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SUMMARY

Results of a pilot experiment preliminary to a systematic study of surface-wave
polarization across Eurasia are presented. Long-period fundamental Rayleigh and
Love waves recorded by the broad-band seismic stations KIV (Kislovodsk) and
OBN (Obninsk) of the IRIS/IDA network deployed in the Former Soviet Union
(FSU) were analysed from 14 events to the north-east, east and south-cast of these
stations in search of particle-motion anomalies using a technique called Frequency—
Time Polarization Analysis (FTPAN). All anomalies indicate deviations of wave-
propagation paths to the north relative to the great circle paths. Polarization
anomalies at OBN are uniformly small (<:5°). Significant frequency-dependent
polarization anomalies (5°-20°) are found for Rayleigh and Love waves arriving at
KIV from teleseismic events at a wide range of backazimuths (26°~103°). Polariza-
tion measurements are repeatable (both for a number of nearly degenerate events
and for reciprocal paths) and vary smoothly and continuously as epicentral location
is moved. Consequently, such measurements are robust and can provide useful
structural information. The systematics of the frequency dependence of the
polarization anomalies as epicentral position is moved from north to south display
sensitivity to structures at a number of length-scales.

Results from synthetic experiments using coupled normal-mode and Gaussian-
beam synthetics reveal that: (1) recently constructed long-wavelength aspherical
models produce polarization anomalies that are significantly smaller (<5° at KIV)
but of the same sign (negative) as the observed anomalies, and (2) the frequency
dependence of the observed anomalies must result from a combination of structures
of differing wavelengths, with scale-lengths ranging from regional to global. Thus,
polarization measurements provide new information about currently unmodelled
structures. A model that fits the polarization anomalies observed at KIV includes a
regional-scale low-velocity feature near to KIV in order to fit the large-magnitude,
short-period polarization anomalies and a smaller magnitude, continent-scale
increase in upper mantle velocities and/or the reduction of crustal thickness from
south to north in central Eurasia in order to fit the broad-band, longer period
anomalies. The small-scale, low-velocity feature is a model of the sedimentary basin
of the sub-Caspian depression.

We conclude that measurements of polarization anomalies can be obtained
accurately, that they are reproducible, that they contain currently unmodelled
information, and that they should prove to be useful in combination with velocity
and amplitude information in future tomographic inversions, especially to help focus
global-scale models to regional wavelengths.

Key words: Eurasia, lateral heterogeneity, polarization, surface waves, synthetic
seismograms.
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1 INTRODUCTION

Surface-wave tomography has now become a standard
means for studying the lateral heterogeneity of the Earth's
crust and upper mantle (e.g. Leveque & Cara 1983, 1985;
Woodhouse & Dziewonski 1984; Tanimoto & Anderson
1985; Nataf, Nakanishi & Anderson 1986; Nolet 1987; Cara
& Leveque 1988; Gee & Jordan 1988; Levshin er al. 1989;
Smith & Masters [989; Montagner & Tanimoto 1990).
However, there are some basic limitations of the classical
techniques which should be understood and overcome if
global models are to be focused accurately from global
(>2000 km) to regional {~1000 km) wavelengths. Classical
tomography is usually based on the assumption that waves
propagate along great circles between the source and
receiver (exceptions include Wong 1989, and Durek,
Ritzwoller & Woodhouse 1993). The same assumption is
implicitly present in approaches using waveform inversion,
since only phase distortions due to lateral heterogeneity are
usually taken into account. Since velocity perturbations
along the wave path through different tectonic regimes may
be severe, surface-wave ‘path wander’ can be appreciable,
and the great-circle assumption is not justified if one is
interested in subglobal scale wavelengths.

