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Abstract. Analysis of teleseismic waves using S-P converted phases, travel time-terms and 
residual travel times point to the presence of an anomalous thick (4-5 km thicker) low 
velocity ( -  3%) crust beneath Kodaikanal (KOD) on granulites characterized by an oriented 
inhomogeneity inferred as possibly due to Mylonites in contrast to the nature of crust beneath 
the adjoining precambrian granite-gneiss terrain. The observed seismic signatures in the 
South India granulites (represented by KOD) offer an opportunity to discriminate between 
the competing hypotheses of tectonic thickening and magraatic anderplating to explain the 
origin of the granulites of South India. This analysis lends support to the hypothesis of a 
continent-continent collision origin for the granulites in the study region. 

Keywor~. Anisotropy; collision tectonics; converted phases; granulites. 

1. Introduction 

The South Indian granulite terrain, covering thousands of square kilometers, starts 
roughly at 12~ ' N latitude (figure 1) and continues down south to the tip of the 
South Indian Peninsula. A variety of scientific investigations have been carried out 
over these high grade metamorphic rocks with a view to evolving a tectonic model 
to explain the origin of these exposed lower crustal rocks (Pichamuthu 1953; Drury 
et al 1984; Newton and Hansen 1986). 

The models describing the evolution of high grade metamorphic terrains are 
generally known to follow two mechanisms classified as (Furlong and Fountain 1986; 
Mezger et al 1990): (a) Consequence of tectonic thickening (b) Addition of mantle 
derived magma at the base of the crust (magmatic underplating). 

In general, geophysical signatures, mainly seismic and gravity together, of these 
competing models could be fortunately diverse and hence it becomes possible to 
discern between these hypotheses. The seismic travel-time response over a terrain 
following the model of tectonic thickening due to continental convergence is essentially 
characterized by observations of anomalous travel time delays due to the presence 
of a thick crust underlain by a low velocity uppermost upper mantle as a consequence 
of collision (Taylor and Toksoz 1977). Modelling of magneto-telluric and seismic 
reflection data from continent-continent collision zones show the presence of low 
veolcity (Hyndman and Shearer 1989) to intermediate velocities (Fountain and 
Salisbury 1981) in the lower crust. 

The results obtained from 3 -D  tomographic imaging of the granulite terrain 
(Rai et al 1992), reveal the presence of an anomalously thick low velocity crust 
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Figure 1. Map showing the granulite terrain of South India with shear zones. Circles indicate 
location of seismic stations with their names in three letter codes. A-A' is Achankovil 
lineament, P-Ca is Palghat-Cauvery shear and Mo-Bh is Moyar-Bhavani shear. Fermor's 
line is the boundary separating the low and high-grade terrains. 

underlain by a low velocity uppermost upper mantle suggesting a Precambrian 
continent-continent collision origin of these southern granulites of India. Gravity 
studies in the South India granulites indicate a progressive crustal thickening from 
the low grade terrain in the north to the high grade terrain in the south (Subba Rao 
1987; Mishra 1990). 

The model of magmatic underplating to explain formation of granulites is usually 
reflected by the presence of a thick but high velocity lower crust (Furlong and Fountain 
1986) due to accretion of magmatic material to the base of the crust derived from 
mantle reservoir in sharp contrast to the signatures of the alternate model suggested 
above. 
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2. Scope of the paper 

