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Abstract 

We investigate long-period surface waves (T> 100 s) propagating across the Tibetan Plateau, based on the 
seismic records from a PASSCAL portable array and nearby Chinese Digital Seismic Network (CDSN) stations. 
Significant quasi-Love waveform anomalies, associated with fundamental Rayleigh-Love coupling, are consistently 
observed, suggesting that strong lateral gradients in azimuthal anisotropy exist beneath the plateau. More intense 
surface-wave scattering is observed at intermediate periods (T=50  s), which suggests that the cause of the 
long-period quasi-Love waves lies in the upper mantle, not the thickened crust of the plateau. A detailed analysis of 
the data indicates that the long-period waveform anomalies are generated beneath the central Tibetan Plateau, 
where the structural trend implies deep deformations induced by continental collision. The absence of quasi-Love 
anomalies at the westernmost station of the Program for Array Seismic Studies of the Continental Lithosphere 
(PASSCAL) array suggests that the east-west extent of this mantle deformation is limited. Some, but not all, of the 
quasi-Love observations are consistent with SKS splitting observations. Both sets of observations predict a strong 
gradient in anisotropic properties in central Tibet. However, the quasi-Love waveforms are absent from records 
collected in the northern plateau for northerly propagation paths, which is not consistent with a gradient at the 
northern edge of the plateau, as suggested by SKS studies. This discrepancy indicates that the simple models used to 
interpret both body- and surface-wave data may be inadequate. Either significant P-wave anisotropy exists under the 
plateau, or the S-wave anisotropy does not possess a uniformly horizontal symmetry axis, or strong east-west 
gradients in anisotropy bias our data-synthetic comparison. 

1. Introduction 

Deformations involved in continent collision 
may cause lattice-preferred orientation of aniso- 
tropic minerals such as olivine and lead to a bulk 
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elastic anisotropy in the upper mantle (Silver and 
Chan, 1991; Ribe, 1992). A study of seismic 
anisotropy can therefore help us understand bet- 
ter the deformation and evolution of the conti- 
nental lithosphere. Previous seismic investiga- 
tions in the Tibetan Plateau have not been able 
to address possible seismic anisotropy owing to 
the limitation in seismic data and on access to the 
region (see Molnar (1988) for a review). A passive 
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PASSCAL (Program for Array Seismic Studies of 
the Continental Lithosphere) experiment has 
been carried out recently within the Tibetan 
Plateau using 11 portable broadband seismic sta- 
tions (Owens et al., 1993). Shear-wave splitting 
from SKS phases shows evidence that a signifi- 
cant portion of the upper-mantle lithosphere be- 
neath the Tibetan Plateau is strongly anisotropic 
(McNamara et al., 1994). SKS splitting as large as 
2.4 s was reported, which would require an aniso- 
tropic layer nearly 300 km thick if S-wave 
anisotropy is limited to 4% variations. The mag- 
nitude and fast azimuth of S anisotropy inferred 
from SKS splitting also show strong lateral varia- 
tion within the plateau and appear to be related 
to lithospheric deformation associated with the 
collision of India and Eurasia. 

Surface waves propagating across the Tibetan 
Plateau will be strongly affected if significant 
seismic anisotropy exists in the crust, and particu- 