One way to estimate the strength of deviations of waves
from great circle paths is to use array observations (e.g.
Bungum & Capon 1974; Levshin & Berteussen 1979;
Berteussen, Levshin & Ratnikova 1983; Lander & Levshin
1982). Several authors have observed azimuthal deviations
of surface wavefronts across arrays from those predicted by
source—receiver geometries. Owing to the bandwidth
limitations of the instruments used and the limited aperture
of the arrays (100km or less), these observations covered
only the middle part of the surface-wave spectrum (periods
from 10 to 40%) for which waves propagate mainly in the
crust and do not penetrate into the mantle. The observed
anomalies were mainly attributed to refraction at continen-
tal margins. Later arrivals in the surface-wave coda have
also been found with azimuths of approach significantly
different from those of the main wavetrains, diagnostic of
complicated multipathing due to reflection and refraction of
surface waves in the Earth’s crust.

Another way to estimate surface-wave azimuthal ‘wan-
dering’ is to study particle motion or polarization (e.g.
Lander & Levshin 1982; Vidale 1986; Lerner-Lam & Park
1989). It 15 believed from asymptotic theories describing
surface-wave propagation in inhomogeneous media with
smooth lateral variations (e.g. Woodhouse 1974; Babich &
Chikhachev 1975; Babich, Chikhachev & Yanovskaya 1979,
Yomogida & Aki 1985; Woodhouse & Wong 1986; Levshin
1985; Levshin et al. 1989) that particle motion on an
aspherical earth should approximate the features of particle
motion in media with purely depth-dependent properties.
The difference is that the ray geometry on an aspherical
earth is determined by the frequency-dependent phase-
velocity distribution which produces a frequency-dependent
rotation of the local ray basis functions at the receiver. By
determining the particle motion as a function of period, the
orientation of the ray basis as a function of period can be
determined, which can provide additional parameters for
tomographic inversions. These additional parameters (wave
inclination, azimuth, amplitude} could then be added to

group traveltime measurements to help to focus models
otherwise distorted by unmodelled path wander. Techniques
similar to those developed by Hu & Menke (1992) for
body-wave inversions could then be applied.

The accuracy of polarization measurements at teleseismic
distances is limited by several factors: (1) surface waves with
very short periods {say less than 15-20s) are disturbed by
local small-scale effects, scattering and multipathing; (2)
waves with very long periods (say more than 200-300s) are
generated only by very large events which are few in
number; and {3) waves whose frequency content and group
traveltimes are similar in a given time interval (e.g. Rayleigh
and Love waves in continental regions with periods between
30-50s) may interfere strongly and complicate polarization
measurements (Levshin, Ratnikova & Berger 1992; Pollitz
& Hennet 1993). The purpose of this study is to
demonstrate that if these problems are understood and
accounted for carefully, then polarization measurements can
be carried out quite accurately and produce reliable,
consistent and reproducible results.

For these purposes, we use a technique called the
Frequency-Time Polarization Analysis (FTPAN) de-
veloped in its main features by A. Lander (Levshin ef al.
1989) and applied previously, after some modifications, to
the analysis of NARS-Iberia records by Paulssen et al
{1990}, and to [RIS/IDA-FSU records by Levshin et al.
(1992). The existence of strong-particle-motion anomalies
on KIV records of surface waves from several events in the
Western Pacific was shown by Levshin er el (1992). No
significant anomalies for paths from events to the South,
North and West from KIV were found. The present study
covers a wider range of azimuths of approach from north-east
and east, considers more events than the study of Levshin et
al. (1992), and analyses the results of forward-modelling
studies concerning the source regions of the observed
polarization anomalies. As we will show, polarization
measurements differ appreciably from those predicted in
synthetic experiments using global aspherical models, but
can be reproduced from realistic regional models of the
Central Eurasian lithosphere. This indicates the existence of
significant unmedelled structure in Central Eurasia to which
polarization studies are sensitive. Such results can be used to
provide additional information in future tomographic studies
of Eurasian deep structure.