The present study emphasizes the evaluation of teleseismic signatures in the high 
grade terrain of South India using time-term, travel time, anisotropy and waveform 
analysis. The geophysical results from South India granulites show the presence of 
an anomalously thick crust with a low velocity uppermost upper mantle that were 
argued as'a support for a Precambrian continent-continent collision origin of the 
granulites (Rai et al 1992). Additional evidence for this hypothesis can be found by 
looking for seismically detectable crustal mylonite zones. Hsu (1979) and Trumpy 
(1980) show that such suture zones are characterized by the presence of mylonites, 
which are rocks of various compositions that are distinctly layered with planar 
geometry and which exhibit strong fabric or preferred orientation of minerals because 
of shearing. The various hypotheses (Hsu 1979; Trumpy 1980; Newton and Perkins 
1982) proposed to explain crustal thickening through crustal scale deformations 
involve movement of crustal size blocks and perhaps the underlying uppermost upper 
mantle over considerable distances. Such large-scale ductile deformations involving 
shearing can generate strong fabric or mineralogical orientations reflected as oriented 
inhomogeneities and anisotropy. The mylonites characterised by the above features/ 
properties can be detected by observing the azimuthaUy varying component of the 
teleseismic residual (Dziewonski and Anderson 1983) and direct observation of the 
phenomenon of shear wave splitting of teleseismic SKS waveform (Vinnik et al 1984; 
Kind et al 1985; Silver and Chan 1988). 

We substantiate the presence of mylonites in the region using azimuthally varying 
teleseismic residual and anisotropy, and proceed to support the hypothesis of tectonic 
thickening by determining an anomalous thick crust beneath the granulite terrain. 
Accurate crustal thickness estimates can be obtained from analysis of converted body 
waves (Sp, P,) (Jordan and Frazer 1975; Burdick and Langston 1977) recorded by 
three-component seismic stations. We adopt analysis of S-Sp differential travel times, 
since they happen to be most sensitive to crustal thickness with weaker dependence 
on the average compressional wave velocities (Jordan and Frazer 1975). We present 
an analysis of three-component seismograms recorded at the WWSSN station 
Kodaikanal (KOD) located in the heart of granulite terrain, which reflects the general 
character of the high grade terrain. Crustal thickness estimates in the south Indian 
shield are also presented which are based on station anomaly data and velocity 
perturbations obtained from seismic stations in the region. 

3. Time term analysis 

The observed travel time residual at a station relative to Jeffreys-Bullen travel time 
curves is the combined effect of path, source term and heterogeneity immediately 
beneath the station (station term). The station term d from an azimuth tp has static 
and azimuthally varying terms (Dziewonski and Anderson 1983) expressed as: 

d --- A 0 + A 1 cos(q~ - El) + A 2 cos(q~ - E2) (1) 
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Table 1. Time-term magnitudes of the static term Ao and the first azimuth dependent term AI 
reflecting the structural inhomogeneity. (After Dziewonski and Anderson 1983). 

Station name Station code 

M a ~ i t u ~ s  

Slow directions 
angles measured 

clockwise from north 

Azimuth First Second First Second 
independent azimuthal azimuthal azimuthal azimuthal 

term term term term term 

Ao Al A2 E2 E2 

BOKARO BOK + 0.76 0.45 - -  103 - -  
D E H R A D U N  DDI  + 0.29 0.43 0.26 330 126 
NEW DELHI  NDI  - 0.30 0.49 0.02 288 148 
SHILLONG SHL - 0.57 0"53 0"24 167 22 
BOMBAY BOM + 0.74 1.10 - -  2.00 - -  
GAURIBIDANUR GBA + 0.10 0.17 0.31 130 109 
HYDERABAD HYB - 0.25 0.22 0.13 175 101 
KODAIKANAL K O D  + 0.89 0.61 0.08 185 105 
MADRAS MDR + 1.11 0.37 - -  182 - -  
POONA POO + 0.05 0.35 0-15 270 117 

The coefficients A0, At, A2 and directions El, E2 are given in table 1 after accounting 
for station elevation is obtained through least squares inversion of P-wave residuals 
at all WWSSN and IMD Indian stations by Dziewonski and Anderson (1983). Details 
of nature of computations, errors, azimuthal distribution and other specific details 
are described by them. The static effect A0 is azimuth independent and the first 
azimuth dependent term At depends on major crustal and upper mantle lateral 
heterogeneities (Dziewonski and Anderson 1983). We compare the Ao and At terms 
(table 1) for the station KOD in the granulite terrain with Hyderabad (HYB) and 
Gauribidanur (GBA) in the peninsular gneiss. 

