerous diffculties with the instrument design and the operating 

environment were experienced during the fist 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 wnstracted an interface for the stations allowing dialup modem or internet access to 

the CMG-3TD + SAM which will provide monitoring and rapid troubleshooting 

capabilities for the network. The network is now fully operational and we have collected 

a significant database that has already provided several noteworthy results. Details of the 

station sites and qualitative description of the data are provided in Part 11 of this report. 

Figure 2: Chart mariz ing operational dates for receivers in the WGC/CMvUIA braadband seismic 
network in Mi. The change to black shows dates for which the stations are opmtingbut the data has yet 
to be retrieved limn the filed sites in Inida. 

CRUSTAL STRUCTURE FROM IWCEIVER FUNCTION ANALYSIS 

The teleseismic P-wave coda contains S-waves generated by P to S conversions at 

significant velocity contrasts id the crust and upper mantle below the seismograph site. 

Receiver functions are radial and transverse waveforms created by deconvolving the 

vertical component ftom the radial and t r w e r s e  components of the seismogramto 

isolate the receiver site effects from the other information contained in a teleseismic P- 

wave. We have devoted considerable e&rt during the past two years into determining 

crustal stmcture in M i a  using receiver function analysis. Below, we highlight results 

fiom studies focusing on southern and noaheastem Indian structure. 

Rai et al. [2003] analyze receiver fimctions and short-period Rayleigh wave pbase 

velocity (discussed below) along an N-S profile ftom NND to BGL (stations shown in 

Figure 5) to determine the seismic characteristics of this part of the Dharwar Craton. At 



all sites, the receiver functions are extremely simple, indicating that the crust beneath 

each site is also simple with no significant intra-crustal discontinuities. Joint inversion of 

the receiver function and surface wave phase velocity data (Figure 3) shows the seismic 

characteristics ofthis part of the Dharwar crust to be remarkably uniform throughout and 

that it varies within fairly narrow bounds: crustal thickness (35 * 2 km), average shear 

wave speed (3.79 * 0.09 km.s), and VpNs ratio (1.746 rt 0.014). There is no evidence 

for a high velocity basal layer in the receiver function crustal images of the central 

Dharwar craton, suggesting that there is no seismically-distinct layer of mafic cumulates 

overlying the Moho and implying that the base of the Dharwar crust has remained fairly 

rekactory since its cratonization. 
Sheer velocity 

( k d )  Period (5) 

7 

Figure 3: Results for joint inversion of receiver hct ion and surface wave velocity data at station BGL. 
(A) Match of the 1-sigma bounds of the observed (Light solid lines) aud synthetic (heavy solid line) 
receiver hct ion from velocity models shown in (B). (C) Fit ofthe theoretical Rayleigh wave phase 
velocity curves (heavy solid line) to the 1-sigma bounds of the observed phase velocity (light lines). 

Rai et al. [2002] use receiver functions kom KOD and PALK (Figure 1) to 

examine the velocity and anisotropy structure of the Neoproterozoic south Indian 

granulite terrane and compare these with the velocity and anisotropy structure beneath 

BGL on the Dharwar craton. Receiver function analysis shows that the crust beneath 

KOD is 44 km thick and consists of a 27 km thick, Vs 3.6 W s  upper layer and a 17 km 

thick Vs 3.95 kmls lower layer, significantly thicker than beneath the southern part of the 

Dhawar craton. The average VpNs ratio of the South Indian granulite crust is 1.753 

(Poisson's ratio of 0.26) whereas the average VpNs ratio of the Dharwar craton crust is 

1.74 (Poisson's ratio of 0.25). A clear arrival time difference in Moho converted phase 

Ps recorded on radii1 and tangential components suggests that the crust of both the south 

Indian granulite terrain and the Dharwar craton are anisotropic. Analysis of splitting of 



P, indicates that for the granulitic mst the fast-azimuth is oriented approximately EW 

with a time-delay of 0.25 s between the fasr and slow components of the shear-wave 

(Figure 4). Beneath the southern part of the Dharwar craton the fast-azimuth is oriented 

approximately NS with a time-delay of about 0.2 s. 

F i r e  4: (Left) (a) ACI Eurmple of splitting obssnad in M&o mmtd & phaw of h e  d i d  
and nd aanrYaKpmmt d v a  fandim at KOD. Tl~e anel* window lo mvksd by the W vatical 
dotfed linss. (kc) ?be spWq waveforrm, and fhc @lc matim apt. (be) Zb* wnvehms and paticle 

Gq~mgtaf. pBaz,2CM33&]usedtaBelecdwWa proGedureM% 
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0 f ; l d r n  

F-3. ThecmsMl iatBg]slt&hM[2.5ba)Eaata~1D-m 
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Figure 5: Crustal thickness eontour map for southw India derived fiom the receiver hct ion analysis 
with the stations cuntributing denoted as black triangles 

Receiver function analysis of data fiom seven broadband seismographs in NE 

India shows the extreme variability of the crustal thickness in the region (Figure 6) [Gaur 

et al., 20021. Beneath the Bangladeshplain the crust is nearly 50 km thick but shallows 

to -35 km depth beneath the Shillong Plateau, thickens to -42 km depth beneath the 

Brahmaputra Valley to the north of the Shillong Plateau and to -50 krn beneath the lesser 

H i i a y a s  to the north of the Brahmaputra Valley. Archean rocks of the Indian shield 

outcrop on the Shillong Plateau and the nature of the Shillong Plateau crust is similar to 

the crust of the Indian shield to the south. The thicker crust observed in both the 

Brahmaputra Valley and the Bangladesh plain compared to the Shillong Plateau appears 

to be the result of the thick sediment accumulation deposited by the Brahmaputra and 

Ganges rivers on a crystalline crust similar to that of the Mian shield to the south. 
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Figure 7: (Left) Average hdamental mode Rayleigh wave phase velocities (solid circles) and fit of 
theoretical phase velocity m e  computed ftom avstal model on left (black line) measured along the NS 
transect. (Right) Two layer crustal model h m  inversion of the Rayleigh wave dispersion data 

We have also determined short-period Rayleigh wave group velocity for a large 

number of path crossing India. Of particular interest are results for the Bhuj-MABU 

path. MABU (Figure 1) was deployed 300 km northwest of the Bhuj main shock location 

on March 18,2001 and immediately began recording aftershocks, including an M. 4.9 on 

March 19,2001 (blue stars, Figure 8). During the initial three weeks of operation MABU 

recorded over 700 Bhuj aftershocks. We utilized this new dataset to update and expand 

Weston Geophysical's India and Pakistan 3-D velocity model denoted by WINPAK3D 

[Reiter et al., 2001; Johnson and Vincent, 20021. The WlNPAK3D model was used as 

the starting model to invert Rayleigh wave group velocity curves determined fiom the 

MABU data providing coastmints on the shear wave velocity structure. The results 

(Figure 8) show the crustal thickness in this region is approximately 40 km and reveal 

differences between the inverted model and WINPAK3D in the upper and middle crust. 

We are continuing to examine events in this region for further constraints upon the 

northwestern Indian subset of WINF'AK3D. 
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Figure 8: (Left) Map showing Bhuj &q& (blue stars) and the stationsthat were used in the 
surface wave inversion shown in the right p e l  (purple M g l e s  and yellow box). (Right) (upper leff) 
Three-component seismograms at MABU for a Bhuj emhquake. (upper right) Ohserved and modeled 
dispersion curve8 for the Rayleigh waves 6m this aftershock. (lower left) Initial (WINI'AK3D) and 
final model 6 o m  the invasion of the Rayleigh wave dispersion. (lower right) Comparison of observed 
and modeled surfece waves using the final model kern the inversions. 

Figure 9 shows the fundamental mode Rayleigh wave dispersion measurement 

from seven two-station pairs using the combination of the stations NND/HYB in the 

north and G B W D  in the south. Inter-station path lengths for the two-station pairs 

vary from 600 to 800 km. The coherency plots shows that the dispersion is well 

constrained to -180 sec period. Previous measurements of fundamental mode Rayleigh 

wave phase velocity have extended only to -50 sec period phattacharya, 1972; Hwang 

and Mitchell, 19871. The increased period range of our dispersion measurement is 

important in constraining the deep structure of the south Indian shield. Inversion of the 

Indian phase velocity curve indicates the presence of a high velocity upper mantle lid 

with S-wave velocities ranging &om -4.62 km/s at 40-60 km depth to -4.72 km/s at 80- 

120 km depth and a low velocity of 4.5 krnfs below -150 km depth. 
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REGIONAL, WAVEFORM MODELING 

We have modeled the seismogram fiom regional eatthqnakes recorded on our 

stations and other digital stations in M i a  FIaggi er al., 20021. We use an adaptive 

forward modeling approach whichefficiently samples the entire space of Earth 

paratneters we wish to model and converges rapidly to the minimum-misM solution 

This approach is based on the neighborhood algorithm of Sambridge [1999]. The number 

ofEarth parameters modeled and the range within which they are allowed to vary 

depends strongly upon the sensitivity of the data. We allow any subset of Earth 

parameters to be defined for each layer, and calculate the undejined parametersusing 

standard relationships. 



MECHANISMS OF BHUJ AFTERSHOCKS 

In addition to the January 26,2001 Bhuj earthquake (Mw = 7.6) main shock, we 

recorded numerous Bhuj aftershocks. We have used an adaptation of the neighborhood 

algorithm to determine source parameters for the aftershocks fiom the regional seismic 



data (Figure 11, left) [Gaur eta[. ,20011. We first inverted teleseismic P- and SH- 

waveforms to determine source parameters fol the main shock and the large aftershock 

which occurred on January 28. We then used the source mechanism of the January 28 

aftershock to calibrate the propagation paths to the stations having regional recordings of 

this event. Using the path calibrations, we then used the neighborhood algorithm in an 

adaptive grid search to invert the regional waveforms to extract source parameters of the 

smaller Bhuj aftershocks (Figure 11, right). This study illustrates the potential of the 

dataset for deriving event mechanisms for Mia. 

4 March 2001 (Mw 5.0) 
Stdke = 36 Mp = 88 Rake = 332 Depth = 11 

Figure 11: (Left) Schematic showing neighborhood algorithm to detamine scurce parameters. 
(Right) Eigum illustrating source paremeters derived for the Bhuj main end aftershocks fiom teleseismic 
and regional waveform modeling. 

L, ATTENUATION 

An understanding of the regional attenuation st~cture of India is critical to 

evaluating phase propagation for determination of source magnitude, moment and yield 

estimates. We have explored the attenuation characteristics of India and Pakistan crust 

through the analysis of the fkequency dependence of Lg spectral decay with epicentral 

distance. We measure Lg amplitudes at varying kequencies to compute Q, the quality 

factor, and its flequency dependence in order to place constraints on the regional 



attenuation structure. Figure 12 illustrates the ray path &om the three moderate size 

earthquakes utilized to date in this study. We assume that the attenuation structure takes 

the ftequency dependence form of QCf) = Q, f"  where le, is the quality factor at 1 Hz 

and f is frequency. We find that an n = 0.67 i 0.03 and a Q, = 655 * 10 best describes 

the average attenuation structure kv central and southern India (Figure 12) m a  ef al., 

20021. This result is consistent with Singh et al. [1999], who analyzed one of the same 

events in their study, and to previous studies examining other shield regions like eastern 

North America [Shin and Hemnann, 1987; Gupta and McLaughlin, 19871. 

Figure 12: (Left) lMap showing paths +om dqua l ce s  (blue s&s) to stations (yellow boxes) analyzed 
to determine the average Indian shield Lgattmuation s!ructnre. (Right) Linear regression of Log,@) 
vs. Log,dfrequency) yields a Qb = 655 +I- 10 and n = 0.67 +I- 0.03. 



CONCLUSIONS AND RECOMMENDATIONS 

The goal of this project was to establish a network of temporary seismograph 

stations in India in order to provide a high quality database of events that is needed to 

improve understanding of the regional velocity structure. This goal was achieved. In 

addition, strong collaborative relationships with key Indian seismologists have been 

formed, which has been a critical and essential component of this research project. 

It is noted that various diiiculties with the instrument design and the operating 

environment were encountered during the first 18 months of deployment which prevented 

the project fkom moving as quickly as had been planned. But, these problems spurred 

modifications to the instrument by Guralp, Ltd. and a change in some of the field 

operating practices. For example, to simplify maintenance of the network we have 

designed and constructed an interface for the stations allowing dialup modem or internet 

access to the CMG-3TD + SAM which will provide monitoring and rapid 

troubleshooting capabilities for the network 

The network is now fully operational and we have collected a significant database 

that has already provided several noteworthy results as contained in the collection of 

research papers in Appendix A. Based on these research results, continuation of the 

seismograph deployment is recommended, to include the occupation of new sites, in 

order to expand the geographical extent of the database. 
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The Indian In&itute of Astrophysics, the Nationel Geophysical Research Institute, and Cambridge Um- 
versity have now operated M b d  seismographs on the Indian Shield since 1997. We use seismograms 
from local and regional earthquakes recorded on these seismographs, FSDN seismographs, and seismo- 
graphs operated by the Indian Meteorological Department to measure the spatid decay of spactrd 
amplitudes of the higher-mode seismic surface wave train Lg for numerous paths which provide a good 
average sampling of the shield and northern India. ARer c o d o n  for insfmment reeponse and geomet- 
rid spreading, we analyze the frequency dependency of Q by measuring the decay of Lg amplitude with 
epicentral distance over discrete frequency bands in the range 0.6 5 f 5 6.0 Ha. The average Lg $ for 
the Indian Penimular shield region can be expremed w Q(f) = 655Pp7. This result is compmable to 
the apparent Q values found by Singh et al., 1999 for the Indian shield and similar to the Lg attenuation 
observed in eastern North America. We observe anomalow Lg amplitudes and frequency behavior that 
implii the presence of regional spatii muiability in the crustal attenuation structure. 

Introduction 

In thia study we m m e  the spatial decay of spectral amplitudes of the higher-mode seismic surface 
waw train Lg for the Indian Penins& The shield area can be sub-divided into 3 main Archean Batons- 
Dhaiwar, Singhbhum, and Arad i  (Fig 1). There is an essential coherence of the entire shield since Late 
Archean or early Proterozoic. Gwphysical studies have confirmed that mmt of the Indian peninsula has 
normal crustal thidmess(35-40km), with my s m d  velocity variations in the crust(Kharecbko, 1981). 
The crustal characteristics of the Indian shiid are broadly typical of other shield area in the world. 

Figure 1: (a) Figure showing the 3 major Archean cratons of the Indian sub-continent, Aravali, Singhb- 
hum and Dhamm. (b) Shows the location of the earthquakes(1-1997,%1999,3-2001), seismic stations, 
and the travel path between them. 

The earthquake data set for this study consists of regional, digital seismograms of 3 earthquakes, one 
in the Himalayea and other two in the Indian subson t i i t .  The data were recorded at several s ta t im 
operated by NGRI, Cambridge University, Indian Institute of Astrophysics end the Indian Meteorological 
Department in the subwntinent(Fig lb). We selected events which were recorded by at Ieat  3 of the 
stations and covered a large range of epicentrsl distances. The travel paths provided a good sampling 
of the Indian subcontinental crust. 



ANALYSIS 

We determine shear wave attenuation structure of southern and central lkbm shield region through 
spectral amplitude measucernents of Lg. Lg in component is extracted using a velocity window 
3.62.8 km/s 

Figure 2: Record section plots of the 3 earthqdw used for the analysis. the velocity window between 
3.6-2.8 h / a  is coloured blue on the seismogranw. 

Spectrd amplitudes of Lg are measured on the vertical component in frequency range 0.66 &. Ampli- 
tude as a function of &quency U) and epicentral distance (R) of Lg can be expremed as: 

where S ( f )  is the source term, G(R) thc gcomotrical sprwding, a, v the average velocity, 3.5 km/s, 
and Q = attenuation quality factor. We take 10g1~ of the amplitude equation yieldmg: 

For each earthquake, we plot 10aoA + 0.5EogloR vmw R and perform a line= regression to IZnd Q at 
each frequency. We assume kquency dependent Q of the form: 

logioQ = 10g10Qo +dwiof 

where Q, is Q at f = l Hz. finem regression of loaoQ versus f yields values for Q, and n. 
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Figure 3: Lag Amplitude va Log Distance for the three easthqualtes. Earthquake numbers below the 
plots correspond to numbers in fig lb. 

Figure 4: Left- t r w l  paths for the 1997 Jabalpm satthquake. Right- Plot of Lag Q vs Log f. 



Figure 5: Left- travel paths for the 1999 Uttar &hi earthquake. Right- Plot of Log Q vs Log f. 

Figure 6: Left- travel paths for the 2001 Bhvj earthquake. Right- Plot of Log Q vs Log f. 

Discussion and Conclusion 

We meamre Lg spectral attenuation for paths k m  3 large Indian earthquakes sampling the shield 
structure of Tndia Far the overall Indian shield region, we h d  an average d u e  of 
Q, = 655 f 10 and n= 0.67f 0.03. 

This value is consistent with previous results obtained by S i h  et d. (1999) (9, = 508, n = 0.48) 
for the same region and is similar to the Lg attenuation results observed in eastern North America 
We find variabity in attenuation values for the individual easthquakes, however we are unable to 
con~train spatial variations without additional measuraments to more precisely debermine regional Q, 
and n. Future work will focus on analyzing more earthquake recorded at the IMD and NGRI/VA/CAM 
broadband nekrks .  We a h  plan to u t i k  additional meaeurement techniques to more fully utilize 
our dataset. 
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Figure 7: Lei% travel paths for dl the three wents. Right- Plot of weighted Average Log Q vs Log f. 



Teleseismic and regional waveform modelling of the 26 

January 2001 Bhuj earthquake sequence 

Alessia Maggi, Keith Priestley 

Abstract 

1 Introduction 

The Mw 7.6 earthquake that shook the town of Bhuj in Gujarat, India on the morning of 

the 26 January 2001 was one of the deadliest in India's recorded history, k i i g  approx- 

imately 20,000 people. This earthquake occurred in the Kachcch Peninsula (Figure I), 

which has a long history of strong earthquakes (Bapat et al., 1983). The region is bordered 

to the north and south by ancient rift systems, created during the separation of the Tndian 

subcontinent from the super-continent of Pangea (Biswas, 1987). Structures within these 

rift systems and on the Kachcch mainland are subjected to compressional stress and re- 

verse faulting resulting from India's collision with Asia (Rajendran rind Rajendran, 2001; 

Talwani and Gangopadhyay, 2W1). 



The 1819 Allah Bund earthquake, which o a r r e d  on a fault bounding the northern side 

of the Great Ram, was the first large earthquake in thii region for which we have some 

focal mechanism information. Bi iam (1998) reconstructed from original Mangulation 

and levelling data that this earthquake occurred on a north-northeast dipping fault and 

produced apprordmately 11 m of reverse slip. There have been other damaging earthquakes 

in this region, of which the best located was a NEW trending thrust event that occurred 

close to Anjar in 1956 (Chung and Gao, 1995). 

In this paper we discuss the Bhuj mainshock/aftershock sequence. We retrieve focal mech- 

irJlisms and depths for the mainshock and the larger aftershocks, using both teleseismic 

and regional waveforms, and discuss these in the context of the regional tectonic structure. 

2 Earthquake locations 

Other than a band of tensional cracks along the range front of the K d c h h  Mainland fault 

to the north east of the town of Bhuj, and a strike-slip rupture near the town of Mdara ,  

on the western edge of the Wagad uplift, no surface expression of faulting connected with 

the Bhuj earthquake or its aftershock sequence has been found (Wesnousky et a]., 2001). 

Field stu& were severely hampered by the extensive liquefaction which followed the 

Bhuj mainshock. Werometxic  Synthetic Aperture Radar (InSAJX) techniques, which 

can provide excellent fault locations even in remote areas, could not be used for this event, 

because no coherent cweisrnic interferograms could be made (Biirgmann et al., 2001). 

Accurate epicentral locations and mechanisms are therefore essential in identifying the 

structures involved in the faulting. 

A local network of 8 portable seismic stations was deployed for two weeks following the 

earthquake (12-28 February) by the Center for Earthquake Research and hformation 



(CERI, Memphis). Engdahl and Bergman (2001) used six of the events located by this 

network with an accuracy of 1-2 k m  as reference events for a cluster analysis relocation of 

51 earthquakes, including the Bhuj mainshock. The reference events are shown in Figure 2a 

as filled circles, while the epicentrea of the other events located by Engdahl and Bergman 

(2001) are shown as ellipses indicating the formal erroxxi of the relocation. The aftershock 

activity covered the eastern end of the Kachcch Mainland fault, the western side of the 

Wagad uplift, and the eastern portion of the Barrni Plain. There m r e  also some moderate 

size (M, 5.0-5.2) outtiem two on the northern edge of the Wagad uplift and one off its 

southern edge. 

Figure 2b shows the depth distribution of the aftershocks located by the CERI deployment 

(Raphael et al., 2001). We have not shown the hypocentres determined by Engdahl and 

Bergman (2001), because many of the events had their depths fb.4 to be the same as the 

mainshock (18 km). An average E W  striking 'fault plane' drawn through the aftershocka 

(thick red line in Figure 2b) has a dip of -50" and emerges a t  the surface at 23.64 N. 

This fault plane is consistent with the topography of the northern Wagad peninsula. Tbe 

corresponding traces for the Kachchh Mainland fault are shown in both pictures a9 dashed 

red lines. 

2.1 Relocation of the mainshock nucleation point 

An earthquake as large as the Bhuj mainshock (M, 7.5) causes slip over a very large area 

of fault (-1500 km2). This slip may be unevenly distributed, and the nucleation point 

determined from body wave arrivals may not coincide with the centroid of the moment 

release determined from long-period waveforms. Teleseismic broad-band seismogram for 

this event have consistently emergent first arrivals that occur between 2.5 and 3 seconds 

before the start of the main P-wave pulse (Figure 3a). This observation was also recorded 



by the United S t a h  Geological Survey's monthly Earthquake Data Report (EDR) bulletin 

for January 2001. This separation between ht arriva,ls and the start of the main P-wave 

arrivals suggests that the Wuj mainshock was preceeded by a foreshock, and therefore that 

the location of the maindock derived from these first arrivals (e.g. Engdahl and Bergman 

2001) is actually the location of the foreshock. 

The observed difference in first arrival time between two events that are separated horizon- 

tally can be calculated from geometrical arguments, and varies sinusoidally with station 

azimuth: the amplitude of the variation depends on the horizontal separation of the two 

epicentres, its phase depends on their relative azimuth, and the offset of the variation d e  

pends on the relative timing ofthe two events. We use measurements of the time difference 

between the first arrival and the start of the main P wave pulse to relocate the main event 

relative to the foreshoek. Figure 3b is a plot of this time diierence versus station azimuth. 

The time separation data for the Bhyi event (Figure 3b) are more consistent with a sinu- 

soidal variation with station azimuth (offset 3 f  0.1 s, amplitude 0.45f O.ls, phase 8 M l B 0 ,  

x2=0.3) than with a straight line (oflket 3M.2 s, x2=0.7). The data, therefore, suggest 

that there was a foreshoek to the Bhuj earthwake, and that the mainshock nucleated 

5-8 km further west-southwest than the location given by Engdahl and Bergman (2001). 

This relocation of the Bhuj mainshock nucleation point is still very inaccurate, because the 

error in picking the arrivals from the seismogranas is large (-0.5 5). We have used the En- 

gdahl and Bergman (2001) epicentre for the Bhuj mainshock in the following analysis, and 

will discuss the event location and its implication for determining the structures actively 

involved in the faulting hta (Section 6). 



3 Teleseismic waveform modelling 

Teleseismic modelling of long period body waves is a common way of determining the focal 

me* and depth of large earthqnakes with good accuracy. Teleseismic body waves 

travel almost vertically down through the complex velocity structure of crust, without much 

perturbation or deviation, and therefore retain a lot of information about the earthquake 

source. High frequency body waves are influenced by the details of the source region crustal 

velocity structure, therefore good information on the structure is required to extract source 

information from broad-band seismograms. Longer period body waves average over most 

of the details of the crustal structure, so we can extract information about the earthquake 

source with less detailed knowledge of the velocity structure in the epicentral region. We 

use the MT5 version of the McC&y and Abem (1988) algorithm to invert long period 

P and SH waveform data for strike, dip, rake, centroid depth, seismic moment and source 

time function, as described in Maggi et al. (2000b) 

Only the Bhuj mainshock and its largest aftershock (28 January 2001) produced sufficient 

teleseismic data to apply the waveform inversion procedure. Another aftershock, 19 Feb 

2001, was also well recorded at a few telwismic stations, and we have used these data to 

confirm my regional solution for the event. 

3.1 26 January, 2001 (M, 7.5) Bhuj mainshock 

In the long-period teleseimic waveforms for the Bhqj mainshock, the foreshock discussed 

above is no longer visible. The waveforms are easily fit by a single double couple source, as 

shown in Figure 4. The minimum-misfit solution is an approximately E&-West trending 

thrust (strike 281°, dip 42", rake 107"), with a centroid depth of -20km. The centroid 

depth is constrained by the width of the larger pulses in  both the P and SH waveforms, 



while the &rike of the fault plane is mostly constrained by the polarity and amplitude of the 

SH first arrivals. My solution is consistent with the H-d CMT solution (strike 298", 

dip 39", slip 136") determined from very long period body warn, and in strike, dip and 

depth (if not location) with the aftershocks from Figure 2b. 

Broad-band studies of fault-slip distribution (Yagi and Kikuchi, 2001; Antolik and Dreger, 

2001) found that most of the slip occurred at depths of 18-25 km, with almost no slip 

occrming at the wrface, consistent with no obsewations of surfwe breaks (Wesnousky 

et al., 2001). Figure 5 shows the Yagi and Kikuchi (2001) solution far the southward 

dipping plane. The rupture nucleated in the bottom half of the fault plane, and propagated 

westwards about 40 km and upwards about 20 km. The seismic fsult-sljp distribution 

studies, the centroid depth (20 km), and the aftershock distribution are all consistent with 

the Bhuj earthquake having broken through the entire seismogenic layer, which was found 

by Ma& et al. (2000a) to be -40-50 km thick in the Indian Shield. 

3.2 28 January, 2001 (M, 5.7) aftershock 

This event was the largest aftershock of the Bhuj earthquake, and occurred at the northern 

edge of the Wagad Uplift. The teleseismic waveforms for this emhquake are similar to those 

for the mainshock, except for the abence of a precursor, and the m o w e r  width of the 

first puhe, which is controlled by both the depth and duration of the event. We therefore 

expect the focal mechanism of this aftershock to be similar to that of the mainshock. 

Figure 6 shows my P and SH waveform inversion solution for this event: an E W  trending 

thrust fault (strike 81; dip 50°, rake 87") with a centroid depth of -g km and a 4 second 

duration. The stfike of the solution is again controlled by the SH waves, but is less well 

constrained than that of the mainshock, because the seismograms are noisier. 



4 Regional waveform modelling: method 

The remaining large aftershocks (M,  5.0-5.2, Table 1) did not produce enough good qualiw 

teleseismic body wave records for body waveform modelling of their source parameters. We 

instead constrained their source parameters using regional recordings of multi-mode surface 

waves. 

Regional multi-mode surface waws contain information about the seismic structure along 

the propagation path as well as about the earthquake source. It is only possible to extra& 

the focal paremeters of an earthquake from these regional recordings if the contribution 

from the propagation path is known. We have used a master event calibration method, 

outlined in Figure 7, to extract the focal parameters of the larger remaining aftershocks 

of the Bhuj earthquake. The method involves calibrating the surface wave propagation 

characteristics of all the paths to regional stations using recordings of a 'master' event 

with known focal parameters, and then using these calibrated propagation characteristics 

to exixact focal parametex information from the surface wave recordings of smaller events 

from the same epicentral region as the 'master' event. We have calibrated the regional 

propagation paths using the 28 January aftershock rather than the 26 January mainshock 

because the recordings of the mainshock at many of the closer regional stations were 

clipped, and therefore these paths could not be calibrated. 

4.1 Regional path calibration 

The method outlined above poses no restriction on how the regional propagation paths 

are calibrated. We have used the N ~ w ~ 0 ~ 5 s u r f a c e  waveform fitting algorithm discussed 

of Nolet (1990) and Van dm Lee and Nolet (1997), which applies perturbations to depth- 

parametedsed 1-D starting models in order to fit multi-mode surface waves in increasingly 



wide frequency bands. We have created startiing models for each path by integrating 

through the  CRUST^ (Bassin et al., 2000) databw,  and have parametmid both shear 

wave velocity (B) and Moho depth. We have calibrated Rayleigh and Love warn separately. 

It is important to note that the best-fit Earth model obtained by waveform inversion is 

not necessarily a unique description of the average 1-D velocity structure along the source- 

receiver path: any model with the same phase and group velocity dispersion characteristics 

will produce the same synthetic seismogram and thus match the data in the same way. This 

non-uniqueness is not a problem for regional path calibration, as we are only interested in 

the propagation characteristics along the path, and not in the details of the 1-D models 

themselves. 

Table 2 lists the broad-band stations within regional distances of Bhuj which have good 

recordings of the 28 January aftemhock. Only 3 of these stations are part of the Global 

Seismograph Network (GSN); the others are run by Indian Metereological Department 

(IMD), jointly by the Indian National Geophysical Rmwch Institute and the University 

of Cambridge (NGRI-CU), and by the Iranian International Institute of Earthquake En- 

gineering and Seismology (IIEES). The locations of the stations and an example of path 

calibration are shown in Figure 8. 

4.2 Adaptive grid searching 

Having calibrated the propagation characteristics of paths to regional stations, we have then 

extracted focal mechanism information from surface wave recordings of the aftershocks a t  

these stations. We have used an adaptive forward modelling approach, which &ciently 

samples the entire space of focal parameters (strike, dip, rake, depth) and closes in on 

the minimum-misfit solution. This approach is similar to the neighbourhood algorithm of 



Sambridge (1999), and is summarised in Figure 9. 

We take a random Bmple of points *I mameter space, calculate forward synthetic seismo- 

grams by modal summation far all stations that recorded the event (using the calibrated 

structure for each path), and compare them to the observed records to give a single misfit 

value per point in parameter space. We then subdivide the entire parameter space mto 

subspaces around each sample point, such that each point within a subspace is closer to 

the sample point at its centre than any other sample point (subdivision into Voronoi cells). 

'Closeness' is defined by a Euclidean distance metric which is normalised by the a-priori 

variances of the single parameters. We rank the sample points according to misfit, and take 

new random samples within the Vomnoi cells around the best few sample points (typically 

the best 10%). By iterating this procedure, it is possible to quickly and efficiently converge 

to the minimum-misfit region of parameter space, mapping out: deep local minima, but not 

ge€ting trapped in them. 

