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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-east of these
stations in search of particle-motion anomalies using a technique calted 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 K1V includes
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 uscful in combination with velocity
and amplitude information in future tomographic inversions, especialty to help focus
global-scule models to regional wavelengths.

Key words: Eurasia. lateral heterogeneity. polarization. surface waves. synthetic
SEISMOZrams.
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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 (¢.g. Leveque & Cara 1983, 1945;
Woodhouse & Dziewonski 1984; Tanimoto & Anderson
1985: Nataf, Nakanisht & Anderson 1986; Nolet 1987; Cara
& Leveque 1988 Gee & Jordan 1988; Levshin er al. 1989;
Smith & Masters 1989, 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 globai
{=2000km) to regional {(~ 10 km) wavelengths. Classical
tomography s usually bused on the assumption that waves
propagate along great circles between the source and
receiver (exceptions include Waong 1989, and Durek,
Ritzwoller & Woodhouse 1993). The same assumption is
implicitly present in approdches using waveform inversion.
since only phase distortions due to lateral heterogeneity are
usually taken into account. Since velocity perturbations
aiong 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
mterested 1n subglobal scale wavelengths.

One way to estimate the strength of deviations of waves
from great circle paths s 1o use array observations (e.g.
Bungum & Capon 1974; Levshin & Berteussen 1979,
Berteussen. Levshin & Ratnikova 1983; Lander & Levshin
[982}. Several authors have observed azimuthal deviations
of surface wavefronts across arrays from those predicted by
source—recetver  geometries.  Owing  to  the  bandwidth
limntations of the instruments used and the limited aperture
of the arrays (106 km or less), these observations covered
only the middie part of the surtace-wave spectrum (periods
from 10 to 40s) for which waves propagate mainly in the
crust and do not penetrate into the mantle. The observed
anomaltes were mainly attnibated te 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’ 15 to study partucle motion or polarization (e.g.
Lander & Levshin 19820 Vidale 1986 Lerner-Lum & Park
1989). 11 1» belicved trom asvimptotic theories deseribing,
surfice-wauve  propagation ininhomogencous media with
smooth lateral vanations te.g. Woodhouse 1974 Babich &
Chikhachev 1975; Babich, Chikhachev & Yanovskaya 1979;
Yomogida & Aki 1985 Woodhouse & Wong 1986; Levshin
1985 Levshin et af. 1Y¥Y) that particle motion on an
aspherical earth should approximate the features of particle
motion in medie with purely depth-dependent properties.
The difference is that the rev geometry on an aspherical
earth 15 determined by the trequency-dependent phase-
velocity distribution which produces o frequency-dependent
rotation of the local ras basis tunctions at the recener. By
determiming the particie motion as a function of period. the
anentation of the ray basis as u function of perod can be
determained. which can provide addinonal parameters for
tomographic inversions. These additional parameters (wave
inchination, azimuth, ampiitude) could then be added w

group traveltime measurements to help to focus models
otherwise distorted by unmaodeiled 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 2060-3005) 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 er al.
198%) and applied previously, after some modifications. to
the analysis of NARS-Iberia records by Paulssen et al.
(19903, and to IRIS/IDA-FSU records by Levshin er af.
(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 af. {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-cast
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 plobal asphencal models, but
can be reproduced from realistic regional models of the
Central Eurasian lithosphere. This indicates the existence of
significant unmodelled 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 [RIS/IDA stations deploved in Russia,
KIV (Kislovodsk) and OBN {Obninsk)., were selected for
the present study. The general features of TRIS/IDA
stations are described by Given (19903 Although these
stations are relatively close to one another (- 1300 km), they
are in different tectome regimes and. as Fig. 1 shows. the
strikes of the paths of the waves arriving at each station
relattve to the major tectomic provinces of Eurasia ditfer
appreciably. KIV is situated on the northern slope of the
main  Caucasus  range. several dozens of km  from
Elbrus—the  highest mountain in Furope. The Sciphean
platform is to the north of KIV, the Black Sea and
sub-Caspran depressions are. respectively, to the west and
north-cast.  the  Dnepro-Buonetskt graben s to the
north-west. Wave paths from the events considered here
cross ong or severdl of these tectonic teatures. OBN s
located in the middle of the Russian Platform in a simple
tectonic environment and wave paths should be relatively
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Figure 1. Locations of stations, cvents, and the great-circles linking them.

unaffected by regional-scale heterogeneities. As we will
show, polarization anomalies tend to be much larger at KIV
than at OBN, and OBN can be considered to be a control
station.