The character and magnitude of Ao term reflects mainly the nature and strength 
of crustal anomaly (Dziewonski and Anderson 1983). The value of Ao at KOD is 
+ 0.89s which shows the slower nature of crust there in comparison to GBA and 
HYB where the values of A0 are + 0.1s and -0.15s respectively. 

To explain the Ao term fully at KOD, assuming a normal crust of 35 km as at 
GBA, a simple calculation reveals that we require either presence of an abnormal 
crustal thickening of 24 km or presence of an unrealistic low velocity crust, about 
-159/o (V  o), below "KOD compared to GBA with an average crustal velocity of 
6.4 km/s and 8"2 km/s of upper mantle velocity. Both the above estimates at KOD 
are unrealistic. 

The different nature of the granulite terrain as compared to the granite-gneiss 
terrain is further substantiated by the anomalous magnitude of At term at KOD 
(0.61s) compared to HYB (0.22s) and GBA (0.17s) (table 1). Thus a significant 
contribution to the residual at KOD is due to azimuthally dependent inhomogeneity 
apart from the static effect. Such an oriented inhomogeneity would cause prominent 
shear wave splitting and can thus be detected. 
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4. Shear wave anisotropy 

In the presence of an anisotropic zone, a linearly polarized incoming shear wave 
Would split into two orthogonally polarized shear waves travelling with different 
velocities. This would result in a time delay between the arrival of these split waves 
in the horizontal components depending upon the direction and magnitude of velocity 
anisotropy. 

The applicability of shear wave splitting analysis to WWSSN type data has been 
demonstrated byVinnik et al (1989) using the Grafenburg array (GFA) data. Further, 
the detectability of the property of shear wave splitting in the long period range is 
confirmed by us from the data of DWWSSN station RSSD in North America where 
fast anisotropic axis directions (54 ~ + 8 ~ are available (Silver and Chan 1988) from 
broad-band data. Adopting our data processing techniques, mentioned below, to 
Digital WWSSN data at RSSD we were able to retrieve similar fast directions 
(54 ~ _ 9~ within the limits of error, as reported through broad band measurements. 
To investigate the possible existence of shear wave splitting due to anisotropy in the 
high grade terrain in South India and the nature of its difference as compared to the 
low grade (Peninsular gneiss), we have studied the seismograms from WWSSN stations 
at KOD (high grade terrain) and HYB (low grade terrain). 

In this study SKS phases which were well isolated from S and ScS and sufficiently 
energetic for visual observations from 9 events (table 2) were analysed. The 
seismograms from WWSSN stations KOD and HYB were magnified four times and 
digitized at a sampling interval of 0"25s. The digitized seismograms were compared 
with the originals to check their accuracy. They were passed through a Gaussian 
bandpass filter in the range 6-14s. The shear wave splitting due to anisotropy is 
manifested through the elliptic nature of particle motion of the observed horizontal 
components because of the phase difference induced by anisotropy. Another diagnostic 
of shear wave splitting is the presence of a significant amount of SKS energy in the 
transverse component (T) with its predominant presence in the radial component (R). 

Table 2. List of events used at HYB and KOD for shear wave splitting studies. 