Data from two IRIS/IDA stations deployed in Russia,
KIV (Kislovodsk) and OBN (Obninsk), were selected for
the present study. The general features of IRIS/IDA
stations are described by Given (1990). Although these
stations are relatively close to one another (~1300 km), they
are in different tectonic regimes and, as Fig. 1 shows, the
strikes of the paths of the waves arriving at each station
relative to the major tectonic provinces of Eurasia differ
appreciably. KIV is situated on the northern slope of the
main Caucasus range, several dozens of km from
Elbrus—the highest mountain in Europe. The Sciphean
platform is to the north of KIV, the Black Sea and
sub-Caspian depressions are, respectively, to the west and
north-east, the Dnepro-Donetski graben is to the
north-west. Wave paths from the events considered here
cross one or several of these tectonic features. OBN is
located in the middle of the Russian Platform in a simple
tectonic environment and wave paths should be relatively
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Table 1. (a) Event locations and azimuthal deviations at station KIV. The azimuthal deviations are
reported for Rayleigh and Love waves at three periods: 60s, 100s, and 150s. A dash indicates that an
accurate measurement could not be made. For example, (—, —10, —11) for the Luzon event indicates
Rayleigh wave azimuthal anomalies —10° and —11° at 100s and 150s periods, respectively, with no
accurate measurement at 60s. Also, —17°, —12° and —10° deviations were oberved at 60s, 100s, and
150 s periods, respectively, for Love waves. (b) Same as (a), but for the station OBN. (c) Same as (a),
but for the three Caucasus events observed at the GSN station MAJO. (d) Same as (c), but for the
GEOSCOPE station INU.

(a)
Date Region Latitude Longitude M, Range Azimuth Azimuthal Deviation
m/d/y degrees degrees km degrees  T=60s, T=100s, T=150s
RAYLEIGH LOVE
03/08/91 Koryakia, Siberia 60.90 167.02 6.6 7345 26 -17,-12, -1 ER
04/11/89 Kamchatka 49.48 159.18 6.5 7963 36 -13,-9,-7 EE
12/13/91 Kuril Is. 45.58 151.63 6.5 7871 45 13,11 PR
12/13/91 Kuril Is. 45.55 151.72 6.2 7879 45 --12.-11 ERE
12/13/91 Kuril Is. 45.43 151.30 5.8 7865 45 --12,-11 .-
12/19/91  Kuril Is. 45.17 151.30 6.6 7879 45 -16,-12,-13 -, -
12/22/91 Kuril Is. 45.48 151.05 74 7846 45 --11,-10 ERE
09/23/90 S. Honshu 33.64 138.64 6.5 7960 61 ey -10, -6, -
09/23/90 S. Honshu 33.64 138.64 6.5 7960 61 - - -10, -6, -8
09/03/91 S. Honshu 33.64 138.78 6.4 7718 60 . -10, -6, -
07/16/90 Luzor, Philippines 15.68 121.17 7.8 7896 86 -10.-11 -17,-12,-10
06/14/90 Panay, Philippines 11.33 122.17 7.0 8300 89 o - -12,-11,-11
04/18/90 Minahasa, Sulawesi 1.16 122.84 7.4 9130 96 N -15,-11,-10
10/19/91 N. India 30.74 78.79 7.1 3484 103 y s --16,-17
(b)
Date Region Latitude Longitude A, Range Azimuth Azimuthal Deviation
m/d/y degrees degrees km degrees  T=60s T=100s T=150s
RAYLEIGH LOVE
03/08/91 Koryakia, Stberia 60.90 167.02 6.6 6433 26 -2,-2,-2 - e
11/06/90 Komandorsky Is. 53.47 169.93 7.0 0 7232 29 0,3,3 -3, -1, -1
04/11/89 Kamchatka 49.48 159.18 6.5 7246 37 0,6,3 Syt
12/13/91 Kuril Is. 45.58 151.63 6.5 7294 44 -, -5, 2 Y s
12/19/91 Kuril Is. 45.17 151.30 6.6 7312 45 - 7,2 LN
11/26/91 Hokkaido 42.02 142.55 - 7181 52 .- -, 2,1
11/01/89 E. Honshu 39.80 142.84 7.3 7393 54 N 0,1,1
02/20/90 S. Honshu 34.69 139.35 6.4 7661 59 0,-2,-2
12/30/89 Bismark Sea -3.43 146.13 6.6 11555 5 NS 4,-1,-2
08/21/89 Taiwan 24.09 122.50 6.2 7592 79 NS , 2,
12/15/89 Mindanao, Philippines 8.39 126.78 74 9261 85 . 0,0
12/20/89 Mindanao, Philippines 8.13 126.88 - 9291 85 - -2, 0,
07/16/90 Luzon, Philippines 15.68 12117 7.8 8250 85 e 3.0.1
07/17/90 Luzon, Philippines 16.41 121.02 6.6 8176 83 -, 0,3 SN
08/21/89 Ethiopia 11.87 41.84 6.2 4819 172 R -2, -1
©
Date Region Latitude Longitude M, Range Azimuth Azimuthal Deviation
m/d/y degrees degrees km degrees  T=60s T=100s T=150s
RAYLEIGH LOVE
04/29/91 W. Caucasus 42.49 43.65 7.0 7714 308 6, 14, - 8,10, 7
06/15/91 W. Caucasus  42.44 43.99 6.1 7693 308 7,14, - -9
10/23/92 E. Caucasus 42.50 45.07 6.5 7613 307 oyt 8,9,8
(d) '
Date Region Latitude Longitude M, Range Azimuth Azimuthal Deviation
m/d/y degrees degrees km degrees T=60s T=100s T=150s
RAYLEIGH LOVE
04/29/91 W. Caucasus 42.49 43.65 7.0 7711 308 6, -, - 8, 9,8
06/15/91 W. Caucasus  42.44 43.99 6.1 7690 308 Sy - 9
10/23/92 E. Caucasus 42.50 45.07 6.5 7609 307 B 6.8, 8