We measure the misfit, e, between an observed record and its synthetic seismogram by 

cross-correlation (Wallace, 1986): 

where s is the synthetic seismogram, d is the observed seismogram and @ indicates 'the 

maximum value of the correlation function'. Comparing seismograms in this manner allows 

me to cope with errors in the epicentral locations of the events. Errors in epicentral 

location cause the synthetic seismograms to be shifted in time with respect to the observed 

seismograms. These time shifts translate directly into the lag of the cross-correlation 

function, but do not affect its amplitude or the d t  e. 



5 Regional waveform modelling: results 

We have used the method outlined in the previous section to  extract focal parametm 

information for six of the larger aftershocks of the Bhuj earthquake. The resulting focal 

mechanisms and depths are listed in Table 1 and are shown in Figure 2. The detailed 

waveform modelling results for these earthquakes are shown in Figures 11-16. As a test of 

the master event calibration method, the fist earthquake we analysed in this manner was 

the large aftershock of the 28 January 2001, used to calibrate the regional paths. 

5.1 28 January, 2001 (Mw 5.7) 

The regional solutian for the 28 Jmnary aftershock (Figure 10) agrees very well with the 

previous teleseismic solution (Figure 6) in both focal mechanism and depth. Pands (a)-(f) 

in Figure 10 show the sensitivity of the solution to single parameters, and the 

between the various parameters. Both depth and dip have wide minima, meaning they 

are less well constrained: the minimum-mi& region spana depths &om 5 to 12 km, and 

dip from 25 to 60 degrees. There is an indication of trade-off between strike and rake 

( F i r e  lOe), although the minimum is narrow in both these parameters. The fits to the 

10 RaJrleigh and 7 Love waws observed for this event at regional stations are excellent. 

5.2 27 January, 2001 (Mw 5.2) 

Although this event was only well recorded at  Lt regional stations, the minimum-misftt 

solution shows good fits to both Love and byleigh waveforms (Figure 11) at stations 

AAK, ABKT, LSA, and (though at lower frequency) TPT. The fits at stations GBA and 

PUNE are less convincing. Although the minimum-misfit region is very small, the 10% 



acceptability contour eneompssses a wide range of depths (0-15 km) and dips (2e70). 

The m i n i m u m - d t  focal mechanism, an E W  trending thrust, is similar to both the 

mainshock and the January 28 aftershock. 

5.3 3 February, 2001 (Mw 5.1) 

The mechanism of the February 3rd (M,5.1) event is the least well constrained of the af- 

tershock sequence (Figure 12), despite excellent fits to the 8 observed seismograms. Depths 

between 0 and 10 km, dips between 10 and 60 degrees, strikes between 80 and 160 degrees 

and rakes between 40 and 140 degrees aU produce misfits within 1% of the minimum misfit 

(black regions in panels (a)-(f)). The minimum-misfit solution indicates either south-west 

slip on a high angle eastward dipping fault, or eastward slip on a low angle south-west 

dipping fault. 

5.4 8 February, 2001 (Mw 5.2) 

The minimum-misfrt mechanism for this strikeslip event is very wen constrained by excel- 

lent fits to both Rayleigh and Love waves at 7 stations (Figure 13). Dip is still the least 

well constrained of the focal plane parameters, and there is some indication of tradeoff 

between strike and rake. The earthquake depth is very poorly determined: the minimum 

in Figure 13s-c spans aU depths from 0 to 20 km. 

5.5 19 February, 2001 ( M w  5.2) 

The minimum-misfit solution for this event (Figure 14) is similar to that for the 3 February, 

but with the dips of the fault planes exchanged. This fault plane solution, however, is much 



better constrained by the data, as can be seen in panels (dl-(f) of Figure 14. Depth is 

also better constrained, but can still vary from 2 to 10 km. Fits to all 12 of the recorded 

seismograms are good, although the synthetic seismograms cannot fit the long period start 

of the Love wave at ABKT or the tail of the Rayleigh wave at  ASH very well. 

The 19 February aftershock was large enough to have a Harvard CMT solution: an a p  

proximately E W  trending thrud mechanism also at a depth of 4 km. This mechanism 

is sigm6amtly different from the one we have movered using regional surface waves (a 

NW-SE trending thrust) . Figure 15 shows comparisons between the Harvard CMT solu- 

tion and the minimum-misfit s h e  wave solution. Using the Harvard solution to create 

d m  wave synthetic seismograms (Figure 15a) producw worse fits at al l  stations, except 

for the Love wave at  ABKT. This went was also large enough to produce a same tel& 

mic body waves which could be used for basic P and SH waveform modeEug. Figure 15b 

shows comparative fib to 4 P and 2 S H  teleseismic w a v e f m  for the minimum-mis5t P 

and SH body-wave solution and the Haward CMT solution. Both solutions fit the sejwo- 

grams reasonably well, with the minimum-miafit solution fitting significantly better only at 

LBTB. m e  body wave P and S H  solution is essentially the same as the minimum-misfit 

surface wave solution for this event (Figure 14). 

5.6 4 March, 2001 (Mw 5.0) 

This wag the smallest event (Mw 5.0) for which we could extract a source mechanism 

from regional surface waveforms. The minimum-misfit focal mechanism indicates strike- 

slip motion, and is similar to that for the 8 February event (Figure 13). All three focal 

plane parameters (strike, dip and rake) are very we11 constrained by the data, while the 

depth could vary between 2 and 15 km. The fits are good at m& stations, although the 

Love waves at  AAK and PUNE are noisy. 



5.7 Summary of surface wave results 

The surface wave grid-search analysis of the larger aftershoclrs of the Bhuj earthquake has 

found that the depths of the events are poorly constrained by the surface wave data. After 

depth, fault dip is the least well constrained parameter, while fault strike and slip (rake) 

direction can be very well constrained by the surface wave data. 

Only two of the larger aftershoch of the Bhuj earthquake sequence (January 27 and Jan- 

uary 28) had mechanisms ( E W  trending thrusts) similar to that of the mainshock (= 

Figure 17). The January 27 (Mw 5.1) event occurred just north of the Kachcch Mainland 

fault, at the edge of the Banni Plain, and took up N-S compression along an E W  trend- 

ing trust fault. The January 28 (Mw 5.7) event occurred on the north Wagad peninsula, 

probably on an E W  structure parallel to the northern boundary of the peninsula it& 

We will discuss the location snd possible fault planes of this aftershock later, in Section 6. 

Two of the aftershocks (February 8th, Mareh 4th) have well constrained strike-slip mech- 

anisms (Figure 13, 16) with N-S P-axes that can take up N-S shortening. The epicentres 

of these events, respectively to the north'and south of the Wagad uplift (Figure 17), place 

them in the salt plains and tidal regions of the Rann. There is no obvious surface ex- 

pression of the faults which ruptured in these small events (M, 5.2 and 5.0 respectively). 

We do, however, have couhnation of another strike-slip event with a NW-SE right-lateral 

nodal plane in the aftershock sequence: Wesnousky et al. (2001) reported that although 

they found no primary surface faulting reflecting large reverse motion, they did observe 

one tectonic rupture showing strike-slip motion, along the w&ern boundary of the Wagad 

uplift, close the town of Manfara. This surface rupture zone strikes north-west for about 

8 km, and shows primarily right-lateral motion with up to  32 centimetres of slip. Given 

the location of the fault, between the Kachech mainland and the Wagad uplift, Wesnousky 



et al. (2001) speculated that this &&+slip rupture occurred on a pre-existing fault, related 

to a structural discontinuity or tear between the two uplifted blocks. 

The February 3rd and February 1% aftershocks are both thrust events with some strike- 

slip compopent. Tbe mechanism of the February 3rd (M,5.1) event is the least well 

constrained of the aftershock sequence (Figure 12). It indicates either near-vertical slip on 

a high angle eastward dipping fault, or westward slip on a low angle south-west dipping 

fault. The mechanism of the February 19th (&5.2) event is similar to that of the 3rd 

February, though the fault planes are reversed (the shallow plane d i  east while the steep 

plane dips south west), and it is constrained by both surface wave and body wave data 

(Figures 14 and 15). The epicentres of these two events are both, like those of the strike-slip 

events, within the flablying tidal range of the Rann of K&c& and there is  no obviau 

surface expression of the faults on which they occurred. 

6 Discussion 

The Kachchh region, an ancient rift system created during the separation of the Indian 

subcontinent from the super-continent of Pangea (Biswas, 1987), has a long history of 

strong arthqnakes (Bapat et al., 1983). Skuctu~es within these rift systems, both on and 

off the Kachchh Mainland itself, are subjected to compressional stress from the collision 

between India and Asia, and are reactivated to take up the compremion by reverse fault- 

ing (Rajendran and Rajendran, 2001; Talwani and Gangopadhyay, 2001). Some of these 

reverse faults are immediately visible from the topography as elongated structures with a 

sharp boundary on one side (indicating the transition to the foot wall), and more gradual 

dopes on the other side (the hanging wan). The most striking examples are the Island Belt 

Fault and the Kaehchh Mainland Fault (Figure I), which are both south-dipping thrust 



structures (the gentle topography is on the southern side). 

The 26 January, 2001 Bhuj earthquake (Mu 7.5) occurred at; a depth of -20 km, and 

probably ruptured through the whole thickness of the crust, Fau l tdp  mapping studies 

based on body wave analysis (Antolik and Dreger, 2001; Yagi and Kikuchi, 2001) find that 

the rupture propagated westwards for approximately 40 krn, with locally up  to 8 m of slip 

on the fault, dying away to nothing at the d a c e  (Figure 5). In fact, no primary surface 

rupture was found in the area (Wesnousky et al,, 2001), and there are few clues as to which 

of the faults in the region was responsible for the event. 

If the Engdahl and Bergman (2001) relative reloeatiom are correct, the epicmtre of the 

eerthquake lies north of the K d c c h  Mainland Fault, at the junction between the Kachchh 

Mainland and the Wagad peninsula. Seismology alone cannot distinguish which of the two 

possible planes of the E W  trending f o d  mechanism (north or south dipping) was the 

actual fault plane. The trend of the aftershocks (Figure 17) suggests a south-dipping plane 

is most likely. The earthquake epicentre is too far north (even taldng into account the relo- 

cation of the mainshock nucleation point relative to the fordock described in Section 2.1) 

of the south-dipping Kachchh Mainland fault for this fault to have been responsible for 

the event. Similarly, the south-dipping Island Belt fault is too far North of the mainshock 

epicentre and of the aftershock distribution to  have been involved. 

An 'average' fault (solid red line) drawn through the preliminary aftershock locations 

emerges at the surface on the northern boundaty of the Wagad peninsula (Figure 17). 

Dense vegetation makes it difficult to distinguish featurea on satellite images of the Ws- 

gad pensinsula (Figure 18a), but by comparing the images to croe-sections through the 

topography it is possible to identify possible bounding faults (Figure 18b). The northern 

boundary .fault (528) dips to the south, while the southern boundary fault (WF) dips to the 

north, making the Wagad peninsula an analogue of the Shillong Plateau popup structure 



(Bilham and England, 2001). The northern Wagad fault is a likely candidate for rupture 

in the January 28 Mw 5.7 aftershock, which occurred ~ 1 0  km south of the surface trace 

at a well-constrained body wave depth of -9 km. 

If we are to believe the body wave fault-mapping studies, and the Bhuj mainshock ruptured 

westwards, then the north Wagad fault could not have been responsible for the earthquake. 

The Bhuj earthquake might have ruptured a completely buried and un-mapped fault within 

the Great Rann, continuing westwards from the north side of the Wagad peninsula. Al- 

ternatively, it might have ruptured a fault somewhat distant from the nucleation point 

obtained from first arrivals. There is some evidence that large earthquakes tend to nucle- 

ate a t  the ends of long structures, and that the main moment release occurs some distance 

away (Yielding et al., 1981; Berberian et al., 1999). Radar interferometry, a very powerful 

technique for identifying struc1;ures involved in earthquake faulting (Wright et al., 1999; 

Berberian et al., 2001), cannot be used for this earthquake because no cohererent co-sesimic 

interferograms can be made with the data available (Burgmann et al., 2001). It is possible, 

therefore, that we might never discover which fault was'responsible for the 26 January, 

2001 earthquake. 
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Table 1 Locations and focal mechanisms of the Bhuj mainshock and larger aftershocks. 

Epicenters from Engdahl and Bergman (2001) except aftershock on 27-01-2001(* - 
location from Indian Metereological Department). Depths and mechanisms from re- 

gional waveform inversion except the mainshock (t - teleseismic waveform inversion). 

Table 2 Locations of seismic stations within regional distances of the Bhuj earthquake. 

Stations not from the Global Seismograph Network (GSN) are ran by the Indian 

Metererological Department (IMD), jointly by the National Geophysical Research 

lnstitude and the University of Cambridge (NGRT-CU), or by the Iranian Inter- 

national Institute of Earthquake Engineering and Seismology (IIEES). Stations for 

which Rayleigh and/or Love wave propgation could be calibrated have an 'FV and/or 

an 'L' in the last column. 

Figure 1 Geographical location of the Kachchh region and topography from the Shuttle 

Radar Topography Miasion (NASA/JPL/NIMA). Superimposed on the topography 

image are the locations of the major faults and the WIIB mentioned in this paper 

(B: Bhuj, A: Anjar, M: Manfara). The black rectangle shows the location of the 

Landsat image in Figure 18. 

Figure 2 (a) Focal mechanisms for the Bhuj mainshock (red) and larger aftershocks 

(black) as determined in this study and listed in Table 1. Depths are shown above the 

focal mechanisms. Other aftershocks relocated by Engdahl are shown as elipses, and 

the master events for the relocations, originally located by the CEIU deployment, 

are shown as filled circles. Also shown an: the locations of c~osmect ior~~ A and B 

(blue dashed lines), shown in Figures 18, and the surface traces (red solid and dashed 

lines) of the &ads shown in (b). (b) Depth distribution of the afterahocks located 

by Raphael et al. (2001), with the location of the mainshock indicated by a white 8tar. 

The aftershock picture was reproducedfrom http:  //vwv.eeri .memphis. edn/-withers/Gujarat/, 



and contains the projection of -250 aftershocks onto a N-S trending vertical plane. 

Superimpwed on the image are possible fault trends (solid and dahsed red lines); the 

surface traces are shown in (a). 

Figure 3 (a) Selected broad-band seismograms of the Bhuj mainshock at teleseismic dis- 

tances, showing the separation between the foreshock (1) and the main P wave arrival 

(2). Station names and azimuths are shown to the right of the seismograms. (b) The 

observed time diierence as a function of station azimuth, and the best fitting sinu- 

soidal curve through the data. 

Figure 4 Minimum misfit solution for the Bhuj mainshock, 26 January 2001. The upper 

sphere shows the P wave radiation pattern and the l m  sphere that for SH. Both 

are lower hemisphere projections. The station code by each waveform is accompanied 

by a letter corresponding to its position in the focal sphere. The positions are ordered 

clockwise by azimuth. The solid lines are the observed waveforms, the dashed lines 

are the synthetic waveforms. The inversion window is & by solid bars at  either 

end of the waveform. P and T axes within the sphere are represented by solid and 

open circles respectively. The source time function is shown below the P focel sphere, 

with the waveform time scale below it. 

Figure 5 Fault-slip distribution for the Bhuj mainshock from Y e  and Kikuchi (20011, 

south dipping plane. The focal mechanism and moment release function (MW) are 

shown in blue above the slip distribution. The direction of slip changes with position 

and is indicated by bla& mows, whik the amount of slip is indicated by the mlour. 

The nucleation point is shown as a red circle on the slip distribution image. Fits to 

body wave seismograms are shown on the right. 

Figure 6 Minimum misfit solution for M"5.7 aftershock, 28 January 2001. All symbols 

have the same meaning as in Figure 4. 



Figure 7 The master event calibration method. (1) Use teleseismic body wave records 

to determine the focal parameters of a master event; (2) use regional surface wave 

records for the master event to calibrate the propagation characteristics of regional 

p a t h  (3) atm& the focal parameters of smaller events close to the master event 

from their regional surface wave records. 

Figure 8 (a) Location of broad-band stations within regional distances of Bhuj (Table 2). 

GSN stations are shown as squares, IMD stations as triangles, NGW-CU stations 

ss circles and IIEES stations acr stars. The IMD station at Bhqj is: also plotted for 

reference. (b) Love wave calibration of the path to BHPL, showing the initial and 

hal fit of synthetic (dotted lines) seismograms and spectra to the data (solid lines). 

The right hand panel contains the starting (solid) and final (dotted) Earth models. 

Figure 9 The aeigbbourhood algorithm. (a) Flowchart of the adaptive grid-searching 

method. (b) Example of an inital distribution of parameters within a parameter 

space. (c) Example of a final distribution of parameters within a parameter space. 

(b) and (c) are reproduced from Sambridge (1999). 

Figure 10 Regional waveform solution for the 28 January aftershock. The focal parame- 

ters for the minimum-misfit solution are shown under the event date. Panels (a)-(f) 

show slices through the misfit volume taken through the minimum, with two different 

parameters fived at the minimum-misfit values. Regions with misfits of l m  than 1% 

are shown in black, and regions with misfita of less than 10% are surrounded by a 

white contour. The regional and tel&c mechanisms are shown below the panels, 

and are followed by the fits of synthetic (dotted) to observed (solid) seismograms for 

all the available data. The letters (L) and (R) after the station names indiiate the 

seismograms are Love and Rayleigh waves respectively. All parameters are very well 

constrained, and the resulting focal mechanism is almost identical to the teleseismic 



solution. 

Figure 11 Regional waveform solution for the 27 January aftershock. All parameters are 

well constrained, despite the low number of waveforms available (7), but the dip and 

depth have broad 10% contours. The m@imum-m&lit focal meChanim is almost 

identical to the mainshock, 

Figure 12 Regional waveform solution for the 3 February aftershock. The minimum- 

misfit solution, a thntst striking NW-SE, is not well constrained by the data  Despite 

the fits being good at  all 6 stations, slices through the misfit volume show that the 

minimum is very shallow, with both dip and strike practically unconstrained. 

Figure 13 Regional waveform solution for the 8 February aftershock. The minimum 

misfit solution is a strike-slip mechanism, with very well constrained focal planes. 

The earthquake depth is not well constrained. 

Figure 14 Regional waveform solution for the 19 February aftershock. The minimum- 

misfit solution, a NW-SE striking thrust, is similar to that for the 3 February (Fig- 

ure 12), but with the dips of the fault planes exchanged. For this event, however, 

the focal mechanism is well constrained (see panek (d)-(f)). 

Figure 15 Cornpatison with the Harvard CMT solution for the 19 February aftershock. 

(a) Fits to theregional data: the seismograms are less well matched at all stations, ex- 

cept for ABKT, where the long period precursor to the Love waves is better matched 

by the CMT solution. (b) Fits to the teleseisrnic data. The first line shows the 

minimum-misfit t e l e s W c  solution, obtained using 8 P and 5 SH waveforms. The 

second line is the fit of the Harvard CMT mechanism to the same data. Strike, dip, 

rake, depth (km) and seismic moment (Nm) are shown above the P and SH focal 

mechanisms in each line. 



Figure 16 Regional waveform solution for the 4 March aftershock. The minimum-misfit 

solution, a strike-slip mechanism, is similar to that for the 8 February event (Fig- 

we 13), and is very well constrained by the data. 

Figure 17 Summary of the Bhuj earthquake sequence. This figore isidentical to Figure 2. 

and is repeated here for ease of reference. 

Figure 18 The Wagad peninsula. (a) LANDSAT 7 image of the Wagad uplift. Dense 

vegetation makes interpretation diicult, but two large structures are visible: the 

previously mapped Wagad fault (WF) (Talwmi and Gangopadhyay, 2001), and a 

northen structure (J28) which may have ruptured during the January 28 aftershock. 

(b) N-S topographic cross-section through the Wagad peninsula (location is shown 

by line A in Figure 17). aevations are vertically exaggerated, and approximate 

positions of the bounding faults are shown as thick grey limes. (c) N-S topographic 

cross-section through the Kachcch mainland (B in F i e  17), with the positions 

of the Kachchh Mainland fault (KMF) and the Katrol Hills fault (KHF) shown for 

comparison. 



Date Time Lat. N Lon. E M, Depth Focal Mechanism 
26-01-2001 03:16:40 23.415 70.322 7.5 20 281/42/107 t 
27-01-2001 04:36:06 23.404 70.107 5.2 13 104/39/105 
2&01-2001 01:02:12 23.541 70.587 5.7 9 096/48/107 
03-02-2001 03:04:35 23.712 70.525 5.1 1 l27/33/056 
08-02-2001 16:54:42 23.705 70.475 5.2 5 141/65/167 
19-02-2001 08:24:21 23.596 70.158 5.2 4 004/28/136 
04:03:2001 07:54:22 23.134 70.493 5.0 11 036/86/332 

Table 1: 

Station 
AAK 
ABKT 
ASH 
BHPL 
GBA 
KARD 
KAV 
XRB 
LS A 
PUNE 
TPT 

Latitude 
42.6390 
37.9304 
34.5490 
23.2410 
13.5640 
17.3075 
35.9021 
29.9797 
29.7900 
18.5295 
13.2740 

Longitude 
74.4940 
58.1189 
50.0240 
77.4245 
77.3570 
74.1833 
50.9145 
56.7523 
91.1500 
73.8492 
76.5360 

Elev (m) 
1645 
678 

2217 
520 
681 
582 

1795 
0 

3789 
560 
785 

Network 
GSN 
GSN 
IIEES 
IMD 
NGRI-CU 
TMD 
IIEES 
IIEES 
GSN 
IMD 
NGRI-CIJ 

Calibrated 
L R 
L R 
L R 
L 
L 
R 
R 
L R  
L R  
L R  
R 

Table 2: 





LatikldeN 

Figure 2: 



Figure 3: 



St/Dpi"Rk = 28 1/42/107 degrees 
Depth = 20 km MO = 2.3e20 Nm 

I 

8 
h " " ' d o e  0 

a I 

P T 
Ad- 
B 

R 0 

D B 

Figure 4: 





St/Dp/Rk = 81150187 degrees 
Depth = 9 km MO = 4.9e 17 Nm 

Figure 6: 



Figure 7: 

Teleseismic body 
wave data for 
master event 

Master event 
focal mechanism r -, 

, , 

(2) 

Regional surface 
wave data for 
master event 

r > \ d 

Calibration of 
regional paths , 7 

, 

(3) 

Regional surface 
wave data for 

7 , small events A r 

Focal mechanisms 
of small events 

, > 







28 January 200 1 (Mw 5.7) 
Strike= 96 - Dip = 48 - Rake= 107 - Depth = 9  

Figure 10: 





3 February 2001 (Mw 5.1) 
Strike = 127 - Dip = 33 - Rake = 56 - Depth= 1 

Figure 12: 
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Figure 14: 
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Crustal shear velocity structure of the soutb Indian shield 
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111 The south Indian shield is a coilam of Precambrian tenains gathered around and in 
&t daived h m  the Archean-nge D& c r a b  We operated-seven broadband 
seismographs on the shield along a N S  comdor b m  Nanded (NND) to Bangalore (BGL) 
and used data @om these to d e h e  the seismic characteristics of this part of the shield 
Surface wave dispersion and receiver function data from these sites and the Geoscope 
station at Hyderabad (HYB) give the shear wave velocity strudlne of the crust along this 
600 km long transect Inversion of Rayleigh wave p k  velocity measured along the 
profile shows that the crust has an average thidmess of 35 km and consists of a 3.66 km 
s-I, 12 km thick layer overlying a 3.81 km sV1, 23 km thick lower crust. At all sites, 
the receiver functions are extremely simpIe, indicating that the crust beneath each site is 
also simple with no significant intracrustal discontinuities. jomt inversion of the 
d v e r  function and sur$ce wave phare velocity data shows the h e c  characcharactaistics of 
this part of the Dharwar crust to be remarkably uniform throughout and that it varies 
within fairly narrow hwnds: crustal thickness (35 * 2 km), average shear wave speed 
(3.79 + 0.09 km s-I), and VdV, ratio (1.746 & 0.014). There is no evidence for a high 
velocity basal layer in the receiver function crustal i m w  of the. ceuhal D h m  eraton, 
suggesting that there is no seismicdy distinct layer of d c  cumulates overlying the 
Moho and implying that the base of the Dharwar crust has remained faiily refractory since 
ih CISitonizatioIl. LWEX TERMS: 7203 Seismology: Body wave propagation; IMS Seismology: 
Continental w t  (1242); 7255 Seismology: S h o e  waves and fra o&ons; AZkWORDS: mutinatal 
cm5 Areheao cm% reeeiva function, lndian shield 

Cibtlon: Rai, S. S., K. Riestley, K. Suyapakam, D. Sdnsgssh, V. K. Cam, and Z Du, Crustal Rheas vel&ry amcmre of the 
suuthhdiau shield J.  G m p h p .  Res., 10R(BZ). 2088, doi:10.1029/2002JBO01776, 2003. 

1. Introduction 
[2] Precambrian shieldr and platforms accwm f a  -70% 

of the continental crust. The seismic characteristtcs of these 
regions pmvide insightful clues for dismhhting between 
various contendmg hypotheses of crustal growth, whether 
by steady state a by evolutionny processes governed by 
the themal history of the mantle. Thtee specific msta l  
seismic parameters pmvide strong wnstraints to be imposed 
on models of crustal evolufion (1) the thicknew of the 
crust; that is, depth to the xseirmic Mohorovicic disconti- 
nuty, (2) the presence or absmce of a basal cumulate layer 
in which the shear velocity inbga~es 6om about 4.0 to 435 
km s-' and, if present ilr thickness, and (3) the Poisson's 
ratio o or VJV, of the aust. Knowledge of the lateral 
variation of these iluee propetties provides critical input fix 

modelmg seismic wave propagation in the cnrstal wave- 
guide, which has m u g  influence on quantification of 
regional seismic hazards and of the source chamcteristtcs 
of earthquakes. 

[3] In this sbdy, we discw the results of an experiment 
designed to detamine the shear velocity structure and 
thickness of the crust beneatb a 680 km long N-S transct 
of the relatively poorly studied south Indii shield, a 
wIlage of F'recamblian tarairip gathered around and in part 
derived h m  the Archeamage Dhwvar craton (Figtue 1). A 
large expanse of the northern D h m  craton lies bioied 
beneath the cover of Dewran flood bawilts (65 Ma); elm 
where, the south Indian shield is dominated by the ubiq- 
uitous Peninsular Gneisses (3.3-26 Ga) that surround and 
-Ie the shield's variegated wmpon&ts, including some 
of its oldest relics 13.6 Ga) of mimutic aod meissic mcka 
The Closepet g d t e ,  which evoked by ma& of itshost, 

' N B ~  c c o p h w  ~aauch ln*w. ~ g d a e b d  b.& 
'Bullwl hbmW&, Uni* of M d g q  M d g c ,  Unired divides the Dhanvar craton longihldidly. To the south, the 

mcks of the south Indian shield pass through a narrow 
% for Ma&hmmical Modeling and Cowtcr  simulhn, gradational zone and into the high-grade grmulites of late 

Archean metmmphism (2.6 Ga). Fmther south, amss the 
E k e  of Asimphysics. Ban* hdk NoN-Kavai shear m e  (Figure I), the high-grade gran- 

*b&uts of TnIheme(icpl Univmity of Csmbridge, Cam- 
*, Unilal Kingdom. ulites are joined to the m h i c  tenains of Pan Muin 

omgeny. 'IZle latter wver the entire southern peninsula, 
Capright 2003 by ibe ~mcdsan ~mphysiorl ~ n i r m .  alternately exposing a mipti t ic  complex and the gwuliie 
O I ~ ~ ~ ~ I O ~ ~ M ) ~ J B ~ ~ ~ ~ ~ S O P . W  mas& of F'alni, Kodaiksnal, and Periyakulum as well as 



array. They interpreted the p u p  velocity and coda l engh 
of the s & p &  as id&& a laminated upper Bustal 
waveguide at 5-15 km depth They iind the Moho depth 
beneath GBA to be 34-36 km, the P. velocity to be 8.2 Ian 
s-I. and a value of 0.24 ( V P -  = 1.71) for the Poisson's 
ratib just below the ~ o h o :  h i h n a  et al. [I9991 analyzed 
have1 times and waveforms of a@mhocks of the Lam 
earthquake to detamine a 1 - 9  P and S wave cnrstal model 
nesr iUL (Figure 1). Their model cmaaias alteranting low 
velocity laves (-7% vel& reduction) for both P and S 
wa.va7in &e u&z upper acdeptbs between 6.5-9.0 aml 
12.3-14.5 km and a lower rrustat low velocity layer at 24- 
26 km depth. The arrival times of SA phases (the S wave 
reilectlon~hrn tbc Mob) i n d i d  a aha depth of 35-37 
km. while the Poisson's ratio waq found to be 0.21 (VJV, = 
1.65) for the upper crust and 0.226 (VJV, = 1.68) f& the 
lower uust. 
Is] Little is known about theS wave structure ofthe south 

Indian shield. Gaur and Priesllqy [I9971 used d v e r  
function analysis of 11 events with the highest signal-to- 
noise ratio oecuning in two T a c t  clustm during the 
pedod 1989-1996 to &ermine the shear wave structure of 
the crust beneath the m p e  statirm at H y h b a d  @YB) 
(Figure 1). Their study showed that the crust beneath the 
HYB granites is quite simple, powses  a thickness of 36 1 
1 !an, and eollsists of a 10 km thick upper layer in which the 
shear velocity is 3.54 i 0.07 km s-' underlain by a 26 i 1 
kmthick lower crust in which the sbear wave velocity varies 
m i h n l y  with a small gradient of 0.02 s-I. The shear wave 
velocity at the base is4.1+ 0.1 km s-I just above the Moho 
musition zone, which is consmined to be less than 4 km 

R- 1. h i p e  of the hdian thick and overlies a 4.74 *0.1 km s-' half-space. Saul eta.? 
shield. The seven sites with bmadband seismogmphs 120003 used a data set of 297 events r-rded at HYB and 
operated by NGRI and the Indian Institute of Astmphystcs, confirmed these basic 6ndiogs: a s k s m i d y  transpaffnt 
jointly with the University of Cambridge, are designated by "Ist beneath HYB 2nd a shallow Moho (331 2 h ) .  Z h  
solid triangles. The loawn of the Geosurpe station at eta!. 120001 also analyzed HYB broadband data 38 
Hyderabad is denoted by the solid square. events by constraining the sheat wave velocity in the uust 

h m  a ioint analvsis of w v a  functionand Ravkieh wave 
&mIon mea-d over a broad region of In& b i ~ w m g  

intlusivs, of which the Roterowic alkaliw complex of a d  MiteheIl [L987] and Bhttnchraya 119921. Their anal- 
Sivnmala~ n the most promment. ysn also S c a t e s  a low average shear velocity for the HYB 

141 Little research has been done on the seimc s w -  (3 58 * 0.01 km s-I), a shallow Moho (32 2 km), 
ture of the south Indlan shield Dube @ al. [19731 and a Poisson's ratlo of 0.26 + 0.01. Singh d al. [I9991 
analyzed m e 1  tima of crustal phases * ~ftembda me& p u p  velocity dinpasion h m  seismograms of 
of the 1967 % 6.7 Ko~na earthquake and from the 1997 Jabalpur earthquake at several Stabom on the 
these a two-layer m s t  conslshng of a 20 h thick @&tic J,,&, shield. Invasion of the gmup v w t y  data gave a 
layer (Y, 5.78 km s-I, V, 3 42 km s-'1, a 18.7 km thick a v q e  crustal model crmsisting of a two-layer aust (HI 
basaltic lower crust (V 6.58 km s-I, V, 3.92 km s-'1 and 13.8 km, V 5 68kms-', V,, 3.55kms-'; H2 24.9 km, Y,, 

PI a P. md S, velocity of8.19 and 4.62 km s-', respectively. 6.16 km s- , V* 3.85 ~ m r  s-1) ovalying an - mantle 
Our traowct, which will be discussed below, is crossed wtth V, 8.01 km s-I and V, 4.65 km s-'. Kumm d a1 
about midway by the 600 km 10% ENE-WSW =hmon [zoo11 i%d a crustal th- of 365 km, average shear 

profile CKaih and m h n a ,  19921 k m  on veloc~ty of 3.7 h s-' and Poisson's ratio of 0.26 at two 
the east coast to U d w l  the west coast Figure 1). sttes on the Deccan badt  flows to the west of HYB. ~t 
These refraction data show an upper Crust with P wave these sites, the Deccan basalts are &Iy to form a h 
velocity of 6.4 km s-', a Moho depth vatymg h m  34 km veneer overlying rocks of the west Dharwar m o n .  
in the east to 41 km in the west, and htgh P,, velontles of 
8.4-8.6 km a-I. 