larly in the upper mantle. It is therefore impor- 
tant to investigate whether surface waves show 
evidence of mantle anisotropy beneath Tibet and 
what constraints on the structures can be ob- 
tained from them. Phase or group velocity tomog- 
raphy of surface waves has been used to study 
upper-mantle anisotropy at both global and re- 
gional scales (e.g. Nishimura and Forsyth, 1989; 
Montagner and Tanimoto, 1990, 1991; Wu and 
Levshin, 1994). However, the sparse path cover- 
age and possible strong lateral variation in Tibet, 
as indicated by surface geology and SKS splitting, 
have made it very difficult to detect azimuthal- 
dependent velocity structure from phase or group 
velocity observations. Theoretical studies have 
shown that Rayleigh and Love surface waves in- 
teract in the presence of azimuthal anisotropy 
(KJrkwood and Crampin, 1981a,b; Kawasaki and 
Koketsu, 1990; Park, 1993), that is, elastic aniso- 
tropy with a horizontal axis of symmetry. Park 
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Fig. 1. Great circle paths (solid lines) for OL waveform observations within thc Tibetan Plateau. Black diamonds and letters mark 
seismic station locations and names. The 3000 m and 4000 m contours of elevation are plotted to outl ine the Tibetan Plateau. The 
inset shows the surface-wave propagation paths outside Tibet (dark rectangle). 
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and Yu (1992, 1993) and Yu and Park (1993, 
1994) demonstrated that significant waveform 
anomalies, associated with fundamental Ray- 
leigh-Love coupling and termed 'quasi-Love' and 
'quasi-Rayleigh' waves, can be generated in long- 
period (T > 100 s) seismic records by anisotropic 
upper-mantle structure. Fundamental-branch 
Rayleigh-Love coupling is particularly sensitive 
to lateral variations in azimuthal anisotropy, and 
the details of anomalous waveforms recorded at a 
single seismic station are determined by a hori- 
zontal integral of anisotropic properties along the 
wave path. Therefore, seismic waveforms record- 
ed at a single station for a single event may give 
us valuable information about mantle anisotropy 
along the source-receiver great circle. 

Tibet is a region with an apparent horizontal 
gradient in azimuthal anisotropy (McNamara et 
al., 1994) and where array measurement across 
this gradient zone can be made. It is therefore an 
ideal locale to gain further understanding of the 
generation of quasi-Love waves. We investigate 
long-period surface waves (T > 100 s) propagat- 
ing across the Tibetan Plateau, based on the 
seismic records from a PASSCAL portable array 
and nearby Chinese Digital Seismic Network 
(CDSN) stations. Quasi-Love wave anomalies are 
consistently observed in the data, suggesting an 
anisotropic upper mantle beneath the Plateau. 
Using synthetic seismograms to model quasi-Love 
waves in anisotropic Earth models we find results 
that agree partially with SKS-splitting observa- 
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Fig. 2. VH-Channel  seismic motion recorded at CDSN Station LSA after the 28 June  1992 M s = 7.5 Landers  ear thquake in 
southern  California. The  data are lowpassed at 10 mHz. The horizontal components  in the record were rotated to the transverse 
and radial components .  G 1, The first wavepacket of  the fundamenta l  Love wave; Ra, the first wavepaeket of  the fundamenta l  
Rayleigh wave. The  asterisk marks the QL  waveform anomaly. Top panel  shows in detail the phase relationship between Love wave 
on the t ransverse-component  and QL wave on the vertical-component.  
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tions, which are determined by a vertical integral 
of anisotropic properties beneath individual seis- 
mic station, but that suggest further details of 
mantle deformation and elastic properties. 

2 .  D a t a  

We examined digital three-component long- 
period seismograms recorded at a permanent sta- 
tion of the CDSN and a passive PASSCAL de- 
ployrnent across the central Tibetan Plateau (Fig. 
1). In 1 year of operation (July 1991-July 1992), 
11 seismic stations with PASSCAL data logger 

and broadband STS-2 sensor (1/120 to 50 Hz) 
formed an array of 700 km length (Owens et al., 
1993) which recorded many large earthquakes. 
For better observation of coupled Rayleigh and 
Love waves, we analyzed data from large, shal- 
low, predominantly strike-slip events, with the 
observing stations near the Rayleigh source-radi- 
ation minima. 

Fig. 2 shows seismic motion recorded at CDSN 
Station LSA after the 28 June 1992 M s = 7.5 
Landers earthquake of southern California, a 
strike-slip event with NEIC epicenter 34.18°N, 
116.51°W, d --- 10 km (Fig. 1). The strong wave- 
form anomalies on the vertical- and radial-com- 
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Fig. 3. Vertical- and transverse-component  seismic data recorded at two PASSCAL stations, U S H U  and GANZ,  for the 17 August  
1991M s = 7.1 earthquake,  off the northern California coast. The  data are iowpassed at 10 mHz. The asterisk marks the QL 
waveform anomaly. There  is no QL waveform anomaly at Station USHU.  In contrast, a strong QL  wave precursor to the Rayleigh 
wavepaeket R l is evident at Station GANZ.  
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ponent  records that arrive close to the Love wave 
G 1 and before the Rayleigh wave R1 should be 
noted. We identify the anomalous waveform as a 
quasi-Love wave, a result of  Rayle igh-Love cou- 
pling that transfers energy from transverse (Love) 
motion into radial-vert ical  (Rayleigh) motion. 
Strong quasi-Love waves suggest significant Ray- 
le igh-Love coupling along the propagation path. 
However, the near-simultaneous arrival of a 
quasi-Love wave with the main Love wave (Fig. 2) 
suggests that Love-to-Rayleigh conversion takes 
place very close to the receiver LSA, which is 
located on the southern Tibetan Plateau. For 
several other large strike-slip earthquakes along 
the west coast of  North America,  similar quasi- 
Love waves are also observed at Station LSA. 