component record by the frequency-time analysis. The
vertical component record is used for Rayleigh waves and
the transverse component record for Love waves. To obtain
the latter from two horizontal components we use a
theoretical backazimuth. The other technique is based on
selecting values corresponding to the highest energy of the
signal for a given frequency. For strong non-interfering
signals, both techniques give very similar results. The
presence of large discrepancies indicates low data quality or
strong interference.

The main difficulty of any polarization measurement is the
interference of two or several signals. FTPAN resolves
interfering signals if their group-velocity curves do not cross
or pinch. For many continental paths, group velocities of
fundamental Rayleigh and Love waves in the range of
periods between 30 and 50s are very close. FTPAN
diagrams obtained by processing synthetic seismograms as
real records show that strong distortions may occur in this
period range if these two waves have comparable
amplitudes. The most reliable results for this part of the



spectrum are obtained when, due to the radiation pattern,
one of the waves (Rayleigh or Love) is much weaker than
the other. Similar conclusions have been reached recently by
Pollitz & Hennet (1993). Fortunately, such cases are not at
all rare. For the results presented here, Rayleigh waves
dominate in the north-north-castern (NNE) sector (back-
azimuths from 25°-45°) and Love waves dominate in the
north-east-east (NEE) sector (backazimuths from 50°-96°).
To solve this problem in the long run will probably require
the generalization of the FTPAN method to incorporate
simultancous waveform fitting for Rayleigh and Love wave
parameters.

4 OBSERVATIONS

Table 1 presents the backazimuth measurements for
Rayleigh and Love waves at three periods: 60s, 100s and
150s. Because of the nature of the source-receiver
geometry in each sector, Rayleigh waves dominate records
for events in the NNE sector and Love waves dominate the
records for NEE evenis, so we report only azimuth
anomalies for a single wave type in each sector. More
detailed backazimuth measurements are shown in Figs 2-5,