[s] Crustal structure in the vicinity of Gauribidnallr 2. Data and Methodology 
(GBA) (F~gure 1) near the soutbern end of our transect is 171 In this study we examine the cmstal shear wave 
discussed by Knvhna and Rnmesh [2000] who Inverted the struchue of the south Indian shield along a 600 km long 
seismic wave field from mine tremors and explosions N-S transect h m  Nanded (NND) in the north to Bangalore 
recorded on the GBA &cot period vertical seismograph (BGL) in the south Figure 1). Tms transect ltes along the 
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Table L Surface Wave Analysis Summary 

Date ChiginTim~O Latimde (WJ Longimde ('E) Full RoWe Nmth Scctirm Scuth Sslioa 

1999/01/16 1044:39.4 56.2 - 147.4 NND-KIL 19.W SLh-GBA i6.R 

NND-KIL (1.0) 
SLM-KIL (2.5) 
SLM-KIL (2.0) 

NND-KIL (6.0) 

1999/01/24 003704.6 30.6 131.1 
1999101124 0800:08.5 -26.5 74.5 
1999M1128 0810:05.4 52.9 -169.1 
1999/02/01 163531.1 -6.5 104.7 
1999102/03 063556.6 -62 1042 
1999/C3RO 104745.9 51.6 -177.7 
1999M3121 1616:022 55.9 110.2 
1 ~ 9 ~ 3 ~ 8  1W~lI.O 30.5 79.4 BGL-NND (8.5) 

GBA-LN (10.0) 
GBA-NND (7.5) 

1999/08/01 1247:M.I 51.5 -1763 NND-KIL (45) 
1999112/29 0519346.9 183 -101.4 NND-MBN (75) LTV-BGL (6.51 

'Munbao in brackclr following the h.nvo station pdm used for the inmmtion phax vdaity meaaunnent denare the differace in azimuth baazm the 
grrat FLrle pslhjoinkg the s-9 md the grrat drclc path joining the rtstirmr and ths epicmta. 

SLM-BGL ii.oj 
SLM-LTV (9.5) 

SLM-GBA (3.9 

SLh-GBA (623 
SLM-GBA (6.9 

western boundary of the eastern Dharwar craton and 
approximately parallels the Closepet granitic inbusion. We 
deployed seven broadband digital seismographs (Figure 1) 
along this pmfile and operated these stations for about 15- 
18 months. Stations BGL, GBA, LTV, and MNB all lie on 
Archean crystalline outcmps of the Dhanvar craton; KIL 
and NhTJ lie on a thin veneer of Deccsn basalt flow (-350 
m) below which lie mcks of the Dharwar ciaton; and SLM 
is situated on the northeastan  art of the C u d d a ~ ~ a b  Basin. 

of the initial dispersion models and smoothing criteria. We 
determined dispersion curves for the full length of the 
transect and, separately, curves for the northern (KIL- 
SLM) and southern (SLM-BGL) halves of the bansect. 
We inverted the dispersion along the transect to provide an 
average crustal model which wuld be used as the starting 
model for the receiver function inversion; we used the 
dispersion measured for the halves of the profile in the 
ioint receiver function-~hase velocitv inversion. The dis- 

Seismogams Eom these sevei sites and from the(jeoscope berslon cunes Here  determined sirnui$neous~~ h r n  multi- 
stadon at HYB @inure I) novide the data for our studv. We ole station oak .  hut wc also calculated disoersion curves 
analyze telesei-i;: functions and sinface wave kor all indiiidual two-station paths separatel; to verify that 
phase velocity from these data to constrain the average there were no large outliers among the various two-station 
crustal shear wave velocity, the Moho depth, the VdK. ratio wmbiiions.  
of the crust, the velocity gradient in the crust-mantle 1101 We invert the Rayleigb wave phase velocity meas- 
transition zone and Moho sharpness beneath this part of ured along the full ttansect using the stochastic least squares 
the south Indian shield. routine ofHennann [1994]. This expresses the least squares 

problem in terms of eigenvalues and eigenvectors and uses 
singular value decomposition to invert the matrix giving the 

2.1. Surface Wave Dispersion Analysis solution vector, the variance-covariance matrix, and the 
[ ~ l  C ~ s t a l  struchne has previously been determined at resolution matrix. The starting model for the inversion is 

three points along the NND-BGL transect Figure 1): near h m  the average crustal mGel for the Indian shield of 
KIL [Krishna ef a/-, 19991, near GBA [Kri.shna and Singh et ai. [I9991 and the 4.72 km s-'s, velocity measure- 
h e p h ,  20001, and between GBA and LTV [Gila and ment of Huestis et al [1973]. The starting model has been 
Krishna, 19921. All show a similar crustal thickness of -35 parameterized in terms of 2 km thick layers over a half- 
km but indicate a possible small increase in average P wave space upper mantle. AAer the initial inversion, adjacent thin 
speed for the itom 4 . 4  km s-' in the south to -6.5 layers with nearly the same velocities were grouped into 
km s-' in the n d .  We first measure the shod (15- thicker layers, resulting in a coarser model; we repeat the 
35 s) fundamental mode wave Phase velocity and inversion to 6nd the minimum number of crustal parameters 
invert these dispersion data to determine the average shear which explain the observed dispersion. ~b~ final inversion 
wave velocity of the crust beneath the transect. model (Figure 2b) and the fit of the dispersion curve for this 

[9l We measure two-station fundamental mode Raylei& model to the observed dispersion (Figure 2a) show that the 
wave phase velocity *om eleven events nearly aligned average crustal structure bewath the profile wnsists of two 
along the same great circle path (<lo") as station pairs layers: an uppa 12 km thick layer with V, 3.65 ion s-I, and 
(Table 11, using the hamfa function method of Gomberg el a lower 23 km thick layer with V, 3.81 km s-I, overlying an 
a1 [1988]. This method poses the problem of phase velocity upper mantle with S, v e l ~ c i ? ~  4.61 km s-I. 
d&mination as a linear 6lter estimation problem in which 
the seismogram at a more distant station from an event is 2.2. Receiver Function Analysis 
considered the convolution of the seismogram a a close [II]  The teleseismic P wave coda contains S waves 
station with the Earth filter (the dispersion cmve), which is generated by P- to4 conversions at significant velocity 
to be determined. Smoothness constraints are imposed contrasts in the crust and upper mantle below the seismo- 
based on an approximate knowledge of the group velocity. graph site. Receiver functions are radial and transverse 
We used the results of Bhanachmya [I9921 as an initial waveforms created by dewnvolving the vertical wmponent 
dispersion model. To ensure that the starting dispersion from the radial and transverse components of the seismo- 
curve was appropriate, we tested a number of variations gram to isolate the receiver site effects h m  the other 
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1999028182425 77.7 97 

199901go33533 77.3 97 

1999331224111 77.1 97 

1999296021205 i7.5 97 

1999130203302 75.1 99 

1099044144512 68.9 99 

1998329180525 83.3 99 

1999321032742 74.4 100 

1999321 1 13634 73.4 1 00 
1999323135646 73.4 100 

Radial stack 76 99 

Tangentlal stack 
I 

40 45 55 60 65 70 

Time (s) 

Figure 4. BGL receiver function stack A 7-9, back azimuth 99' cluster. Individual event receiver 
functions are shown above the receiver function stack (*I standard deviation bounds) at the bottom. The 
n u m h ~  to the left of the direct arrivals is thc event designation, h e  epicentral &stance in degrees and the 
back azimuth in degrees for the individual events, and the average distance and back arimuth of the stack. 

individual receiver functions (Figure 4). There are no discussed above was used as the starting velocity model in 
arrivals in the receiver function which suggest either a tbe inversion. Receiver function inversions are sensitive to 
significant low velocity m e  or interfaces within the crust. the velocity -depth pmdud but contain weak information on 
Below the =dial stack is thestacked tangential receiver velocity. Inversion of receiver function data with no other 
function; amplitudes of the tangential arrivals are small in 
comparison to those of the radial anivals. 

[IS] Crustal thickness Hand VJY, can be estimated fmm ? 0 3 1 3 2 3 3 3 + 3 5 3 6 3 7 % 3 3  

the relative timing of the conversions and reverberations 1.82 

[Zandt etal., 1995; Zhu andKanamori, 20001. ThePs - Pp " 1 ai 
time diffaence depends on the average VJV, ratio of the " 1.80 

rmst and the crustal thickness. The P D P ~  - P.7 time is the 1. 1.79 

two-way P wave travel time and the (PA + p.sprrp] - 1: 1.78 
Pp time is the two-way S wave travel time through the crust i . n 1.n 
The ratio of the Ps - Pp to P p P d  - Ps time is in- 1 .76 1.76 
of crustal thickness but weakly dependent on Vk the ratio of 1.75 1.75 
the P p P d  - P.s to {PpP,r + P s P d )  - Pp time is 1.74 
proportional to the VJV, ratio and independent of crustal 

1.73 
thickness. The crustal reverberations are prominent in some 

1.72 of the stacked receiver functions and apparent in some of 
the individual receiver functions. We measure Hand VJY, 1.71 

using the stacking procedure of U u  and Kanamori [ZOO01 l m  1 .m 

with the Ps, PpPrrp and P p P d  + P.~P,,,T phases being 1 .ffl 1 .m 
weighted 0.7, 0.2, and 0.1, respectively. The values in l . 6 ~  1.68 

Figure 5 and Table 2 are estimated using the P wave speed 1.67 1.67 
of 6.45 km s-I, the average P wave velocity of the must 
measured by refkction profiling in the vicinity of our 30 31 : 18 38 

bansect [Kaiia md Krishna, 1992; Krirhna et al., 1999; Crustal thickness (km) 
Krishna and Ramesh, 20001. 

[I&] The details of the crustal structure beneath BGL are &ure 5. The V'V, ratio versus crustal H stack for 
determined h m  inversion of the receiver function stacks. station BGL. The best estimate of VdV, is 1.741 and for H 
The average crustal model fiom the surfice wave analysis is 34.7 km. 
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W e  Z Station WB 
stariom Loagiadco N P,Ol POonl VP.' H ) (YJ' (km s-") 

BOL 13021 775m 48 43 34.7t15 1.741 a038 35 *20 3.74 
OBA 13- 77.39 n 43 3 ~ 5  + 1.1 1.748 *o.al 36 t2.0 3.75 
L N  14.926 77.280 23 344t1.8 1.7431tt.063 34*2.0 3.70 
SLM 16.101 70.894 13 43 43 33.4t2.2 1.776+0.0&( 35 12.0 3.67 
MBN 16.%71 77.657 48 42 34.1 f 1.4 1.745 t 0.039 35 * 2.0 3.80 
m 17117 7a5a 216 4.0 333 t 0.7 1.728 + 0.~20 35 t 2.0 3.86 
KIL 18.069 76598 32 4.4 36.4 + LS l.nQ t Om7 37 l 2.0 332 
NNLI 19.106 n . 2 ~  44 4.5 36.2 + ~7 1.747 t 0.w 36 t 2.0 3.86 

' F m r m ~ ~  p r h g  [ ~ n m d k r w m d , 2 0 W ] .  
Vmmrawohm~~mmmim&mnnad., 19901 

wnstraint on the velo&y may kad to higldy m@ue [I?] We then shplBed the crustat model by gmopmg 
velocity models. Surface waves oMlsbain the averaac veloc- adiacent model l a v a  with sitnilar wave speeds to form a 
ity but-weakly constrsin Mkc'iy discwtinuitjcs strong m& coarsely p&metaized &g modej and minverted 
vcl& iuadicnts. Therefon. the snuu?ths of one hm of the receiver function. We reoeated this d m  mtil we 
d s t a ~ ~ t k t h e ~ ~ f t h e o o t b e r ~ d t h e  
joint inversion ofboth rseivg linmiou and surface wave 
& s p c r s i o n d a t p ~ v i d c m u c h m m r ~ t ~ o n  
the uustal velocity structure than das the invwion of dtber 
data qarately. Homer,  it js impottant that the two data 
sets sample the same structure 8s closely as possible. We 
inverted the receiver 61116tcm Bnd surface wave diSpeCSon 
data jointly but did not use tbe average Rayleigb wave phax 

found the velocity model Gith the m-um numbs of 
pmezexs wN& fit M the the feat- of the d v e r  
fundim and the h i t  @od sltrfsce wave phsse v d e .  
The simplified inversion model (Figures 6-3-6~ dotted 
kes) shows that the BGL d v m  fimcfifm can be iit by 
a single main mu@ layer with a thin low velocity layer at 
the m h e  and a gmdatkmal Moho at 34-36 km depth. 

[IR] Finally, we tested the main feafures of the mu@ 
velocity Gsurnd along the &(Pi i); iasteab, we mbdkl (c.g.-thidmess of the low velocity surface layer, 
split the p h l e  at station SLM (Figure 1) and calculated thickness of the gradational layer at the base of tbe crust, 
sqmtcly the dispersion fw the n d  and south xchns  of Moho depth, etc.) using forward modeling (Figures & and 
tbe transcct The result of the ioint invasim with a velocitv 6fl to esthnate how well these feetures of the velocitv 
model pa . ' d i n ~ ~ o f m a n y t b i n l a y ~ i s s b o w b  nddelmmnstntinedbyanivalsintbcokedraeiv~ 
in Figwrs 6s-6c (heavy solid lines). function. All h a r d  modeling results were also required to 

Ngwe 6. Invasion results for the 76-$Y Bc3L receiver fundon stack. (a) Mstch of the +1 standard 
deviation bounds of the o b w d  (light soHd lines) and synthetic receiw ~ ~ o n s  calculated for the 
velocity modeLs shown in @). (c) Fit of the theoretioal Rayldgh wave pbase velocity curves calculated for 
the velocity in (b) to be*l standard deviation bounds ofobserved (light d i d  lines) Rayleigb wave phase 
velocity. In (a), (b), and (c), the heavy solid Iine is ffor the initial inversion with the Erie layer 
pmmfdzation and the dotted liw is for the simpBed velocity modeL (d) Staoked tangential for the 76- 
99 BGL m i v e r  fkmotions. (e) Forward modeling test of the Low velocity srnfaa layers (dotted line) and 
the pdient (dashed line) a b v e  the Moho. The m a l  of either feature doa not sigoificanty reduce the 
match of tbe 6 y n b t i c  and obsmed d m  fimction. (f) Forwsrd modeling test of the Moho depth. 
Neither P Moho at 33 km (dotfed b e )  nor 37 km (dashed line) depth iit the observed reoeiver function. 
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- 

Nnb! V s m 1  R w h l  

F@ue 7. bulb for NND. The ldhnost panel shows the observed d receiver fuaction stack 
h a i d s  (upper) and the m a n  tengential &ec h a i o n  (lwer). The mvgsions and r e v M o n  
phase amplitudes at NND are wt as prominmt as at some ofthe otha sites, but the Ps and PpPd p h w  
are relatively clesr at 4-5 and 14-15 s, respectively. The heavy solid line is the synthetic radial receiver 
M o n c a n p u t e d  forthe h e  l n y e r m  

. . 
joint receiver haion-scaface wave invasion 

mode1 denoted by the solid line in the middle pawl The dotted line in the midde panel denotm the 
avenge amse hyer -ation inversion result The tightmost pnnel shows the iit of the Rayleigh 
wave phase velocity c w e ~  computed for the two h a s i o n  mod& (solid line: line Iaya invasion, 
dashed line: come lays mvmion). The fomsrd modeling test for NND iniicates the lower velocity, 
near-slnfsa l a w  is 6igniGoaot and that the thickness dthe uust-mantle tansition zom can be as thin 
as22Th~!MMaboisat36*2hndepth. 

agree with the observed dispmion curves. The he v e b  
ity model bas a thin (-2 km)* low velocity (V, N 326 km 
s-') surface layq an almost d o r m  velocity crust (-3.76 
km s-'1, and a Moho dimnthuity at 35 * 2 !an depth with 
the Moho m i t i o n  zme -2 km thick. 

1191 Figure 3 campam the synthetic &a h a i o n  fm 
the EGL crustal model and the observed m&er functions 
as a funchcm of azimuth. Thif exden t  match supports our 

identicalma~na.Theredb f o r e a & s t a t i o a ~ s h o ~ ~ ~ i n  
Figures 7-13 and rn svnrmarized in Table 2 and Figme 14. 
[a] Figure 14 oomparrs the d v e r  fimtion stscks for 

each of the eight 5talions for a M a  distance (79 1 4  and 
azimuth(99*l~andthecrustalmodelEdaivedfmmthe 
analysis of the receiver function and mface wave disper- 
sion data for esoh site. Figure 148 show that there is little 
vaiation in the d v e r  Motls alonn the mnmt The Ps 

assumption of a laterally h a m g a ~ o u s  crust  about^^^. A dday time is ncarly constant for the &I recdver fmcticms 
small systcmntic variation in the Ps - P time might uia in (4.W 1.0.15 sl. but thae is more variation in the delav time 
the azimuthal plot and may not be clearbmiusc of the paor 
Barnpiing of to the west If this is the case, the 
variation is small, 4 . 1  S. If such a variaticm m l t s  6um 
c w t d  velocity variation which is spread through the whole 
35 km thickness of the cmf it would c o n e d  to a a.1 
km S' variation m shear wave velkty. If such a variation 
is due to a systematic azimuthal vadation in the Moho 
depth, this corresponds to a i 1  km lateral variation in the 
Moho depth about BGL. 

3. Crustal Structure of the East Dharwar C W n  
[zo] The receiver function and surface wave data for the 

ather seven stations of the traosect werr analyzed in aa 

i f  the clustal &verberatiow (PpPd 14.7.2zt050 s, &+ 
P+ 18.24 it 0.96 s). There is liate s i p l  in the mtaval 
between Pp and Ps except in the SLM receiver iimction. 
[u] All of the sites except for SLM lie over and are 

surmunded by the @te-gtaeisxs ofthe D h m a  aaton, 
although the two nmthemumt stations NND and KIT, 
wrmnaUy lie on a veneer of Dcccan w l ~ c s .  At K L ,  
Lwehoks in the region indicate tbat the thin veneer of 
valcanicb overlying the Dhwvar is -350 m thick, and it is 
thought that the volcanics have a similar thickness at NND 
about 75 hn linther north. LTV lieg about 50 km west ofthe 
W t r m  margin of the intracratrmic Cuddappah Basin, a d  
the basin structure may affect the crustal mukmtbns of 
the LTV ~ v Q  hCti0n. 'Ihe sin$lliCiW of the receive 

Flgrore 8. Results for a. The Ps, PpPmv, and PpSd +Pap& phases are p m k n t  in the KILreceiva 
function stack at 4-5, 14-15, and 18-19 s, meaivelv. The KIL crust hss a thia low velocitv. near. 
s h  layer and an almost constant shear wave ;peed &.st. Ihe crust-mantle wnsitian m e  IS 613 km 
thick and the Moho IS at 37 + 2 km depth. Same fonnat as Figure 7 
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Figme 9. Results for HYB. The Ps, PpPd, and P& + PsPs  phases are, prominmi in the HYB 
receiver fimction stack st -4, -13, and -15 smpectively. The HYB crust has a thin, near-wrfacq low 
velocity layer, a nearly uuifm shear wave speed layer between 2 and 16 km depth and a positive 
gradient between 16 lun dcptb and the Moho at 34 km depth. Howevq the HYB redvex fimctirm is 
almost as well & by a lmifoltll Shear wave speed layer between 2 and 33 km depth and a 3 km thick 
aust-mantle transition m e .  h e  famat as Figure 7. 

fuootioDs (Pigme 14a) indicates that the Bust beneath each 
site is uncomplicated. The average Moho dqth  is 35 + 2 
hi, the average shear wave velocity of the m is 3.79 i 
0.09 km s-' and the average V#V, ratio of the pust is 
1.746 =k 0.014. 
[a] These values are similar to those found by Gaw a d  

Prbvley 119961 for RIB and compatiile wah rekadm 
observations along the tfaosect. Kunua et aL [2001] found 
similar values from Roeiver function analysis of data h 
PUNE and KARD to the mrthwest gf our tra~~ect How- 
evn; Zkou e? al. [2000] found a slightly shallower Moho 
(32*2km)and alowaverage s h e a r m  velocity (358 i 
0.10 irm s-') for the mist in their &a bction study of 
HYB. A ~ w i i l e  reason for this d i f f m  is that Zhou a 
al. used h wave dispmion measurul ova  a broad 
region arouad India whioh included wnhem India where 
0 t h  gwphysioal studies suggest the crust is thicker and 
whae the thick sediment of the Ind+Cbgetic plane [Chat- 
twjee, 19711 a&& the obgenred phase and group veloc- 
ities. In co- the phase velocity values we joinfly invat 
with the HYB receiver function are measured in the 
immediate vicinity of HYB. To be consistent, the two data 
for the joint W v e r  kction-surface wave inversion must 
sample the same medium The surface wave &pasion 
cons& the average shear wave velocity of the mst, 
and the Roeiver function constrainstbeintedkm. Ifthe 
average shear wave velocity of the crust is too low (3.58 
vmus 3.79 km s-I), the Moho will be tpo W o w  (30-32 
vwus 38-36 km). 

[z4] SLM lies on shales and saudstones younger than 
1700 ma, on the northstern mmgin of the Pmterozaic 

Cuddappah Bssin. lhis s p t a c u l r n ~ t - s h s p e d  basin h 
filled with over 10 km thick chtic   eni is that art 
virtually mddormd except at its eastem margin. The basin 
is thought to have developed over the upturned and mded 
A r c b e a n b ~ f a s e v i d e n c e d b y t h e ~ t g a r o b a c s n  
Uncmfomity whicb s p a  800 Ma and which marks its 
northerq westem and swthem wtsh with the mton. 'Ihe 
deeper crustal structure beneath this site is therefore 
expected to be a piece of the larga DhaM.sr craton. Ibe 
S W ~ I  firnotion is axnewbat more complex than thc 
leceiver functions from the 0 t h  sites (Figwe 14s). and 
there is sttongex evidcooe for a midcrustal discontinuity m 
the SLM crustal model (Pigme 14b). 

4. Discussion and Conclusions 
[u] The sEismic chm~aniPtio of the mkal Dharwa~ 

craton, presented shove, demomtlates the mndable sim- 
ilarity of cmtal srmonne and compodtion all along this 
trsnseot SpecifioaUy, the &ver functions at all sites art 
charactaized by a weak (~10%)  transverse canponent and 
a simple P coda with clear Ps, PpPd and PpQ + PsP, .  
phases The 6m1 athibute is an expmsion of the near- 
horkmtal layering that provides adequate justifktion for 
assuming a 1-D model of the crust in the m e i v a  fundon 
iovasicms. T b  saoond atkibute is a rnww ofthe seismic 
mnspmaoy of the crust, implying no sigdfkant mb- 
crustal discontinuities. The relatively clear ~nvasions 
aad rev- of the simple P cnda pmvide accurate 
time intervals to d e k m k  the value of the YJV, ratio 
whicb imposes a tighter consuaht on crustal petrology than 

Figure 10. Results for MBN. The MF3N &ver Gmction st& has prominent Ps aod PpPdphascs at 
4 and -13 s md a weakPpS,r + PsQ phase at 16-17 s. The crust-mantlebansition zone 1s 4 km 
thick and the Moho is at 35 1 2 km depth. Same format as FFigure 7. 
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Rgure 11. Resdt~ fk SLM. The SLM receiver function is the most complex of any of the receiver 
functions okserved along the trslrpect. The large amplihde Ps phasc at 4 . 5  s is clear, but the gPm9 
and PpSs + PSI',$ phases at l3-14 and 17-18 6, reqeaively, arenot as prominent due to 0 t h  large 
amplitude Srrivals in the SLM d v e r  hcdon.  The SLM tangential d m  hetion has significant 
a ~ ~ & ~ d e  anivals betwem the d i m  P and Ps p h  and o v a  has larger amplitudes than are seen on 
any of the other ban- receiver firnetions observed alms the trslrpect. Tbe mstal shear wave .speed 
&!el has the lowest, near-sdce ve!4fies of the eight -tal models. 'Ibe deeper crust c o d &  of 
two layas oae with Y, - 3.5 km s-' tbst extends from 2 to 18 km depth, p~sumab1y compmding to 
the lowex wave spetd material in6lliug the basin, and a sewnd layer with Y, - 3.8 km s-' which 
extends h 18 to 32 km depth, p r e s ~ a b l y  mmsponding to the underlying rocks of the east Dharwar 
Crab. The crust-msntle hsllpiton is 2-3 km thick and the Moho is st 35 + 2 km d& Same lhmat 
as Figure 7. 

is possible to obtain from either wmpressirmal or shear the E-W rehction profile [Kaila and Krishna, 1992; Reddy 
velocities alone. However. all shmcmes to d & m m h  c~ustal and Rao. 20001. However. a strsiahtfonvard com~arison of 
thickness finm travel times are -essentially nonunique the &tails of he crustal modelsdetmmined receiver 
because of the tradeoff with mtal velocity. C w s e q e ,  function and r&action analysis canwt be made for several 
we have f k t b  Mlnstrained the relinbility of our inverse reasons. First, the conversions and m&eratim analyzed 
mIutim by jointly hating the d v a  f;noton measure- in theRceiver function study sample the crust in a d c t e d  
ments with ihdmcntal mode Rayleigh wave phase v e k -  region (-35 km) amlmd the seismograph site wl3ercas the 
ity meawranmts along the pmfile. The two data are refmtbdwide-angle reflection arrivals sample the must 
sensitive to di.fferent features of the mstal m u m :  hence. ovaa  bronderreeion (-200 lon) and hmce the two methods 
their joint i n v u s h  provides a more tmique d e i  af thk average difkmt e p a h  dom&s. Second, the 6quency 
gustal smrcturr. content of the receiver function arrivals is cantered at about 

[w] The hem functim show the seimic character- 0 2  Bz whReas the &odwide-angle refkction ardvals 
istics of the Dhwvar crust to be remarkably uniform are 1-2 Hz and because of the d i t  fiqwncy content, 
throughout and varying within m y  m w  bounds: erustal the two data sample the details of the ~ustel layering in a 
thickmss (35 * 2 kmf, average shear wave Qpeed (3.79 + dittkmt manner. Third, the receivm function arrivals g- 
9.09 km s-'), and VJV,ratio (1.746i 0.014). These values &v consBain the shear wave d s t r u m  of the crust 
are within the estimates of crustal thickmmes and wh& the refractidwide-anglepledectian anivals primar- 
velocities determind bv eadierinvestie8tm for EKE lGuw ilv wnstrsin the crustal wmmesional wave soeed structure. 
rmd Pn'ertIq, 1996, ~ b r l  et ol., 2000: Zhou et d., hO], i%7] The simple nature 'and nearly unif& thickness 
IUL [mima et el., 19991, GBA [Krishno and Rumah, (-35 km) of the cantd Dharwar craton m& and its felsic 
20081, and the intersdon of thc BGL-NND tnlngea with character an Bimilar to the must found for o h  A r c b  

Figure U. Results for LTV. The Moho convasion and revethaations am weak in the LTV receiver 
function but the Ps, &PA, aRd PpSa9 + PsPd csn be seen at -4, -14, and 17-18 s,resp&ively. The 
near-surface, low velocity layer is absent heneath LTV and the upper 24 km of the crust have nearly a 
uniform s h w  wave sped of 3.4. nEae is a pronounced positive gradient in the lower crust stating at 24 
km depth and cxtpnding to the Moho at 34-36 km depth. The existence of this strong gradient is 
substantiated in the forward modeling tests. l%e Moho is at 34 * 2 km depth. Same format as Figure 7. 
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Elgum 13. R& fm GBA. The GBAreceiva fun&nh pmmhent Ps, PpPd, and PpS,,,v+ Pfl,,,v 
pbaped at -4 13-14, and 18 s, xqmtively. m e  GBA crust cm&s of two layem an upper layer with 5 
~3~kms-~extmdiogtmmnearthe~&to20irm~andaseoondlayawith ~ - 3 . 9 k m s -  
exmdhg &om20 to 35 km aepth. The crust-mantlekadtion is shsrp baeath GBA aod the Moho is at 
36 + 2 km depth. Same format as Figure 7. 

-zatons that have nmained largely stable since cratonh- aL, 20001 and unrmdnlaia by a sharp Moho. Tbe wres of 
h The two lingest Amhaeau tenaios of westem Auahalia A r o h  Kaapvaal and Zimbabwe cantons of southan 
(the Pilbars and the Y i  m m s )  have a predomhautly Africa also have crustal thichcsm clustering between 34 
felsic [Chevmt and van dmHirpt, 20001 CNSt w h i i  m theit and 37 km [Nguuri et mL, 20011, and a sbarp Moho thai 
carnal undistrabed @ens is 33-36 irm fhick [flitheme at pmduces clear and @& amplitude Ps s i p l s ,  Sites ovet the 

14. Summary of tbe austal gtruchne for the south Indian shield (a) Comparison of stacked 
receiver ihc!ions observed at each station fur nearly a cummon distance (79') and back (999 
tie. To the left of the direct arrivals are tbe snnibn names. Lmm dmote the average Ps, PpPd, and 
PNd + PsP,r delay times. @) Average cnrstal shear wave models beneath each site. The models from 
the fine laya parameterization joint invdon and the come layer parw~terizatioo inv&on are denoted 
by tbe solid and dashed lines respedvelv. lhc dotted line m s s  the  lot is at 35 km deutb and is fur 
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Slave mion in northwest Canada that contain the oldest 
known rocks on Earth also show clear Ps phases without 
significant h v a l  time variations [Bank et a!., 20001, 
yielding an average c ~ s t a l  thickness of 38 km. Receiver 
fundions at three sites on the central Sao Francisco craton 
in the southeast Brazilian shield show a similar -35 km 
thick (estimated from the Ps - P intervals of 4-4.3 s), 
transparent crust which is felsic (YJV, = 1.70) with no 
si@cant intracrustal featum [Asnmpuao el a!., 20021. 