Station Code Latitude Longitude Geology 

Hyderabad HYB 17'41~ 77.44~ Precambrian 
Kodaikanal KOD 10'23~ 77"47~ Charnockites 

Event Time Lat. Long. Depth Distance Azimuth 
No. Date Hr. Min. See (Deg) (Deg) (km) (Deg) (Deg) Station 

1. 83 12 02 03 09 05"6  14'07 N 091"92 W 067 144'6 335"6 HYB 
2. 83 12 21 12 05 06"3 28"19 S 063"17 W 592 142"9 245"3 HYB 
3. 84 10 20 17 59 17"0  24"07 S 066"83 W 192 147"0 252'5 HYB 
4. 87 04 29 14 27 35"7 19"00 S 177"36 W 385 108"4 104"6 HYB 
5. 82 10 03 21 58 44"5 56-10 S 027"40 W 105 106'7 214"4 KOD 
6. 84 09 28 00 03 34'5 25"85 S 175"91 W 021 109'3 113'8 KOD 
7. 84 09 11 07 16 35'I 15"50 S 167"69 E 126 092'9 105"1 KOD 
8. 84 09 17 09 08 48"8 32"16 S 178"32 W 010 107"4 120"5 KOD 
9. 86 05 26 18 40 44"2  21-82 S 179"08 W 583 106.1 109.8 KOD 
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Figure 2. Radial (R) and transverse (1") component seismograms of sample events with their 
corresponding particle motion plots at HYB & KOD for SKS phase. Vertical bars indicate 
duration of the SKS. Note the phase shift in SKS phase between R & T components due 
to the presence of anisotropy. 

This is so, since the SKS phase is an S V-polarised wave and in an isotropir medium 
should essentially appear in the radial component only. Any departure from this 
would result in energy in the T component. Detailed analysis of anisotropy at HYB 
is presented elsewhere (Ramesh et al 1990). In figure 2 we present the filtered R & T 
seismograms together with the particle motion plots for HYB and KOD depicting 
the diagnostics of anisotropy mentioned above. Time delay (60 (arrival time difference 
of the SKS phase in R & T components) at KOD is about 0.85s while at HYB is 
1.4s. The averaged fast polarisation directions (FPD) after considering results from 
few combination of events (table 2) at HYB and KOD turn out to be about N 20~ and 
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Figure 3. Energy function E(ct, &) plots at HYB and KOD showing the contours of residuals 
for combinations of (~t, Jr). The contour of minimum residual gives the optimal parameters 
(~t, t~t), with spreads, defining the solution at each station. 

N 60~ respectively (figure 3). It is important to observe the positive correlation at 
HYB between FPD (N 20~ maximum horizontal compressive stress direction 
(MHS) NNE and present day absolute plate motion direction (APM) near N-S  
overlap within limits of error and enable us to argue for APM related basal shear 
stresses as the source of anisotropy. However, no such correlation exists at KOD 
and hence needs special attention. 

The slow direction of the second azimuthal term (E:) bears an important 
relationship to the direction of mantle flow which can be used as a tool to investigate 
anisotropy of the mantle (Dziewonski and Anderson 1983) related to plate motion. 
The fast direction of E2, perpendicular to the slow direction of Ez given in table 1, 
at HYB, GBA and KOD are remarkably coherent (N-NNE). This fast direction of 
E2 has a positive correlation with the present day plate motion direction which is 
also observed in North America. The E: term too at these locations is very consistent 
and coherent. 

The corresponding values of A~ and A 2 at KOD and HYB (table 1) while bringing 
out the anomalous nature of KOD also seem to suggest that the magnitude of 
anisotropy (A2) related to flow in the mantle could be marginal or almost non existent 
at KOD compared to those in the low grade terrain. The observed NW MHS directions 
from three locations in the South India granulites (SIG) are at variance with the NNE 
direction in the low grade terrain (Gowd et al 1992) that closely follow present day 
APM direction suggesting that the nature of stresses in SIG have a different origin. 



290 D S Ramesh et al 

Also the N 60~ FPD inferred from shear wave anisotropy at KOD requires to be 
explained invoking a source other than the present day APM. 