4.1 North-north-eastern (NNE) sector

Consider records of surface waves arriving from the NNE
sector with backazimuths in the range 25°-45°, The most
northern event is in Koryakia (north-eastern Siberia). This
event produced a very strong Rayleigh wave at KIV (Fig.
2a) which dominates the seismogram. Waveform complexity
is evidence of appreciable scattering and significant Rayleigh
wave energy can be seen on the transverse component. On
the other hand, at OBN the waveform shown in Fig. 2(b) is
much simpler. Rayleigh waves are of larger amplitude than
the Love waves, but a clear Love wave is seen on the
transverse component. No azimuthal anomalies are visually
apparent on the waveforms at OBN. Backazimuth
measurements are shown in Fig. 2(c) for both KIV and
OBN. We see that for KIV the magnitude of deviation
decreases monotonically with period from 17° to practically
(° in the range of periods from 60 to 200s. The Love wave
record is much less regular in this range of periods and
estimates of azimuthal deviations can not be performed
accurately. For OBN, the measured backazimuth anomalies
are uniformly smalt. The Love wave record at OBN is very
spectacular, but no significant azimuthal deviations are
found for it either.

The event in the Western Pacific near the southern edge
of the Kamchatka Peninsula also produced strong Rayleigh
waves at KIV as shown in Fig. 3(a). Again, waveform
complexity is diagnostic of scattering with a significant
component of Rayleigh wave energy on the transverse
component. Fig. 3(b) shows that the OBN waveform is
much simpler than the KIV record with no apparent visual
evidence of an azimuth anomaly. Fig. 3(c) presents the
backazimuth measurements and reveals a strong azimuthal
anomaly at KIV with periods around 60 s, but its magnitude
decreases with period much more slowly than for the events
in Koryakia (Fig. 2c¢). The anomaly at OBN is much
smaller.

The group of events near Urup Island of the Central Kuril
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Figure 2. Seismograms for the event in Koryakia, Eastern Siberia,
the northernmost event considered, recorded at (a) KIV and (b)
OBN rotated into the vertical (top), radial (middle), and transverse
(bottom) directions. The KIV record is dominated by Rayleigh
waves and waveform complexity is apparent. The OBN record is
much simpler, showing little sign of scattering or visually apparent
azimuth anomalies. (c) Rayleigh wave azimuthal deviations (in
degrees) at KIV and OBN, showing only small anomalies at OBN
and a large-magnitude short-period anomaly at KIV. Long-period
anomaly is absent for this event at KIV.

Island chain also generated strong Rayleigh waves on
records at KIV as can be seen in Table 1. Anomalies
observed for the two strongest events are very similar, but
very different from those found for the more northerly
events, as the Kuril events have a practically "constant
magnitude of 10°-11° for periods between 100 and 200s as
shown in Fig. 4. For all three events, the sign of deviations
is negative, but as the events move south the long-period
component of the backazimuth anomalies become larger
indicating the emergence of a relatively deep (probably
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Figure 3. Similar to Fig. 2, but for the Kamchatka event. The
long-period anomaly at KIV for this event has developed.

upper mantle) heterogeneity causing the rays to refract
more strongly to the north.

4.2 North-east-eastern (NEE) sector

Events near Honshu, the Philippines and Indonesia fail in
the range of backazimuths from 50°-96°. Records are
dominated by strong fumdamental Love waves with
appreciable long-periods energy, as can be seen in Fig. 5(a),
and waveforms are complicated, at least at KIV. As can be
seen in Table 1, azimuthal deviations are observed through
a wide range of periods at KIV but, once again, are
refatively small at OBN. The magnitude of the Love wave
‘backazimuth anomalies varies from about 15°-17° at 50-70s
to 10° at 200s. The event in northern India has a
backazimuth close to the Indonesian event, but due to a
much smaller epicentral distance to KIV the great circle
path is very different. Nevertheless, a strong azimuthal

anomaly is found for Love waves in this case. The
magnitude and sign of the anomaly are compatible with
observations for the Indonesian event. Fig. 5(b) compares
the azimuthal deviations at KIV for the events in Honshu,
the Phillipines and Sulawesi. Compared to events in the
NNE sector, the trends are relatively flat in the period
indicating the importance of a deep heterogeneity, and like
events in the NNE sector, increase as the paths move
southward.