Long-period seismic motions (lowpassed at 10 
mHz)  at two PASSCAL stations U S H U  and 
GANZ,  are shown in Fig. 3. Surface waves gener- 
ated by the 17 August 1991 M s = 7.1 earthquake, 
off the northern California coast, when projected 
along a great circle path, arrived first at Station 

U S H U  and then at GANZ.  Stations U S H U  and 
G A N Z  are within the Tibetan Plateau and only 
400 km apart  (see Fig. 1). The Love waves (G t) 
and Rayleigh waves (R t) are similar at the two 
stations. It should be noted that the seismic record 
at Station USHU,  which is located at northeast-  
ern edge of the Tibetan Plateau, shows no quasi- 
Love wave on the vertical component,  similar to a 
synthetic seismogram from a spherical Earth 
model. In contrast, a strong quasi-Love wave pre- 
cursor to the Rayleigh wavepacket R 1 is evident 
on the vertical at Station GANZ,  in the cen t ra l -  
southern Plateau. Strong quasi-Love waves at 
Station GANZ,  but not USHU, suggest that 
anomalous waveforms are generated by lateral 
structure somewhere between the two stations. 
This is confirmed by the phase relationship be- 
tween main Love waves and quasi-Love waves at 
GANZ,  which indicates that the quasi-Love wave 
is generated near  GANZ.  Seismic records for two 
other California events show similar waveform 
anomalies (Fig. 4). It should be noted that the 
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Fig. 4. Vertical- and transverse-component seismic data recorded at PASSCAL Stations USHU and GANZ for the 26 April 1992 
M s = 6.7 Northern California earthquake (left panel--the amplitudes are sealed for easy comparison) and the 6 April 1992M s = 6.8 
Vancouver Island event (right panel). The data are lowpassed at 10 mHz. The asterisks mark the QL waveform anomalies. The 
epicenter distances (,a) are also marked. 
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arrival time of QL waves, relative to the main 
Love waves (G1), does not depend on the epicen- 
ter distance A. 

It is instructive to examine surface waves that 
propagate  along the nor th -sou th  oriented PASS- 
CAL array. Fortunately, seismic motions are well 
recorded at all PASSCAL stations for the 17 
August 1991 earthquake off the northern Califor- 
nia coast, so we can investigate how quasi-Love 
waves are developed within the Tibetan Plateau. 
Fig. 5 shows lowpassed (at 10 mHz) seismic mo- 
tions along the array. Only vertical- and trans- 
verse-component  seismic records are shown. In 
the Love-wave arrival window on the transverse 
component,  vertical-component seismic records 
do not show significant quasi-Love-wave anoma- 
lies at Stations TUNL,  BUDO,  E R D O  and 
WNDO,  in the nor thern-cent ra l  Plateau. How- 
ever, a quasi-Love wave is apparent  at Station 
AMDO,  only 100 km south of W N D O  in the 
central Plateau. Stronger quasi-Love waves ap- 
pear  further south on seismic records at Stations 
SANG and LHSA, in the cent ra l -southern  
Plateau. Similar features can be found in Fig. 6, 
which shows vertical seismic records along the 
array for another  large ear thquake near northern 
California. The data suggest that quasi-Love 
waves are generated in the central and southern 
Tibetan Plateau. We show in the next section that 
a strong lateral gradient in anisotropic properties 
between W N D O  and AMDO,  near  the central 
Plateau, is consistent with the seismic data from 
the PASSCAL array. 
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Fig. 5. Vertical- and transverse- component seismic motions 
along the north-south oriented PASSCAL array for the 17 
August 1991 earthquake off the northern California coast. 
The data are lowpassed at 10 mHz, and the amplitudes are 
scaled for easy comparison. In the Love-wave (G 0 arrival 
time window, there is no significant QL wave anomaly at 
Stations TUNL, BUDO, ERDO and WNDO, in the north- 
ern-central Plateau. However, significant QL waves (marked 
by asterisks) appear at Stations AMDO, SANG and LHSA, in 
the central-southern Plateau. 