5. Cause of seismic anisotropy at KOD 

The cause of observed seismic anisotropy, in Precambrian high grade (granulite) 
terrain in contrast to the low grade (granite-gneiss) could be classified as due tO 
compositional variation, high strain or presence of mylonites (Jones and Nur 1982; 
Wong et al 1982). Compositionally granulites are similar to the granite gneiss but for 
the addition of a high pressure-temperature mineral orthopyroxene. Thus any excess 
anisotropy in the granulite terrain, which may be attributed to compositional 
difference, could be primarily due to the presence of orthopyroxene. In orthopyroxene, 
anisotropy for Vp is large (16%), but for V~ it is small (5%) (Nicolas and Christensen 
1987). To generate 0.85s of delay time in shear anisotropy, approximately 70 km thick 
orthopyroxene layer with 5% anisotropy would be needed according to the equation: 

n = dt VJc  (2) 

where H is the estimated thickness of anisotropic layer in km, dt the delay time in 
seconds, V s the shear wave velocity (4.6 km/s) and c the % anisotropy (5%). Existence 
of such a coherent thick zone of pure orthopyroxene is unreasonable and rather 
difficult to visualize. 

The other source for anisotropy at KOD could be the presence of mylonites along 
the shear or deep faults. Mylonites are the product of shearing in crystalline rocks 
generally confined to crustal levels and show significant velocity anisotropy (6-17%) 
even at high pressure (600 MPa) due to preferred mineral orientation (Siegesmund 
and Kern 1990). The region encompassing KOD is sandwiched between two major 
shear zones namely the Moyar-Bhavani in the north and the Achankovil in the south 
(figure 1). Exposed mylonite zones have also been reported along these major shear 
zones and just north of KOD (Drury et al 1984; Gopalakrishnan et al 1990). 

The model of southward subduction of the Dharwar block underneath the granulite 
terrain (Rai et al 1992) could explain the formation of mylonites at mid-crustal 
shear zones which should be present under the KOD block. This would in turn give 
rise to anomalous anisotropic signatures as observed at KOD. As these mylonites 
are generally confined to crustal level deformations, it appears reasonable to expect 
a significant contribution from the crust beneath KOD to the observed anisotropic 
delay time (fit) of 0.85s and the anomalous value of A1 (0.61s). An exact estimate of 
the crustal contribution can however be made from analysis of PmS converted phase 
at the Moho. 

Experimental studies on varying compositions of mylonites (Siegesmund and 
Kern 1991) besides yielding a range of anisotropic values (4-15% for Vp; 6-17% for 
V~) also yield a broad range of lip (5-98-7-07km/s) and V~ (3.62-4.14kin/s) values. 
Hence, we refrain from computing the mylonite thickness at KOD from the delay 
times but recognize that mylonites at KOD do contribute significantly to the A1 term 
besides showing up anomalously in the shear wave splitting at this location. 