4.3 Reliability of observed path anomalies

Figure 6 demonstrates the repeatability of FTPAN
measurements of Rayleigh wave polarization obtained at the
station KIV for a cluster of four events near the Kuril
Islands. These measurements agree within approximately
+2°, Polarizations measured at K1V from the region around
the Kuril Island chain are uniformly about 18° to the north
of the great circle linking source and receiver at 75 s period,
and trend with period to approximately a constant value of
12° to the north for periods above 100s. Many examples of
repeatability were observed for a variety of source
region—station geometries. Errors in instrument magnifica-
tions of the order of 5-10 per cent of 3-5° in instrument
orientations cannot produce anomalies of the size observed
at KIV. If these anomalies are measurement errors, they
must come from a major instrument misalignment at KIV.
To reject this possibility, it is useful to analyse observations
along ‘reciprocal’ paths, The wave paths from the three
Caucasus events on 1991 April 29, 1991 June 15 and 1992
October 23 to MAJO and INU (Honshu, Japan) follow
nearly the same path as those from the event of 1990
September 23 near Honshu Island to KIV. Azimuthal
anomalies of Rayleigh and Love waves observed at MAJO
are of approximately the same magnitude and of the
opposite sign as of Love waves observed at KIV, indicating
a path deviation to the North (Fig. 7) This confirms that the
path anomaly does not result from a major misalignment at
KIV. A similar conclusion is reached through analysis of
records from the GSN station ANTO (Ankara, Turkey) for
western Pacific events, which display similar polarization
anomalies to those observed at KIV. The constancy of the
long-period polarization anomalies at KIV and MAJO along
reciprocal paths means that the source region of the
anomaly is neither near KIV nor MAJO.

5 SYNTHETIC EXPERIMENTS

To attempt to illuminate the source region of the
polarization anomalies we performed two types of synthetic
experiments to address two questions. The first question is
whether global-scale models accurately predict the observed
polarization anomalies. To address this question, Galer-
kin + 5 along-branch coupled normal-mode synthetic seismo-
grams were constructed at periods above 100s, as described
by Resovsky & Ritzwoller {1993}, using the global
aspherical elastic earth model of Wong (1989). The second
question is whether realistic models can be constructed to fit
the observed polarization anomalies at KIV. To estimate
both the separate and combined effects of regional-scale and
global-scale structures along the wave path on surface-wave
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Rayleigh Wave Azimuthal Deviations for KIV
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Figure 4 Rayleigh wave azimuthal deviations (in degrees) at KIV for three different events which are, listing from north to south, it Koryakia,
Kamchatka, and the Kuril Islands. Azimuthal anomalies are very stmilar at short periods, but differ at long periods, increasing in nagnitude as
events move to the south. This is consistent with a lithospheric source region in the neighbourhood of KIV causing the short-period anomalies,
and an upper mantle heterogeneity in central Asia causing the long-period anomalies.

polarization we applied the Gaussian-beam summation
technique (Cerveny er al. 1982; Yomogida & Aki 1985;
Yumogida 1988; Lokshtanov 1990). The code originally de-
veloped by Lokshtanov (1990) was significantly modified to
account for comparatively sharp horizontal inhomogeneities.

5.1 Long-period synthetic experiments using global-scale
aspherical models

Examples of polarization measurements made on the
coupled normal-mode synthetic seismograms at KIV and
OBN for events at Koryakia, Japan and Indonesia are
shown in Fig. 8. These long-period Rayleigh wave synthetic
seismograms do not predict such large surface-wave
deflections as we observed, at least for R,. All anomalies at
KIV are negative meaning that the paths are moved to the
north in agreement with observations for these paths. As the
events move southward, the size of the polarization anomaly
is increased, also in agreement with observations.
Anomalies at OBN are smaller than at KIV for the same
events. Therefore, synthetic experiments show that the
Eurasian part of the global elastic aspherical model of Wong
(1989) ({I=12) predicts polarization anomalies that are
qualitatively but not quantitatively correct. Thus, the global
models provide a very useful foundation for surface-wave
path studies, but most of the observed polarization
anomalies across Eurasia are caused by currently unmod-
elled upper mantle structures which can be constrained by
polarization measurements.