3. Modeling 

To understand bet ter  the upper-mantle  struc- 
ture responsible for the quasi-Love waveforms 
described above, we modeled long-period sur- 
face-wave propagation using anisotropic Ear th  
models. We considered two upper-mant le  models 
for the Tibetan Plateau. One model is based on 
the assumption that anisotropy is purely induced 
by mantle deformation involved in nor th -sou th  
compression associated with continental collision; 
the other is based on the results of SKS splitting 
observations. 

In the first model (Fig. 7), an anisotropic per- 
turbation zone was placed in a spherical refer- 
ence Ear th  model (1066A, Gilbert and Dziewon- 
ski, 1975). The perturbed structure extends from 
70 to 270 km depth in the upper  mantle, roughly 
coincident with either a deep tectosphere or a 
shallow asthenosphere.  For simplicity, we assume 
that the fractional velocity perturbation is con- 
stant with depth in the zone. The lateral varia- 
tions occur within an anisotropic zone of 800 km 
width, comparable with the Tibetan Plateau. We 
assume S-wave anisotropy in the zone with an 
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east-west horizontal fast symmetry axis (azimuth- 
al anisotropy). The velocity anisotropy increases 
smoothly from zero to 4% at the center of the 
perturbation zone. The model is constructed to 
represent a possible anisotropic zone caused by 
north-south continent-continent collision. Cross- 
ing the collision zone, we expect a strong lateral 
variation in the level of mantle deformation and, 
of course, also in the magnitude of olivine lattice 
preferred orientation (LPO). We place the transi- 
tion zone of deformation along the equator, for 
computational simplicity in our synthetic seismo- 
gram calculations. After comparing synthetic seis- 
mograms with the data, we can locate where the 
anisotropic gradient zone should be relative to 
the receivers. Synthetic seismograms across the 
anisotropic zone were calculated with the modal 
summation technique (Park and Yu, 1992; Yu 
and Park, 1993). We include the effects of Earth 
rotation and hydrostatic ellipticity in our model- 
ing, but these have minor influence in this case. 

Fig. 8 shows synthetic seismograms of f <  10 
mHz, summed from the fundamental spheroidal 

and toroidal dispersion branches. The receiver is 
located at Site D in the center of the anisotropic 
zone (Fig. 7). As expected, there are significant 
waveform anomalies on the vertical and radial 
components before Rayleigh wavepacket R r The 
synthetic seismogram is similar to that observed 
at LHSA and GANZ (Figs. 2 and 3). Previous 
studies (Park and Yu, 1992, 1993; Yu and Park, 
1993) demonstrated that anisotropy with a hori- 
zontal axis of symmetry generates these waveform 
anomalies more readily than lateral variations in 
isotropic S and P velocities, Earth topography, 
and anisotropy with a vertical axis of symmetry. 
Large quasi-Love waves, such as those observed 
in the data, are not produced by isotropic lateral 
structure consistent with global tomographic 
models of the mantle. In addition, we calculated 
synthetics for a similar zonal isotropic Earth 
model with a negative S-velocity perturbation of 
6%, to model the influence of the shallow low- 
velocity zone in central Tibet (Molnar, 1988; 
Bourjot and Romanowicz, 1992; Zhao and Xie, 
1993). The synthetic seismograms from this 
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Fig. 6. Vertical-component seismic motions along the north-south oriented PASSCAL array for the 26 April 1992 Northern 
California earthquake. The data are lowpassed at 10 mHz. The asterisks mark the QL waveform anomalies. 
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Fig. 8. Coupled-mode synthetic seismograms for the anisotro- 
pic Earth model shown in Fig. 7. The receiver is located in the 
anisotropic zone. The synthetics include all fundamental 
spheroidal and toroidal modes to f = 10 mHz. The asterisk 
marks the QL waveform anomaly. 

isotropic Earth model do not show significant 
quasi-Love-wave anomalies with f < 10 mHz. To 
generate quasi-Love waves comparable with those 
observed in Tibet, anisotropy in the Earth's up- 
per mantle is required in our modelings. 