The other parameter of anisotropy, N 60~ fast polarisation direction (FPD), at 
KOD is at variance with the predicted FPD related to present day plate tectonic 
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deformation forces and the measured coherent NNE (Gowd et al 1992) maximum 
horizontal compressive stress direction (MHS) in a major part of the Indian shield. 
From the knowledge of geologic fabric orientation and anisotropy the measured 
in-situ stress compressive directions that differ from present day principal stress axis 
are interpreted in terms of paleo or remanent paleo stresses related to Archaean/early 
Proterozoic deformation in preference to present day active stress as observed in a 
region in Canada (Brown et al 1990). Such an interpretation is reasonable as the 
elastic energy must have been locked-in inter-granularly at the time of formation of 
the geologic structures in the region from the then existing stresses which would now 
be reflected as residual paleo-stress. Due to lack of any correlation between FPD 
and present day tectonic processes at KOD, we turn to 'fossil' or paleo anisotropic 
signatures as a possible source to explain the observed N 60~ FPD. The regional 
surface geology in the SIG show an early geologic fabric roughly ENE almost following 
the trend of Fermor's line and the relatively younger mega shears showing dominant 
E-W strike (Drury et a11984). The older ENE geologic strike is stronger and pervasive, 
perhaps the most significant deformation in the region due to near NW-SE 
compression event imparting the observed NE to ENE extension direction in the 
SIG. The observed NW MHS at three locations in the SIG at variance with present 
day MHS direction (N-NNE) may be a possible reflection of these 'fossil' stresses 
predicted by the geologic fabric orientation and also measured as the ENE extension 
(FPD) direction at KOD. Such large scale compressive forces can indeed be generated 
by collision on continental scales. Besides, presence of a relatively gentle topography 
in the low grade terrain compared to the highly deformed nature of the high grade 
region with presence of mylonites and mega shears characteristic of suture zones 
together with elevations reaching as high as 2.6 km point out that the granulites might 
have formed as a consequence of continent-continent collision with the 'Dharwarian 
plate' subducting southwards. Such a model predicts progressive southward thickening 
of the crust from the low grade to the high grade terrain characterised by low velocity. 
Though collision is our  preferred model to interpret anisotropy, an alternate model 
to explain the observed N 60~ (ENE) FPD at KOD without invoking collision exists 
but has little to offer in terms of model predictions that can explain the formation of 
granulites. This model suggests that the observed predominent ENE trends in the 
SIG are a product of an early deformation that perhaps predates even 2"6 b.y. The 
EW to ENE structural trends in the Dharwar province are related to the early isoclinal 
folds. Around 2"5 b.y.-2"6 b.y. these folds have been involved in non-coaxial open to 
tight folding, refolding the early folds along the presently observed N N W - N N E  
directions (Naha et al 1991). A similar structural history has been inferred for the 
granulite terrain of Kerala and adjoining portion of Tamilnadu by Rao (1978). 
Therefore, the EW, ENE orientation of the early folds is associated with extremely 
strong compression compared to the later folds. Thereby, producing strong geologic 
fabric in the ENE direction which is possibly reflected in the observed ENE FPD at 
KOD. However, this model cannot explain several geophysical and geological 
signatures like a thickened low velocity crust, P-T-t paths, heat flow/generation values, 
variant MHS directions etc. in the SIG. 

Further, the three-dimensional modelling results beneath KOD (Rai et al 1992), 
using the special first layer to isolate the effect of crustal anomalies, yield a 
velocity perturbation of - 3 . 9 ~  (low velocity) due to lateral velocity heterogeneity 
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in the crust, a character also reflected in the anomalous Ao term (0.89s) at KOD. 
Thus the anomalous nature of time-terms at KOD also reflected in shear-wave splitting 
and tomographic results are satisfactorily explained invoking the presence ofmylonites 
together with a 4~  low velocity anomaly at crustal level. 

6. Estimation of crustal thickness 

The estimate of crustal thickness in the granulite terrain obtained from gravity data 
is 43 km at KOD (Subba Rao 1987). A seismic crustal model at KOD using P-S  
converted waves obtained a thickness of 40 km (Peseckis and Burdick 1982). Therefore 
we attempted to obtain crustal thickness estimates at KOD using teleseismic 
converted phases. 

7. Differential travel times of S-Sp waves 

We analyse here the vertically polarised S-wave (S V) incident at sub-critical angles 
near the Moho discontinuity converted to P-wave (Sp). Sp phase, preceding the S 
phase contains the crustal information(Smith 1970; Bath and Stefansson 1966). It is 
well observed in the radial and vertical components of the seismogram. Following 
Jordan and Frazer (1975) the lead time of Sp relative S is given by: 

T,_~, = as- p" L (3) 

where as- p is the difference between the average vertical slownesses of S and P waves 
that can be obtained from the knowledge of ray parameter p(dT/dA) and velocities 
in the study region. L is the total thickness to be estimated. The equation used to 
compute the total thickness L through as-p is: 

Ts_s, = L[( V~ 2 - p2)1/2 _ ( V;2 _ p2)I/2] (4) 

where lip and V~ are the P and S wave velocities that can be adopted from various 
models for the region under consideration. 