[ZR] Furthermore, there is no evidence for any high 
velocity basal layer in the receiver function crustal images 
of the central Dharwar craton, suggesting that there is no 
seismically distinct layer of mafic cumulates overlying the 
Moho. This implies that the base of the Dharwar c ~ s t  has 
remained fairly ref?actory since its cratonization. Corrobo- 
rating evidence for the absence of matic underplating in the 
Dhanvar craton is also provided by the average Poisson's 
ratio of the crust (0.256 + 0.006), indicating that the m s t  is 
-My intermediate-to-fclsic ia composition. This con- 
clusion suppnts the evolutionary hypothesis for the growth 
of continental crust; that is, the crustal formation pmcesses 
in the Archean were diffaent h m  those that dominated 
since the Archean [Durrheim and Mooney, 19911. Indeed, 
the uniform low heat flow and the occurrence of diamonds 
in the Dhanvar craton lend weight to this hypothesis. 

[29] Heat flow throughout this conidor is 25-50 mW 
m-2 [Roy and Rao, 20001. In fact, the mantle heat flow is 
reduced to a remarkably uniform value of around 12- 
18 mW m-2, when the quite variable heat generation of 
the stulicial crustal layers is accounted for, ddiscunting any 
suggedon that there are substantial spatial variations in heat 
h m  the mantle into the lower crust. The eastern Dhanuar 
naton is also diamondifernus, with some of the well-known 
pipes being quite close to LTV west of the Cuddappah 
Basin These diamonds, which are yet to be dated, occur in 
the kimberlites of much younger ages (1100 Ma). South 
Afirican kimherlites of similar age contain Archean-age 
diamonds [Ridrordson eta!., 19841. 

[m] The diamonds found on the Dbanvar craton may also 
belong to the Archean (2500 Ma) when the cratonization of 
Dbanvar was complete, with an undercarriage of a colder, 
thicker lithosahere that had entered the diamond stabilitv 
field. A puz&g feature of the Dhanvar craton, however, 
that its bulk composition does not appear to have a 
komatiitic origin but is possibly of tholeiitic and picritic 
composition, with some component of ultranafic rocks. 

[31] The above picture, strictly speaking, characterizes 
only the cenhal Dharwar wton whose 3-D structure must 
await similarly extended investigations to its east and west. 
The E-W rehction profile [Reddy and Rao, 20001, how- 
ever, indicates that the crust of the western Dharwar mton 
across the Closepet granite is thicker (>40 km) and of lower 
velocity. However, based on its geology, the Dbarwar wton 
is widely regarded to be composed of two different terrains 
suhued longitudinally by the Closepet granite, and very 
elaborate pmwsals [Hamon ef a/., 19861 have been SUE- 

gested as evidence nfa plate tectonic-type ifactivity 
ouerated as far back as the Archean. Nevertheless these 
hpotheses are equivocal and if, as we believe, a similar 
evolutiomuy process was responsible for both the western 
and eastem Dharwar d o n ,  the differences in crustal thick- 
ness and isotopic signatures are a result of subsequent 

t d c  pmcesses. Therefore, we should be encouraged to 
investigate the westem Dhanvar craton for the possible 
existence of diamondifemus kimberlites and auriferous 
schists and not declare the westem craton to be barren. 

1321 In conclusion, we note that seismically, the central 
~ & & a r  craton o v a  the 600 km long transect is remarkably 
tmsnarent and is therefore an excellent window for imag- 
ing &e mantle beneath. The Dharwar craton appears to &a 
classical repmta t ive  of primitive cratons and cmstitutes 
a significant sample of early h r i h  processes that evolved 
with the thermodynamic evolution of the mantle. 

[13] AeLoar*dgmroU This pmjccl was wppmtd in pan by a pant 
fmm ihe kpmxnl of Science and Tmhnulagy. Govenmml of hdk aod 
bv B U M  Laboramicr of the L'nivmrtv of Camhndnc Cmsanable 
bgi.tic support was provided by the d~a& of the ~ali&al Geophysical 
U htimfe at Hydaabad, Ccnh.c for Mathematical Madding and 
Camp& Simulabbn, rmd thc Indian Jndlutc of Ashophyoics at Baoga- 
brc. VKG is ePpsially hlmldol u, c+?wk Leelanandam, R Sriniva-, 
a o d R U M R m f m s t b d a t i n g ~  W w o o * l l h m  thmkDmi9 
Wid for m g i n g  a CNRS anmner pmfemmhip and pmvidiq 
computing facilities at Univmite lareph Fowicr, whem most of h e  
emrputetions were done. This is Cambridge University Lkpmtmmt of 
6wh Sdmm urnhibution 7145. 

References 
A m m ,  C. I., The iwlslion of rarivcr cffecb hm tekdpmie P wave- 

h s ,  BuN Seirrnd Sot Am., 81,2504-2510, 1991. 
Ammo=, C. J., G. E. Randall, and G. Zandl, On the mnuniqvmcrs of 

reeivafmctim inversi0ns.J. Gwphys. Rer., 95, 15,303-15,318,1990. 
-, M, D. 1-, and A Smke, Crusts1 llidmcnscs in SE B m  

cilian Shield by mciver fundtion analysis Implications for iroststic 
compen~alion, J. Geophys. Res., 107(B1), 2006, doi:10.1029/ 
2001lBO00422,ZOM. 

Ban!& C.C.. M. G. B~Srock, R M. Illis, end I. F. Casidy, A lewma& 
sxc feku.pmic shldy of Lhe uppsr manlle and m i t i o n  m c  h e a t h  
the Arch- SStnccmmn b NW Can&, T-mph~icr, 319,151-166, 
ZWO. 

Bhsttacharya, S. N., Cmfal and uppa m t l c  velocity m b m s  of Jndia 
fmm rurfacc wave dispmion, in Seirmnlogy in India: An h i e w ,  
ditcd by K K Gqpla and S. Ramarcrhan, Cw. S i ,  62, Suppl., M- 
100,1992. 

Chauejee, S. N., On ihc dispmian of Love W a w  and cmt-mantle 
smcm in the Gangetic Basb, Geophp. J. R A s m .  Soc, 23, 129- 
138, 1971. 

Ch-I, S., and R D. van dm HilsC The Poison d o  of ihc Aumalim 
cmst: Geological and geophysical hplicdons, Eanh P l a ~ e t  Sci Lnt, 
I83, 121-132, 2000. 

Clithnoe. G.. 0 .  Gudmundnwm. and B. L N. k g  The cmtal hick- 
mar of~&tm& J. Gwphyi. &., IO5, 13,697-13,713,2000. 

Dq Z J., and G. R Faulgsr. The ous t4  sbm~buc~lre of nothw Fjords, 
Icdmd. fmm rcecivm fonclilms and rurfacc waves. Geoohw. J. bt. 139. . . ,  . . 
419-432, 1999. 

Dube,,R K, I. C. Bhyana, and H. M C h d b y ,  Crurfal rtrubms of Bc 
Peamdm India, Pure 4$, Gwphyir, 109, 1718-1727, 1973. 

h n h e h  R 1. and W. D. Mamcv. Arch- and Pmtemmic msfal cv- .. 
hution: ~vidmce fmm mnfal +hgy, Gwl?g~,19.606-M)9, 1991. 

Caw, Y K, and K. Priedsy, S h  wavt vela~lh/ m b m s  beneath h e  
Archean granites ammd Hyddad,  infared hm reeivey f l m c h  aos- 
ly~is, Roc. Indian Acad. S d  Earth P l o w .  Sei, 105, 1-8, 1996. 

Gaw, V R, and E F. Priallcy, S h  wave velocity s r m a  b-th h e  
Archcan granites a m d  Hydnabad, i n f d  from rscivm frmctan aria- 

lysis, Pmc i n d i m  A d .  Sei Eorth Plma. Sci., 106, 1-8, 1997. 
Gombrrg, I. S., K. Riewky, T. G. Mastern, md I N. B-, The r t w m r e  

of h e  c s u l  and "-mantle ofnorthan Mexico, G w h w .  _I R A w n .  . . 
SOL, 94, 1-20, 1988. 

Haman, G. N., E. J. Kmgrtad, Y Raj&, and S. Balahishnan, The Kalar 
Eehia bdc A por~iblc Arch- sumre zmc, in Workrhop on Tecaonic 
Ew)Iutim of Gleen$to~e Belo, dild by M. I. ds and L. D. Arhwd, 
LPI Tech P\sp. 86-10, pp. 111-113. Lmar and PkncL Im., Hornton, 
Tn., 1986. 

Hemnann, R B.. Computer Pqmn.7  in Seirnologp, m i o n  3.15, St. 
Louis Wr, St. Lnrin, Mo,  2002. 

hluerti3, S., P Molnar, and 1. Oliver, Rqiond Sn velacities and shear 
velocity in the uppcrmanlle,Bull Sei$ml. Soc. Am., 63,469-475.1973, 



ESE 10 - 12 RAI ET AL.: SOUTH INDIAN S!j.U?LD CRUSTAL STRUCTURE 

& a u # . K J . a r d B . J . M i t c h l l , 5 ~ 1 l c s , i q d ~  
~ o f Q t i n ~ ~ d m d * . e m . ~ h c m b c D  

O & U V @ h q  q. L R .Mnm Sac., PO, 575-613,1987. 
K.il.,KL.Bdy.G.Mlm&occprirmic*,*Uod*shh,di.d 

r m p ~ i n ~ o g v i n ~ : A n C h t ! d w ~ a t i k d b y R K  
Fspra lad S. -, Cm Ser. 6% Soppl. 117-154, 1992. 

~Y.G.,mdD.S.RIwbRqlagationaf~std-&de 
h.ppsdP d ~ v c b d Q ~ h t h c & ~ ~ B U R  
Sdmd. Ex Anr. 90.1282-L296, moo. 

Mlm&V.G,C.V.RKR.D,KK-D.e,rmdhd-, 
C M l a l ~ ~ Y n r P P c m & s r p i c c n h a l ~ o P t h . l r h n  
m1thqo lh (Scpauk29 ,199 )h%mthmr , ind i . :~hd  
onius or am - ~~. m.01.1-255. ,no" 

Grc&z Ro. Lar., 2& 8,339-1342,2001. 
N & T . 4 J . O m + D . R k S . J . W 4 C . W ~ ~ I G . h ~  

0. Gvaravb d I. A. %oh. Cnrarl miwe b d  satlaen A f f h  
d i t r ~ ~ f a h e b d r m d o n a n d c w l d o ~ d l h e K & d d  
-man* Gqhn Rex h., 38.2301-2504.2001. 

Oarmr T. I.. G. ZandL d S R Thvlm. W e  Nidmoa fw or m& 

R c y . S , a r d R R a o , B s t B o w i n k ~ ~ J . ~ R r r . l H ,  
25587-25609. Z O M  

s s o l I . , M . % ~ , a n d D . S p h o , I d , & a p h c l i c d ~ &  
~ d & ~ l b m 1 4 6 m m t d s e r m d c r c s c i v a ~ . C d P  
p&e. &a Lclt, 27.2357-2360. m. 

S h a b m , A F , G . A A b s * C . K J m a . a n d A L L e m ~ W  
tbidxm ' saachCobxr&R hlc lc rck  
mic iccci~-- J.  crsahvJ. Re%, zW-.4M, 1995. 

Shylb,S.K.,RSDPPaylmSN.M P. hfmddl I. P. m, 
d RK ah cmr(sl rmd -2Emclorrofm*In& 
and~pm m a m o f t h c 2 1 M . y  1997,J.b.Bm~I.M~- 
58): Umh trmn thc new mgimal tmxbaid nctnaf. Bull W s d  
Soc An.  89.1631-1641.1999. 

z.n4G,S.Carym,sndT.C.w&,Qostsndm&~mswsp 
the Bash and Raaes-Colcndo P h  h m h v  a 37% fntitndc and 

&, L, md,ci,l3iwnd Moho dcpb rririadon in &rban CsWmia 
h ckaanr rraivsMm% J.  Dsopkys. Re%, IN, 2969-2980, 
2000. 



GEOPHYSICAL BESEARCH LElTERS, VOL. 30, NO. 0, XXXX, doi:lO.l029R002GLOl6770,2003 

The nature of the crust in southern India: Implications for 
Precambrian crustal evolution 
Sandeep Gupta, S. S. Rai, K. S. Rakasam, and D. Srinagesh 
National Gmphysial R d  Inaimle, Hydwbad. hdia F 
B. K. Bansal 
Depmenl of Science mi T&dogy, New Dclhi India 

R. K. Chadha 
National Gmphysial R d  Inaihlle, Hydaabad, India 

Keith Priestley 
Butlard Labrahie% Univmity of Cambridge, Cambn'dgs, UK 

V. K. Gaur 
Indim Instiale of AoOophpks, Bangalom, Mia  

determinations iium receiver function analyzes 
[I] We present crustal thickness and Archaean continental hgment 50 

Dhanvar Craton varies fiom 34-39 km. and Eastem Dharwar Cra- 54 

42-51 km beneath the mid- 

of EDC and the Bastar Craton are sepmted by 65 
thickness varies b 

@VP) covers the NW part of Dhanvar craton. It is not 68 
clear whether rocks of the WDC or EDC fom the  basemen^ 69 
of the flood basalt pmvince. 70 

the Archaean. LyDEYERdm. 7203 Seismology: Body wave 141 The most important feature of the Dharwar craton is 71 
propagation; 7205 Seismology: Continental oust (1242); 7299 the transition fiom the low- to medium-grade granite - 72 
Seismology: General or miscellaneous Clhtion: Cupta, S., S. greenstone terrain in the nolth to the high-grade granulite 73 
s. Rai, K. S. w.m, D. Srinageh, B. K. Bansal, R. K. terrain in the south, the Southern Granulite Terrain (SGT). 74 
Chadha, K Priesrley, and V. K. Oaur, ?he nanue of the uust in The paleopressures gradually increase h m  3 Kbar in the 75 
southern India: Implications for Precambrian m s d l  evolution, north to 5-7 Kbar in the center and 9- 10 Kbar in the south 76 
Geophyv. Rrr Len., 30(0), XXXX, doi:10.1029/2OMCLO16770, of the Dhanvar craton, corresponding to an erosion level of 77 
2003. 6-8 km in the north to -30 km in the south [Hamr m d  78 

Jayaram, 19821. The granulite evolution is thought to have 79 
1. Introduction occurred at around 2.5 Ga [Grew and Manton, 19841, 80 

coeval with the Closepet granite emplacement 81 
[21 The South India shield is an amalgamation of several [5] South India has undergone a complex terrain accre- 82 

crustal blocks formed by geodynamic processes operating tion since the mid-hbean and has poorly-deM tectonic 83 
iium mid-Archaean to Neo-Protmzoic time. The main geo- boundaries at depth. The growth of the South Indian 84 
logical provinces in southem India are shown in Figure 1. continental crust will be bener understood once the varia- 85 

tion in crustal simcture across South India is known. In this 86 
Copyright 2003 by the Amsricao G m p h y s a  unim. study, we present constraints for crustal thickness and 87 
009e8276/03n~2GL01677~055n composition @om the Poisson's ratio) in South India 88 
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eral.,2001; R&yetaL,22M)3].~ecrustbenedtheEDC, 
~ V P a o d C F j i s ~ b l y s i m i l a r i n ~ ~ v e r f u n d o n  
waveforms and crustal parameteis with a fairly transparent 
crust containing no mshed appami m i d d  intafaws. 
The m t a l  t h i c b  varies 6um 34 to 36 km (except at 
KDR -39 km) and the Poifaon's zatio nmges &om 024 to 
027. Gaur and Priatley [19!J6l, Kumw d al. [Moll, and 
Rai et al. [ZOO31 report similar observations h m  spsrsa 
receiver fimction in South India. 

8 Surmising from the mid-Archean WDC 
mxe complex and crusral 
ImL The Poisson's ratio at 

s fmm 0.25 to 0.27, similar 
t crust 1-40 km) is observed 

mar the ~ i l &  Hi& (elevation 
e otba highly elevated station, 

m t .  The avsage mstal 
0 Jan and a -025-0.26 
-60 km, a = 028). The 

b a- 
m u a s o n s  
u w o w a w  
TRVJ6+l28aM 
MI) *s 025 a07 
PLIH* a n  ow 

bmadbaod seinnic 6taiions are mbouwaot 
IQ1 43 at5 a\@ 
6DP 51 0.24 a07 
muIQzbao? 
8RR JI 0 s  lLOl 

derived iium receiver fun e u w e a u t  
wavefoims. TPT d ew a s  

~ 1 ~ 4 a 2 4 0 9 6  
M R  41 U aW 

2. Data and Methodolo WB 4 0.24 0.m 
mm Q O U  0.VT 
eOARO.18OMi 
W34a25M6 
ah7 $8 0 s  aa5 
x o ~  w a2q us7 
rraJaaaoa5 
a6L&samaOli 
T L m X 5 a a Q r n  
W I O I 3 M L I  
LW36aaoI  
Am 34 D2I 0.0s 

mEx3aziam 
RW 24 0.26 
WDS1MPl@ 
(CLshea4MLI 
HXIYI(L2Iw 

respectively. We Ke the average a W  P-wave speed of 4- IS 20 
6.45 km s-' [ffiiia and fitma, 19921 m making the 
mstal thickness vs. VJV, stacks. Figure 3 shows the 

mwi:s, 
contour pots for mstal thickness and Y$V, for weal 
stations. 'Tbe ava;tge is M.5 km and M.015 for the 2. S t a d d  radial d v e r  functions 0%- 
cnrstal thic!uwss and VdV, respectively. according to geological provinces. The Moho conversion 

and reverberations are indicated cm the receiver fimctiws. 

3. Results The geoiopical provinces are denoted to the ldt of th 
receiver functions and the crustal thickness, the average 

[7] Figure 4 is a Moho depth map fa South India which Poisson's ratio, and average s l o w w  for the stack are given 
combines the results liom the 32 receiver f i m o t h  m e w -  to the right of the receiver function. A cleartime shift in tbe 
ments and 14 estimates h m  seismic +.ehctioo studies P.9 phase is viaile for stations in the WDC and SOT 
employing ray tracing analysis [Ri*hna era!., 1989; Sarkar comprued to stations in fhe EDC. 
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Figure 3. VpNs ratio vs crustal thickness (H) stac f I X  

stations in South India Figure 5. Cross-section depicting Crustal thickness aod 
Poisson's ratio v&ation m s s :  (a) SW-NE profile across 

135 [9J Figure 5 shows the variability the Western Dharwar mton (WDC), the Closepth granite 
136 along two crustal cross-sections scm (CG), the Eastern Dbwar mton (EDC) and the Cuddapah 
137 from the CB acmss the EDC to WDC ' Basin (CB), (h) NW-SE profile moss the Deccan Volcanic 
138 h m  DVP across the WDC to the S Province (DVP), the Westem Dhmvar craton and 

the Southern Granulite Terrain (SGT). Tbe locations of the 
profiles are indicated on Figure 4. In cross-section AA' the 
crustal thickness is pmjeeted 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. 

crosssection locations are shown on Figure 4. Figure 5a 139 
shows that the crust t h i c k s  beneath the EDC varies fium 140 
34-39 km, but beneath the WDC the crustal thickness 141 
ranges h 42-51 km. To discan the nature of the Moho 142 
depth variations, we exsmioed the receiver functions at 143 
individual stations for a systematic delay of the Ps phase 144 
with azimuth and distance, but we do not observe signifi- 145 
Cant variations in the arrival times or amplitudes of con- 146 
verted and multiples ss expected for a dipping Moho. This 147 
suggests that the Moho is essentially horizontal and that the 148 
offsets occur at rather sharp boundaries which seem to 149 
coincide with major N-S shear zones [Drury et aL, 19841. 150 
The thickest WDC mast (51 km) oceurs beneath the mid- 151 
Archaean (3.4 Ga) greenstone belt - the nucleus of the 152 
Dharwar craton - a major low-strain zone which has not 153 
been subjected to any severe compressive deformation 154 

n 74 7 s  76 77 ra 78 80 81 LChadwick zt al., 19891. In addition, this a m  is character- 155 
ized by high P- and Swave velocities [Garpa et aL, 20011 156 

Figure 4. Crustal thickness map for South India derived and lower mantle heat flow [Gupta et a!, 19911. The crustal 157 
tiom the receiver fimtion analysis reported here and Poisson's ratio for both the EM: and WDC crust is 0.25 + 158 
published retlection/ref?action results. Numbers denote 0.1 except beneath TMK (0 = 028), which is sitoated on the 159 
Moho depth. The locations of the two crustal cmss-s&ns K-rich mantlederived Closepet granite. The cross-section 160 
(AA', BBj shown in Figm 5 are indicated AA' h m  station CRP to KSL is representative of the 161 
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162 amphibolite-grade metamorphic rocks whose paleapres- heat flow by a thick, insulating layer of lithosphere. The 
163 sures range between 5-7 Kbar, consistent with a 15- p m c e  of such a thick, cool lithospheric root beneath this 
164 20 km erosion level, indicating that the Archaean crust in region has been demonstrated by Srinagesh and h i  
165 this part of the WDC may have been 57-70 km thick 3.4- [1996], Gupta et a1 [1991], and Gupta et a1 [2003]. Our 
166 3.0 Ga ago. crustal thickness observations are at odds with those of 
167 [lo] Cross-section BB' (Figure 5b) shows the Moho top- Durrheim and Mooney [I9911 who proposed that the 
168 ography from undefomed Archaeao crust beneath the DVP Archaean crust is thinner than Proterozoic crust. The north- 
169 and northem WDC to the area of late Archean to Roter- em part of granulite terrain, which is characterized by bigh 
170 ozoic deformation responsible far the evolution and exhu- paleopressures (8 s conspicuous by the pres- 
171 mation of granulite facies mks in the southern parts of ence of the thicke 
172 India. In Figure 5b MTP-2 and MTP-4 refer to crustal 2.5 Ga mks were 
173 thickness inferred beneath the station for events from 90- indicates anomalous 
174 180' and 270-360" azimuths, respectively. Although the 
175 receiver functions for the two azimuthal ranges indicate a 
176 difkence in crustal thickness, the transition between the geodynamic event for granulite 
177 two regions must be relatively sharp since tbere is no 
178 indication in the tangential receiver function of a dipping 
179 Moho. The DVP is underlain by 35-38 km thick crust, 
180 similar to the crustal thickness beneath the adjoining EDC. 
181 Progressive thickening with an increasing grade of meta- 
182 morphism is o k = ~ e d  southward a- the WDC. The 
183 northern part of the WDC @HR and DVG) consists of 
184 granite-gneisses terrain (paleopressures 3-4 Kbar) with a 
1% crustal thickness of 42-43 km, while the am~hibolite 
186 central part (pressure 5-7 Kbar, CRP, M?~) 
187 44-48 km At MTP in the Nilgm Hills, which dbhsis 

rences 

188 hornblende granulite facies rock, the presentday M W e ,  R D., S. A D q ,  and R N. Holt, 3.360 Myr old geeissea 
Indian Cram. Norum, 283,469-470, 1980. 

189 about 60 km d m .  Since the exhumed eranulite M. W s h n a n .  N. V m d w .  andM N. Ylrbwanathan 
X 

anomalous kckness. Fmther south, 
decreases with decreasing pale 
are consistent with the significant cr 
similar metamorphic belts [P 
al., 20011. 

4. Discussion 

~ ~~ -~ 

2.5 Ga ~ ~ ~ , ' t h e  DVP and-the CB; (ii) si&ficant crustal 
thickening (42-51 km) beneath the southem part of the 
WDC, (iii) a 42-60 km crustal thickness beneath the SGT, 
and (iv) that the Closepet granite forms the crustal divide at 
depth between the EDC and WDC. The avemze Poisson's 
ratio for the South Indian crust has valtm o'i 0.24-0.27 
which are at the lower end of the global average [Zmdt and 
Ammon, 19951 forthe Archaean shields (0.27-0.31), imply- 
ing felsic-to-intermediate composition. No significant dif- 
ferences are observed between the Archaean and Pro- 
taozoic crustal blocks as suggested elsewhere [Durrheim 
and Mwney, 19911. 

[12] The overly-thick (>50 km) crustal block of the 
WDC coincides with >3.36 Ga amphibolite grade green- 
stone belt (5-7 Kbar pressure,) suggesting the existence of 
a 57-70 km thick crust during the mid-Arcbaean. The 
preservation of such an overly-thickened crust could only 
be possible where the crust is shielded from high mantle 
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Soc London, 146,825-834, 1989. 
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A re-assessment of focal depth distributions in southern Iran, 
the Tien Shan and northern India: do earthquakes really occur 
in the continental mantle? 

A. Maggi, J. A. Jackson, K. Priestley and C. Baker 
Uniwdny of C e  Deprount of &rh Samre,v, lhdlmd Ldmm1ow. Modngky Rwd Canbndfe, CB3 OEZ UK 
E?mib na&@~cernmul, pkam&ccmn ae t*. Mzh@smm ul 

AcccpM ZWO May 30. llezeivcd 2000 May 16; in original ton. 1999 lkmbn 7 

SUMMARY 
We investigate the depth distribution of earthquakes within the continental hthosphere 
of southern Iran, the Tien Shan and northern India by using synthetic seismograms 
to analyse P and SH body waveforms. In the Zagros mountains of southern han, 
earthquakes are apparently restricted to theupper crust (depths of <20 km), whereas in 
the Tim Shan and northern Indiathey occur throughout the thickness ofthe continental 
crust, to depths of -40-45 km. We find no convincing evidence for earthquakes m the 
continental mantle of b e  regions, in spite of previous suggestions to the contrary, and 
question whether seismicity in the continental mantle is important in any part of the 
world. In some regions, such as Iran, the Aegean, Tibet and California, seismicity is 
viaually restricted to the upper continenfa1 crust, whereas in others, induding pans 
of I k t  Africa, the Tien Shan and northern India, the lower crust is also seismically 
active, although usually less so than the upper crust. Such variatio~w cannot reliably be 
demonstrated from published catalogue or bnlletin lccations, even from ones in which 
depth resolution is generally improved. In contrast to the oceanic mantle lithosphere, 
in which earthquakes certainly o m ,  the mntinentalmantle lithosphere is, we suggest, 
virtually aseismic and may not be sigdicantly strongw than the lower continental w t .  
These v;uiations m continental seismogenic thickness are broadly correlated with 
variations in effective el-tic thickness, suggesting that the strength of the continental 
lithosphere resides in the crust, and require some modifhiion to prevalent views of 
lithosphere rheology. 

Key words. continental mantle lithosphere, earthquakes, lithosphere rheology. 

1 INTRODUCTION 

The distribution of earthquake focal depths within the litho- 
sphere s one of the most accessibls indicators of its Wrely 
mechanics prop-&. In the c o ~ t s ,  and sway from obvious 
JllMuaion zona, simkity is wUany coooeotrnted in the upper 
10-20 km of the crust and the Lower crust is usuaUy much 
less nctive or om ~ m p b i y  a+ (cg. Chen & Mohtar 
1983; Chen 1988). Thew obsmtin119, combined with a c h  
eonelation bemeen the depth of the deepat oceanic intraplute 
earthquakes and the age of the oceanic lithosphere. in which 
they oCcUr (6.g Wiens & Stein 1983), arc w d y  taken to 
indicate that tmrpaahue is tbe domiaaot control on -ty, 
wi thcmhqdm mtrkted to regions of relatively low temper- 
ature (e.g. Braee & Byerlee 1970). Chen & MolDar (1983) 
estimated the limit111g temperaturn for earthquakes m m t a l  
Bnd mantle rmte~ials to be about 350+ 100 "C and 700i-100 'C 

BZWDRAS 

respectively, the d iEmt  tempera~res reeecting their con- 
W i n g  compositb~~. Chen & Molaar (1983) and Gag. (198% 
also emphasii the wcrmrnce of ram continental earthquakes 
dose to probableMoho depths and @ps in the uppermost 
continentalmantle. Thw earthquakes were t&keo to indicate 
an important strength contrast between the Lower crust and 
the mantle. The obsmvations summarized above a n  largely 
reapodbls for a view of the mniinental tithesphere in which a 
lower cmst of reLativcly low strength, where aseiwic d u d e  
deformation predombtq is sandwiched beiween rdatiytly 
stumg upper 4 acd uppamost mantle ~o~ ~~. 
This view haa had an enormous in8ILrnce on om views of 
continmntal tstonics. 

Thip stndy mexamkes the depth distnbnt~on ofthe mmkity  
m four regom: the Zagros and M a h n  of Iran, the Tim Shan 
of central Asia, and northern India It was motivated by 
developmenfs. 

629 



(i) The Iirst was the discovery that not all areas were as simple 
as the picture summatized earlier. In parts of the East &can 
riR system, usually near or within Archaean shields, earth- 
qua& occur throughout the thickness of the continental m t  
to depths ofapproximately 35 km, prompting areaamination 
of the likely rheology of those regions (e.g. Nyblade & Langstw 
1995; Zbao n 01. 1997; Foster & Jackson 1998). Earthquakes to 
depths of 30-40 km have also beeo found around the ShiUong 
Plateau (Chen & Moloar 1990), mar lake B a a  in Siberia 
(JXwxhbe et a/. 1991), and aromd the mar- of the Caspian 
Sea (Riestlev et oL 1994). 

(iij The L a n d  develo.pment was the relocation by Engdahl 
et al. (1998) of earthquakes in the International Seismological 
Cent& (I%?) catalogue between 1964 and 1995 (subseq&tly 
updated to 1998) using an improved velodty model and also 
including the arrival times of additional phases, paxtidariy 
teleseismic depth phases UP, uwP and sP, to supplement the 
direct P aniv& times in the &location procedure: principle, 
these relofations (which we refer to as the EHB catalogue) 
should be better than the original ISC locations, and Engdahl 
et ol (1998) demonstrated that this is the case in several sub- . . 
dudon zones, wbere improved depths give a sharper image 
of thed-ndina slabs. The EHB catalome shows a n u m k  of 
earthquakes deeper than 50 km in the zakos, where previously 
none had been m n 6 d  below 20 !an, and. in the l i t  of 
the Africa, Baikal and Caspian experiences, we wantedio see 
whether these were genuine. 

