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SUMMARY

We have analysed prediffracted S-waves with turning points beneath northern Siberia in a
study of anisotropy in the lowermost mantle. Deep-focus earthquakes beneath the Marianas,
Izu Bonin and the Sea of Japan recorded at stations in western Europe are used. A correction for
upper-mantle anisotropy is applied to the data. Comparisons of the data with synthetic data for
models with and without a high velocity D” layer suggest that there is a velocity discontinuity
at the top of the D” region and that the style of anisotropy is transversely isotropic in this region.
Time separations between S-waves on the radial and transverse component show a weak trend
where the separation increases with epicentral distance. A normalization of this separation
with the travel distance within D” (300 km thick in this region) suggests that the anisotropy is
uniformly distributed within this layer and has an average value of 0.5 per cent. A combination
of different studies which investigate the structure of the lowermost mantle beneath Europe
and northern Siberia reveals a complicated picture. Tomographic models from this area and
evidence of D” anisotropy, lower mantle scatterers, reflections froma D” discontinuity and ultra-
low-velocity zones suggest two distinct regions. One exhibits high velocities, D" anisotropy, a
D’ discontinuity and no evidence of scatterers or ultra-low-velocity zones. These features are
likely associated with the palaeosubduction of the Izanagi plate well into the lowermost mantle.
The other region has a lower overall velocity and shows evidence of scatterers and ultra-low-
velocity zones, perhaps suggesting the presence of partial melt. These results suggest dramatic
lateral variations in the nature of the lowermost mantle beneath northern Asia over a length
scale of roughly 30 degrees.
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Some of the earliest evidence for a D” discontinuity has come
from this region (e.g. Lay & Helmberger 1983, found evidence for
a S-wave discontinuity). Since then there has been considerable ev-

1 INTRODUCTION

As the number of studies of the structure of the lower mantle in-

creases, the emerging picture of the D” region (lowermost 200—
400 km of mantle) is one of considerable complexity. A geographical
region which has been studied extensively is that beneath northern
Europe and Asia. Here the D” region exhibits heterogeneity on many
length scales. In this paper we investigate seismic anisotropy in this
area for the first time.

Tomographic models (Grand et al. 1997; Karason & van der
Hilst 2000; Ritsema et al. 1999) show a fast region in the low-
ermost mantle beneath northern Siberia which may be associated
with the downgoing remnants of the Izanagi slab which subducted
~80 Ma (Lithgow-Bertelloni & Richards 1998). Further to the east,
the region beneath northern Europe exhibits average to slightly slow
velocities in these tomographic models.
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idence for an abrupt increase in P- and S-wave velocities which
shows significant large-scale and short-scale variations in location
and impedance contrast (e.g. Weber & Davis 1990; Gaherty & Lay
1992; Weber 1993; Houard & Nataf 1993; Kendall & Shearer 1994;
Thomas & Weber 1997). The data used for these studies were mainly
events from the region Japan/Kurile Islands recorded in Europe. In
the first paper of this series (Thomas et al. 2002) we confirmed the
existence of the discontinuity using Hindu Kush events recorded at
stations of the Canadian National Seismograph Network (CNSN),
source—receiver paths which are roughly orthogonal to the northwest
Pacific to Europe paths.

In recent years Garnero and colleagues have found evidence for
patches of ultra-low velocity zones at the core—mantle boundary
(CMB). Garnero & Helmberger (1995, 1998) found evidence for
ultra-low-velocity zones beneath Scandinavia and no evidence for
ultra-low-velocity zones beneath Siberia and central to southern
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Europe. Evidence for heterogeneity on a smaller scale comes from
studies of lower-mantle scatterers. Using earthquakes from the New
Hebrides recorded in Germany, Thomas et al. (1999) found lower
mantle scatterers beneath northern Europe. Vidale & Hedlin (1998)
and Wen & Helmberger (1998) found scatterers in the lower mantle
using Tonga Fiji events recorded in Norway. The scattering region
in their study is slightly northeast of the region found by Thomas
et al. (1999).