2 DATA

Only records from events situated in and around Eurasia
with strong long-period surface waves not contaminated by
microseisms or internal noise were chosen for anatysis, with
the best results obtained from events with surface-wave
magnitudes. M, greater than 6.5. Reliable instrument
responses at KIV and OBN are known from 1989 April (H.
Given, private communication, 1992), and we used records
obtained from this time until 1992 January. The list of
selected evemts together with corresponding values of
station-to-epicentre backazimuths (measured at the station
from the north to the epicentre) and epicentral distances is
given in Table I. Sclected events are situated in a range of
backazimuths from 26 to 103", with the exception of a
single event in Ethiopia. and at epicentral distances ranging
from 3500 to 9000 km. Several records of the GSN station in
Matsushiro (MAJO), Japan. and of the GEOSCOPE station
at Inuyama (INU), Japan, for three events from 1991 and
1992 (Table 1) in the Caucasus were aiso processed for
comparison of azimuthal anomalies observed along ‘recipro-
cal’ paths from the Caucasus to the Western Pacific.

3 DATA PROCESSING

The technique for data processing using FTPAN is described
in detail in Levshin et al. (1989). The main ocutput of the
FTPAN method is diagrams of “azimuthal deviations' for
Rayleigh and Love waves in the frequency—time domain.
For Rayleigh waves, this represents the angular difference
between the strike of the plane of the quasi-elliptical particle
motion and the azimuth of the station-epicentre great
circle. For Love waves, this represents the angular
difference between the strike of the direction orthogonal to
the quasi-linear particle motion and the same great-circle
azimuth. Additional, reguiarly utilized output are the energy
of the analysed signals, their ‘quality’ (i.e. closeness to the
considered type of particle motion. Rayleigh or Love) and
other parameters related to polarization, such as the
inclination of the particle orbit to vertical for Rayleigh
waves and angle of near-linear particle motion trajectory
with the horizon for Love waves. Only those parts of the
frequency—time diagrams with the “quality” above a selected
threshold are chosen for further consideration. All the
events listed in Table 1 meet quality standards, which means
we belteve that the reported measurements are accurate at
least to a few degrees,

To estimate guantitative information we apply several
techniques. One extracts the values of a measured quantity
along a group-velocity curve obtained from a single-
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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 petiods: 605, 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 150 s periods, respectively, with no
accurate measurement at 60s. Also, —17°, —12° and —10° deviations were oberved at 60s, 1005, and
150's periads, 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 statien INU.

