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Abstract. Teleseismic S, SKS and SKKS data, collected structural trend of the western Himalayas extends northwest- 
from a temporary broadband array across the Himalayan southeast and contrasts sharply with the nearly east-west 
front in Pakistan, are analyzed for shear-wave splitting trending foreland structures of the Hazara Arc (Figure 1)[e.g. 
parameters. The S KS and S KKS phases have ray paths Ni et al., 1991]. This paradox in structural trends in this part 
originating from both the South Pacific and Colombia of the Himalayas led Seebet and Armbruster [1979] to suggest 
which have azimuths approximately 40 ø apart with re- 
spect to the Pakistan array. If significant seismic azi- 
muthal anisotropy is present we should observe splitting 
associated with one of these ray paths. No evidence was 
seen for any shear-wave splitting beneath any of the sta- 
tions in the array. Teleseismic S waves were also used in 
order to provide better azimuthal coverage for the shear- 
wave splitting measurements. We were able to correct 
for any source-side anisotropy when needed. No 
receiver-side splitting was observed in any of the S wave 
data. The lack of shear-wave splitting beneath the Paki- 
stan array indicates that there is no appreciable large- 
scale azimuthal anisotropy beneath this part of the 
Himalayas. Therefore, if there is any significant strain in 
the upper mantle beneath this area, it must either be ver- 
tically oriented, or, if horizontal, vertically vary in such a 
way that the integrated effect on S wave splitting is null. 

Introduction 

Measurements of shear wave anisotropy allow some insight 
into the nature of strain in the upper mantle, principally be- 
cause such anisotropy appears to result from the lattice 
preferred orientation of olivine aggregates caused by this 
strain [e.g. Nicolas and Christensen 1987, Ribe 1992]. In or- 
der to measure the seismic azimuthal anisotropy beneath the 
Pakistan Himalayas we have attempted to identify shear-wave 
splitting from a variety of phases, including S, SKS, and 
SKKS recorded fr•"• a portable broadband array located be- 
tween the Lesser and Higher Himalayas in Pakistan (Figure 
1). These phases split into fast and slow shear-waves due to 
the integrated effect of azimuthal anisotropy in the upper 
mantle. Measurements of shear-wave splitting from data col- 
lected by this array may •lucidate the strain field and thus the 
deformation in the upper mantle beneath the western termina- 
tion of the Himalayan collision zone. 

The Himalayas are a result of continental collision between 
the Asian and Indian plates over the last 60 Ma. The geology 
of the western Himalayan syntaxis is quite complex, the main 
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that the shallow features of the Pakistan Himalayas are de- 
tached and rotated into the present east-west direction. Ve- 
locity structures from local earthquakes [Ni et al., 1991] and 
teleseismic earthquakes [Menke, 1977] both suggest that the 
Indian lithosphere dips 4 ø - 6 ø towards northeast, but the sub- 
crustal structure is not yet known. It has been suggested by 
many authors that the uplift of the western Himalayas oc- 
curred during recent geological times, especially in the Nanga 
Parbat-Haramosh region located just north-northeast of the 
western Himalayan Syntaxis [Ni et. al., 1991]. There is little 
doubt that the force driving this uplift must reside in the man- 
tie and is produced by the density differences between cold 
and hot mantle material. What is in doubt is how and where 
these forces are exerted. 

Data and Methods 

The western Himalayan seismic experiment de- 
ployed an 11 station array in the Lesser and Higher Himalayas 
(Figure 1 and Table 1), where 9 of the stations had broadband 
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Figure 1. A map showing station locations of the Pakistan 
temporary broadband array. 
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Table 1. Stations in the Pakistan Broadband 

Array. 
Station Latitude Longitude Elevation 

SBRA 34.029 72.628 415 

SHIN 35.082 72.474 1463 

SHAB 34.230 72.172 366 

PATN 35.143 73.065 1106 

DASU 35.262 73.217 1220 

BASM 34.900 72.866 762 

HLKT 34.605 73.160 1675 

SADU 34.732 72.336 1005 

BTGM 34.673 73.024 1067 

MNSR 34.342 73.206 1115 

KALM 35.485 72.569 2255 

STS-2 Streckeisen seismometers. Each of the broadband sta- 

tions had two data streams, one for recording teleseismic 
events (10 sps) and one for recording local and regional earth- 
quakes (50 sps). We used data exclusively from the teleseis- 
mic data stream in this study (Table 2). SKS and SKKS 
records were only used at distances from 85 ø or greater. We 
used only those teleseismic S waves originating from 65 ø to 
85 ø from the Pakistan array, thereby avoiding any distortions 
of the shear-wave particle motions [e.g. Nuttli, 1961; Ken- 
nett, 1991]. 

The method used to resolve the shear-wave splitting 
parameters for S waves involves searching throughout all of 
the shear-wave splitting parameter space for the fast-slow co- 
ordinate system which comes closest to having a singular time 
domain covariance matrix of the particle motion in the hori- 
zontal plane [e.g. Silver and Chan, 1991; Savage and Silver, 
1993]. For the SKS and SKKS waves, this method reduces to 
minimizing the energy in the transverse component because 
these phases are radially polarized. 