In this study we use deep-focus earthquakes from the northwest
Pacific rim recorded at European stations to establish the nature
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of anisotropy in the region beneath northern Siberia. The mecha-
nisms which give rise to anisotropy (e.g. the preferred orientation of
crystals or inclusions) are associated with deformation. In this way,
evidence of anisotropy may tell us more about the dynamics of this
region than does evidence of heterogeneity. Studies of anisotropy
in the lowermost mantle (Vinnik et al. 1989, 1995; Kendall &
Silver 1996, 1998; Matzel ef al. 1996; Garnero & Lay 1997; Lay
et al. 1989) have shown that anisotropy exists within D", but the
coverage is far from global. The style of anisotropy seems to vary
between regions with many appearing to be transversely isotropic
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Figure 1. Epicentres of deep events in the North Pacific with a depth greater than 450 km. Black stars show events that have been used in the analysis, grey
stars show epicentres where the signal-to-noise is not good enough or the focal mechanisms was such that the S-wave on either the transverse or on the radial
component were weak. The black lines extending from the epicentres show the great circle paths to the station MOX.
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Table 1. Earthquakes from the north Pacific used in this study. Earthquake
Parameters are from the Harvard CMT catalogue. Backazimuth and distance
are for the station MOX in Germany.

# oT Lat Lon Depth mb Baz Distance
(degN) (degE) (km) (deg)  (deg)

1 20-Jan-92 13:37:03.08 2798 139.40 498 6.0 444 89.1
2 21-Jul-94 18:36:31.74  42.34 132.87 471 73 412 742
3 23-Aug-9507:96:02.76 18.86 14522 594 7.1 44.1  99.7
4 24-Aug-9501:55:34.63 1890 145.05 587 6.2 442  99.6
5 24-AUG-95 06:28:54.92 18.85 145.12 602 5.8 442 99.6
6 16-Mar-96 22:04:06.24 2898 138.94 477 6.7 442  88.1
7 26-Jun-96 03:22:03.14  27.73 139.75 468 63 442 895
8 08-Apr-99 13:10:34.08 43.61 13035 565 7.1 420 72.1

(e.g. Caribbean, Kendall & Silver 1996, 1998, northern Pacific
Garnero & Lay (1997); Matzel et al. (1996)); and others appearing
more general in symmetry (Pulliam & Sen 1998; Russell ez al. 1999).
Maupin (1994) has shown that some effects interpreted as anisotropy

can be explained by isotropic models in the case of diffracted
S-waves. We therefore compare synthetic data produced for isotropic
models with and without a D” discontinuity to our data in order to
guide our interpretation of anisotropy. We are also careful to cor-
rect for the effects of anisotropy in the upper-mantle beneath the
receiver.

2 DATA

We have analysed deep events in the Russia/China border region, Sea
of Japan, Izu Bonin and the Marianas. These events lie along similar
great circle paths to stations in Europe thereby enabling a study of
variations in lower-mantle anisotropy for different epicentral dis-
tances and bottoming depths beneath northern Asia. To mitigate the
effects of near-source anisotropy we restrict our analyses to events
with depths greater than 450 km (below the olivine stability field).
The grey stars in Fig. 1 show epicentres of events that could not be
used due to poor signal-to-noise ratios or poor S-wave radiation. The
black stars show epicentres of the 8 events that have been used for
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Figure 2. The stations of the German Regional Seismic Network (GRSN) and the SPICED array which extends across the UK and France. The station WOL

is operated by the MOD, Blacknest, UK.
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Figure 3. Upper-mantle anisotropy correction for one station (GRA1) and an event in the Izu Bonin region (event 1). The top two traces show the uncorrected
case. SKS is visible on the transverse component. After applying the correction the SKS arrival is not visible on the transverse component and a clear separation
between the S-wave on the transverse and radial component is visible (bottom two traces). The bottom of the figure shows the slow and fast shear waves and
the particle motion before and after the correction.
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this study (Table 1). The black lines emerging from the epicentres
indicate the great circle path to the station MOX in Germany. The
stations used in this study are shown in Fig. 2. The data are bandpass
filtered (3—50 s) records of ground velocity.

Before looking for anisotropy in the lowermost mantle, we have
to first correct the data for the effects of upper-mantle anisotropy.
An example of this correction is shown in Fig. 3. The degree of
SKS-splitting and the polarizations of the fast and slow shear waves
are measured using the methodology of Silver & Chan (1991). The
corrected traces show no SKS energy on the transverse component

but there is still a clear separation between the S-waves on both
components. The events that did not show a clear SKS signal have
been corrected using values for the stations given by Brechner et al.
(1998).