(a)
Daie Region Latitude Longitude M, Range Azimuth Azimuthal Deviation
m/d/y degrees degrees km dogrees  ‘['=60s, T=100s, T=150s
RAYLEIGH LOVE
03/08/91 Koryakia, Siberia 50.90 167.02 G.6 0 TH5 26 1704120 N
04/11/8% Kamchatka 1048 13918 6.5 7963 16 BB A et
12/13/91  Kuril is. 1558 151.63 6.5 TR 45 13,11
12713791 Kuril Is. 1555 151.72 6.2 7879 15 12010
12/13/91  Kuril Is. 45.43 151.30 hA TRGS 45 1211
12/19/91 Kuril Is. 15.17 151.30 M6 TRTO 45 1612013
12/22/91  Kuril Is. 45.18 151.05 T4 TRAG 45 A1 -
#9/23/90  S. Honshu 33.64 13R.64 i.h 7960 6l Yo -10, -4, -
09/23/90 S. Honshu 33.64 13R.64 0.5 7960 Gl 10, -6, R
09/03/91 5. Honshu 33.64 13K.78 6.4 TTi8 60 N 10, -6,
07/16/90 Luzon, Philippines 15.68 121.17 TR 7ROG w6 01 -17.-12.-10
06/14/90 Panay, Philippines 11.33 122,17 T4 300 RG e S12,-10-H
04/18/90 Minahasa, Sulawesi 1.16 12284 T 9130 9 -15.-11.10
10/19/91 N. India 3G.74 RS T R 1003 61T
(b)
Date Region Lautude  Longitude M, Raoge  Azimuth Azimuthal Deviation
m/d/fy degrees degroes ki degrees T=60s T=100s T=150s
RAYLEIGH LOVE
03/0%/91 Koryakia, Siberia 60.90 167.02 .6 6433 26 -2.0-2, 2 PR
11/06/90 komandorsky Is. 53.47 169.93 T TR 29 0,4.3 3,001,001
34/11/8% Kamchatka 49.48 159,18 65 T26 37 0,6.3 -
12/13/9  Kuril Is. 45.58 a6 6.0 291 H 5,2
12/19/91  Wuril Is. 4517 15130 6.0 T2 i LoV 2 B
11726791 Hokkaido 12.02 142.55 TiM] iy R NV
1170149 F. Hanshu 1G5 11254 v RN 1 0,1, 1
0220490 S, Honshu 1169 14945 U W6l gL 0,22
12/30/%4  Bismark 5ca 2313 LG 13 . L1550 ) o012
0820 /19 Tajwan 2409 122.50 G2 T2 It L2
12/17/%9  Mindanac, Philippines L] 126,78 T WGl B 0. -
1220729 Mindanao, Philippines Mol 126 K 0 N3 2. 0.
B7716/90  Luzon, Philippines 13.68 12117 TRON20 » Lo 30000
07/17/90  Luzon, Philippines 641 121.02 G4 RIT6 85 L3 -
(18721 /%9  Fthiopia 1187 1hN 02 1419 172 2,01
(c)
Date Region Latitude  Longitude M,  HRange  Azimuth Arnnuthal Deviation
midfy degroes degrees kwm degroes D260 T=100< T= [0
RAYLEIGH LOVE
0129791 W Cancasus 12,49 13.65 7.0 7T 108 . 14, ROl T
D67 13/491 W Caucasns 12 13.99 fil R J0OK Vol LN
1072392 T Caucasag 12.50 15,07 00 61 367 N R
(d)
[Yate ltegion Latitude  Longitude M, Hange  Asmuth Azimuthal Deviation
mid/y degrees degrees, km degreos T 2605 Tz 1005 T =150
RAYLYEIGH LOVI
04/29/91 W, Caucasus 1240 13.65 [ 7Tl A0 B, -, BTN
06/15/90 W, Caucasus 1244 i3.90 0.1 TRO0 0% NN SN
b Caucasus 1200 15.07 6.5 69 307 [

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 rcliable 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
domirate 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 probabty require
the generalization of the FTPAN method to incorporate
simuitaneous 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
Beometry in each sector, Rayleigh waves dominate records
for events in the NNE sector and Love waves dominate the
records for NEE events., 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
0% in the range of pericds from 60 to 200's. 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 smail. The Love wave record at OBN is very
spectucular. but no sipnificant azimuthal deviations are
found for it erther.

The event in the Western Pacific near the southern edge
of the Kamchatka Peninsulz also produced strong Rayleigh
waves at KIV as shown in Fig. 3(a). Again, waveform
complexity is diagnostic of scattering with a signiticant
component of Rayleigh wave encrgy 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 #nomaly. Fig. 3(c) presents the
backazimuth meusurements and reveals a strong azimuthal
dnomaly at KIV with periods around 60 s, bur its magnitude
decreases with period much more stowly than for the events
m Korvakia (Fig. 2¢). The anomaly at OBN iy much
smaller.