( i 3  A third recent development was the re-assessment of 
effective elastic thicknesses on the continents usina and 
topography by McKenzie &Fairhead (1997). TheGgknerai wn- 
clusion that the effective elastic thickness (T2 on the continents 
is probably dose to the thickness of the &&ogenic cnwt (TJ 
allows the simple interpretation that the strength of the litho- 

sphere resides in that layer, although they were unable to esti- 
mate the dmth to the tor, of any elastic laver. Since McKenzie 
& Fairhedd's (1997) study, more information on T. variations 
in Asia is now available (Maggi er aL 2000), and we wanted to 
see how these variations correlated with variations in T,. 

'Ibis study thus has two aims. One is to see whether the 
undoubted general improvement in locations shown by the 
EHB catalogue (En@ etd 1998) is dc ient ly  g o d  to reveal 
anomalies in the usual pattern of earthquake depth distribution 
on the continents. Thc second, and more important, is to see 
whether our rbeological views of the continental lithosphere 
based on earthouake focal depths need modilkation in thelipbt - 
of the large amount of extra data now available since the 
original studies of IS20 years ago. 

We focus on four main regions: the Zallros and Makran of 
Iran, the Tien Shm, and no&ern India. Tbe Zagrns mountains 
form a linear intmntinental fold-and-thrust belt trending 
NW-SE W e e n  the Arabian shield and mt ra l  Iran pig. 1). 
Thebelt is seismicallv verv active. with k u e n t  reverse fadtinu - -  

earthquakes of up & ~ ~ i . 0 .  Early studies-used the presence of 
earthquakes deeper than 50 km in the ISC or USGS catalogues 
to postulate subduction of the continental Arabian shield 
beneath Iran in the Zagros (Nowrood 1971; Bird et aL 1973, a 
view sometimes repeated more recently (e.g. Mwres & Twiss 
1995). However, neither local seismograph networks nor the 
modelling of teleseismic body waves from the larger earth- 
quakes have found any focal depths deeper than 15-20 km (e g. 
Jackson &Fit& 1981; Ni&Baravurgi 1986; Bakeret d 1993). 
Moreover, in an earlier study jacksin (1980) showed that the 
apparently deep earthquakes were mostly poorly recorded by 
ilatiVelyfew Stations,-which increases the rradeoff between 
origin t h e  and depth. Thus it appeared that there was no 

- .  
48" 5 2  56' 60' 64' 

Figure 1. Seismkity in southern Iran from the Engdahl er ol (1998) calalogue @HB) for 196&1998. Evcnts reported as shallower thm 50 h a r t  
s h m  in white, wbit those r c p d  at 50 bn or dcepa arc shown in bladr. Large circle are those wmts whose depths were frccty detsrmined 
(Eag DEQ) while smail cirdes are events whose depth was b e d  by the operator (Eag FEQ: rn w). l%c EHB catalogue is oornpktc down to M.5.2, 
although the magnitude range caends down to Md.5 .  The g e o g n p k l  location of the region is shown & the inset map. 

0 ZWO RAS, GJ1 143, 629461 
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d e u c e  in the sthicity for subrtudan ofwniinmtal amst, and 
shortening a w e d  to be a ~ c d a t e d  by aDdsl thicLsning 
instead, with scisrnicity swll6Id to theupperm bn. Howem, 
more recently, the EHB catalogue and both the Rarvanl and 
USGSCcnmklM~meetTmror(CMT)~~p~shave~ 
aepths as great as 80 km, even for quite large e a r t h q h  
whorcwaveforms can be MUM in detail Fis 1 end Tabk 1). 
These depths, if eonecl, would require a maaressmcnt of our 
cPrrW views of the adne wonics. 

At its southeastern en4 the mntiuuIt-aIntinent mbkIn 
zone in the Zagr0.s merges alamg strike mth the xnbduction of 
the Arabian See Boor beneath the Malwn mast. The change 
from wntincnt to oeran ocnva near 57% in a region of mm- 
p b t d  srmctun known as the Oman Lme (HI. 1). Ths 
Maknm auMudioo pm is knoam to produce && to 
depths of approximately 200 bn (Jackson & McKenzic 1% 
Lama & Chm 1989, Bpmc a d 1992). Again, we mxdd 
earthqua& in the CMT and EHB catalogoea to sse whether 
the tectonic change assodated with the Ommi Line is r W e d  
inanabmptorgradualchanginthe~hql l shaopth~  
bution Inaddition we wanted to see howdeptbsobtaiaed froat 
body wevemodelliag mmpared withERBdsptbsinaqhn of 
known s u w  &micity. 

Wethen~poMishedfocaldepthsintkTienSban, 
another intracontinmml mWon belt, Ulis time in cgtual 

Ask Fi. 12). This range bes ken iuflmtial in our vim 
of &tat tectonia because ol the coutkmd p- of 
e d q m k e s  at d e p h  of4C-50 km, near the probable @th of 
the Moho, in addition t@ the more more at 
depths of 10-20 b (Chm & Molnnr 1983; Nelson el at 1987). 
The repion bas atlmckul mnsidaabk btercSt from &C- 

l o & - d y  becaw of intmnational -tie3 dated ton& 
tcrting, d we were anxious to see whctb  the additional data 
now availaMe nquircd any modikatian of these earlier views. 
W e w a e c o r o L i o u s o f t h e A f r i c a n c m c d c r r + ~ ~ ~ t Y  
-s tbroughont the h c m o t i n e n t a l &  and is not rastricfod to 
the~crvlltandthemaottc. 

F i i y  we looked at fd depth in north India and the 
Hidam (Fir. la. In the Shillooa Aatrau sod s o u h n  Nepal 
e m h q & k & G . - ~ ~ b d e p t h h a v e b c e n m ~ t o b e i n  
the mantle (Ck & M o b  1990; Chm & K&o 199% and 
others near the Himalayan frat withdepth of 50 bn or more 
rcpMted by the Harvard CMT or EHB catalogues apparently 
support this vicw. We rmmmbe the evidence for maoUefd 
@thr in these and other carth@m in the region, making 
lu.oftBcfac4 thatwenowhavcmdbettere8bates of 
Moho depths, mody lrom r&er W o n  aMiea, than wem 
av&& to Chm & Molnar (1983). The qneation of wbetber 
we can wnlim that smne &quakes oam in the uppermost 
wntinmtalmentlc is one of particula~ intacat. 

Table I. The zagt~bM&~an m t a  anal& in tb stdy. Pnblishd depths ara hrtcd from t& QIB, Hamud CMT rmd USGS CMT atdogos, 
togetha m k  anyeformdetummed c m W  depths. In tbc EIIB column * mmCatUI a depth which war kal by the bcCd01 (Bab FP@, w k r e a ~  
othec EIIB dmb raa. fKChl d e i a i a t d  i. tbc EHB imnrdon ( 5 ~  D m  pc. text). In ibeHRVcoh t indicatr. a dWl~ tbat n r s  pim Io 
-~ ~ ,~ ~ 

snd.b' to kvaionfor ddth only. Fordnu'a 'ms ,  tlu rmk+dm-ratc and m m t  pre from the&immmhIit solution Farolsls'h' e m s ,  tbe 
rak moment is thsl poblisbed in ibe Harvard CMT caukgur. The events of I98S.mU2, 198503.27, 199203.29 nnd 1994.07.31 irs di.ausd i. 
themamtatlktda o~ibeotbaunnrst~nsarrintbeAPp.ndhi. 

Date T'nnc L.t.N L m E  M,, Ms Depth (Lm) Fadl Plant Mbad Rcsirm 
EIIB ERV KEW.9 PIBH Skike h p  Ratc 
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2 M E T H O D S  

Although the wnhement of seismicity to the upper con- 
tinental crust had been known in California for some time. 
it was not until the study by Chen & Mohmr (1983) that its 
more general pattem was demonstrated. The reason for this 
was the. diflidf in obtaining reliable f d  depths outside 
denselocal networks ofseismic stations. Locations based on the 
arrival times of teleseismic P waves alone, the method routinely 
employed by the ISC, the USGS and its predecessors, suffer 
notoriously from a trade-off between origin time and depth, 
which can cause errors in focal d e ~ t h  of several tens of kil* 
metres or even more. This effect a k e s  hecause of the. lhnited 
range of teleseismic ray parameters, with ray paths illuminating 
only a small part of the lower focal sphere (e.g. Jackson 1980). 
By the early 1980s the common use of teleseismic synthetic 
seismogram techniques, which can estimate centmid depths to 
typically +.4 km, and theincreasing number of tempora&local 
seislnic surveys allowed Chen & Molnar's (1983) compilation 
to be made. It is those synthetic seismogram techniques that we 
exploit here. Two types of analyses were performed, depending 
on the quality of the available waveform data. 

2.1 Inversion for source parameters and deptb 

Where pos5ble we used lonpperiod Pand SHwavefom to con- 
strain the earthquake source pa~ameten. We took d i ~ Q 1  broad- 
hand record.; from \tarlous of the <ilohl Dtg~tal .%~ograph8c 
Network [CiDSN), d~~onvoived the stattan response from the 
records and then reconvolved them with the &spouse of the 
old World Wide Standard Seismic Network (WWSSN) 15100 
long-period instruments, which have a bandwidth that is well 
suited for the resolution of shallow, moderate-sized events 
(e.g. McCaffrey & NabElek 1987). Where broad-band data were 
not available, we used the original Long-period dietal data. 
Onset arrival times were measured either from the original 
broad-band data or from short-period records. 

We then used the MT5 version of McCaKrey & Aben' 
(1988) algorithm, which inverts P and SH waveform data to 
obtain the strike, dip, rake, centroid depth, seismicmomeot and 
source time function. We always constrained the soum to be a 
double couple. The procedure assumes that the source can be 
represented as a point (the centroid) in space, but not in time. 
The time histow of displacement on the fault in represented 
by a source time function made up of a series of overlapping 
isosceles triangles. The seismograms are formed by the unrr 
bination of direct P or SH waves with the suface reflections 
pP, sP and sS and near-source multiples. Amplitudes are 
corrected for geometrical spreading. and for anelastic attenuation 
using a Futterman Q operator with a value for I' of 1.0 s for P 
and 4.0 s for SH waves. Uncntainties in Plead to uncertainties 
in source duration and seismic moment, but have only a small 
effect on centroid depth and source orientation. To avoid 
upper mantle triplications and interference from core phaseg 
P waveforms are used in the distance range 30"-90" and SH 
waves in the range 30"-75". 

Theinversion pracedure adjusts the relative amplihldes of the 
source time function elements, the centroid depth, the seismic 
moment and the source orientation (strike, dip, rake) to mini- 
mize the misfit between observed and synthetic seismograms. 
We refer to this solution as the minimum-misfit solution. The 
covariance matrix associated with this solution usually under- 

estimates the true uncertainties associated with the aource 
parameten. A better estimate of the u n d t i e n  Q found 
by k ing  some of the source parametem at values dose to 
but different from those of the minimum-misfit solution, and 
seeingwhether themitch of obsmed to syntbetic seismograms 
deteriorates (e.& Molnar & Lyon-Caen 1989; Taymaz el aL 
1991). We use this type of sensitivity analysis h e .  Changes in 
the depth andlor source time function will ioauence the width 
of the-first p n k  and the presence or absence of later pulses, 
whilechanges in the focal mechaoism will iofluence the polarity 
and relative amplitudes of the pulses. The focal mechanism of 
an event is best constrained by stations that plot close to the 
nodal p4anes on the P or SH focal sphere. 

Uncertainties in the seismic moment and centroid d d &  
from errors in the source veloity model ~etailed vela-& models 
are rarely known in the source reeons of the earthquakes - 
studied here. In general we used a velocity with an avenge P 
vclodlv of 6.0 km r-' above the source and 6.8 km s-' below 
the so&, unless (in the case of a few earthquakes in the 
Makrao, for example) the events were found to be genninely 
subcmsml, in which case we uscd a 35 km crust of average 
P velodty 6.8 inn s-I, and a half-space mantle of P velocity 
8 km s-'. 

2.2 Inversion for deptb only 

For some earthquakes there was insuflicient good digital data 
for a full inversion for source orientation, depth, source time 
function and moment. In these cases we concentrated on con- 
straining the depth by &g the strike, dip and rake to suitable 
values (usually those given by the corresponding Haward 
CMT solution) and allowing the depth source time function 
and moment to vary. 

In -s where only the depth was being investigated, we used 
the broad-band or short-period records when possible, as the 
depth phases are more easily distinguishable than in long- 
period recards. In these cases we performed fonvard modelling 
of the v e ~ c o m p n e n t  seismograms using tbe program 
WKBJ3 (Chapman et 01. 1978). This program traces rays 
through a 1-'spherical earth using the % approximation 
for tulniog rays, allowing for the interference of rays and getF 
metric spread&g. We used the AK135 earth model ( ~ e k e t t  
er a1. 1995) for the generation of synthetics, and included only 
P, pP and sP waves. The syntheticx were convobed with the 
responses of the individual broad-band or short-pied stations, 
and corrected for attenuation using a Futterman oprator with 
t'= 1 before k g  compared with the data. 

3 T H E  Z A G R O S - M A K R A N  R E G I O N  

We analysed a total of 24 events in the Zagros-Makran region 
(Table I), 12 of them with M.> 5.5. Of these, 16 had digital 
data of sufkient quality for a complete inversion of P and 
SH waveforms, and eight were analysed only to determine 
their depths. The EHB catalogue reported de~ths gxater than 
30 km for nine of tbc evenu i e  studied (of which four were in 
the Zapon with depths appareotly ueater than 40 hn). Tbc 
EHB &talague coitains-a qual&ition of the earthquake 
depth determination. Locations in which the depth is free in 
thi lnvrrsion art marked DEQ Poorly dercmh;d dcpthr are 
flawed X W ,  whir other d ~ v h  a c  b e d  either bv tht roverson 
program (GQ)  or by themoperator (PEQ). Ail nine of the 
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eveuts ~eporrcd h e r  than 30 km Were of f)rpe DEQ. The 
minimmmish fault plane sdutions and depths for the events 
whose P and SH wvefonas wae inverted for s o m  para- 
meters, and o w  re--lad depths for the others, are tabulated 
inTabk1. Detahofthemvenionaaudmvefomuof~ventr 
not diraual in the main text arc mntained in the Appendix 

Wow w e p n n a n t a ~ d m o i p t i o n  offow m t s i n  
the Zapm r+ prtly to illustrate tbe data qunlity and 
technique& and p d y  bxaw these are patkuh iy  in- 
earthanak~~~ The rust and second examth (19948731 and 

Z a p  fold-and-ht  belt. For the third &em pP arrivals 
corresponding to a dcpth of 122 Ian were reported by the ISC, 
whik t h e f o u r t h ~ m t w a . ~ p o I t d  at 53 kmdepthbytheEHB 
c~taloguc and at 84 km by th Hatvard CMT catalogue. We 
aualpe the third event by long-psriod wavefom invcrsh, and 
d w # a  that it is a multipls cvmt comporsd of hvo thnlsling 
nrthquPkea.Wc use f& meddling of iwg-p& SHwavcs 
to d d  the depth of the fourth earthquake (I5 km), aod 
6nd some ewidmce for it pcaiMy being a thrust faulting event. 

19&&.29) are of earthquakg that we rod&e as shallow 3,1 31, NW - cllbJ.5) 
(14 and 13 h) but which were ieporrcd to be mu& daeper 
I41 and 43 km) by the BHB catalogue. We analyse the Brst AU the obsewed P and SHwavefOrmS used in the inversion for 
event using loog-&od P and SIf -mveform invusion, and this event are shown in* 2, dong with tbe bcst-lit -theti. 
tkz ssond using forward modelling of P waveforms, Tbe third w a d o m .  Although available stationa are resttiucd to the 
and fourth exakples (1985.02.02 d 1985 0337) were both n o r t h  balf of tbe focal sphere, they are well dirhibuted 
rqmtcd by the Hamad CMT otllognc as o-al faulting within that, and thc armbination of P and SH wavefomur 
cvctutq which are ~ a e m d y  unusual mechanisms to h d  in the canshahs thc inversion sdntion quite tightly, as we show 

94.07.31 - Zagros 
288/17/W114/1.%7E17 

Pigma 2. Mimmn-midtdution fol thcewot or 1994 July 31 in the was. llevalms W t h  the nmt  ha& glvc a&=, drp, r a 4  depth in 
hn and ssvrmL mament m N m %is solution ollculatsd using a vdady modal oosishng of a 10 hn h k  layu with Vp=6 0 hn s-', 
VS-3.45 hn sC1, p-278 g 0-'ovaalulf~paoeanth Vr=6.8 irm s-', Vs=3.92kml-'adp=XPI g cc-' Theuppergphe~aboastheP-wm 
radiation @urn and thc lower qhpheathat for 38. Both a r c h r - k m s p h e ~  pmjedians. ll= MIioo code by cach wanform v socdmpanisd by a 
letter~pdmgtoitsprmti~~lnthcf-lsphc~Thesmm&rcdrlockwi~byszimnth l le&~antheobsavedw~uefom~thcdashed 
ke an thc ayllthetic w a d o w .  The inv- d m  n -ksd by rohd b at & md ofthc waveform. Pand T ara within the aphcrc an 
re+m&mtcd by =lid and epcn oade -h The souroc hmcfrmohon ra shown blow the P faal @ere, with thE.xanfm tnncmlcbelow it. 
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Mow. Synthetics were calculated for or I0 km thick l a y e r w  dgmkantly worse than in Line I, but the inversion has corn- 
veIOFify Vo=6.0 hn s-' over a W-mace of V.= 6.8 km s-'. pppated for the sbaILow depth by requiring a double pulse lo 
an dc&ri&l above. The minimum-&I .oki ahown ; &e sowe time funmion, which is poMiblcbut not &y likely 
chrusl f a u l t i n n m ~ i s m w i t h  a s h k  t i m  funaioo ofabolu for a n ~ e o t  of this (M-5.9.  U thc b function is required 
2 a d ~ m & d a @ t h o f 1 4 k m T h e l o w d i p ( 1 7 ~ o f t h e  
shdowdippii nodal p h  is mmsual in the Zagme, where 
bigbangle (4&6op) mcnc faults are uwmon, but in airr6lar to 
that of two otha eveno nca& (1971.0426 and 1980.10.19), 
also studied hae (sse Table 1). 

Theqnslityoftb.~uti011inFig2warsascaDcdbytcsta, 
illwhated m Fig. 3, which showa the observed and synthetic H 
and SHairmograms at &sled stations. The top line wotains 
the minimnm-miA soluhon in Fig. 2 In line two the depth 
was held hed at 41 km (as reported in the EHB catdope) 
whiledtbothg-paramtnswaeallowedtobetns 
to change in the inversion, which was started at the publjsbed 
CXT l m t d o u b k m p k  orientation ($tikc ma, dip 41", 
rake 114% The result is a mhimum m dip, depth, source time 
fm&ion and m m t  but is ecry d a wonc fit than 
t h e m i n i i u m a d & s d ~ s h o w n m t b e d r a t l i n e . I n ~ ,  
thers isnoevidcnainthePwsvdomwforthe~on 
of the K i t  P and d a c e  rdlcctions, wllich would artainty 
ba apparent if the d q t h  were d y  41 km (and which the 
i n d n  hns attempted to minnnize by rotating the nodal 
plans). The thirdandfaurth line showin~e~~imsin  which the 
depth is heId hfA at 18 and 10% while d other aouree 
paramems are free. At 18 km (line 3) the fits at LVZ (P), 
TATO (SH) and PAB (SH) in the third line are signiecantly 
wmcthaninf inc1.Thef i~ts in4((deptbIOkm)~not  

to be short as well as tho depthfhedat 10 km (line 5), the fit at 
all stationx detuimtes. We wedudc that Lhc mcsrtamty in 
our estimate ofthe centroid depth fm this earthquake (14 h) 
is &ly ta k greater than *4 kui 

This emtthquake, therefore, is signi6Eantly shallower than 
reported by the EHB catalolplc (14k4 anms 41 b). Note 
that for an earthquake of this size (M0=2 r 10'' N m) the 
mum dimension is unlikely to exodd -5 km, which would 
be the unximmn allowable difference brrwkn the position of 
mptM nucleation d e t d  at Jhott paids and the centroid 
position estimated at long periods. The difference between the 
EHB depth and om re-detcrmioed centmid far REads that 

The teQaeiamic wavdomn data available for this relatively 
d (MJ.2) event were imufkkut for complete body wave- 
form inversion, so we petformcd forward modelling of the 
broad-band rcmrds M y  paing WKBJ3. We assmed a 
source orientation e r n  by the H a d  CMT mehamam, 
which wsa a thrust with st&e 104', dip 28", rake 72" , similar 
in orientation to many other known earthquakts nearby 
(e.g. B a k  a d. 11993) As the earthquake aras rehtivcb mall 
we expect a time ~ O O  of only 1-2 s duration. To geoerate 
synth*ic seismograms we used an impulse time function, but 

1994 07 31 PAB P LYZ P XAN P TAT0 SA PAB SH 
Minlmom -1 

Pim 3. Cornparbus between &rent mvemim sglntkm fm the L994 July 3 I Zngms eatthqosh. The P snd SRmdiation panernv w shown ht 
fast wlnnm, witb the stnk dip, rake, deptb m h. and mommt in N m above I& fuo f d  sphms. The soorac time fm&m fm ePch 

wloticm m m th raand Coham" f o U d  bv tbe obsavcd and sdbdic wvcfoms. Line I: the ~~ sowion: fhu 2: th r d t  of an 
lwasloo stand from thc puhluhcd Haward CMT soh- m i  lhe &cd EHB dcptb a141 tm, lmes 3-5 tests for tk oocrrtlrnry rn the dcpth. 
tn aU t k  rnvcnloor lhc depth was held 6xed aad aO olhs parameem wnc Cree loch an^ lo k c  5 tbedwauon &the rowoc tnnciuaaam waralso 
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with the addition of attamation (a FniWmm operator with to the fokh&ilmSt Mt, whim would ho cxtrmucly L a d g  
f*= 1 s for P waves) the &8ot on the sgnthstio &o-s is ifit w m  confirmed. Finally, several atations in the ISC bdMn 
m ~ a r t t o a t i m L ~ i o n o f  -1 a. mote S-wave 4 s  with tmusdly 1- trave&bc Rsidud.9 
' ~ i .  4 Bhows the mmpalison between data and ryntheticd for i f  ba-n + 20 and r 30 s. 

two atatbus. XAN (A 48'. Aa 068') and YSS (A 70'. Aa 0479. h our analysis bclow we show that this earthquake 
~ n o n t a t o & m ~ d s a s ~ i m i l a r & ~ i b ~ ~ t b t h & ~ n ~ h i ~ h  
the station opwators bad identitid their repmted phnsss, 
we transformed the miginal broad-band m r d s  into m r d a  
with the WWSSN short-paid response. The &Smograms arc 
aligued on the &t pmmhent trough in the wwcforma aAtr 
the P mival time p u W e d  by the ISC. The syntkxia cab- 
kted for a depth of I3 km (our prefaFsd dept4 see Table 1) 
&of the essential fcatnns of the short-period peimgmns 
above them. Om early peak that is pnsmt at Mth sktions 
(-2 safterthePatTmalatXANand -4saftcrtheParrival 
at Y S S )  is not filted by the synthetic h o g a r n s .  We cannot 
fit both this d y  pzak and the group we are cumently fitting 
by wing o&P,pP 4alsPrags. Alw shown i nF i4  nre 
synthetia calcukted for the EHE reported depth of 43 km. 
Tbe position of the pP pealr in the synthetic -ponds to a 
pPanivaltimeidcnti6ed by theISCatXAN. Adepthof43 km 
for this event would however. imm the mDm ~~ominent 

was probably a double event, consisting of a small fomhock 
followed around 2.5 s late by a larger, thmst-Fanltlng earth- 
quake in roughly the same plm. Both subevents an at shallow 
depths. We wpgtthattheSphasereporidwitha +2O to 
+ 30 s residual is actually fmm the semnd subevent, and that it 
i s theP4f romthesscond  subeventthetwasmistakcnfor 
the pP arrival for the b t  SULWmt, t,lahillg the apparmt 
aepth of 122 km frompp-P times. 

Observed P and SH sdwogrsms and SYtthehc~ from ow 
p n f d  i n d o n  solution are shown in FI~. 5. Tht ~mpitnda 
of the obsemed P onsets an comparable with the noise l m l  
in the longperiod wavefomu, so the unival timea indicated 
by the auowa were taken from &on-pnod records, whiah 
were dear. Baker (1993) showed that 00 the stacked short- 
pcdod may data at Eskdalemuir (EKA), Yellowknife (YKA) 
and Warmmuup W), the P onsets are impddvc and 
unambinuouslv mmmsione.1. Thcae polarities Mnaict with 

-& at -15-18 s at both -& thai had b e  tho + dilatatiimal l h t  motions at t h e  stations if the 
rewnad to ibe ISC but not identit? as de!Xh ohases. focal &urn was indesd normal fadbug, but are ann- 

'Despite the poor quality of the data avaiLabte,~wa cwc~ude 
that tb& earthquake waa shallow (-13*3 km) rather t h o  
at -40 km depth as reported by both the EHB and HRV 
catdopes. 

This~quakehasawideraageofdepthsrsportcdforir: 
16 !a by the EHB catalogue, 22 km by the Harrrard CMT 
caIaiogoe and 44 km by the ISC, who atso report a depth of 
122 irm bsred oupP-Pslrival times. In additim, Harvard giva 
a C!MT a o l d n  that u nmrb a vure doublecpwle somcc 

patible mtha thrust padlel to the fegioual strike of the ZaZagroa 
folds n-by. At all stations there u a large pulse about 
25s aftcrtheinitial Pmwthme,  and this puke haathe 
oharacteristic invated W shape of a sballow (-10 km depth) 
mom faulting eanhqoake of magnitude -6 (e.g. Jackson & 
Fit& 1981). 

In ow waveform modelling the mdanirm of the first sub. 
event was fixad with the nodal planes in the same orientation 
as the Harverd CMT solution, but with the rake changd so 
that themchani i  is aow a tbrust (compaiibIe with the mu- 
W n a l  wscts at ESK, YKS and WRA). T h e M  event u 
very small with a mDment less th$n a tenth of that of the 

(eipvalua of 1.81.0.03 and -1.8i.  all x 10'' N m j i d i 4 n g  -od &ven t ,  so it makes only a very s o d  contribntion to 
normal fadling m the anst (22 km depth) with a strike prak4  the fonn of the ayntbedc seismopms. Tbc second s u b m t  

(a) (b) 
Figure 4. F d m o d d l h l g  of the fwd depth Tor thc 1993 Mnch 29 Zsgmr arthqos*enam# WKBIf for (k) statim XAN (A @ nnd Az 0681 
and@)rtstlcmYSS(A m o d &  LV77.For bothstatio~thbt~~a~th~d-bandwrtiulnmrd,wbi&haabomVanlfermcdtootlewrthth~ 
WW6EN .hmGpaicd respmc, mththc~SClm.epEh sh- as that black hrmr. 'IklSC phaaldcnffikmafor the pldr. arr &o h, mth 
nnidcntdki p h m s  shown by qocstion marks. The mend ma is n sptbtlo prrmpted for a depth of 13 km, and t h  tlnrd ace is a syntheuc 
enmpated for thc EgB 1Cp,md &ptb (43 km) 



85 02 02 - Zagros 

was modelled from the data, inverting for source orientation, 
m o m e n t , d e # a n d ~ d f x e t f m m t h e ~ s ~ t  
Tbis gives a thrust mecbanirm for the secondevent with plants 
that d ~ p  at similar an& to the CMT solution, but with the 
slip vcbw rotated c l ~  by about i f  W e  obtained this 
solnhon using a vtlcuty modd cw8ktiq of a 7 lon l a p  
(V, 6.0 lon a-') over abalfapacc (Vp 6.8 km s-I). 
FIS 6 shows tests to illustrate the mbusm of ow 

mode- The top line shnws the fit of P md SH waveforms 
at selected stations obtained for om pr&d solutionin Fig 5. 
The smnd line shows the Bt obtained for the H a d  CMT 

solution. The &st-motion amplitudes arc much larger thao 
those actually obsaved and mh meci-ism fab to acmmt for 
the m o d  pulse seen af all stations on the P wsnfoms The 
solution in the third line fixes the fault orientation at tbat of the 
Hnmd CMT soluhon and investigates the possiiility that 
the mwd pulse is the r d t  of the s u r f ~ ~ ~ r d e d e d  p h a s ~ ~ p P ,  
sP and sS. W e  have allow& tho depth and moment to vary in 
thisinversion. Theplots show tbat, for a depthof about 85 km, 
it is @Me to obtain a sswd pub mth the corrmpoL?uity 
and onset time for the P waveforms. However, the amplitudes 
of the tirst motioaa an largw than obsemd, and the fit ia 
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Minimum Misfit SHt P NAl P MAT SH SLR SH TRI SH 

also mtieably icM good for tbe SH wavefomrs (the on& 
at MAT arid TRI are much larger than are obmved and tbe 
sS phancs we d c r  than those wuirtd to match the obsaved 
wavefams>. The fourth line shows the results of a shnilar test 

in a better fit to the amplitudes of the 6rst motions but feils to 
prwlleanadequatehttothe~pulse .  

'Illerefore, we believe that this eaiihqmke c&ts of two 
s u ~ t a  with W o w  depths. The m&a&m of the k t  is 
too man to be modelled &g body waves, but mmprcssioaal 
arrivals on stackad m y  data suggest thrustiig not normal 
faulting. The ssond subevent ocmured 2.5 s s t k  the kt. it6 
m+smcan be wnStraiDed by the mod- of body waves, 
which confirms a thrusr mechanism and a depth of - 11 h, 
comparable mth theERB depth of 16 km. The first nzot war 
tim d to duumhc formal errors; for the second mt, the 
uncertainty in depth is about +4 km In  our iofqmmioo 
ndtbcr the fault type or depth@) oft& a t l q u a k e  are mumd 
in ths zama 

The Harvard Ch%T catalogue reports a rearonably good 
doublecouple solutim for this went (eigmvalues of 5.50,0.81 
and -6.35, all x 10" N m), indioating normal faulting and a 
centroid depth of 84 km, both of whjch would k extremely 
surprising in the Zagros it they were to bc wnhrmod. The EHB 
catalogu: rrports a depth of 53 km. 

Tbg long-&A P wvefams for this went were barely 

fotward modelling and testing of various go- g~0meWk-s. 
P i  7 s h n u ~  sgntbetic and o b d  SH wavefmms in order to 
wmpan three differcut souroemomels for this earthquake. Tho 
6mt model (a) is that repotted in the Harvani CMT catalogue. 
T h e ~ y n ~ f i t t h e ~ t u d e a n d w i d t h o f t b e 6 r s t p e a k a t  
four oat of the six statiom, and slso try to fit a d m ,  m n d  
peak, mwt visible at RSON, as an sS anivd I t  is this m u d  
peaLatRSONthatlendsimpporttotbeHarvrud W d c p t h  
of 84 Ian. Howsver, the wwnd peak is not matched at eastem 
stations (SHIO, CHTO, WWAO), nor are the amplitud~s and 
wklths of the first p h  matchad at CHTO and NWAO. The 
m u d  m& (b) in Fig. 7 retains the Harvard CMT nonnal 
faulting meEhanian but at a shubwer depth of 15 laa In this 
model the amplit& and width of the fwt peak are fitted weil 
at all atstioo4 and any Later arrivals are ignored. Th; ihird 
mod4 (c) is a thrusting mccbminm (strilrc IISs, dip 69 ,  rake 
659 simih to other focd m e c h e s  nearby) at a depth of 
15 km. Once agaio the iirst pulse is well fitted both in am&tode 
and width at all stations, and tbe smmd p u k  is imorcd. 