Polarization measurements can also be made on multipiy

orbiting surface waves. Fig. 9 suggests that these
measurements behave in the coupled normal-mode synthetic
seismograms in a systematic way, growing in magnitude with
orbit as the waves move away from the great-circle path.
Such measurements could prove to be useful in the future
for constraining global-scale structures as well as regional-
scale structures.

5.2 Middle-period synthetic experiments uvsing regional-
scale models

The polarization effects of three simple, physically realistic
models of lateral heterogeneity (models M1-M3) were
studied with the Gaussian-beam synthetic seismogram
method (Fig. 10). The model M1 is characterized by smooth
lateral changes of crustal thickness and upper mantle
velocities in the direction perpendicular to the expected
wave path. The horizontal gradient of shear-wave velocity in
the upper mantle extending to depths up to 100km is
approximately 2.2 x 107*s™" and half this value for deeper
layers. The horizontal gradient of crustal thickness is
approximately 2.5 x 107%. The values of both gradients are
significantly less than those found in regional models of the
Central Eurasian lithosphere (e.g. Patton 1980; Pavlenkova
& Egorkin 1983; Ryaboy 1989; Beloussov et al. 1991). The
model M2 has a circular inclusion, simulating a sedimentary
basin. Its central point is slightly off the expected wave path
and relatively close to the receiver point. The thickness of
the sediments decreases with distance from the center of
basin; its maximum value is 8 km, which is significantly less
than known values of sedimentary thickness in the
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Figure 5. (a) Similar to Fig. 2(a), but for the Panay event. Love
waves dominate and waveform complexity is appareat, (b) Same as
Fig. 4, but here the azimuthal deviations are for Love waves and the
events are at (from north to south): Honshu, Japan; Panay,
Philippines; and Sulawesi, Indonesia. The azimuthal deviations are
relatively flat in period, indicating an upper mantle heterogeneity in
central Asia.

sub-Caspian depression. The medium outside this basin is
laterally homogeneous. The model M3 combines both
lateral heterogeneities.

Phase velocity maps and ray paths of a fundamental
Rayleigh wave for all three models are shown in Fig. 11,
Azimuthal deviations as functions of period found by
processing synthetic seismograms using the FTPAN
technique are shown in Fig. 12. Magnitudes of deviations for
the model M1 are of the order 8° for the range of periods
between 40 and 250s. For the model M2 they are above 5°
only for periods less than 50s and disappear for periods
longer than 100s. For the combined model M3, magnitudes
of azimuthal deviations decrease from 17° to 10° as period
increases from 30 to 100s and are practically constant for
longer periods. Polarization anomalies modelled in such a
way are quite similar to the observed anomalies, both in
magnitude and frequency dependence. We conclude that
two source regions at two scales are necessary to fit the

observed polarization anomalies; a regional-scale source to
produce the azimuth-dependent short-period anomaly and a
much larger scale source to produce the stable long-period
anomaly. As discussed in the next section, short-period
anomalies undoubtedly result from the waveform effects of
the sub-Caspian depression and the long-period anomalies
probably resuit from crustal thinning and increase in upper
mantle velocities from south to north across central and
northern Asia.

6 DISCUSSION

The magnitude, consistency, and period trends of the
observed anomalies of particle motion permit us to consider
them to be real phenomena produced by wave propagation
effects in the crust and upper mantle, and not merely
instrumental or measurement artefacts. The question that
remains to be answered is what causes these propagation
effects. The wavelengths of the waves under study range
from approximately 200 km to more than 1000 km. This
provides grounds for rejecting the very local effects of
nearby relief and local crustal structure as the main cause of
the observed anomalies, at least at long periods.