Comparing the quasi-Love waves in Fig. 8 with 
main Love waves on the transverse component, 
we find that they arrive nearly coherently, owing 
to Love-to-Rayleigh conversion near the receiver. 
Similar relationships are observed at Stations LSA 
(LHSA) and GANZ (Figs. 2 and 3). Fig. 9 shows 
how the quasi-Love-wave arrival time, relative to 
the main Love waves, is sensitive to the distance 
from the onset of the anisotropic gradient zone. 
Synthetics are calculated with a fixed source for 
Receivers D, C, B and A (Fig. 7). The quasi-Love 
wave recorded at Receiver D, which is located at 
the center of anisotropy zone, arrives close to the 
main Love waves. For Receiver C, 250 km further 
than Receiver D at the lower boundary of the 
anisotropic zone, the quasi-Love wave is delayed 
relative to the main Love wave because major 
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Love-to-Rayleigh conversion takes place a few 
hundred kilometers away from the receiver. 
Quasi-Love waves, after conversion from Love 
waves, travel with the slower Rayleigh wave group 
velocity. At receiver locations further south, at 
Sites B and A, the quasi-Love waves show a 
greater delay with the arrival of main Love wave 
Gt. In the data, we may well estimate where 

quasi-Love waves are generated using only a sin- 
gle seismic record. The likely uncertainty is less 
than 250 km in the frequency band we consider 
here, based on our modeling experiment. Tracing 
surface-wave propagations along a great circle 
path is another way to determine where quasi- 
Love wave are generated. Fig. 10 shows vertical 
synthetics for a number of receivers (from Site G 
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Fig. 9. Vertical- and transverse-component  synthetic seismograms for the anisotropic Earth model shown in Fig. 7. For a fixed 
source, the synthetics are calculated for Receivers D, C, B and A along the same great circle path. The distance between receiver 
and center  of  the anisotropic zone increases as the receiver moves from D to A. (Note that QL wave arrival times, relative to the 
main Love waves, increase from D to A as well.) 
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to Site A in Fig. 7) along the same great circle 
path. Before the arrival of Rayleigh wavepacket 
R 1 we can find clearly a signal developing across 
the anisotropic zone. Weak long-period (T >/250 
s) precursors to the Rayleigh wavepacket R 1 are 
caused by the mixed-type coupling induced by 
rotational Coriolis force (Park, 1986). Other  than 
this, there is no significant quasi-Love wave at 
Receiver G, which is located far away from the 
anisotropic zone. A weak signal starts near Re- 
ceiver F at the edge of the anisotropic zone. As 
the surface wave propagates across the perturbed 
zone, the quasi-Love waves become stronger. Sig- 
nificant waveform anomalies can be observed at 
all receivers beyond the anisotropic zone. Quasi- 
Love-wave observations at several stations along 
the same great circle path, such as along the 
PASSCAL array in Tibet, appear  very useful for 
locating an anisotropic gradient zone. 

Based on our modeling, we now can make a 
bet ter  estimate of where quasi-Love waves are 
generated in Tibet. In the eastern Plateau, fol- 
lowing the path connecting U S H U  and GANZ,  
no waveform anomalies are observed at Station 
USHU, but strong quasi-Love waves are observed 
at GANZ.  This suggests that quasi-Love waves 
observed at G A N Z  are generated somewhere be- 
tween the two stations, most likely by a strong 
lateral gradient in anisotropic structure roughly 
300 km north of GANZ.  In the central Plateau, 
following a nearly nor th-south  path connecting 
TUNL, BUDO, ERDO,  WNDO,  AMDO,  SANG 
and LHSA, long-period surface-wave data for the 
17 August 1991 northern California earthquake 
locate an anisotropic gradient between Stations 
W N D O  and A M D O  because significant quasi- 
l_~ve-wave anomalies were observed only at Sta- 
tions AMDO,  SANG and LHSA. Combining with 
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Fig. 10. QL waveform anomalies developed across an anisotropic gradient zone. Vertical synthetics are shown for a number of 
receivers (from Site G to Site A in Fig. 7) along the same great circle path. The shaded area marks the location of anisotropic 
gradient zone. (Note that the QL wave precursor to the Rayleigh wavepacket R~ starts within the anisotropic zone.) 
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the observations along the U S H U - G A N Z  path, 
we infer an anisotropic gradient zone in the cen- 
tral Tibetan Plateau (Fig. 11). 