Given the lod of aoiae in these recards-(appro&te(y half 
the SH-wdvc amphdc), it is quitc pos¶ble that the srond 
pubes at RSNO, RSNY and GREO are dllc either to noise or 
to some phare o t b r  than sS. To mvestigate this riuttm, we 
&ow in Fig 8 three vmtiaI-aomp011~)t &ay st& for this 
&qua& takm from Baker (1993). The wise leveI in Ibess 
stacks is sipilicmtly lower than that for the single reirmo- 
prams, which marnr that the Pcwave onsets are visible. The 
expsaed pP and sP arrival times for a depth of 84 km are 
shown qn the traap and do notcorremand to si%ei6csatfea!ma 

dnccvrMe abme the ooiw, but the long-psriod SH wavdomi in the seismograms. Tbcrrtarc, we iondude lbac thir event is 
had roughly double the amplitude of P, and could k rued for morelkdy to have had ashallow depth, occnrringal - 15 h. 



85 03 27 - CMT solution (84km) 
2 8 W - l W . 9 E 1 6  

85 03 27 - limn solution (15km) 
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mgme 7. F O n w d  !llG&k& aom&wrbm of &re .oluhatll b the 
I985 March 27 mtt&qn& in th Zag~os. Only thc SE f d  sphncp 
a n r l l a m . % d * p l s y m n m t l D n u i h c s a m c l a i e F ~ L ( a ) ~  
m rn mcduniQ0 (8 n o d  frnrltin~ tanha&> at thc an'. 
d e l e m i d  dqlh  01 84 ha. (b) T k  -~armsl'hun;o% mscbamm 
at IS tmdCPb.(c)Atbmton$mrshmi.malsoat IStmdqtb.N~t 
that the h c % a h  to (b) md (c) am dilTuml from (a). 

As FIE. 71c) rhavs. the lon~lrericd S H d a t a c s n b  fitted inst 
a s a r l l b ; a t h n u t a s ~ a n o ~ f a d d n ~ m e c h g n i s m ~ h e h t  
anisals on the a e d  arrav data are all caamdcma! (PiP 8. , - ,' 
which is cowisient with aTttmm but not ws;h a n o d  fault. 
The available data do not &ow us to oonsrain the soorce 
pnran~etm tightIy, but scem to us to favour a t h s t  faulting 
mechanism witha shallow (10-15 km) depth, which would not 
be at all unusual, rather than a deep n o d  faulting event, 
which ~ 0 d d  be M1W in the Nw Bgros 

3.5 Tb ZagmsMahRlo nglon: aprmnary 

Tbe ramlt-3 of our i o v ~ o o s  ie this 6 o n  are s m  
in Table 1 and Figs 9 &I 10, and whm &bind &h olher 
studirJ of additional earthquakes Bsing the mine tdMigues 
(TaMe2)oanbeusedtof~madcarcrpi+toreoftbefwl 
depth distribution. Of the 6ve -08 earth- m Tables 1 
and2np0radwithdcpthsofgreamthan~hnbytbe~~~ 
catalogue, afl sre shown to bave shallow d@b of approxi- 
mately 15,13,5,14 and 7 loe Two of thcrc were 
also given depths of 40 and 84 km by the H d  CMT 
catalogue m e  bvo apparmtly normal faulahg events nportd 
by the Ha~~ard CMT catalogue (1985fi2.02 aud 198.5.0327, 
discussed ~ b m )  are more likely to have bad thrust faulting 
mechlmisms There is no e n d m  in theewritx studied herc or 
by o h  using the methods (Table 2) for earthquakes 
u'gni6caotIy dcepcr than 20 km in the Zapos in a-cnt 
wtb local microeanhquakc surveys. It is ckar that significant 
midoratimrs in depth-can omu in the WB catalogue, even 
smmi@t g o d d t y  -a. W e  discass +We rearws 
for these dwmpam& tdcr (Section 6.1). Although the BHB 
catalogue reports other d Zagros e a r t h q d  with dapths 
g m t e r t h a n 5 0 l a n W ~  l ) , w e v i c w t k a e d e p t h ~ ~  
with %ep&km Our imnge of Uw de@h epthtnbutim in the 
Zagrm is thus unchanged from the day6 of Cbefl& Melnar 
(1983). with edquakes largely W&ed to the ripper crust 
@I& I&) a d  no midem in the form of mantle emthqmke8 
for w i v e  subduction. 

Ncar the Oman line there is some indication that the 
&aty extends to greatet depths in the cmst, but thesample 
is quite d (Pis. lob). More signi!kant is we earthquske 
whose depth of28lan, dmpn thanany& theZagros, wsa 
con6med by long-p?riod P and SH wwefom. We show a 
selection of thwe waveforms in Fig. I1 to emphasize how 
ditlermt they an from tht more wmmon tanhqualnr at 
10-15 inn (mmpanwith Fi 2). One gcnuinc &allow normal 
faultinn cant (l987.1218 at 10 Ian depth) near the Oman Line 
has a h  bsw confirmd by P a d  SH wavefom Fig. 9c; 
BaLer 1993). The eutbquake of 1970.11.09 at 100 km depth 
(Fig. 9c) probably acmamed in the subdwt& slab kmatb the 
Makrao, and a k s e d  below. 

It bas been known for some time that the Makran 
region expuienaa earthquakes with depths genuinely detprr 
than SO lan. Of interest here is how the EAB and CMT 
depths wmpare with thosecon6nned by w m f m  modelling 
Tabh  1 and 2 liat nine earthquakeg who% depths are 
e8thr.d to be in tbc range M 7 0  km by lhe EHB oatalogue. 
For eight of thoro events, wasdonn 8nalysir, e i b  by P and 
SH modelling or by the idcntifidon of pP and XP on short 
period records (relati%$ easy at &sue deptbs), con6rmJ the 
deptha to be W i ~  r t l 0 b  of the EHB estimates. Only 
in one cay (1994.12.10) is the dircrepncy mate? (17 km). 
The Hamud cnm eMalogne csfimates Cwo depth to be 
greadcr than 100 @ both of wbkh are similar1y mnfirmod to 
within t 1 5  km Fabk 1). The tatooic viRa of the Mabran 
expou~~ded by l&on & M C K e  (1984). Laens d Cbcbsa 
(1989) and Byrm ei oL (1992) ia thus mmdikd by b e  
regufts, with earthquakes in tbe nppu pust and also within a 
snbductingslab dipphgnorthat --26*(Pigs 9band lbandd). 
Tbe deep eathqw& of I970 Novenber 9 (100 km) appm to 
lie on the downdip projection of tbir slab, at its western edse 
(Fig. 
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Time (seconds) 
Pipme 8. S t d d  nnay wmmgmm for the 1985 March 3 Tarns  -1. The armras .how the e p t e d  P, p P a d  sP amval trmcs for an m t  
depth of 84 Lm (m bold, b c h  each trace) and I5 Lm (m imlia, abovs the top mace) Tlus 6gve was moddid fmm Baker (1993). 

quhty h y p m t m  deeper rhan 50 km in this n ~ o n  (Fi. 12). 
in convast lo the Zaaror (Fip I). Nwerthrless, the Ticn Shan 

4 THE TIEN S H A N  REGION 

The Ten Shan f m  an active intramntinental mountain bdt has been influential our v&s of focal depth distribution on 
within central Asia. In this stndy we concentrate on the d o n  the continents because of conkinned depths that are ffirtainly 
north of 40°N, away Rom &deep mantle ~eismic zo& of m t e r  than 20 km, again in contrast-to the Zagros. c h i  
the Pamir and Karakoram that represnt mtdncted slabs & M o h r  (1977) found two earthquakes (1%5.11.13 and 
peneuating to -300 km (e.g. Fan et aL 1.1994; Pegler & D a a  1973.06.02) at -50 and -30 km by identifying pP reflections 
1998). The EHB catalogue shows few earthquakeawith good- on long-@od WWSSNremrds. These were latercrconfirmcd at 

Tablo 2. Zagror-Makran m t a  whost 60- paramaleis have bem deterznhad by P and SHwavcform inversion in othcr 
stdiw. ID tb t  HRV mhrmn t indicates a deplh thrt was Emxi plior to the CMT inversion. Multipleevmta are indicated by an 
'm' in ths M, sol-. 7 % ~  refcrrnas are m. 1979, lamb k @itrmcyn (1979); JM84, l ~ t h  & McKcneic (1984); BlP93, 
Baka el 4. (1993); 093, Baka (1993); LC89, Laam & Chcn (1989). 

RCeoo 
HRV 
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97 1020 BILL P ULN P WRAB SH DBIC SH TAM SH 

Figure 11. Selected wavefoms from the minimum-misfit solution for the earthquake of 1997 October 20 a t  a depth of 28 km near the Oman Lme 
(Fig. 9b). The full solution is given in the Appendix. 

35-40 km (Battacharya et al. 1997; Acharyya et al. 1998). The 
Moho in the Jabalpur region is known to be at 4044  km from 
wide-angle reflection and refraction studies (Murty et aL 1998). 
An earthquake on 1996.04.01 in the Punjabi foreland of the 
NW Himalaya had a centroid depth determined at 38 km 
(Fig. 15a) and occurred less than 200 km south of the GDSN 
station at Nilore (NIL), where receiver functions indicate a 
Moho depth of 5&54 km (Fig 15b). 

Chen & Kao (1996) reported an earthquake at 51 km near 
Udaypur in Nepal on 1988.08.20 (Fig. 14), suggesting that it 
occurred in the uppermost mantle of the Indian shield. With 
the better information on crustal thickness now available at 
Jabalpur and Nilore we suspect that this may in fact have 
occurred in the lower crust. If the relatively undeformed Indian 

shield near Jabalpur has a Moho depth of 4044  km, then 
500 km further north, beneath the frontal thrusts of the 
Himalaya where the shield has certainly been bent down to 
form the Ganges basin (e.g. Lyon-Caen & Molnar 1983; 
McKenzie & Fairhead 1997), it seems probable to us that the 
Moho could quite easily be at 50-55 km, especially since that is 
the Moho depth determined at Nilore. 

A similar argument applies to the earthquakes reported by 
Chen & Molnar (1990) beneath the Shillong Plateau (Fig. 14), 
where the Precambrian basement of the Indian shield is uplifted 
1000 m above the foreland of the eastern Himalayas. Several 
focal depths in the range 3040  km are constrained by tele- 
seismic waveforms (Chen & Molnar 1990) and microearthquakes 
are largely confined to the range 15-35 km (Kayal & Zhao 

Figure 12. The Tien Shan region. (a) Seismicity taken from the EHB catalogue, with events reported to be a t  SO lan depth or deeper shown in black. 
Large circles are those events whose depths were freely determined (Rag DEQ), while small circles are events whose depth was Gxed by the operator 
(flag FEQ; see text). The geographical location of the region is shown in the inset map. (b) Fault plane solutions of earthquakes with depths greater 
tban 20 km analysed by waveform inversion methods in other studies (Table 3). The depths in km are shown above the focal mechanisms. Events from 
the same studies with depths less than 20 Ian are shown as white circles. White triangles show the position of broad-band seismometers in the KNET 
array and at Urumqi (WMQ), under wbich Moho depths of 4 2 4 0  km and 45 km have been determined from receiver functions (Bump & Sheehan 
1998; Kosarev er a/. 1993; Mangino er al. 1999). 
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m a i n s  an the mnu plotled in Fig. 12, wbik ihe Eazl 
Africrr hiatomamIainaaU I b c m o t i n m Q I t y t n ~ ~  b y P W  
& 1- (1998). The Moho ia Bhow at 45 hn pkagbo craL 1999) 
in (a) a& at 35 hn (Zbso et d 1% Fostm & leh 1998) in @). 

1998). Chen & Mohar (1990) reported one focal depth at 
-52 km, bssed on the identiiicatim of pP and sP on rhort- 
period records. The Moho depthbeneath the S M m g  Plsican 
is not well bown. The EGM96 gravity field &armme ct aL 

Do earthquakes occur in the continental mentk? 643 

1996) shows that the platrru is mostly mpenaated, with a 
Bewal grsvity low in front of it llldkahng a rrlafivchl small 
elastic thickna. in this part of the forelend (ace Plate 5 of 
McK6ozie & Fairhead 1997). If the mxicformal crertal 
thickness of the Jndian shield is 40-44 km, 8s at Jabalpur, 
then heath the 1 !an high W o n g  Plateau we believe it m d d  
reach 50-55 km, and that all of these &uthquakea wuld have 
bee. m ths lower continental crust However, as Chen & 
Molnar (1990) pointed out, them is some resulnal un~ertaW 
about whether the cmst underlying the Bcngal basin south of 
the plateau, and over which the ShillongPlateau i s M g  tbrost, 
is dd (Cretmmm~ d crust, rather than mtinenral aust 

In a ditferent category from the earthquake8 discussed so far 
is a group that o c c d  at depths of 7C-90 !an h e a t h  the 
Higher H i d a y a  and souibw Tibet (Fig. 14). Thede earth- 
quakes appear to be just beneath theMoho depth of 7 M 0  !an 
demmmed by mx.iver functions (Kind et d. 1996) and 
M o r e  in the mantle. Vuriow authors have argued that b e  
are not in material oripinany attached to India and that has 
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(a) 1996W 01 - ~ti.am 