Anisotropy of the upper mantle material can produce
some apparent azimuthal deviations of particle motion from
those predicted for isotropic models {Crampin 1975).
Anisotropic effects should be mainly due to poloidai-
toroidal coupling evidenced as quasi-Rayleigh or quasi-Love
energy on unexpected components rather than subtle
refractive effects (Park & Yu 1992). However, if local
azimuthal anisotropy would play a role in the observed
polarization anomaly, one would expect a 180° symmetry in
the azimuthal dependence of the anomaly. (M. Cara,
private communication, 1993.) No such symmetry is
apparent. In addition, to cause anomalies of the observed
nature and magnitude we should assume much higher values
of anisotropic coefficients than those obtained from
tomographic studies of azimuthal surface-wave anisotropy
(e.g. Leveque & Cara 1983, 1985). In this study we have
intentionally limited ourselves to consider only isotropic
models because, as we showed in the previous section, even
such simple isotropic models may reproduce anomalies of
the observed magnitude.

We interpret the anomalies as the result of lateral
‘wandering’ of the wave paths due to lateral in-
homogeneities of crustal and upper mantle structure. The
main inhomogeneities are in high relief regions of Central
Asia which makes waves propagating across these structures
especially sensitive to such path distortions. We suggest two
basic reasons for the observed deviations. One is the
presence of significant positive gradients of the phase
velocities of surface waves in the direction from south-east
to north-west through all of northern and central Eurasia as
indicated by the global tomographic models of, for example,
Woodhouse & Dziewonski (1984), Tanimoto & Anderson
(1985), Smith & Masters (1989), and Wong (1989). This is
caused by the thinning of the Earth’s crust and the
increasing of velocities in the upper mantle (Beloussov et al.
1991; Pavienkova & Egorkin 1983; Ryaboy 1989). Such
gradients should produce systematic deviations of ray paths
to the north-west, as is observed at KIV. Effects observed at
OBN are much smaller due to the more northerly paths of
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Rayleigh Wave Azimuthal Deviations al KIV for Four Kuril Events
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Multi-Orbit Azimuthal Deviations at KIV and OBN: Global-Scale Model
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Rayleigh Wave Azimuthal Deviation: Gaussian Beam Synthetics
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Figure 12, Polarization anomalies for the three models M1-M3 from the Gaussian-beam synthetic seismograms. Predicted anomalies are

comparable to those observed for the model M3.

propagating across Eurasia, synthetic azimuth anomalies
produced by fundamental-mode along-branch coupling are
uniformly less than 5°. Consequently, we conclude that both
regional and global scales are essential to produce the
observed phenomena. The combination of polarization
analyses with array data processing using such networks as
are now installed in Kirghizia and in the northern Caucasus
may contribute to our understanding in the future.

7 CONCLUSIONS

The FTPAN method produces stable and reproducible
polarization measurements for three-component broad-band
instruments. Significant particle-motion anomalies have
been found on records of surface waves arriving at station
KIV from events in the western Pacific. In the period range
from 50 to 200 s the magnitude of the azimuthal deviations
of particle motion from the great-circle directions varies
from 15° to 10°. The most plausible explanation of this
phenomenon is the deviation of the ray paths of surface
waves from the great circle linking the source and receiver
due to large- and intermediate-scale lateral heterogeneities
in the Eurasian crust and upper mantle.

To confirm these findings and to attempt to resolve
heterogeneities of different scales which potentially produce
polarization anomalies, we plan as the next step to perform
similar polarization analyses of surface-wave records from
all Eurasian broad-band stations of the GSN, CDSN,
GEOSCOPE, and IRIS/IDA networks. The ultimate goal
will be to use traveltime, amplitude, and polarization
information for tomographic inversion of surface-wave data
across Eurasia.
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