McNamara et al. (1994) analyzed SKS phases 
recorded at the PASSCAL array to determine the 
characteristics of shear-wave splitting in the up- 
per mantle beneath the Tibetan Plateau, using 
186 event-stat ion pairs (Fig. 11). Delay times for 
SKS arrivals as large as 2.4 s are observed in the 
data, and argue strongly for an anisotropic upper 
mantle beneath the Plateau. Furthermore,  mea- 
surements of the fast polarization direction and 
delay time for SKS arrivals reveal systematic vari- 
ations along the nor th-south  oriented PASSCAL 
array, suggesting strong lateral variations in ani- 
sotropic structure. In particular, substantial 
changes in the SKS delay time and fast direction 
occur across the gradient zone suggested by our 

surface-wave observations. The consistency of the 
results from quasi-Love waves and SKS splitting 
in Tibet are encouraging. To make a more de- 
tailed comparison, we constructed a 2-D anisotro- 
pic upper-mantle model for the Tibetan Plateau 
using the results from SKS splitting observations. 
The magnitude and fast direction of anisotropic 
structure along the nor th-south  oriented PASS- 
CAL array were interpolated with a cubic spline. 
As there are no SKS-splitting data available in 
the region away from the PASSCAL array, we 
have to make some assumptions. We first assume 
that the region north or south of the array is 
isotropic. The SKS splitting results then are inter- 
preted as elastic variations within an anisotropic 
layer with a constant thickness (200 km). There 
are significant differences between observed data 
and the quasi-Love waves generated by the model 
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Fig. 11. A possible anisotropic gradient zone (shaded area) in .the central Tibetan Plateau consistent with the QL wave 
observations. Also shown are major faults, sutures, terranes a n d  the  results from SKS splitting analyses (McNamara et al., 1994). 
The maps are modified from those plotted by Dewey et al. (1988) and McNamara et al. (1994). 
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Fig. 12. Left panel: vertical- and transverse-component synthetic seismograms for an anisotropic Earth model. The model is based 
on the results from SKS splitting analysis (McNamara et al., 1994). The source-receiver geometry is identical to Landers-LSA. The 
CMT source solution was used, which misfits the amplitude of R 1 in this case. Right panel: long-period seismic data recorded at 
LSA for the 28 June 1992 Landers event. QL marks the quasi-Love waveform anomaly. 

in coupled-mode synthetics with f~< 10 mHz. 
First, the quasi-Love-wave anomalies in the syn- 
thetics are much weaker than those observed in 
the data. Second, the synthetic quasi-Love wave 

at LHSA (LSA) arrives significantly late relative 
to the Love wave because the strongest lateral 
gradient in the SKS model is located at the 
northern edge of the Plateau. Therefore, the as- 
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Fig. 13. Vertical- and transverse-component seismic data recorded at Stations GANZ, LHSA and XIGA for the 17 August 1991 
earthquake, off the northern California coast. The data are lowpassed at 10 mHz, and the amplitudes are scaled for easy 
comparison. Strong QL waves are shown at GANZ and LHSA. There is only a very weak QL wave at XIGA. 
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sumption that there is no anisotropy beyond 
TUNL seems unlikely. We constructed an alter- 
native model by using the fast direction of SKS 
splitting only, and assuming that the magnitude 
of azimuthal anisotropy is the same everywhere. 
In this model, the lateral gradient of anisotropic 
structure is caused by a rotation of the fast direc- 
tion from 90 ° strike, in the region north of the 
PASSCAL array, to nearly 45 ° in the southern 
Plateau. The quasi-Love waves generated by this 
model appear able to explain our observations 
qualitatively (Fig. 12). However, the anisotropy 
prescribed by this model, especially the simplifi- 
cations far from the stations, may not be realistic, 
and differs from the SKS results in detail. 