COlr79.17 

IS. (a) Bmd-band wavdonns and WKBI aynthetr stiamogrmns for the eanhqnakc of 1996 Agnl 1 m cplm Pakiano (re Fy. 16) .  
%than lxaculculstsd e a  dcplh of38 hn and a mldlrrlodhl smrtm dctarmnsd Corn the NIL- rmctrm in (b) bdm. m- d 
each s t s t a n  n rauosvsd by i b d b m a  md h u t b  from the cprmb.. (b) ~ t o d v a  run& Om- 1919)fmthc GDm sufio. at NIL. m sdid 
(incis the atndred x e w w  b w i v n  farmed from the earthquatcs in the dstmrr mgc 40'45". 'nx dlahcdliae 18 the symhetic rmis.sf& for 
a rrost 52 irm thick, Maminrd fmm mnwsion &the obssnnd rrcdmfmc~~rm. dotdaahed h e  i a svoaraec isa  r-on meknkm~~ fn.r 

~~~~ ~~ 

42 km rbzk emat llx -nd p r o h l  guLv k the P4c-Srrmvcnim a~ th Moho. From t h e  o&lim ue Btlmata the mmul 1- at 
NU. IB be 5 2 k 2  hn (c) Sekcced wavdomu t o m  theminim-mid1 inversion sohhm for tha 1997 May21 Jabplpw ennhqukc (ssr Pi 16) .  7be 
display mnvmlla i s  thc same as in Fig. 3. md the f d  rofmion L @en in the Appcndu 

undcahwt Tiba, mainly hecause their focal mcdumm~ matltle to w h m e r  is ako ridormmg tk upperewthmtalm~t, 
are n e i k  those expactcd at m e d i a t e  depths in shbs nor where focal dogths an m a n y  restricted to tha top 15 h 
low-an& thnrpts, but instead b y  resemble tbe mrnnal and (Molnar % Lyon-Caen 1989). We are ~ k i o w  of this in&- 
strikbslip twdunims seen at upper emtal depths in the same pretation for three reasons: (1) thcst anmnalously deep em& 
$a* (e.8. Chso a al 1981; Chen & Kao 1996; Zhu Br quakes are apparently restricted to this region of soutbtra 

1996)- Thus, 0- htefprctst~~n of these evfmta is Tibet, wheregs the shallow smk~slip and n o d  fanlttng in 
that fhey represent the renponse of the uppermost continental widaprcrad; (2) their locatiws are d m  to an extnypWoo of 
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the Indian shield northwards; and (3) there is the possibility 
that the Indian shield reaches this far north (e.g. Nelson et ol. 
1996) and exerts a basal traction that is transmitted throughout 
its overlying m a w  (McCaffrey & Nabelek 1998). In short, 
while a case can be made for these earthquakes at 70-90 km 
being in the mantle, it is not clear to us that it has to be 
continentalmantle originally beoeath the Indian shield or Tibet 
rather than mantle belongjug to a piece of originally oceanic 
lithosphere (a point made also by Chen & Molnar 1983). 

To sum&, there is abundant evidence for lower crustal 
seismicity in the Indian shield, but no unequivocal evidence for 
seismicity in the continental mantle beneath that shield. 

6 D I S C U S S I O N  

6.1 Bulletla and catalogue focal depth determinations 

Our experience in the Zagros-Makran and Tien Shan shows 
that, although there is an undoubted general improvement in 
locations shown by the EHB catalome over the ISC catdome 
(see Engdahl et at. 1998), import i t  errors in depth can still 
occur for shallow m t a l  earthquakes in some reaions. Of the 
better-located depths (i.0. tho& labelled  irepor ported as 
d m e r  than 30 km in the Zamos by the EHB catalorme and 
which were big enough for us to cheik with wavefom lnalYsis, 
none was deeper than 20 h, and we found discrepancies with 
the EHB depths as peat  as 40 km. Figs l q a )  and (c) wmpare 
the discrepancies between EHB depths and the centroids deter- 
mined by body waves. There is asGestion that the disc~epancy 
d m s  for genuinely deeper events, particularly for events 
deeper than about €4 km, and for larger events (Mw>5.5). 
This effen is not smrisina, aiven that the EHB deoth deter- . -. - 
minations are based on repurted high-frequency (-1 i) regional 
and teleseismic P and S phases. PKP phases. and the tele 
seismic depth phases pP, ;WP add sP. & depths greater than - 50 km, when thepP-P time separation is - 15 s, the surface 
refleaions are often clear and easily recopized, and source 
timc functions are often simple and quite impulsive. At shallow 
depths, p P  and s P  can easily be misidenti6ed on short-period 
rewrds and confused with other phases arising from near- 
source structure, complicated source time functions or multiple 
subevents. For small-maaaitude events in particular. wave- - 
forms at teleseismic distances may have small signal-to-noise 
ratios, making it hard to out the de& phases. The signal- - .  
to-noise ratios generally improve at  regional distance; hut 
here the often complex structure throueh which the seismic - 
waves are propagatingcauses the seismograms themselves to be 
rather complex, which amin makes 6ndina and identihrina 
depth phases rather di&t. Furthermore, in the absence 
of stations within the i&tion point of the traveltime curve, 
EHB depth phase ideotilicatwns can be highly dependent 
on the slariiog depth of the EHB location. When the EHB 
inversions were started at the depth we obtained from wave- 
form modelling @. R Engdahl, wnonal mmmunication. 
2000), the disc~Iepancies bemien the-new EHJJ depths and o& 
waveform depths m e  in all cases reduced to less than 20 h. 
as shown in Figs 16@) and (6). Toere is little evidence for a 
correIstion between dmth discrerrancv and either deoth or 
rnagrutudc for the new EHB dcptbr (Figs 16c and J). ' 

Our aoalvrk of the lYXS.02.02 ISrrzion 3.3) and 19U5.03.27 
(Section 3.4) earthquakes in the & r o s  suggests that serious 
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Figure 16. Comparison between the EHB depths and those obtained 
by waveform invasion in the Zagros-Makran. (a) Depth & i c y  
(ie. the EHB depth minw Lhe waveform depth) against Ih deplhs 
determined by wwefom am1ysis for all the events in Tables I and 2. 
@) Dkmpancy bctwcen ihe depths obtained by starling the EHB 
bve~sioos at the waveformdetermined depths and these same depths, 
~Lottd against deplh. (c), id) Depth discnpmcks plotled against 
momentmapitude. S(arsreferto-tswhose depths weredetermined 
in this study. 

erron in depth and fwal mechanism can also arise in long- 
period ~ ~ ~ ~ d e t a m i n a t i o n s  such as those published by H-d. 
These solutions are determined using low-pass-filtered long- 
period body and mantle wavefom data and the moment tensor 
inversion method desnibed by Dziewonski et aL (1981). If the 
depth is not perturbed during the inversion, it is h e d  to be 
consistent with the waveform matching of reconsttucted broad- 
band body waves (EkstrGm 1989). Depths for most crustal 
earthquakes a n  poorly determined by the Haward method and 
are usually lixed at an arbitrary, but sensible, depth of 15 km in 
the CMT cataloee. Table 1 also shows discrepancies in depth 
with those provided by the USGS. The  moment tensor 
inversions are based on l o n a - h o d  verticalcomwnent P 
waveform obtained from digitir? iewrding stations (sibkin 1982, 
1986a.b). The source deuth that aives the smallest normalized . . - 
mean-square error is a byproduct of the inversion, but for 
crustal e a h u a k e s  these depths are also poorly resolved. 

It therefore seems clear t o  us that &ve&ed catalogue 
depthsareinsufliciently accwate to resolve the relatively subtle 
differences in focal depth distniution within the crust that 
are of intercst to us here. We conclude that in the Za~ros, - 
seismicity is confined to the upper 20 km of the cmst whereas 
in the Tien Shan it oocm throughout a crustal thickness 
of 40 km. This contrast could not have been determined 
with confidence from bulletin or catalogue locations, nor, in 
particular, should unveriiied catalogue depths of 50-100 h be 
used as evidence for seismicity in the mantle lithosphere or for 
subduction. 
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the mantle in thc Late Tertiary. Toe problem then is in proving 
that these mantle events did not occur in lithosphere of oceanic 
origin (as Chen & Molnar 1983 pointed out). 

The s a n d  group consists of isolated anomalies. Marks & 
Lindh (1978) reported two small (Md.1) events at depths of 
about 40 km beneath the foothills of the Sierra Nevada io 
California, where most seismicitg is shallower than 20 km, In 
this region, which is one of presentday extension rather than 
shortening, the Moho depth is in the range 3WO km (Spieth 
et d. 1981), so these earthquakes wuld conoeivably be in the 
lowermost m s t .  In the Baikal region, D&erch&re et aL (1991) 

6.2 Earthquakes in the cwtlnental mantle lithosphere? 

Cbeo & Mohar (1983) concluded that in many regions of 
continental convergence the uppermost mantle is seismically 
active. It is worth examining how that evidence looks today, 
and for this purpose we ignore unverified depths reported by 
bulletins and catalogues based on arrival time data. In the 
Zagros, Tien Shan and lndian shield there is no unequivocal 
evidence for mantk seismicity. Certainly in the Tien Shan, 
lndian shield and parts of East Africa (Zbao et al 1997; 
Fosta & Jackson 19981 there are earthquakes whose waveform- 
dctcrmincd anvoids am very close to the Moho and, pven the found some microearthquaker at -40 km, but the rather large 
uncertaintv m thcirdmthsaml thcmstal thi&cns,could have seismograph station spaclog and lack of howledgc or  Moho 
m e d  &the up-ost mantle. However, they coold just as depths&& cast doubt as to whether these were actually m 

well have occurred in the lower nust, which o h  earthquakes the mantle. AssumpcEo & S u h  (1988) determined a focal 
nearby show is de6nitely seismogenic in all three places. We depth of -45 km for an earthquake in the Brazilian shield near 
would feelmoreconfident about assiminp.s&nkity to tbewn- Manaus, in a r e ~ o n  where the crustal thickness is unknown. 
lincotal manlle if thcrc wcrc carthq;akeswith depths definitely Finally, Zandt & Richins (1979) reportal a small ( M r 3 . 8 )  
h e a t h  the Mobo. not iust clooe to it on the rruscal side The isolated strikbslip earthquake at 9 0 ~ 5  km in norlhcm illah, 
remaining areas where Chen & Mohar (1983) suggested that 
seismicity in the continental mantle might occur split into two 
groups: those near places where subduction is occurring now or 
has occurred within the recent past, and those that have no 
plausible assodation with subduction. 

The first goup  includes earthquakes at - 100 km under the 
Karakoram in central Asia and the high Atlas in noah  Africa. 
As with the earthquakes at 7&90 km in southern Tibet that 
were discussed above, &o & Molnar (1983) thought it unlikely 
that these occurred within downgoing slabs of lithosphere, 
mainly because their focal mechanisms do not fit into the usual 
pattern of P or T axes aligned down the dips of likely potential 
slabs, yet both the Karakoram and the Atlas are sites where 
oceanic lithosphere is very likely to have been subducted into 

which must be in the mantle. 
There is, of caurse, no doubt that in the oceanic lith* 

sphere numerous intraplate earthquakes occur within the 
mantle (e.g. Chappk & Forsyth 1979; Wiens & Stein 1983). 
There are also other places, besides those discussed explicitly 
here, where seismicity occurs at depths greater than 20 km 
in the continental crust, and these are summarkd in Table 5. 
However, the only earthquake we h o w  of that must have 
occurred in the continental mantle is the small, isolated event 
at 90 km in Utah, mentioned above. We therefore conclude 
that there is no compelling evidence to believe that earthquakes 
in the uppermost mantle of the continental lithosphere are 
either wmmon or an important indicator of mechanical 
strength 

Table 5. Summary of lnetiaos when earthqdcs have km obmed deeper lhan m km in the oonthmtal -1. The middle mlumo refas lo 
whether thc depth determinations are f r w  1-1 or regional seismic networks or Gom t e l s e i i  waveform analysis. 

Location m or Aoaiysis comments 

h a 1  
teleseismic and local 

regional and local 

local 

local 

teleesmic 

local 

Earthquakes to 2&25 hn (+3 km). Cnrstd thickoess -40 km (Bossu el aL 1596). 
Emthqdes, hcludhg one of M,5.8, to -26 km. Crustal thickness -43 km ( S o m d e  
er 01. 1990). 
Two eveots at 41 f 7 km and 4424 bn (regid).  Akrshocks mostly at 22-32 km (local). 
Moha at 45-50 km (Wong el a1 1984). 
Seimkily gmerany la -40 km. Two isolated mots at 53 and 58 km, bot errors uncertain: 
probabiy +2-5 km, but m y  be f 10 k m  Moho at 4SM km (Wong & Humphrey 1989). 
Single -1 at 90 hn, possibk second at 55 k m  Mobo at -36 km (Zandt & Richins 1979: 
Zandc personal cmmunication, 1999). 
One event of ms5.3 at 27.5f 1 hn fmm modelling mmstitoted broad-bmd waveform at 
RSNY. Moha at -41 km (Spcn~ n 01 1996). 
39 small evmts behueen 20 and 30 km depth. Waveforms show depths are above the Mobo 
at -32 km (Bryant &Jones 1989). 
Many small evmts in !he Iowa m t  Woog & S a v q  1983). 
Two small events at -40 hn (Marks & Lindh 1978). Moho at 3 W  hn (Spieth el oL 1981). 
Eanhqdcs to 2513 km, indoding one orrnsS.5 (Chm & Molnar 1983; Chm 1988). 
Earthquake of &.I at -45 h. mfumcd by pP and zP, in Brazilian ahidd ( A s m ~ o  & 
S k  1988). Mobo deotb uolmown. 

Paradox Bash, UT 

Randolph, UT 

Ventma Basin, CA 

Sierra Fwthi4  CA 
O r d +  CA 
Southern IUbois 
Manaus, B d  

local 
local 
Wcdsmic and local 
telese*mic 

East Africa (south) telescismic and local 
- - - ~ ~ -  ~~~~ , ~ -~ n - 

Earlhqdes of na>5.5 to -35 km depth (tele~eimk). SmaUcr events in lower must (IacaO. 
Moho at 36-45 km in Proteromic and Archaean shields (Zhao et 01 1597; Foster & Jackson 
1998). 
Earthquake at -28 km (this p a p ,  &lion 3). 
Numnous wcnts including m>5.5 in the lower crust (this paper, Section 5). 
Numnous events induding mb> 5.5 h the lower crust (this paper, Section 4). 

Oman Line (lrao) 
North India 
Tien Shan 

telessismic 
tdedsmic and local 
telescismic and regional 

0 2000 RAS, GJI 143,629661 



Do earthquakes occur in the contmenid mantle? 647 

6.3 Focal deptb distributions and the rheologg of the 
continental lithaphere 

It remains tme that most continental seismicity is wncentrated 
in the upper crust. In many places, such as mist of W o r n i a  
(Hill et al 1990), the Aegean (Taymaz a a1 1991), Tibet (MoInar 
& Lyon-Caen 1989) and the Zagros, seismicity is essentially 
confined to the m r  20 km of the crust and the lower cmst is 
dfectively aseisniic. In other places (summarized in Table 3, 
including parts of East Africa (Zbm et al 1997; Foster & 
Jackson 1998), the Tien Shan, the Indian shield and around 
Lake Baikal fDkrerchheet a/. 1991). lower crustal seismicity is . . 
more important, but is usually less intense than in the up& 
crust. The major modilication since the reviews by Chen & 
Molnar (1983) and Chen (1988) is the reduced evidence for 
seismicity in themantle beneaththe continental lithosphere. As 
Chcn (1988) pointed out, in several places there is an apparent 
concenlration of 9cirmicity at depths ncnr Ihe Moho. with mid- 
crustal levels apparently showing fewer earthquakes: However, 
it seems to us that the balance of evidence now favours the 
ioterpretation that these events occurred in the lower crust 
rather than in the upper mantle. These lower rmstal events are 
evidently more common in old shield areas (see a h  Chen 1988). 
These observations raise several questions. One is whether 

the places with thicker seismogenic a t ,  in which the lower 
crust is also seismicallv active. reoresent stronner wntinental 
lithosphere, and whethkr this c& be reMgnizedii the effective 
elastic thickness variations detected bv methods such as that 
used by McKenzie & Fairhead (1997)..Another is what causes 
such variations in seismogenic thidrness within the wntioental 
crust, and parti&ly what can lead to the wntinental mantle 
being aseismic under shields whereas the h e c  mantle is 
clearly capable of producing earthquakes. These questions 
are beyond the scope of this paper, which has concentrated on 
seismological evidence, but are discussed in a separate study 
(Maggi et al 2000). In brief, variations in the sekmogenic 
thickness correlate with variations in the efFectiveelastic thick- 
ness (T.), which is usually the smaller of the two. Thus, T. in the 
forelands of the northem Tien Shan and Himalaya is roughly 
40 km, whereas it is only about 15-20 km around Iran. While 
the main wntrol on rheological properties and strength is 
still likely to be homologous temperature, we believe the other 
important effect to be the presence (or absence) of volatiles, 
parkularly water, small amounts of which are known to reduce 
strength dramatidly (e.g. Mackwell et al 1998). The young 
oceanic mantle is essentially dry, whereas the old continental 
mantle beneath shields slowly accumulates hydrous phases, 
formed by the crystallization of melts p e ~ l a t i n g  upwards 
from the asthenosphere (McKenzie 1989; Harte et a/. 1993). 
There may be suf6cient water to reduce the strength of the 
old wntinental mantle but not of the younger oceanic mantle, 
which has accumulated less in the shorter h e  available. 
Similarly, it may be the loss of hydrous granitic melts from the 
dea  continental crusL leavim anhvdrous mabc nranulites - .  
as ;&dues, that is re&sibk for the inneased strength and 
lower crustal seismicitv in some old shield repions (Foster & 

u ~ > - ~ -  

Jackson 1998). 
A h a l  qnestion concerns whether this variation in the 

thickness and strength of the continental seismogenic layer 
influences the scale of the structures that form within it. 
In particular, the seismogenic thickness seems to control the 
maximum segmentation length of the major dipslip faults and 
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the wijrh of faull-bounded graben (eg. Jackson &White 1989, 
Jackson & Blmktnsop 1W; Scbolz & Conucras 1998; Eb~nwr 

7 C O N C L U S I O N S  

Most earthquakes in the continental lithosphere occur in the 
uppa crust (ty~icaliy <20 km depth) and insome repious, such 
as southern Iran, the Aegean, Tibet and most of California, 
they are virtually restricted to this depth. In other places, such 
as parts of East Africa, the Tien Shan and northem India, 
earthquakes occnr throughout the wntinental crust to Moho 
h t h s  as meat as -40-45 km. These variations cannot be 
reliably detected from published bulletins or catalogues based 
on teleseiiic arrival time data, even from those whose dmth 
resolution is improved, such as the EHB catalogue of ~ n g &  
et oL (1998). In the Zaaros we found depth errors of ur, 
to 40 & & the EHB aid Harmrd c M ~  catalogues, and 
incidentally showed that two &quakes with unusual CMT 
mechanisms showing normal faulting probably involved thrust 
faulting instead. E x m t  for a sinde. small IMr3.81. isolated - - .  . - ,. 
event in Utah, we h o w  of no compelling evidence that the 
wntinental mantle lithosphere is seimicllly active anywhere, 
although the oceanic mantle is certainly knom to produce 
earthqnakes. Thus there is little support in earthquake f d  
depth distributions for the idea that the uppermost mantle 
is signisontly stronger than the lower crust in continental 
regions. The simplest interpretation of these observations is 
that the strength of the continental lithosphere resides in the 
a t  and varies regionally, with an effective elastic thickness 
approximately comsponding to the seismogenic thickness. 
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A P P E N D I X  A: FULL-WAVEFORM 
I N V E R S I O N  S O L U T I O N S  

This appendix contains the minimum-mis6t P and SH wave- 
forms (Fis Al-A14) for the 14 'a' dass earthquakes in Table I 
not already discussed in the text, and also for the Jahalpw 
h q u a k e  (Table 4) (Pig. A15). We used long-paid P and 
SH waveforms to consfrain the earthquake source para- 
metas. The data is in the form of diPital broad-band records - 
from stations of the GDSN, which we transformed to records 
with the WWSSN long-period response. Where broad-band 
data were not available, we used the original long-period 
dieital data. Onset arrival times were measured either from 
th;. o w  broad-band data or from short-pniod records. 
Inversions were oetformed usine the MTS version of McC- 
& Abers' (1988jalgorithm, which inverts P and SH waveform 
data to obtain the strike, dip, rake, centroid depth, seismic 
moment and source time function. The synthetic seismograms 
are formed by the addition of direct P or SH waves with the 
surface reflections pP, sP and sS and near-source multiples. 
Amplitudes are C D ~ G M  For geometrical spreading. and for 
anelastic attenuation using a Futtennan Q opexator with a 
valuc for t* of 1.0 s for P and 4.0 s for SH waves. We used P 
waveforms in the distance range 30"-90" and SH WaM in the 
range 30"-75". Uncatainties in the earthquake focal para- 
meters wcrc estimated according to the procedure dwribed in 
Section 2.1 of the main text. 

Each figure is divided into two parts. (a) The minimum-mis6t 
solution panel, in which the values beneath the event hcader 
give strike, dip, rake, depth in kilometres and seismic moment 
in Newton metres. The upper circle shows the P-wave radiation 
pattern and the lower c k l e  that for SH. Both are Lower- 
hemisphere projections. The station code by each waveform is 
accompanied by a letter corresponding to its position oo the 
focal sphere. These areorderedclockwise by azimuth. Thc solid 
lines are the observed waveforms and the dashed lines are the 
synthetic waveforms. The inversion window is marked by solid 
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k-minimm-mi61's&im1 & h ib). B: depth 6xed at 31 ~ m :  th aourk tik rtkion bd b;O.dd. c: &th Ged 31 hn, SC.- 
tinv r w  bed to iu d o e  in A: thc mthe(ig am loo D-. D: depth b e d  at 39 Lm: n;the rynthctka nre too broad. Event dcplb: 3514 hn. 
E: thc rohtion otBmtncbrrya ad. (1997), &an for cmpdm. 

ham at etther end of tho wavctolm. P and T axes w i t h  the 
&em are rqremted by solid and open eirdes rrspotinly. 
The mum time f0~:tion (STF) is ahown blow the P focal 
sphere, with the waveform t i m d e  below i t  (b) The 
s d i v i t y  analysis, in which aach line shm the synthetic 
wavefom (dashed) perat& by the soarcc param& ahown 
above the focal spheres on the left, and tbc obrerved wwcform 
(solid) at a number of stations Line A in each plot &oars the 
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mmimum-muSt solution. Other lines show the effects on the 
fits of the synthetic wweform of lixing one or more so- 
parameters at value5 merent from tbc minimum-misfit ones 
A camparison mtb thzHarvard CMTsolutimts shown, where 
the depth of the solntion lies outside the uncertainties of the 
minimnm-mi& soluhon; the focal mechanism and depth are 
set at tho Haward solution, and the moment and sosoutee time 
function s h m  are those that mialmize the misfit to the data. 



77 04 26 - Zagros 

Pi- Bl. Zam 1977 Apnl26. ~~ d&al mods were 
a&k ooly fm .utotl NWAO. We d the CMT mcchmim 
( s t I i & ~ d i p W , r a L e ~ ~ 3 0 ) l o ~ t t a ~ t h s ~ y n I b ~ s O s i n g ~ 5 .  
I \ rb ts t -btdcpth:1Sha.B:dcpUlhacdat8Lm:tbc~p~s 
t w - a t N W A O ( f l . C : d r p t h ~ ~ n t 2 3 b m ; t b c m ~ ~  
is toa bmPa at NWAO (SR). 

Where tbe EHB depth is ontsidc the d t i a  of the 
n h i m n m d t  solution, we add a line that shows the best 
possible fit to the data with the depth fixed at tbe EHB value. 

A P P E N D I X  B: F O R W A R D  M O D E L L I N G  
F O R  D E P T H  O N L Y  

This appendix wntaiar tbe dcpthmaddling results (F'w B1-BQ 
for tbe six 'b' daas mrfhauakep in Tabla I that are not b d y  
dwasszd in the tcxt.&mm tban two broad-band recads 
or d y  lowperiod m r d s  wereavailable, WE Basd the program 
MT5 (McChffrqr Br Abma 19883 to generate synthetic seir- 
lpamswiththeWWSSN~-pETidrcsponscas~bedin 
Soction 2.1. For t k e  events, the figmes show the 6t of the 
syntb&h (dashed he) to the dab (solid lines) at a sedes of 
d6ptbs; the Iirst line the &-fit depth at eithe~ the 
Hanard CMT or the bcst-fit focal mrchaolsm. I0 the o h  
~ a ~ a  (Fii B2 acd BQ we urd the pmgrsm WKBJ3 (Qlapman 
et a1 1978) to generate synthetic iomolpams with the 
WWSSN shortpcriod response ks downbed in Seotioo 22. 
In these figmestbe syntheth are shown below the short-period 
ncord, starting with the syn- cddated for the bt-fit 
depth at the Harvmd CMT mecbanbn~ 

In d figons, comparisons with the Hsrvmd CMT or EHB 
dGptha are &own only where these depth lie outside the 
d t i e s  in deptb of tbe wavefocmdcterminal solution. 

M a 
m B Z  Zap% 1983 Februnry 18. Tbs &t line show tbc a@ short-pand r&s a a t l t i m  GRFO (A 39', A1 3l69 a d  RSNT 
(AE9:Az3U7. S y n l k ~ w u s c a l o ~ t e d w i t h  WKBJ3 ~ ~ l k C M T f o a l a c h a ~ ( s t d L c  212",dIpmM', rnke W). WeshmsplhehBforo~~  
bey-iii depth (65 Irm) and Ibc EAB dtplh (26 im). 
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88 08 30 - Zagros 

Pi- El. Zqms, 1988Aogost 30. Only SH wadormr bad hrge coo& signako-nolr ratios to be oscd AU ayalhehelics waecofculnvd anh the 
H a n d  C M T I o e a l m & ~  (ank242", dip S T ,  rake 3313 d n g  MTS. A: bnt-fit dspcb: 16 h B: dcpU, h c d  st 12 h the synthak .arc mo 
o a n w  a NWAO. GRPO a d  KONO. C: &ptb hucd at 20 hn; the synlhnie ue la, bmsd st CHTO, GRFOand KONO. Evmt dcplh: 1614 hn. 
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Pigum BAZagrm, 1998 A@ 21. Syntheticamre caimlatrd ?&@arS. A: bast-61 &ax depth9 km B: rninmm-mWt mhhCwa depth 
0~5 i rm: thc~~mt imcfoon ionhsr taop+a lr sC:~~sa l~~nforadcptho f14Lm;Uur)mlhc freantoo6r~a tENR(SB)aod  
KMi (SR).Evmt depth: 9Z:km. D. Uu h a r d  CF.5 m 1 e  25: dip 390, rake 276, dcptb 22 tm); tbe nodal plansa p clone to stnhonr 
~ 1 1 h  IK)a-nodalwarrfomu E: mmimmn-&t solotion far thr W depth (u km); tholyoihkgolac is too broad at XAN(P) md BOCA(P), a d  
the amphtudca an tw amall st lhe oihu r t a t m ~  

F i w  BS. M h ,  1989 Aups 28. SptbehEo eahktcd mghtT5 A: bcst-fit &a depth 54 LEL B: mbmm+&wSelllli(n fm a depth of 
08 bn; thesynthekicpd%eia toon~rnsalGIJMO(SB)1mdGRP0 (SR) .C.mi&~adugmfmadcptb  of60 bn; Ulesynthtkp&istoo 
broad at GRFO (P), GUM0 (SB) and GRFO (SR). E m  depth 54 * 6 km. 



Do earth+ o c ~  in the continental muntb? 661 

94 12 10 - Makran 

BGCA (50,252) ULN (38,471 

. . . E . . . : .  .'. , . . . 
Plgme B6. M&an. 19% Ikmcbx 10. me Firs1 b c s  ahow WWSN shoR+uM rssoRls a1 stllticas -0 (A 394 Az 3160) md WNT 
(A 89'. Ar 354. Sylllhctias d d a t c d  wilh7KgB13 wing ChcCMT f a l  mcdunirm(atnLE ZM", dip 3T, nkc - 1304. Werbowsyotbaieim 
QW bat-fit depth 02 km), the EHB d.ptb (55 km) and the &.ward CMT dtpfh (39 W. 



Crustal Structure Beneath the Foreland Spur in Northeastern India 

Supriyo Wtra, Keith Priestley, Bullard Labs, University of Cambridge, UK. 
Viod Gaur, Indian Institute of Astrophysics, Bangalore, India 

Northeastern India, one of the most seismically active region of the globe, is wedged between the northern 
Indo-Tibetan collision zone and the eastern Indo-B- collision boundary that have jointly cssved its 
rem~vkably acute angled northeastern extremity. A spw of Precambrian crystalline basement, exposed 
over a large area in the ShiUong pbteau and Mikir Hills as well as smaller outcrops in the Brabmaputra 
valley, is elsewhere covered by gently dipping Tertiary beck that reach prodigious thicknesses of several 
thousand meters in the eastern Himdayan foreland. We use broadband teleseismic data recorded at 7 
sites along a 250 km long N-S profile kom stations sited on this foreland spur consisting of the Shillong 
plateau and other basement exposures across the Brahmaputra, right up to a few km south of the Main 
Central Himahpa thrust in the region, to glean the seismic characteristics of t b  crust underneath. 
Receiver b d i o n s  at the above sites show that crustal thickness under the Shillong plateau changes 
from 40 km at its southern extremity at Cheerapoonji to 35 km at Baraptmi and Shillong at the center of 
the plateau. While further north along this profile, at Gauhati, Baihata and Teqw in the Brahmaputra 
valley, the crustal thickness is found to be 40-44 km, and the crust appesss to gently dip northwmd 
reaching a thickness of 50 km in the Lesser Himalaya at Bomdila which is several km north of the Main 
Boundary thrust/MBT) and a few km south of the Main Himalaym Central thrust in this region. 

Elevataon Map of Northeast Indza, showing the 7 Broadband atatzons along ra 250 h 
profile across the Shillong plateau, Bmhmaputra Valley and the Lesser Himalayas. 
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1 Tectonic setting 

Northeast India is tectonically one of the mast inhesting region8 of the world being bound 
by the Himalayan Arc to the north and Burmese arc to the east. The region evolved with 
the series of complicated geological proaess that followed the penetration of thelndian continent 
into Eurasia and later with the wrapping of the Himalayan collision front around its northeastem 
edge to form the Arskan Yoma ranges. The narrow region intervening betwen these two ranges 
is the Brahmaputm valley, con6ned at its southern edge by the Shillong massif, an elevated 
Archean Block that rises abruptly abwe the Bangladesh plains. The region is c o m p d  of 
diverse geological tmane8 ranging in age from Archean to younger omgenie8 (Evans, 1964). The 
plateau is characterid by positive Bouguer and imsbtic anomalws (Verma and Mukhopadhyay, 
1977; Gaur and Bhattadhaji, 1983). 

Our present study ainm to determine the Crustal thietmeas and veloci* structure along a 2Skm 
N-S p r a  ranging fmm the southem edge of the Shillong plateau to a few kilometers south 
of the Main Central Himalayan thrust(MCT), by measuring and inverting t e % i  receiver 
functions. 

2 Receiver Function Analysis 

Receiver functions are t i e  series, computed from threecomponent seismograms, which show 
the relative response of Earth structure near the receiver. The waveform is a composite of 
P-to43 converted waves, at a significant velocity contrast in the cruet and upper mantle, that 
reverberate in the structure beneath the seismometer. Modeling the amplitude and timing of 
those reverbmating waves can supply valmble amatraints on the underlying geology. 

A mrtwn showzng the reverbemtions of P-to-8 converted waves wthin the emst. Ray 
paths are shown on the left and mdial receivwfuncClons on the right. 

Uni-ty of Cambridge in collaboration with the Indian Institute of Asizophysics have operated 
four CMG3T Broadband seismometers(b1ack txiangles in fig-1) in Northeast India in order to 
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record high quality seismic data for the study of the crustal structure of the region along a N-S 
profile. We a h  used data from the NGRI station at Tezpm, IMD station at Shillong and the 
Gauhati University broadband station(red trianglg in fig-1). In our analysis we use t e l e s d c  
events recorded at the seven broadband stations dong the N-S profiIe, within a distance range 
of 30 to 90 degrees from the respective stations.We used events of magnitude 5.7 and above to 
ensure high signal to noise ratio. 

We have used the iterative, time-domain deconwlution approach (Ligorria and Ammon, 1999), 
to calculate the receiver fundions. The foundation of this method is a least-square minimization 
of the difference between the observed horizontal seismogram and a predicted mggal generated 
by the convolution of an iteratively updated spike train with a vertical component seismogram. 
St& receiver fundions calculated with a Gaussian of 2.5 are shown in figur*3, along a NS 
profile. The stations have been projected back on to the NS proiile line. The distances between 
the traces on the plot represent the relative distance between the stations along the profile. 

BPN - 
SH -.. 

CHP 

Time in seconds 

Stacked rudzal Recezver Functzons along the NS pmfle. Left- Map showzng the projectzon 
of the seven stations on a NSpmfile lene. Right- Stacked reeeaverfunctions from the seven statzons 
along the pmfle. 

In order to model receiver functions, we calculated synthetic seismogram from a velocity model, 
and then used the iterative deconvolution technique to compute the synthetic receiver functions, 
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and compare them with the observed ones. The starting Average ID models for the region is 
taken from Mukhopadhyay et al., 1997, Rai et al., 1999 and De and Kayal, 1990. 

Upper crust: Vp = 5.55 & 0 .4 lnn~-~ ,  %ratio = 1.74 

Lower Crust: Vp = 6.52 &O.Gkms-', %ratio = 1.76 

Average Pn velocity 8.5 f 0.21ns-I 

We use a grid search algorithm to find the best fit solution between the observed and synthetic 
receiver functions. 

a A grid space is constructed for large range of values of velocity and thicknesses of the layers 
for the region. 

Synthetic receiver functions are computed for all such node points on the grid. 

a The mismatch beheen the observed and the synthetic receiver function is calculated by 
Ieast square fit. 

the corresponding model for the minimum misfit synthetic is the solution to the structure 
beneath the receiver. 





: Plot showang the d i a l  receaver function and the best fit spthetlc generated from the 
velocity model shown on the raght. Left- The blue bold lane is the observed data, whale the red 
dotted line is the synthetac. Rzght- The bold black lane as the V, velocity model used to generate 
the best fit spthetac, and the red dotted lznes(6ounds) shows the a4lowable vadation zn the model 
whech can pmduce equally good fit to the data. 

3 Discussion and Conclusion 

Our results show a thiMer crust (35h) beneath the Shillong plateau compared to its 
northern m d  southern regions, i.e. the Bengal basin and Brahmaputra valley respectively. 

The depth to the Moho obtained by modelling the receiver functions for rays sampling the 
Bengal basin (south of Cherrapunji) shows a very thick crust ( 6 h ) .  This is consistent 
with the view that the Archean basement in the Bangladesh plains is about 12km below 
mean sea level, due to thrusting along the Dawki fault; while the receiver fun$ons for 
rays sampling the plateau shows a comparatively thinner crust (3-2), behg eimilar to 
Barapmi and Shillong which are right on the plateau. 

0 The thickness of the crust in &he Brahmaputra valley is 42kmk2, and the Moho dips gently 
towards the north, reaching values of 50km at  Bomdila which is beyond the Himalayan 
Main Boundary Thrust(MBT). 

The thickness of the upper crust is lass constrained, due to inadequate data and abolute 
trade-off between velocity and thickness. 



The thickness of the crust in the Shillong plateau match remarkably well with the reeults 
of Bilham and England(Nature, 2001), and could be explained with the plateau pop-up 
model, showing an uplift of about ~ 6 k m s ,  due to thrusting along the Dawki and Oldham 
faults a t  the edges of the plateau. 

The popped-up m t  beneath the Shillong plateau is not fully compensated and hence is 
thinner compared to the north and south, which agrees with the positive Bouguer gravity 
anomaly over the plateau region(Gaur and Bhattacharji, 1983). 

The thicImess of the crust in the ShiIlong phteau is fairly sip&r to the undeformed crust 
in the stable south Indian shield. 

: Schematac N-S pmfiae from the Hamalayas to the Bengal basm. The stafions are marked 
with inverted tn'angles and the depth to the Moho at the 7 setes being u s 4  as a guide to interpolate 
the northwani dip and pop-up of the plateau. The basis o f t h e  schematic diagmm as adopted from 
Bzdham and England, 2001. 
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Seismic Charad&tics of the Southern Indian Granulite Terrane h u n d  Kodaikaual 

Abhiahek Rai, Keith F. Priestley, University of CamIxidge,UK 
V i d  KGa.ur, Indian Institute of Astrophysim,India 

D. Srina&, National Geophysical Research Institute, India 

South-Indian shield is a conglomeration of avariety of metamorphic rocks ranging from low-grade granite- 
greawtone in the north (Dharwar~atan) to high-grade granulite/chasaockite (Granulitic t-1 in the 
south extending up to Sn-Lanks. Dharwar craton and Granulite terrain are significantly different in their 
evolution history, m t a l  properties and chemical composition We compare the seismological proper- 
ties around stations at Dharaar ~aton(BGL), South lndian Gram& terrain(K0D) and Sri-L& 
high-grade terrain(PALK) in terns of crustal thickness, Vp/Vs ratio, shear-wave ve1ocity structure and 
anisotro~ in the crust and upper mantle by the analysis of Maho wnverted phsses and splitting of the 
shear-waves. 

Figure 1: Map ~f the study area and station locations(1eft figure); distribution of eacthquakea used in 
the study(right h e ) .  

Receiver Functions 

The study of Moho converted Ps phases to constrain the crustal t h i b  and shew-wave velBcw 
structure is now a well astablished technique (Ammon C.J.,1991), widely known as receiver-function 
analysis. The arrival time of Moho converted S-phases with rrspect to the parent P-phase depends on 
the crustal thickness and the velocity structure ben&h the recording station. While the amplitude of 
the Ps phase depends on the velocity wntrast at the primary and secondary velocity d i i i t ' i e s .  
A clear variation of the m i d t i m e s  of Moho converted Ps p b  on South-Indian receiver-hotions 
indicate changing velocity structures and/or crustal thichewzs around the stations. 

Figure 2: Radial component of receim-function for the representative statioaa of Deccan Volcanic 
province(KIL), EBstern Dharwar craton(BGL), Granulitic terrain(KOD) and Sri-Ladan high-grade ter- 
rain(PALK). Relatively simple receiver function for KJL and BGL than KOD and PALK indicate a 