The data used in this study happen to be disposed in a fashion where either of the 
original N-S and E-W seismograms at the stations turn out to be near perfect radial 
(R) depending on the source azimuth. Analysis of such seismograms (figure 4) besides 
reducing the task of digitization and rotation of original seismograms to obtain R 
component, largely eliminates the errors associated with such a process. We adopted 
this strategy in our analysis. 

Table 3 shows a comparison of the estimated crustal thicknesses from differential 
travel times of S-Sp using various velocity models adopted to the region of interest 
for data from stations HYB and KOD. This analysis shows that KOD on the 
granulites is charactcriscd by a relatively thick (4-5 km thicker) crust compared to 
HYB on granite-gneiss. The preferred estimates of crustal thicknesses at KOD and 
HYB are about 43 km and 37.5 km respectively. This is so, because, the only crustal 
model available for HYB is by Singh and Rastogi (1978) and the geologic similarity 
of Adriandacks with KOD (both are high grade terrains) prompted us to adopt the 
detailed crustal model of Owens (1987) in preference to Peseckis and Burdick (1982) 
model for this region. 
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Figure 4. Original vertical, N-S & E-W seismograms at HYB & KOD for events (790415, 
840530). Vertical bars indicate the converted Sp phase and S-wave respectively. 
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Table 3. Comparison of the crustal thickness estimates from S-Sp differential travel 
times using various velocity models. Values with '*"indicate the most reliable thickness 
(in kin) estimates. 

Estimation of crustal thickness 

Formula: Ts_sp = L[ V 7 2 _ p2)1/2 _ ( V~ 2 _ p2)1/2] 

Poisson's ratio = V~ - 2 V~/2(V~ - 2 V, 2) 
KOD HYB 

Event: MINDANO IS. Date: 79 04 15 Time 22 14 52"3 Azimuth: 92"021 99"320 
Depth: 545 km 

Thickness in (kln) 
KOD HYB 

Type of Poisson's 
study Model Vp, V, km/s ratio Ts-s,: 5"2s 4.8s 5"0s 

P - S Peseckis and Burdick 6"0, 3"8 ff165 40 - -  - -  
(1982) 

S - P Peseckis and Burdick 6"0, 3"8 0.165 51.48 47.52 49.50 
(1982) 

S - P Jeffrey's and Bullen 6.2, 3.9 0.172 51.49 47.53 49.51 
(J.B. Table) 

S - P  D.S.S 6.4, 3.9 0-204 48.15 44.44 46"29 
(Kavali-Udipi Profile) 

S - P Adriandacks 6'48, 3.74 0.249 43.29* 39.96 41"63 
(Ownes 1987) 

S -  P D D Singh (1978) 6.27, 3.56 0.262 40.63 37.50* 39~6 

8. Crustal thickness from teleseismic residuals 

Teleseismic residuals recorded by the seismic stations (figure 1) in South  India  consist 
of the informat ion  related to velocity variat ions in the crust  and  upper  mant le  along 
their path.  The  residual at  each s tat ion averaged over  all the events "s tat ion anoma ly"  
pr imar i ly  reflects the gross velocity var ia t ion under  the s ta t ion broadly  reflecting the 
crustal  contr ibut ion.  

Assuming a homogeneous  crust, Iyer  and Healy  (1972) computed  the crustal  
thickness f rom the stat ion anomaly  over  the LASA. T h o u g h  the assumpt ion  of  a 
homogeneous  crust  is valid for LASA, the combina t ion  of P recambr i an  orogenic  belts 
in the model l ing region of South  Ind ia  necessitates combin ing  velocity var ia t ion and 
station anomaly  together to compute  crustal thickness. Thus  using the velocity pertur- 
bat ions  f rom the 3-D images (Rai et al 1992) of  South Ind ia  and stat ion anomal ies  we 
have a t t empted  to compute  the crustal  thickness and velocity parameters .  