The group of events near Urup Island of the Central Kyril
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Figure 2. Scismograms 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
(hottom) directions. The KIV record is dominated by Rayleigh
waves and waveform complexity is apparent. The OBN record is
much simpler. showing littie sign of scattering or visually apparent
azimuth anomalies. (¢} Ravleigh wave azimuthal deviations (in
degrees) at KIV and OBN, showing only small anomalics 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 practically “constant
magnitude of [0°-11° for periods between 100 and 200's as
shown in Fig. 3. 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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(a) Kamchatka Event
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Figure 3. Similar to Fee. 20 but [or the Kamchatka event. The
long-period anomaly at KIV for this event has developed.

upper mantle) heterogeneity causing the ravs to refract
more strongly to the north

4.2 North-east-eastern (NEE) sector

Events near Honshu, the Philippines and Indonesia fall in
the range of hackazimuths from 3)°-96°. Records are
dominated by strong  fumdamental Losve  waves  with
apprecuble long-periods energyv. as can be seen in Fig. S(a).
and wavéforms are complicated. at least at KIV. As can be
seen 1a Table 1, azimuthal deviations are observed through
a wide range of perniods at KIV but. once again. are
relatively small gt QBN The magnitude of the Love wave
backazimuth anomaies varies trom ahout 153 17 at S-T0
to 107 at 200s. The ovent in northern India has o
backazimuth close to the Indonesiun event. but due o«
much smaller epieentral distince 10 KIN the great circle
path 1 very different. Nesertheless. s strong wamuthal

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
Istands. These measurements agree within approximately
+2° Polarizations measured at KIV from the region around
the Kuril Island chain are uniformly about 18° to the north
of the great circle linking source and receiver at 75s period,
and trend with period to approximately a constant value of
12° to the north for periods above 100's. Many examples of
repeatability were observed for a variety of source
region-station geometries. Errors in instrument magnifica-
tions of the order of 5-10per 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 ‘rectprocal’ paths. The wave paths from the three
Caucasus events on 1991 April 29. 1991 June 15 and 1942
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 net 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 15 neither near KIV nor MAJQO.

5 SYNTHETIC EXPERIEMENTS

To attempt to illuminate the source region of the
polarization anomalies we performed two types of synthetic
experiments to address two questions. The first guestion 1s
whether global-scale models accurately predict the observed
polanzaton anomalies. To address this question, Galer-
kin + 5 along-branch coupled normal-mode synthetic seismo-
grams were constructed at periods above 100)'s, as described
v Resovsky & Ritzwoller (1993). using the global
aspherical clastic earth model of Wong (1989}, The second
guestion s whether realistic models can be constructed to fit
the observed pelurization anomalies at KIV. To estimate
hoth the separate and combined effects of regional-scale and
global-scale structures along the wave path on surface-wave



Rayleigh Wave Azimuthal Deviations for KIV

Polarization anomalies across Eurasia 583

O —r L e A LI e

I ' I 1 ‘'m
r L4 . 1
- a 1
—_ 3 . 1
[2] - _
@ ] )
2 -5 -L [ ] _:
g L a n
E "_ s & J
c L [} a J

<] !

= r " a 1
FR * -

_ * @ [ )
s ‘ % e o o o . :
£ 7" A -
5 Eoom 4 1
E . }
8 -1s L 4 e & Koryakia o
I a m S Kamchaika 1
E3 ®  Kurit islands 9
|
N 1
r ‘ 1
720 —_— i T ! N i Lo i Lo

60 8O 100 120 140 160 180 200

period (sec)

Figure 4 Rayleigh wave azimuthal deviations (in degrees} at KIV for
Kamchatka, and the Kuril Islands. Azimuthal anomalics are very simi
events move to the south. This is consistent with a lithospheric source

three different events which are, listing from north to south. o Koryakia.
lar at short periods, but differ at long periods. increasing in nagnitude as
region in the neighbourhood of KIV causing the short-period anomalies.,

and an upper mantte heterogeneity in central Asia causing the long-period anomalies.

polanzation 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 inhomogenetties.