For events beyond 88° in epicentral distance, the S and ScS merge
making it difficult to distinguish one from the other, but these phases
have long paths through the D” region. We avoid phases diffracted
considerable distances along the CMB (>103°) to minimize core
coupling effects (Maupin 1994). After application of the upper-
mantle correction we find that most source—receiver pairs show a

Slsfs event 1
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Figure 4. Upper-mantle anisotropy—corrected radial (R) and transverse (T) components for event 1 from Table 1 recorded at GRA1. The epicentral distance
for this event is 90.0°. The minimum of the S-wave is marked in both traces with the black bar. A time separation between the minimum of the S-wave on the
R and T component of 1.4 s is visible with the transverse leading the radial component.
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Figure 5. As Fig. 4 but for a Mariana event (event 4 from Table 1) recorded at CLL. The epicentral distance is 98.5° and the time separation is 3.0 s.
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clear time separation between the S-ScS phase on the radial and
transverse component. Figs 4 and 5 show two examples. In both
cases the S-wave in the transverse component is leading the S-wave
on the radial component, as is the case for >95 per cent of the data.
The epicentral distance for the station GRA1 and the event from
the Izu Bonin region in Fig. 4 is 90.0°. The turning point of the
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S-wave is at a depth of 2646 km (i.e. the wave samples the upper
part of the D” region). The separation between radial and transverse
components is 1.4 s. Fig. 5 is a recording at the station CLL of
an event in the Marianas. The epicentral distance is 98.5° and the
bottoming depth of the S-wave is 2773 km. The time lag between
the radial and transverse component is 3 s.
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Figure 6. Upper-mantle anisotropy—corrected R and T component for the BFO recording of the event at the Russia/China border region. The epicentral
distance for this source—receiver combination is 75.2°. The S-wave is marked. A time separation between ScS on the transverse and radial component of 1.1 s
is visible. Also SdS, the reflection from the top of the D” discontinuity appears in the S coda.

Synthetic data

for GRA1, event 1

time [s] 55

Figure 7. Synthetic data for event 1 from Table 1 for station GRA1 (compare

with Fig. 4). The top two traces are radial (R) and transverse (T) components

for a model with a velocity increase of 3 per cent at a depth of 2065 km. The bottom two traces are R and T component for the model ak135 without D”
discontinuity. The minima of the S-wavelets are indicated by the vertical lines. No time separation between the S-waves on the transverse and radial component
is visible. The S-wave for a model with a velocity discontinuity in the lowermost mantle arrives earlier compared to the model without D” discontinuity. This
is due to the faster velocities within the D” layer. The synthetic data show that we can measure time separation by picking the first minimum of the S-waves.

© 2002 RAS, GJI, 151, 296-308



302  Ch. Thomas and J.-M. Kendall

For the nearer events (Sea of Japan and Russia/China border re-
gion) we measure the differential traveltime between S and ScS on
the radial and transverse component again after a correction for
upper-mantle anisotropy. The distance range for these events is be-
tween 68.5 and 81.9° for the stations we used. At these distances
the S-wave turns above the D” region and therefore will not be
influenced by anisotropy within D”. Fig. 6 shows an example for
one source-receiver combination (Russia/China border region event
recorded at BFO). The difference between residual travel times (S-
ScS(transverse) and S-ScS(radial)) is 1.1 s. Also visible in the data is

the reflection from the top of the D” discontinuity (SdS) and the div-
ing wave into D” (SDS) which at this distance arrives approximately
between S and ScS.