This  me thod  was successfully applied in a similar geologic scenario in N E  Uni ted  
States (Taylor  and  Toksoz  1979). I t  is based on the assumpt ion  tha t  the crustal  velocity 
per tu rba t ion  ~ V/Vc is f luctuation f rom a reference crustal  velocity V~. The  average 
crustal  velocity beneath  a s tat ion i is therefore, 

v ,= v.[1 + (,~ v/vc),/100] (5) 

and the crustal  thickness is 

h, = V i R  i -I- h o 
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where ho is the assumed average crustal thickness and Rt is the station anomaly. It 
may be noted that during the inversion, information related to absolute velocity is 
lost. Therefore the crustal parameters computed as above are only a first order 
approximation to the reality. The granulite terrain being highland region all the input 
data was corrected to the MSL. Average crustal velocity was assumed as 6"5 km/s 
for 35 km thick crust. The resulting estimates of crustal thickness and average velocity 
are shown in figure 5(a and b). The crustal thickness was found to be influenced more 
by the station anomaly than the obtained velocity perturbations. Also, the choice of 
initial crustal thickness did not change the final crustal thickness estimates. On an 
average, the crust beneath the granulite terrain appears to be 3 km thicker (figure 5a) 
than that of the Dharwar granite-gneiss terrain. To this estimate referenced to mean 
sea level, the addition of the station elevation of 2.6 km at KOD yields the crustal 
thickness estimate of about 6 km. This estimate of relatively thicker crust beneath 
KOD is quite close to that obtained from differential S-S~ travel times. The crustal 
velocity map (figure 5b) shows relatively low value (6"2 kin/s) in the granulite terrain 

C r u s t a l  T h i c k n e s s  ( K m )  

,4" 176" 17e ~ leo" 

�9 34 
HYB 

16" 

14" 

12" 

I O" 

�9 3 4  

r~ 
~ 3 6  

�9 j ~ l  �9 

/ 
/ 

/ 
/ 

I 
t 

\ 
\ 

\ 
I 0 3 4  / e 3 4  

/ 
o33 / 

/ 

O 3 5  

0 3 6  
�9 35  

KOD 
e 3 7  

3 6  ~ 

3 7  e 
e 3 7  

14" 

12' 

io' 

8 ~ 
iz4" its" ~ t Te" teo" 

Figure 5(a). Average crustal thickness (in km) in South India. 
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Average velocity map (in kin/s) of South India. 

as compared to the higher crustal velocity (6"5 km/s) in the Dharwar craton (Stations 
GBA and BNG). 

Both the above observed features, thicker crust and lower velocity, differentiate 
the granulite terrain from the Dharwar terrain and may be satisfactorily explained 
by the model requiring the presence of mylonites along thrust zones. 

9. Conclusions 

The observed abnormal average crustal thickness of about 5 km with an average low 
velocity of about - 3% in the granulites further require a significant contribution to 
the total delay time at KOD due to preferential fabric alignment that is best explained 
by the presence of mylonites at crustal depths in this region. The first azimuth 
dependent term, A1 =0.6s, reflects the contribution from oriented inhomogeneity, 
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like the presence of mylonites in the region, adequately explain the observed total 
delay time at KOD. Presence of mylonites is a characteristic feature of suture zones, 
areas of continent-continent collision (e.g. Alpine belt, Ivrea zone etc.). Analysis of 
teleseismic data at KOD, which lies on granulites, also indicates the presence of an 
anomalously thick, low veolcity crust characterised by mylonites. The observed N 
60~ FPD at KOD with a positive correlation with the ENE dominant geologic 
strike direction and perpendicular to the observed anomalous NW MHS direction 
in the SIG together with other geophysical signatures supports the model of collision 
to explain formation of granulites in this region. Thus the hypothesis of a continent- 
continent collision origin of the granulites of South India would explain the 
observations satisfactorily. 
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