Quasi-Love-wave anomalies in seismic records 
are affected by both S-wave and P-wave velocity 
anisotropy in the crust and mantle, unlike SKS 
splitting, which is interpreted in terms of only 
S-wave anisotropy. In our theoretical modelings, 
we consider only S-wave anisotropy, which may 
bias our inferences. P-Wave anisotropy beneath 
the Tibetan Plateau could shrink or enlarge the 
difference between the results from SKS splitting 
and quasi-Love-wave observations. Another 
shortcoming in our modelings is zonal (2-D) ani- 
sotropic structure, which is prescribed to make 
the calculations feasible; 2-D structure is not the 
case in the Tibetan Plateau, even approximately, 
as the PASSCAL data indicate strong east-west 
lateral variations (Fig. 13). Seismic records at the 
PASSCAL Station XIGA show only a weak 
quasi-Love anomaly for the 17 August 1991 event 
off northern California. XIGA is only 150 km 
west of Station LHSA, where strong quasi-Love 
waves are observed for the same event. At the 
easternmost station, GANZ, stronger QL waves 
are observed. This example demonstrates that we 
cannot always extend our inferences, as well as 
those from SKS splitting analyses, to regions not 
sampled directly by splitting and quasi-Love ob- 
servations. 

4. Discussion and conclusion 

Significant quasi-Love-wave anomalies, associ- 
ated with fundamental Rayleigh-Love coupling, 

are consistently observed at seismic stations in 
the central-southern Tibetan Plateau. More in- 
tense surface-wave scattering is observed at inter- 
mediate periods (T=  50 s), which suggests that 
the cause of the long-period quasi-Love waves 
(T = 100-250 s) lies in the upper mantle, not the 
thickened crust of the plateau. The Tibetan 
Plateau was created as a consequence of collision 
between the Indian and Eurasian continents. 
Seismic source mechanisms for events in and 
around the Plateau, topography and thrust fault- 
ing on the Plateau indicate compression in a 
direction orthogonal to the Himalayas. High-al- 
titude mountain belts, large strike-slip faults, and 
major suture zones within the main part of the 
Plateau are all east-west trending, and indicate 
strong north-south deformation in the underlying 
upper mantle. Consequently, strong east-west 
preferred orientation of anisotropic crystals in 
peridotite should be produced in the upper man- 
tle, leading to strong lateral variations of seismic 
velocity anisotropy beneath the central Plateau. 
The quasi-Love-wave observations, which are 
strongly correlated with surface geologic defor- 
mation fabrics, favor an anisotropic transition 
zone model in the central-south Plateau. Surface 
deformation features associated with the Tang- 
gula Shan are consistent with the strong quasi- 
Love observations east of Lhasa. Speculatively, 
weak quasi-Love-wave generation in the western 
and northern Plateau may be due to the volcan- 
ism in that region. Arnaud et al. (1992) investi- 
gated the volcanism at the west and north of the 
Plateau, and concluded that the rocks are very 
similar to those produced by island-arc volcanism, 
which would occur if south-dipping subduction 
occurs at the northern edge of Tibet. Water re- 
leased by a subducting slab would lower the melt- 
ing temperature in the overlying mantle wedge, 
lower its seismic velocity, and could also inhibit 
the development of LPO anisotropy (Karato et 
al., 1986). Alternatively, temperature-related an- 
nealing may retard the development and reten- 
tion of LPO. 

Quasi-Love waveforms, however, are sensitive 
primarily to the gradient, not the absolute level of 
anisotropic properties. The surface-wave data can 
be satisfied by other models in which the aniso- 
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tropic properties vary in different ways, for exam- 
ple, from polarization anisotropy (anisotropy with 
a vertical symmetry axis) to azimuthal anisotropy 
(anisotropy with a horizontal symmetry axis), or 
from a nearly east-west fast direction in az- 
imuthal anisotropy to a NE direction, similar to 
the SKS-splitting in the central Plateau, or from 
anisotropic to isotropic along the path. In con- 
trast to this multiplicity of possible models, a 
strong gradient in anisotropic properties at the 
northern edge of the Plateau, suggested by SKS 
splitting results, is not supported by our data. 
This discrepancy indicates that the simple models 
used to interpret both body- and surface-wave 
data may be inadequate. Possibly, significant P- 
wave anisotropy exists under the plateau, or the 
S-wave anisotropy does not possess a uniformly 
horizontal symmetry axis, or strong east-west 
gradients in anisotropy bias our data-synthetic 
comparison. 