Errors associated with shear-wave splitting parame- 
ters are estimated using both a bootstrap technique [Sandvol 
and Heam, 1994] and the method of Silver and Chan [1991]. 
Silver and Chan' s method uses the f-test to determine whether 

or not the shear-wave splitting parameters are significantly 
different from those of an isotropic model. The bootstrap 
technique involves the randomization of the noise contained 
in each of the shear-wave waveforms. The randomized noise 

is then combined with the original waveform to calculate one 
hundred independent shear-wave splitting inversion solutions. 
From the distribution of these solutions we compute two stan- 
dard deviations for the fast direction and lag time. The 
bootstrap error analysis allows us to distinguish among data 
with no apparent splitting, data with splitting, and noisy data 
[Sandvol and Heam, 1994]. 

Since all teleseismic S waves used in this study orig- 
inated from shallow events, we need to determine the source- 
side azimuthal seismic anisotropy. This task is accomplished 
using S waves recorded at permanent broadband stations. For 

example, we determine the shear-wave splitting parameters 
beneath station AAK from SKS and SKKS phases. We then 
remove the azimuthal seismic anisotropy beneath station 
AAK and solve for the source-side shear-wave splitting 
parameters. Once we have obtained the source-side shear- 
wave splitting parameters we can eliminate the source-side 
splitting in the S waves which originated from the same source 
and were recorded at various stations in the Pakistan array. 
This technique also was employed successfully by a number 
of other researchers in their search for azimuthal seismic 

anisotropy [e.g. Vinnik and Kind, 1993, Fischer and Yang, 
1994]. 

Results and Conclusions 

S waves from eight events and SKS and SKKS waveforms 
from ten events collected from the Pakistan array were 
analyzed. None of these data showed any significant splitting 
beneath the Pakistan Himalayas. Figure 2 is an example of 
SKS waves recorded at five stations along with corresponding 
particle motions. Energy is primarily present in the radial 
component while there is little energy in the transverse 
component. The particle motion of the SKS waves is linear 
indicating that there is either no azimuthal anisotropy, or the 
polarization of the SKS phase was either perpendicular or par- 
allel to the fast direction. The majority of the SKS data 
recorded were polarized along an east-west direction. An 
SKS wave from the Colombia foreshock (1992-291) has a 
back-azimuth 319 ø , approximately 50 ø from the east-west 
orientation. These SKS waves also showed little evidence of 
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Figure 2. An SKS phase originating from an event in Vanu- 
atu (1992-285) recorded at five of the nine broadband stations 
in the Pakistan array. The vertical axis of the particle motion 
corresponds to the energy in the radial component and the 
horizontal axis corresponds to the transverse component. The 
lack of energy in the transverse component is a strong indica- 
tor that this shear-wave is not split. 
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Table 2. Events used for Shear-Wave splitting Analysis. 

Day Seconds Depth Latitude Longitude Delta Azimuth mb 

Teleseismic S Waves 

274 53400.3 33 51.26 -178.07 74.52 37.97 

275 50236.7 33 51.10 -117.98 74.66 38.07 

292 130853.5 109 -6.29 130.22 67.77 114.92 

295 121115.3 32 -6.90 144.17 78.93 106.31 

305 143426.7 33 -2.39 141.22 73.89 104.44 

315 95813.3 55 51.47 -177.61 74.63 37.61 

316 212614.1 33 51.18 -179.24 73.97 38.48 

322 64639.7 33 -5.81 130.56 67.71 114.29 

Teleseismic SKS and SKKS Waves 

285 192429.2 157 -19.28 168.91 105.50 102.82 

289 223707.1 33 -14.45 166.63 101.07 99.89 

291 83239.9 10 6.87 -76.82 129.56 319.65 

292 151159.3 10 7.12 -76.89 129.38 319.90 

296 90424.9 33 -30.00 - 177.28 121.63 116.46 

298 82304.3 41 -29.44 -177.38 121.31 105.91 

309 181317.2 33 -14.16 167.49 101.60 99.17 

317 222858.4 368 -22.35 - 178.08 117.53 99.02 
, 

All events occurred in year 1992. 
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splitting at all stations. The SKKS phase (the longer ray path) 
from the Colombian main shock (1992-291) recorded at Patan 
(PATN) and Mansehra (MNSR) with a back-azimuth of 138 ø 
also showed no splitting. 

The lack of azimuthal coverage from SKS and SKKS phas- 
es led us to investigate splitting from teleseismic S waves. We 
analyzed S waves from 10 shallow events located in the South 
Pacific and Aleutians. Figure 3 shows an example of S waves 
from the 1992-292 New Guinea event. We were able to cor- 
rect for any source-side contribution of azimuthal anisotropy 
through the method discussed earlier. The S wave particle 
motion is approximately linear, again indicating no significant 
amount of splitting is present. The S waves from the Aleutian 
events were all polarized along a north-south azimuth and 
yielded results consistent with our SKS analysis. Polarization 

Figure 3. Five horizontal seismograms containing a teleseis- 
mic shear wave originating from an event in New Guinea 
(1992- 292). The vertical axis of the particle motion plots is 
the north-south amplitude and the horizontal axes is the east- 
west amplitude. The mean polarization of these waveforms is 
55 ø. All five seismograms have a roughly linear particle mo- 
tion even though we have not corrected for any source-side 
shear-wave splitting. Grid search inversions of these wave- 
forms indicate that none of these shear-waves are split. 
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Figure 4. A windrose diagram illustrating the polarizations 
from the shear-waves analyzed at stations SBRA (southem-m 
ost station) and KALM (northern-most station). The azimuth- 
al coverage for both of these stations rules out the possibility 
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