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

Examples of polanization measurements made on the
coupled normal-mode synthetic seismograms at KIV and
OBN for events at Kuoryakia. Japan and TIndonesia are
shown in Fig. 8 These long-period Ravieigh wave synthetic
setsmograms  do  not  predict  such large  surfuce-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. alse  in agreement  with observations.
Anomalies at OBN are smalier than at KIV for the same
events. Therefore, synthetic experiments show that the
Eurasian part of the global elastic aspherical modei of Wong
(1989) (/= 12) predicts polarization anomaiies that are
qualitatively hut not quantitativelv correct. Thus. the global
madels provide a very useful foundation for surface wave
path studies. but most of the observed polarization
anomalics across Eurasia are caused by currently unmod-
elled upper mantle structures which can be constrained hy
poelarization measurements,

Polarization measurements can aiso be made on multiply

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
orhit as the waves move away from the great-circle path.
Such measurements could prove to be useful in the future
for constraining globai-scale structures as well as regional-
scale structures.

5.2 Middle-period synthetic experiments using regional-
scale models

The polarization effects of three simple, physically realistic
madels of lateral heterogenecity (models M1-M3) were
studied with the Gaussian-beam  synthetic seismaogram
methed (Fig. 10). The model M1 is characterized by smooth
lateral changes of crustal thickness and upper mantle
velocities in the direction perpendiculur to the expected
wave path. The horizontal gradient of shear-wave velocity in
the upper mantle extending to depths up to 0km is
approximately 2.2 107 *s ' and half this value for deeper
layers. The horizontal gradient of crustal thickness is
approximately 2.5 x 10 ' The vatues of both gradients are
significantly less thun those found in regronal modets of the
Central Eurasian Iithosphere (e.g. Patton 1980: Pavlenkova
& Egorkin 1983: Rvabov 1989: Beloussoy ef af. i1991). The
model M2 has a circular inclusion, simulating a sedimentary
basin. [ts central point is slightiv off the expected wave path
and relatively close to the receiver point. The thickness of
the sediments decreases with distance from the center of
hasin: its maximum value is 8 km. which is significantly less
than known values of sedimentary  thickness in  the
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Figure 5. (u) Similar 10 Fig. 2ta), but for the Panay event. Love
waves dominate and v v eform complexity 15 apparent. (b) Sume as
Fig. 4. but here the aamuthal deviations are for Love waves and the
CVENLs are at (lrom north to south): Honshu, fapan; Panay.
Philippines: and Sulawesi, Indonesia. The azimuthal deviations ure
relatively fut in period, indicating an upper mantle heterogeneity in
central Asia

sub-Caspan depression. The medium outside this basin s
laterally  humogeneous. The model M3 combines both
luteral heterogeneities.

Phase veloaity maps and rav paths of a fundamental
Rayleigh wave for all three models are shown in Fig. 11.
Azimuthal deviations as  functions of period found by
processing  symthetic sessmograms  using  the  FTPAN
technique are shown in Fig. 12. Magnitudes of deviations for
the model M1 are of the order #” for the range of periods
between 40 and 250 5. For the model M2 they are above §°
only for periods less than 505 and disappear for periods
longer than 100, For the combined model M3, magnitudes
of aamuthal deviztions decrease from 17" 10 107 as pertod
increases from 30 to HHs and are practically constant for
longer pesiods. Polarization anomaties modelled in such 4
Wiy are guite similar to the observed anomalies. hoth in
magnitude and frequency dependence. We conclude that
WO 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 result from crustal thinning and increase in upper
mantle velocities from south to north across centrai and
northern Asia,

6 DISCUSSION

The magnitude, consistency, and period trends of the
observed anomalies of particle motion permit us to consider
them 1o 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 anomalics. 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 poloidal-
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 anisotroptc  coefficients  than those obtained from
tomographic studies ot azimuthal surface-wave anisotropy
{c.g. Leveque & Cara 1983, 1985). In this study we have
intentionally Jtmited 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
especiatly 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
tr 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 ef al.
1991 Pavienkova & Egorkin 1983 Ryaboy 1989). Such
gradients should produce svstematic deviations of ray paths
1o 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 at KIV for Four Kuril Events
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catter of the deviations is less than 2.5°.
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ia) Azimuthal Deviations at KIV and OBN: Global-Scale Synthetics
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Multi-Orbit Azimuthal Deviations at KIV and OBN: Global-Scale Model