Low seismic velocities beneath the north- 
central Plateau, extremely low in some cases, 
have been reported by many seismic studies 
(Molnar and Chen, 1984; Brandon and Ro- 
manowicz, 1986; Molnar, 1990; Zhao et al., 1991), 
suggesting hot mantle. In particular, Ni and 
Baranzangi (1983) and Beghoul et al. (1993) iden- 
tified in the northern-central Plateau an ineffi- 
cient zone for S n propagation, which was at- 
tributed to the partial melting of upper-mantle 
materials. A possible convective model with up- 
welling in north-central Tibet and downwelling 
in the surrounding region was proposed (Molnar, 
1988, 1990). In support of this model, high heat 
flow and late Cenozoic volcanism are observed in 
north-central Tibet (e.g. Burke et al., 1974; Mol- 
nar et al., 1987). The vertical flow would produce 
strong polarization anisotropy, but very weak az- 
imuthal anisotropy beneath north-central Tibet. 
This is consistent with our quasi-Love observa- 
tions in the Tibetan Plateau because strong 
quasi-Love wave anomalies are observed only at 
stations in south-central Tibet. The strong aniso- 
tropic gradient zone in the central Tibetan 
Plateau suggested by quasi-Love wave anomalies 
is consistent with a change of fast velocity direc- 
tion (approximate symmetry axis of mantle peri- 
dotites) from nearly vertical in north-central Ti- 

bet to horizontal in south-central Tibet. How- 
ever, a straightforward interpretation of SKS 
splitting disagrees with the upward flow model, as 
it predicts a thick layer of azimuthal anisotropy in 
north-central Tibet. The interpretation of SKS 
splitting observations has not yet extended to 
cases where the symmetry axis is not horizontal, 
or to geometries where P-wave anisotropy can 
affect an incoming S wave. 

Long-period surface-wave data show evidence 
that a significant portion of upper mantle be- 
neath the Tibetan Plateau is anisotropic. How- 
ever, details of mantle anisotropy, such as its 
magnitude and orientation, have not yet been 
well resolved. Most data we used are from seis- 
mic data recorded within Tibet for events along 
the west coast of North America. The data from 
several events but along similar paths help us 
confirm the existence of quasi-Love waves. How- 
ever, such a data set makes it very difficult to 
infer the fast direction and magnitude of aniso- 
tropic structure because the strength of quasi- 
Love waves depends on not only the level of 
anisotropy but also the propagation azimuth rela- 
tive to the fast or slow velocity direction. For 
example, no quasi-Love waves will be generated 
for a path along the fast or slow velocity direction 
of anisotropic structure (Yu and Park, 1993). 
Therefore, more data analysis and better path 
coverage are needed to improve our knowledge 
of upper-mantle anisotropy beneath Tibet. 

The strong lateral variations in isotropic veloc- 
ity structure or azimuthal anisotropy may lead to 
significant refractions of Love and Rayleigh waves 
in the horizontal plane (Woodhouse and Wong, 
1986; Yu and Park, 1994). Some seismic records 
from the Tibetan Plateau show surface-wave re- 
fractions. For example, long-period Love waves 
recorded at Station XIGA for the events along 
the coast of North America show nearly 5 ° refrac- 
tion to the west, consistent with refraction away 
from a low-velocity region in north-west Tibet. 
Therefore, the anisotropic gradients inferred from 
our surface-wave observations could have some 
uncertainties off the paths. As indicated by Park 
and Yu (1992), quasi-Love waves are strongly 
frequency dependent. Smoother deeper structure 
generates quasi-Love waves in longer periods. 
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That fact may help us constrain the depth of 
anisotropy, an unsolved problem for SKS analy- 
sis. However, in Tibet, it is more difficult to 
determine whether quasi-Love waves exist at pe- 
riods T < 100 s because time-concentrated quasi- 
Love waves often become immersed in a scat- 
tered-wave coda as frequency increases. Clear 
quasi-Love waveforms in the period range T =  
100-250 s argue for anisotropic structure in the 
upper mantle rather than the crust. 
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