 simple^ crostal structure f o ~  low-grade Dharwar craton than the high-grade granulite twains of India 
and Sri-Lath in the south. 



Crustal thicknass and Vp/Vs ratio Study of Vp/Vs ratio along with shear-wave velocity provide 
an important constraint on the petrology of the rocks. The relative arrival time of the Moho converted 
Pa phase and the m t a l  multiples(PpPs, PpSsi-PsPs) with respect to the direct P-wave can be used 
to tramform the time domain receiver function to the H-Vp/Vs domain (Zhu and Kanamori,2000). A 
marked increase in Vp/Vs ratio was o b s m d  for high-grade terrain(K0D and PALK), with respect to 
low-grade rocks of D m  craton (BGL). This observation indicates a relatively more matic composition 
for the mcks of high-grade granulite te.rrain than t h e e  of the Dharwar craton. Rapid vaniation in crustal 
t h i h w  and Vp/Vs ratio may have important implications for the Pan-Aftin orogeny(550Ma) and 
its impact on the Southern-Indian shield 

Figure 3: Crwkal thickness Vs Vp/Vs ratio for BGL and KOD and PALK. Vp/Vs ratio increases slightly 
for low-grade to high-gade terrain. The crustal thickurn at KOD is l O k m  more than that at BGL in 
the north and PALK in the south. 

Velocity Structure 

We derive our velocity model by inverting the teleseismic receiver functions and subsequently modelling 
the S to P converted phases (Jordan and Rwer, 1975) Modelling the precursors of S-waves provide an 
additional conatra.mt to the velocity model derived frmn receiver function inversion. The h l  iwersion 
result of the high-grade terrain receim functions(K0D and PALK) gives a tvwlayer shear-wave velocity 
model with a strong mid-crustal velocity discontinuity at a depth of 27km and 22h depth. The crustal 
tbicknrn varies from 44+h at KOD to 35f lkm at PALK. This indicates a thicker ctust beneath 
KOD than BGL and PAL&. The average ahear-wave velocity changes &om 3.6km/s in the upper crust 
to 3.95!un/s in the lower crust. The smoothed crustal velocity model successfully models the Sp converted 
p k  on the vertical component of the seismogam 

Figure 4: Shear-wave velocity Vs depth plot(the final inversion results) for BGL, KOD and PALK receiver 
frmctions(in the left). The right figure is the Z,R,T components indicating Sp phese and modelling of 
Sp phases on Z component seismogram for four stations of South-Indian shield. A thicker crust below 
KOD and strong mid-crustal discontinuities below KOD and PALK should be noted. 

Variation of Crustal thidcnesa along North-South and East-Wst Directions 

The above observations indicate the rapidiy hng ing  crustal properties of the So&h Indian shield, 
indicating severe deformation of the shield region in the past. 



Figwe 5: Variation of crustal structure along N-S and E W  profiles. ?'Xhicker cnujt beneath the high- 
grade terrain station KOD should be noted. There is a rapid change in crustal thickness of Eastern and 
Western D h m  craton &o. 

Heterogeneity in the crust 

Obsmtion of the deviation of the teleseknic P-vmm fmm their expected azimuth of arrival indicates 
scattering of the energy from heterogeneity present in the propagation path of the warn. The large 
tangential energy could also be a part of scattered energy. Co-variance analysis of the P-wave particle 
motion d e t d n e s  the true azimuth of the arriving energy at the recording station. The co-vasiance 
anrtyais of P-wave particle motion at higher and lowet frequencies does not indicate silplitiemt deviation 
in the arrival azimuth of energy from its expected azimuth, indicating largely homogemus structure 
below the South-Indian shield. The results are consistent with the measurements of multi-taper spectral 
density method. 

Figure 13 Azimuthal plots for expected and calculated polarlzatbn of telaehmb P-wave at lower (O.& 
0.20Hz) and higher (0.352.0H5) hu&(left &m) indicating no sigoScant deviation of energy from 
its expected path. Results of spectral analysis are shown in the right-hand figure. 

An indication of Crustal Anisotropy 

Shear wave splitting observed in P to S converted phases (Ps phase) from the Moho indicate velocity 
anisotropy in the must ( M c N w a  and Owe~$,l993). A 0.2sec splitting with fast-axis oriented towards 
NorthSouth and a 0.25 sec splitting with fast-axis oriented E W  were obtained for most of the station8 at 
D h a ~ ~ a r  craton(exp. BGL) and Granulite tenain(K0D and PALK) mpectimly. These fast dimtiom 
are m good agreement vith the local geologic strike directio~w. 



Plgnre7: ~ i n t b l a f r ~ s r a m p l a ; o f ~ 1 l t t i n g d ~ M o h o ~ ~ P s ~ h S ~  
% r a W G L S S Q D  snd PALK). Tbe righf &. & the pmcedpg of Pa kplitthg ohm83  Bt; KWD. 

Figure 8: The fast-axis poldation direction of crustal components of anisotropy for Dharwar cm- 
ton(BGL) and Granulite tenain(K0D and PALK). The fast direction is oriented N-S with a split time 
of 0.1% for low-grade terrain and E W  with a split time of 0.28 for high-gde ulein 

Weseismic shear-wave splitting 

Strain-Induced lattice preferred orientation(LP0) of olivine due to mantle flow causes anisotropy in the 
upper made. In this case the fast axis orientation of olivine aligns parallel to the flow direction, or to 
the direction of maximum finite strain and results in seismic velocity anhtropy in the upper mantle. 
A conqucncc of scismic anktropy is thc splitting d shw-wavcs , whore an incident shcar-wavc is 
~olarized mto two orthogonal directions traveums at diffefent velocitlw(Silver and Chan. 19911. 
m thc e m  ot an wtmplc, aphcrlcauy symmctnc earth, tclcsamc 8 ~ h  anu > phascs arc radlauy 
polarized and should only be remrded on the radial component of the seismograms. Prmence of any 
detectable energy on the tranwme component, SKST, indicates deviations &om isotropic models. Split- 
t i  of SKS waves indicate receiver side *trow only, as all the source-side anisotropy is lost dve to 
S to P conversion at the core-mantle boundary. 

The KOD (SGT) reca~er function mveform is more complicated than the BGL (EDC) receiver 
-on6 indicating complicated crustal structure beneath the Granulite terrain. 

Signi6cant change in uustal thickness, velocity structure and Vp/Vs ratio between low-grade rocks 
of Dharwar craton and high-grade m&s of Granulite terrain. 

Vp/Vs ratio for Granulite terrain is higher than that for Dharwac craton, i n d i c a ~ g  that there is 
a difference m the chemical mmposition of the two terrams. 



Figare 9: The f& in the left shows the oripinal radial and tangenttial component (m the upper half) and 
corrected radial and tangential components (in the lower helf).The right-hand fig. shows the superposed 
fast and slow components (uncorrected in the left and corrected in the right) and the corresponding 
particle motion plots. 

Figure 10: Contour plots of minimum eigenvalue of the corrected matrix of particle motion indicating 
well constrained splitting parameters for stations at GBA, BGL and KOD. 

Almost homogeneous crust beneath the whole South-Indian shield. 

Indication of crustal anisotropy with fast azimuth perallel to the geologic strike direction. 

Indication of anisotropy in the upper mantle beneath the South-Indian shield indicates fast-axis 
orientation almost parallel to the plate motion direction. 
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P-wak.  It wntaius i n f o ~ o n ~  related h 'P and c&vated ?fi& S ' 
. . 

waves i%oq the seismic discontinuities in ,&e.crust a$ k e .  We follqw b, .. ' 
. . .. , 

La approach using time.don& ,decomr~lution to canpie meiwr functions. . . 



The Moho P to S converted wave (P,) is most dominant on the radial RF and , 

anives m the.tiine window 4 - 7 sec after the. P. In this study, we used 

earthqmke waveforms from telueismic distances (30' - 959 recorded over ' : 
i .  . broadband seismic stations in Dh&m eraton I+ceh  fanctions &e :! ' '  

computed at each station for individual eadquakes and stadred iu &w ' 

azimuth and delta range to improve S/N ratio. Stacked ;adial receiver function 

for individual stations show rwnarkable spatial cohacnffi of Moho con+zrted 
; 

P, phase with the surface gpoiogy and wmpositional W e s  (Figme 3). P. - 
. . 

P travel time in the EDC is 3.9 - 4.52 ;white in the ,W it v d e s  from k.3?- 

j' 
5.91 indicating significait variation in c d  tl&kntss/ Poissonls raho. 

Maximum P, -P time separation is obsuved over the oldest crustal block (-3.4 ' . 

Ga) at GRR. ! 

To quantify the crustal thickness and ~oisson~s & ih the , . vicinity o'f - . 
61 . ~ . .. each station we modeled the amplitude $ud travel timu of P to S conversions at 

I .  

:*. . ~ t? 
L ) '  . . . - the ~ d h o  (P,) and its crustal inultiples (P$& and PpS$) the radial recci* 

. . . . 

fimctio~'~.  or large rider of aostal mode1 with vsryi~g thi~kaess H (25 - 
? 

60 h), VdV, (b6 - 1.8), we compute corresponding anid 'times of P, PpPp" 

and P&S (say tl, t~ mid t3) and stack the ,mplitudc of RF through ~& . .. ~ 

. . 

S @Lvfl,) = wt r (tl) +wzr (ti) - w3r (t3) 

When r (t) is the radial receiver frmctionsnd wi are eigned to RF at 
. 

time ti. The H and Vfl. providing the inaximum mpliti~de in S is considered 

. . the best approximation 

The method requires apriori,l&ledge 6f the ayerage crustal. P- 
" .. : 

velocity. Rctcntly, .~arkar sf rr1.;' modeled.an eadier 'fivali-[ldipi & 
. - 
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seismic profile measurements2' across Dharwar Craton and inferred a simple 
. 

two layer cmst with velocity 6.1 kmls in the upper nust (23 km) and 6.9 W s '  

for the lower crust in both segments of tile m t o n  The infemd Moho deptl~ is' 
t 

-35 lan in the EDC and 40 !m for WDC. Inversion of the receiver fiqctions 

suggests similar average V, (3.73 f 0.10 W), from EDC? and W D ~ .  We, . 

wmputed the average cmstal thickness and V& for individual stations ping 

stacked receiver function fiom events in same azimnth and distaoce range 

(* 9) using above tquatim considwing an average 6.45 kmls P-wave crustal 

velocity. ~ i & e  4 details the H.and Vp. computation for a.few broadbaqd a 
' . 1-1 stations. Detailed d t  for individual stations is pmcntcd m table I. : 
1 i. 

~xaminafion of table 1 sugges&hat statik in botli EX& &d WDC,' . . 
..? 

exluiit'~oiss&'s d o  a rarige if 0.24 - 0.28. These *bservati~.&e . .. 
i) 

on the lower end of the tht ~rcbeaat global ayerages of 0.29 * 0.02 and ere& 
. . + 

a g r e e  with Last a i d .  suggestiug~ more feisie -tsl compwi$& . .. .. 
b-th dhcqvar Cratun. This ii also &ported by -absence of > 7.0 &S 

- . . 

lower cmst P- wave velocity in both EDC and WDC &om modefig of DSS 

wavefm data. Tp study the correlation of Moho depth w o n  with surface 
IFI05) 

- geology, wo preAt  '? ciustal cross-seCtim.i+om KSL to CUD Figure 5). 
. . ." . . 

. . 
Moho thicknesses are project& at dcpth.with horhm& offset in the &tion . . 

ofearthqoake. Moho depth is wmputcd at &vidual s ~ o h  due to events &A , 

SW-W, NEE end total. The omstal t h i h e s s  varies 33 - 40 Ian beath  the 

EM: @ contrastwith 41 - 52.h over WDC. To examine the possibility fhh 
. . . . .. 

these Moho.depth &it ions could be due td. dip, we also looked into recei*. .: .: . 
functions at individual stations with vajring distauce and szimuth. No 

significaut variation was obsnved in converted and .dtiples aa1p4t4e @d 
. . . .- 

. . 
1 4 3  



. . 
arrival time as expected for a dipping Mohti. We M o r e ,  conclud+ thaf 

Moho is essentially horizontal and o&&s are sharp boundaries. The cmbt 

thickness esthate for the late Archem 'Eastern DhaMlm ciust is similar to the i ' 

- global aveqg (30 - 40 lun). The niid Archean nucley in Westem Dhmbu .. , '  
, ! .  

craton is, however, considerably Q10 h) thicker than that of an avuage t 
. . 1. 

~rchA Md. The otha Arkhem mains with si&icaut crugtal t&kws : . - .  . :  
.t 

(45 - 50 km) include Kapuskssing struchrral z o n e  Minnesota ~i*e;.~neiss ', . 
. . ' 

- terrain? +nd W& Provin~e~. All these tennins have been subjected to . . 
. . 

cxtemive reworking ~rokmzoic m e  the WDC the m t a l  ew~utibn . , 

' . is primdy during mid Archean (3.4 - 3.0 Ga) and lacks &logid signatwks 
' 

. ' 

of submpeM:te&onic perhrbatiom. The.oontact be- EDC and WDC . . is 

obswed as gradatid bctwm the western edge of.~loscpet puiti and . 

Chitradurga t&wt where uustal thickness changes by at least 6 km. I t  is 
!;. ;$, . ' 

interesahg that. this zone is also cheractaizad by three 
i p . .. : 

iderrid fiw DSS ineamemendl. At stition KBR, on the southwktem edge ' . . . . 

of Cuddspah basin (CB), we observed orustal thickening of 5 km relative to 

both EDC and CB. The remarkable spatial c o d t i o n  of observed crustal 

thickening with'l.8 ~a volcanics in this region requires detailed modelhg of 

waveform at KDR . , 

Telweismic Residual and Litbospheric Thickness: 

i .. 
Seismological data suggest strong correlation between upper mantle :shew! 

. . 
velocity and c r u d  type. The' conthe& sh& decrease k. heat flow ana ' 

. . . 
increase in li&osPh& thickness with incre&ing time i&rval since th= last Y 

. . 
ma& thnmal or omgenic e v d .  The @pirig of Iithospheric .thi&eSs 



. , 
bath EDC and WDC could M o r e  sqgest whether h e  t&nba have 

" 

been subsequtntty remobilized during F'rotemzoic. A compWon of S wve : 

travel time momaliesa shows progressive increase in nrtical travel time 

h m  a thick lithosphere cmbtl to a thin one. We investigate the-n&ev6f. . 
Iithosplmic raintion within the Dharwm craton using tel&c P and S 

wave travel times. The predicted P and S wave a d d  times were comp,uted 

'ki@ IASP91 t a b l d  and thm s a b W  from 0 b s d . t i m e s  to giva the 

travel time residual This contaias the efftct of orust, some m i s l d o n ,  origin 

tidae error and hetemgmity'along the entire prlth. The effect of clmstal 

inboniogeaeity is d d n c d  by comguthg rela& mvel time residuals ., 
. . .  

reduced a corn- depth of 52 km (mwimum o m  @uatal thick&& in 
, . - EDC and WDC) asguming an avmge gostal V, - 6.45 W4 V, - 3.73 WS . 

'and uppenmost mantle P-velocity 8.2 W s  and S-velooity 4.65 kmls. Oth& 

wntfib~onstotheIe5idiIaIisminimized 
i 

by sdbtrachg the a w y  average fiom' , . . . .  

aU other: sIst@h raid&. Thc res+~Itiq relative rtsidnal rcpnsen@ eEe& of . . .  . . 
. I .: '?. . 

lataal hehrogaeity in the upper mantle to a depth appmx&&ly,eqnal to,% , . . .  ' > 
'i - length ( a p l , b a y  350 h). The dative resid& oorrectedifor'ffse . . 

. . 

m t  am preuM-fa selected s t a t i i  iu P i p  6 and I for ~ a t t h q u a k a . & ~  
; :.; JP107j 

mereat azimuth raages. positive reshhls iudicate time delGed kr . . . . . .  . . . . 

mys due to its passage through a low velocity zone while negative +dbJ 

nprcsmts travel through a high velocity region. Strong azhuthal vari&in 

indicates that the catlsative source is deep seated it is very clear that the ' 
.-_: 
I . 

residuals emergti negative for stations in WDC compared to EDC repres&ing 
. Z W .  
.i 

faster arrival of seismic waves. .... I 

. . * .  : ..... :. 



To examine the likely cause for systmatio vaiati011 of the crust 

wnactwl residual, we present uppr mentle trawl time residusl across the 

Dhaw@r oraton (Pigum 8 a, b) for earthquakes from NE &nth (40": 609 . 

ooiaciding with the profile dong stations (X3LGR.R-TPT-TMK-GBA-KDR). ; 

For P, WDC stations have 0.3 to 0.6 s. early Sleseismic arrivals dative to 

Em. c o r r e s p ~ y ,  S had ti& shows an average of 0 5  to 0.7 s e& 

arrivals fw WDC stations. The most likely csndidde for the systematic 

variation of the mantle residual is the &riation of depth to the base of the .' 
:. 

lithosphere. Smce the dab an relative residual, we mu @y compute relatiye 
'l .: 

thickness variation. The geochemioal 'analysis of Kimbdte xcnolitbs (1100 . a . . 

lithosphere beneath the EDC during Pmterozoi8. Using a 0.5 Ws P- &w 

velooity c d a s t  lithosphere And &thenosPhnc, 'we ob&ei a 

minimum of 60 - 80 lati lithosphere thi&e.niq beneath the WDC as corn@ 

to EDC (Figure &). TI& supports the view that older continents have thicker. 

aad rigid root than the younger ones. This also implies that WDC has not been 

atfected by any major youngw t e c t o n o t h d  event. This is also supported by 

lower heat flow 30 + 4 mwm-' in WDC compared to 40 2 3.4 rnwmm2 05- . 

EDC'', which gives rise to the obs&ed $ delay, Presence of a thicker ead a d  

lithosphwic root beneath WDC conld be responsible for its dynamic stabfity 

since 3.0 Ga and therefore help pre'serve its origiaal Moho & d s t i c .  . . 
. . 

Conclusion/ Archean Crustal Evolution: 

Mpk of telescismic tmmdband waveform from an experiment in ihe 'iyt 

and k s t  ~bmwar craton rmggesls.disthrct crustal architectkc for the two , -  



htrsins. The early-mid Archum (3.4 - 3.0 Ga) WDC orust i6 sigd2oautly 

thicker (43 - 52 km) compared to the global awege of 30 - 40 lan for Archcan 

crust whilst the late Archean (-2.5 Oa) EDC crust is 33 - 40 lan thick similar ' 

to those observed elsewhere. The a- c r u d  Fbhm's ratio for both the . 

EDC and WDC show similar valw 0.24 - 0.28, rep-t lower d of .the 

global average for Archean shield (0.27 - 0.31% sugguting felsid to 
I 

intemudiate cornpositron The thicker aust bme& WDC is also undd& by 

thicker lithosphere root The crustal tbichess bmasc causes a damase in 

gravity and elevation uplift, but the increase in ~thosphcre thiclmess has 

opposite af fco t  on the elevation This explains why dqi te  thicker wusf WDC 

nucleus ha8 little t-c expression The thick crust brmeath h 
nucleus (at G?) is responsible for a large io* (-120 mga1)'oliserved : 

around Gow-Hassap region of WDC. . . 

.:. . $ '  
. . 

- It is intcmting to note that the over thick .(52'k&). m y t d  block . , 

wincidcs with the > 3;36 Ga old Archean gn&cs of&& - Hassaa &on.. .. 
bounded m the west and'kt by mid-late h e a n - &  belts. ~inh 

. t  

demblag& in this of WDC represent amphiboli& grade metam&&sp ., .. . 
' i 

'at about 5 - 7Kb suggesting that !he ~ r & ' ~ u s t  e&br&d,at 

'depth of 15 to 25 ihn. Pnxaoc of &eschigh pressrne mipcral asscmbh$s, at 
. 

surface of conthental q s t  d n n o k ~  that the Archean 'ma in.&df 
.I . . . .. . 

w+ Dharwar craton 3.0 Ga ago-must have b m  at I& 60 - 80 km g c f ,  . . . 

F%mance of such an over t h i c k 4  crust would only be possible m'a' 'aW 
'i , 

shielded fium hgh mantle heat £tow by a thick, hd&ng layer of subq&d 

when heat kaqo r t  was by conduction rather tb& :by 

cdnwction. Presence of such it thick hthosphaii: toot has been dcm&trai.d, 
, . 
< : ', 
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. , 
. , 

in..this study b&esth.the WDC. Thick and rigid lithosphere found beneath fhe .I - .  
. . 

WDC during carfy time history probably helped preserving thc primitive . 

crustal architectorc. presence of sigmented deep crustal blocks with' Moho 

depth 38 - 41 ~LII in WDC was also revealed by DSS d@8 from Kavali - Udipi' . 

profile. Within each ofthese blocks the Moho is essedally horizontal. , 

We speculate that the crustal blocks inferred &om seisnolo&ali 
' .. !. . , 

studies and also through field geolo# represents distinct Mean'bl6ckg ' 

mreted together to form WDC. Presmce of the over thickened Arch&, : 
crustal blocks of WDC with feIsic to intknediate com&sition s k e i t s  that 

the crustal growth nsembles island arc tectonic settings along sites of plate 

collision. Similar over thickened aust (- 60 - 80 km) with fow a h also 

observed in Andean orogenic zone". This, however, assumes that the 

behaviow of mid Archean lithosphere vyas also governed by present day plate 

tectomc processes. A stabilized WDC mton subsequently accreted to the 

EDC amund 2600 Ma along Cbitradurga thrust - Closepet granite. 

Lithospheric fhiclmess show marked reduction to the east of Closepet granite. 

It is interesting to note that the DSS reflection s k y  shows prominent epst 
.i' 

dipping reflectors &om Chihadurga h t  R.western pan of Closepa g r d t e  

coinuding with ow infemed gadation Moho in the zone, which may be :& 
indication of subduction of weste*~Dhanrar Caaton to the east . . 

A detailed modeUing of seismic waveform &om the bda$band 
. , 

experiment currently in progress would soon reveal the untold contplex 

structure and Archean geodynamics of the Dhanvar craton. 
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F i r e  Captions: 

Figurel. Map showing the p-a1 segments of Dharwar craton and 
adjoining g~iogical pmjinces in South 
WDC - Western Dharwar flaton, EDC - Eastern Dhavwsr Cratbn, 
CD - Cud- Basin, FLK3T - Eastem Ghat (hanuIite Tenain, . 
SGT - Southern Granulite '~err&n, DVP - Deccan volcakc 
Province, dG - closepet W t e ,  CT - Cbitmdorga Thrust. . 
Loostions of broadband &c s$tions are shown as black 
sq-a 

Figure 2. (a) Synthetio radial component rekieiw fanotion for a simple lapx 
o w  half space modcl. Main phases and the d t i p l e s  
carresponding the ray path are shown below. 
@) Ray paths for'oonveited P. phase and major multiples for a 
simple layer over a half space model. 

figure 3.. Stsckcd fadial .rcbciver hction'  for stations. hi :~ha&ai &n 
grouped &cording to ttt& g e o l o g i + M  proximity. Note 
the increase in P, Lime for e o n 3  in Westan Dharwar mron . 

. . 
Figure 4. T& V& ratio vs. Crustal thicr,ess estimate for selected stations?; ~. . . . 

. . . . $ .  , . . . , 
AMre 3. A west-~ast cross&on'(&u KSL to CUD) of wtimated & * ,: 

tlliclmcss s r o s  rhe ~ h m &  mton Average: cmlz$ ~ o i s < o b  . ' i '  - .: 6 . 
rado is also depict+ for individual s * ~ .  .. . . 

Figure 6. ~~ variation of crust - k telesei- I!-wave . 
. . .  relative n s i ~  for 4eCt.d stations. . 

. Figure 7. Azimuthal venabon 
. . of CIWt - ~ 0 m ~ h d  ~ c ~ S & ~ C  !&?am 

' 
relative residual for selected stations. 

.Figures. (a, b) Mantl; contribution io the teImeimic P i d  S resid&:at 
individual stations adross Dhamer craton. Tme residual dhe to 
earthquakes hi 40' - M)' an w&a,+fpr prCsentdoq..  
(c) ~ithospheric thickness variatidn a k s s  ~harwk cmton. ' , . 



. * 
Table 1: Station loeation, CNstal thidross, V$V. nod Poisson's ratid ' . . 

KDR 14.18 78.16 453 4 39.5-40.3 1.71-1.72 0.23-0.23 

KOL 12.95 78.25 803 - 3 92 33.6 -33.0 1.72 - 1.77 0.25 - 0.26 

BGL U.02 7757 791 4.07 35.2-34.6 1.73- 1.74 0.25-9.26 

SLM 16.10 . 78.89 368 4.M 34.5 -33.5 1.B - 1.77 0.75-0.26 

CUD 14.48 j8.77 = ' 6 353-34.1 1.74-1:78 0.25-0.16 - 

ElEkmrnm Cnmn (En9 
. . 

GBA 13.56 77.36 , . 681 4.10 34.9-33.4 1.73-1.78 025-0.26 

ClOlpd C d t e  (CGl 

, 
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. . . . WDC : Weshrn p h a r i r  Craton ' EDC : ~astern'bhulwa) ciaten " : : 
CB : Cuddapah Basin - CQ. : Closepet Granite . . ' . : .. 
CT -: Chitradurga Thrust CUD : Broadband ~ai~mlo'$tdtion 

. * 
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[I] We have built a Sv-wayespeod tomographic model for 4 0 0  km depth. Our model shows substantial variation in 
the upper mantle beneath the Siberian platform and the thickness of the high velocity, upper mantle lid with 
supoundiug region derived h m  the snfdysis of more than values less than 100 km thick beneath tectonically active 
13,000 hdarnental and higher mode regional wavefm.  regions and values which may locally exceed 250 km 
The dense path coverage and rich higher mode -tent of beneath small parts of the Siberian platform. However, for 
the dsta allow building an uppa mantle image with an most of the Siberisn platform and the stable region to its 
horizontal resolution of a f m  hundred lrilomehrs extending west, the high velocity lid extends to 200-225 km depth. In 
to 4 0 0  km depth. The high velocity, upper mantle lid or this papa we equate the high seismic wavcspeed "lid" to a 
seismic lithosphere is ~ 2 0 0  km thick beneath most of the "seismic" lithosphere [Jaupart and Marn.vcha1, 19991, 
S w a n  platform but may extend to -250 ktn depth likely to be related to processes in the mantle of t h d  
beneath small arcas. A high velocity seismic lid also and/or compositional origin (e.g., via depletion of the 
underlies a large region west of the Siberian platform. Our matonic keel). 
observation of a -200 thick seismic lithosphere beneath the 
Siberian platform on the slow-moving Eurasian plate, 
similar to the thi- of the seismic lithosphere beneath 2. ~~~~1~~~~ of *e 3D upper -tie 
Precambrinn taraios on the ht-moving Australian plate, Vel,,,.itg Model 
s u m  that a modemtely thick seismic lithosphere beneath 
Pmambrinn tewins may be more common than previously [4] We mstruct the 3D upper mantle model using the 
supposed. W D E Y W :  7207 Scinwlogy:Coreandmtle; two-sup previously used for Australia [Dehoyle 
7218 Semology: L&osphe anduppermantle; 7255 Susmology: a d  Kenneff, 20001 and eastem mca [Debqk et a!., 

wwes and h d o a s .  cj~iio.: ~ ~ b ~ ~ k  E, 20011. We first use the automated version [Debayle, 19991 
R fiatlcy, Seismic evidence for a modcrawly duck t i h p h m  of the Cara and m q u e  [I9871 waveform inversion 
h41 rhc s h i m  plathm, ~ o o ~ h y . ~  R= ~ert, 30(3), m a ,  technique to det-e a 1D pahverage upper mantle 
doc10 1029i2002GL015931,2MM. velacay model wmpatible with observed surface waves. 

We then combine the 1D velocity models m a tomographic 
inversion usmg the continuous regonahation algorithm of 

1. Intmdoetion Montagner [1986] to obtain the local Sv-wavespeed at each 
[z] Eastem Asia is a mosaic of ancient continental hg. depth (w Dehoyle and Kenneff [2000] fa the details). 

ments sqmated by m o d  ranges and fold belts. The [s] The method is based on the assumptions that the 
crustal evolution of the largest ~cbean terrains, the sib- observed surface waveform can be -ted by multi- 
rian platform (Figure I), is thought to have strated -3.5 Ga, mode surfaa waves propagating independently and along 
but tbe old& rocks folmd thus 6n arc -3.3 Ga [Jahn a!., the great circle. These assumptions are valid fora mothly- 
19981. Initial seismic studies [Lmer-Lam and Jordan, varying medium without m n g  lateral velocity gtadients 
I9831 suggest thet the tectonically stable p m  of northern [Wmdhou~e, 19741. Kenneft [I9951 examined the validity 
E m m ,  including the Sihrim pWrm,  have a thick, high of the path average a p p m h t i o n  for surface wave pmp 
velocity lid extending to 4 0 0  Ian depth; racent tbumal agation at regional ocntinenial scale and concluded that it 
modeling suggests hat  the t h d  lithosphere [Jauparl and should be suitable for periods between 30 and 100 s and 
Mare~chal, 19991 ofthe S~baian platform is -350 km thick remain valid at longer periods (>SO s) where surface waves 
[ A h i o m  and Mwney, 20011. ~ o s s  major structural boundaries, such as the wnfiwat- 

[3] In this paper, we p a n t  a high-resolution shear ocean tmwition. Significant deviations 6'om great-eircle 
velocity model of the upper mantle beneath NE Asla using pmpgatim have been observed far short pedods (40 s) 
more than 13,000 Rayletgh wave r e g i d  seismograms. surface waves Levshin and RarniRova, 1994; Alsinu m d  
The dense path wvaage gives the model a lateral resolution Smedo; 1996; Cone et aL, 20001, but s&ce wave ray 
of a few hundred Mometem, and the rich bigher mode tracing in Earth models [Poshizwa and Ken- 20021 
content of the events analyzed provih sensitivity down to similar to ours cou6rms that off-pat circle propagation can 

reasonably be neglected for the fundamental and 6rs-t few 
b i i  modes at periods greater than -40 s and for paths 

Copy~@12003 by the ~malcan ~ o o p h y u a l  urn less than -10000 km. (Of the 13055 waveforms used to 
0 ~ ~ ~ n ~ 0 ~ ~ ~ 0 1 5 9 3 1 ~ 0 5 . 0 0  b d d  our model, 74% have propagation path lengths less 
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Figure 1. Map showing the tectonic elements of NE Asia 
discussad in the text. The contour of the cramns is taken 
fiom Goodwin [1991]. 

than 6000 km and only 24 waveforms have propagation 
pafhs lengths greater than 10000 h.) We therefore restriot 
our analysis to the fundamental and up to the fourth higher 
Rayleigh mode m the 50-160 s period band. S d v i t y  
kernels [see Debayle et aL, 20011 show that using the 
fundamental and up to the folntb higher mode in this period 
range achieves good sensitivity over the whole upper 
mantle. In addition, at 50 s period the maximum sensitivity 
of even the fundamental mode is located below the uust, so 
that our dataset is primntily sensitwe to upper mantle 
structure. 

[6] Kennett [1995] also showed that the source mntribu- 
tion is not confined to the immediate neighborhood of the 

epicenter and the source excitation computation isimproved 
by using a structure speci6c to the source region. In 
oomputhg the source excitation, we take the source region 
velocity structure fbm the 3D model 3SMAC [Nataf and 
Ricard, 19961 and analyze the seismograms using a s m t h  
vwion of PRBM as the reference and starting model for 
the upper mantle with a path-speci6c cmtal model deter- 
mined by averaging the crustal part of 3SMAC along the 
path. Cara and L&&e 11987 show that for their t e c h -  
que, the final velocity strwhnt is weakly dependent on the 
refer- mod& Since we analyze relatively long period 
surface waves (%O s), we assume the crustal structure is 
known and invert for the upper mantle structure. To 
examine the effect of assuming dEkrent crustal models, 
we i n w e d  a subset of the data assuming the 3SMAC and 
CRUST2 [Bmin et al, 20001 crusid models; our results 
show no signBcant difference in the inversm models 
below -100 km. 

['I] In the continuous regionalization algorithm, the lat- 
eral smoothness of the i n v d  model is constrained by a 
horizontal conelation lengtb L ,  We choose L,, = 400 
km, thus favoring a smooth model considering our ray 
density and shortest wavelengths used (about 200 km at 
50 s period). We tried various values ofL, but even with 
La,," = 800 km, the final model was smoother but the 
features of the model were m t i a l l y  the same. Synthetic 
tests show that ray density allows us to resolve structures 
with horizontal wavelengths of a few hundred kilometas 
f a  the uppamost 400 km o£ the model. This agrees with 
the l a w  resolution that can be expected when consider- 
ing "the influence zom of surface wave paths' over which 
surfnee waves are cdhennt in phase and which is identi- 
fied as approximately one third of the first Presnel zone 
[ Y ~ . P ~ ~ ~ B w B  and &nett, 20021. In the region lying outside 
the 'influeme zone,' soattaing effects can become impor- 
tant [SpeIrler et a[., 20021 but in general we did not 
observe evidence of scattering in the part of the wave- 
forms we unalyzed, suggesting that ray theory applies in 
our period range of analysis. In this paper, our goal is not 

Fiiure 1. Path coverage maps. The dataset used to build the NE Asian model consists of 13,055 waveforms %om 3671 
earthquakes m d e d  at 51 seismographs. Ray density far 3' x 3' cells for the (a) 12310 fundamental mode paths; (b) 4180 
first and 4957 wond higher mode paths; and (0) 8225 third and 5930 follna higher mode paths used in constructing the 
tomographio model. The dense ray coverage of 250-500 rays per 3' x 3' cell, the wide azimuthal distribution of the 
e v m ,  and the rich higher mode content of the data set parnits building an image of the seismic lithosphere bmeath 
the Siberian Platfom with a horizontal resolution of a few hundred kilometers extending ta -400 km depth. 
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Ffpore 3. Sv-velacity heterogeneity model for NE Asia. 
(a) and (b) ere depth slices through the model at 150 and 
250 km depth. Sv-velocity puturbations in the depth slices 
are shown with respect to the PREM velocity at the 
couespbnding depth. (d-f) are cross-dons m the Sv- 
velocity modal for the great circles indicated on maps (a- 
b). The re-ce velooity for the cms-sectiom shown in 
(c) is the average of the seismic velocities of the inverted 
model at each depth (thick red iine). Fm comparison, our 
Initial smooth PREM rekence model (thin black line) is 
elso shown in (c). The cross-section profiles are 4242 km 
lcmg and the vertical lines across the crossaeotions ere 500 
h a p a r t  The gray anas near the borden of the maps and 
cross-secdons indicate tbc parts of the model where the a 
posteriori error is greater &an 0.035. (pi) show the a 
posterim oorresponding to the Sv pr05ks shown in (d-f). 
The low a poster& mor (<0.035), obtained compared to 
the a priori mor (0.0% indicates good nsolution down to 
350-400 km depth for most of the moss-sections. 

to interpret short wavelength heterogeneities, and we do 
not discuss here structmss with wavelengths smaller than 
1000 km. 

3. 3D Model of NE Asia 
[s] Figure 2 shows ray density for our model. Of the 

-80,000 seismogrsms analyzed, 13,055 seismograms fhm 
3671 &quakes recorded at 5 1  sehnogaphs passed the 
stringent test of the automated waveform inversion 
[Debayle, 19991. In a full synthetic expedment but with 
much lower higher mode coverage than shown in Figures 
2b-Ze, Debayle et al. [2001] dnwas!mted the ability of the 
Cara and hMque 119871 technique to isolaie an anomaly 
located in the transition zone &om the shatIower and ddecper 
Structure. Depths and cross-sections for our model ere 
shown in Figrnes 3a-3f: the a posteriori cmrr for the 
cross-sections is shown in Figures 3g-3i. 

[B] At 150 km deptb (Figure 3a) the Sv-wavespeed varies 
by +7% with high wavespeed beneath the stable, north- 
mtral uarts of Asia, and low wavespeed beneath most of 
~ong~iia.mrtheast china, andnorth&t siberia. ~ h e l o w ~ s t  
w a v e s 4  uauer mantle lies beneath the back arc basks to 
the webr of tde'~amchatka, Kuiiles, and Japan volcanic arcs. 
The weftern oan of the Sino-Kman Craton is underlain bv 
high SV-wavespeed upper mantle, but low wavespeed up& 
mantle lies beneath the eastern parts of the craton. Some of 
these features are noted m previous phage [Trampert m d  
Woodhouse, 1995; Ekstrom et d., 1997; Curti8 et d., 1998; 
van Hayst and Woodhouse, 19991 and group [Rirnvoller and 
Levshin, 19981 velocity maps of Asia. At 250 Ian depth 
(Figtux 3b)themagein wavmpeedbasdecreasedtoG%and 
the smug division between high wavespeed beneath the 
stable region of north-central Asia and low wavespeed 
beneath the tectonically active areas has disappeared. 

[lo] The vertical cross-sections (Figures 3d-30 show 
si&cant lateral variations in the thickness of the high 
velocity lid. It is well known that in mgim where the 
resolution is low, the a posteriori error nearly equals the a 
pnori ermr [Tarantola and Vaeffe, 19821. Because of the 
LPge ntunber of hi* m& included mthe analyss, the a 
posteriori e m  is low (~0.035 km 6-I) compared to the a 
priori amr (set at 0.05 km s-I) over most of the cross- 
sections (Figure 3g-3i), indicating that we have good 
resolution to at least 350 km depth. The Hangai Dofie in 
westsn Mongolia is underlain by a low Sv-waveapeed at 
&allow depth ( 4 2 5  h )  but high Sv-wavespeed at grater 
depths. Using the sm~~ges t  negative gradient in Sv-wave- 
speed as an indicatm for the bottom of the high velocity lid, 
we estimate the upper mantle lid base to lie between 175 
and 225 km depth beneath most of the Siberian platform. 
However, a thicker lithosphere may odst beneath isolated 
pats of tbe siiaian platrorm. 

4. D%cussion and Conclusioas 

[II] Loner-Lam and Jordan [I9831 suggest that the teo- 
tonicallv stable nart of northern Eurasia. includinn the 
~iberL&~latforrd has a thick seismic lithosphere ex&ding 
to 4 0 0  lan depth. Artemiew and Mooney [2001] found the 
thermal lithosphere beneath the Siberian platform to be -350 
h thick. O& mcd~l, based on an &recedented h i  
mode repional waveform dataset. shows that the seismic 
lithooph&, as defined by the high "elocity lid, is moderately 
thick beneath mom of the Siberiw ~lstform in bmer ame- 
ment withmiglobal t o o l o p p h ~  [~itsemhandvan$eijst, 
2000al which includes higher modes for good vertical 
resolution, but with weaka horizontal rea~lution compared 
to this study. A m o h e l y  thick (-200 h )  seismic litha 
sphere agms well with the th& structure proposed for the 
Siberian platform &am petrologic modeling of upper mantle 
nodules h m  Siberian kimberlites [Pearson et ai., 1P951. 
Isolatedhigh w a v e s p e e d d e s  extend down to -250 km 
beneath s& regions of the Siberian platform and these 
features may partially moci le  our seismic model with the 
t h d  m&l of ~&ieva mdkfooney [2001]. 
[IZ] High velocity seismic lithospheq although attmu- 

ated, persists to the west of the Sibaian platform in our 
model, snnilar to that seen in recent global models IjVtvemn 
and van Heist, 2200al. This obwatirm is compatible with 

r62 
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Batonic-like basement lying buried beneath the west Sibe- 
rian basin [D. lonov, pnwnal communications, 20021. 
DebayIe and Kenlren [2000] found that the thicknem of 
the high velocity lid hea th  the fastmoving Australian 
plate oscillates am~md 200 Irm, and Ritsemo m d  vun Hwst 
[MOOb] find a similar lid thickuess heath  the cratons on 
the slow-moving Mm plate. Our Ending of a comparable 
lid t h i c h s  beneath the S ~ h i a n  ~latfimn on the slow- 
moving Eurasian plate suggets & vay thick cratwic 
mots may be less common thso jmviously supposed. 
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