10\r|_..l\|[.’|\\TT,IIIr[[‘\\\[T\\ilqu

'y
Y A &
N S O N N O I

oL .
, ]
]

thal deviation (degrees)

L e ©
: e o @ © s ¢

- e 0" -

5 L eo ® _

E o at? TR -

N © @ ‘a4 R A

® o®® Klv s R 1

L e ¢ R, 4

N [ o ——— 1. T S ) _——— 1 Ly L J
160 120 140 160 180 200 220 240 260 280 300

10— . _— e e - e — -

5 an " " B oA g . . N

» "o

a

"
we" %
_ -"
r""“““‘lAAA&AAAAAL‘ A & &
1
]
‘

azimuthal deviation (degrees)

| %
- »
.. ®
®ee N
i e . i
5 - e ® s 00 0 ¢ & "
) TR
OBN s R, -
. o R
- [O S =t e e e ——— e etk e e i e ea P ——— e )
130 120 i10 160 180 200 224 241 260 280 300

period (sec)

Figure 9. Polanization measurements made on multiply orbiting Rayleigh waves from the normal-mode synthetic seismograms and the global
aspherical model indicating the svstematic deviation of surface-wave paths from the great cirele as & function of orbit number. The moment
tensor and event location is the CMT solution for the Koryakia event,



388 A. L. Leushin, M. H. Ritzwoller and L. |. Ratnikova

@)
8 Sediment Thickness
-]
3.
5 A .
£ .
&
=
A
(b) east longitude 7
B Shear Wave Velocity
@
3 - f
5 A .
F-
T
g .
A
A | Castlongilude B
{c) Cross-Section

depth (km)

north latitude

Figure 10. Modet M3 used in the Gaussian-beam synthetic
expeniment. {&) The layer thickness of the ‘sedimentary’ inclusion,
with a maximum thickness of 8 km. (b) Isolines of shear velocities in
the hid. grading from lower velocities to the south to higher
veloenties 1o the north. (¢) Cross-section along the line A-B. The
star and the triangle here and below indicate the positions of the
source and receiver. respectively.

propagation from the east to this station. It seems that the
veloeity gradients are smailer tn most of northern Eurasia in
comparison with the centraj part of this continent.

The other explanation is based on smaller. regional-scale
structures. KIV is surrounded by tectonic zones of distinet
ortgin and history. such as the intracontinental Black and
Caspian Seas with a suboceanic crust and upper mantle . the
sub-Caspian depression znd the Dnepro-Donetski graben
with their great thickness of sediments, the mountain ranges
of the Caucasus. ete. These structures are comparable to or
farger in spatial extent than the wavelengths of the surface
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Figure 11, Raylcigh wave phase-velocity maps and rays contribut-
ing tn the Gaussian-beam summation at the periods T = 1005
(models M1, M3) and T — 405 (Model M2},

waves considered here and may produce some of the
observed effects especially at the shorter periods. The slow
sub-Caspian depression is directly in the path of waves from
NNE. and to avoid it wave paths should significantly deviate
to the north. Wave paths from east and south-east may
deviate to the north to avoid the main Caucasus range.
Synthetic  experiments  using long-wavelength  global
models of lateral heterogeneity do not reveal such large
azmuthal anomalies. For fundamental Rayleigh waves
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Rayleigh Wave Azimuthal Deviation: Gaussian Beam Synthetics
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Figure 12, Polarization anomalies for the three models MI-M3 from the Gaussian-bcam synthetic seismograms. Predicted anomalies are

comparable to those observed for the mode] M3.

propagating across Eurasia, synthetic azimuth anomalies
produced by fundamental-mode along-branch coupling are
uniformly less than 5°. Consequently. we conclude that hoth
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 arnving 4t station
KV from events in the western Pacific. {n the period range
from 50 10 2005 the magnitude of the azimuthal deviations
of particle motion from the great-circle directions varies
from 15° to 10°. The maost 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
tn the Eurasian crust and upper mantle.

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