3 SYNTHETICS

If the style of D” anisotropy is transverse isotropy, that is hexago-
nal symmetry with a vertical symmetry axis, the radial and trans-
verse components will record the fast and slow shear-waves inde-
pendently. Furthermore, the waveforms will look like those for the
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Figure 8. As for Fig. 7 but for event 4 and station CLL (compare with Fig. 5). The top two traces are radial and transverse components for the model with a
D” discontinuity, the bottom two traces for a model without a D” discontinuity (ak135).
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Figure 9. As for Fig. 7 but for event 8 and station BFO (compare with Fig. 6). SdS refers to the reflection from the D” discontinuity. For the model with the
higher velocity in D” the ScS-wavelet merges with the SKS-wavelet (top two traces).
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isotropic case, but there will be a simple time shift between the com-
ponents. If the anisotropy is more general, either due to an inclined
symmetry axis or a system with less symmetry than the hexagonal
case, the radial and transverse waveforms will contain a combina-
tion of the fast and slow shear-waves. The waveforms will not look
like those in the isotropic case. To assess this in the data we generate
synthetic seismograms for isotropic models with and without a D”
discontinuity.

We use the reflectivity method (Miiller 1985) and include the
Harvard focal mechanism for each earthquake to calculate the syn-
thetic data. The reference model is ak135 (Kennett ef al. 1995) with
a D” model for this region superimposed. The region beneath north-
ern Siberia shows a discontinuity above a high velocity D” layer.
A number of P- and S-wave models exist for this region but the
discontinuity is roughly at a depth of 2605 km and shows an S-wave
velocity increase <3 per cent (SWDK: 3 per cent, Weber & Davis
1990, SGLE: 2.75 per cent, Gaherty & Lay (1992); SNSA: 2.3 per
cent and SNSB: 2.6 per cent, Weber (1993)). We use SWDK and
its P-wave equivalent PWDK to calculate the reflectivity synthetics
and the resulting seismograms are filtered with the same bandpass
filter (3—50 s) as the real data to aid comparison.

Fig. 7 shows synthetic data for the example given in Fig. 4 for
a model with (top two traces) and without (bottom two traces) a
discontinuity at the top of D”. The results for each model are quite
different and the data clearly do not match the waveforms for the
model without a discontinuity. The waveform data and the wave-
forms for the SWDK model are very similar in shape but the data
show a large time separation between the radial and transverse com-
ponents which is not apparent in the synthetics. This is a strong
indication that the style of anisotropy is most likely transversely
isotropic. This also helps guide our picks of the relative separation
between the radial and transverse components. For example, we can
pick the first large maxima on each component which is much easier
to pick than the onset of the S/ScS phase.

Fig. 8 shows the synthetic data for the example in Fig. 5. In this
case there is less difference between the two sets of waveforms for
each model. Here the epicentral distance is 98.5°. The S/ScS-Sdiff
waveforms for each model become similar near the point of core
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diffraction. The data still show a clear separation between compo-
nents which is not visible in the synthetics. The relative amplitudes
of the S- and SKS-waveforms are, although, quite different when
comparing the data and synthetics. This may be due to inaccuracies
in the estimated focal mechanism for this event.

The synthetic data for the event in Fig. 6 are shown in Fig. 9. In
this case ScS arrives several seconds after S. The model with the
D’ discontinuity produces an additional arrival (SdS, the reflection
from the top of the discontinuity). Note that ScS for the model with a
D” discontinuity arrives early and merges with the SKS arrival. The
synthetic data therefore suggest that it is best to pick the time of S¢S
after its initial onset at the first minimum or maximum depending on
the component. Trying to pick the first onset of the ScS-wave would
in this case give wrong results, thus illustrating the importance of
using synthetics to guide the time picking for each event.

We have tried to cross-correlate the real data with the synthetic
data in order to enhance the quality of our time picks. However,
since the cross-correlation is very sensitive to the waveforms and
we do not know the exact velocity structure in the lower mantle, the
results from the cross-correlation can be misleading. To apply this
technique, we need to know the exact velocity distribution within
D’ to be able to compute waveforms which match the real data, es-
pecially because the SdS and SDS phases have a strong influence on
the waveform. This is the reason why we can only use the synthetics
data as a guideline to where to pick the time separation.

4 RESULTS

Using the synthetic data as a guideline we measure the time separa-
tion between the S-waves on the radial and transverse component.
In over 95 per cent of the measurements, S(ScS) on the transverse
component is ahead of the arrival on the radial component. In gen-
eral, the shape of the waveforms matched those predicted for the
isotropic model with a D” discontinuity thereby suggesting the style
of anisotropy is transversely isotropic.

The time separations between the S-waves on the T and R com-
ponent as a function of epicentral distance (Fig. 10a) shows some
scatter but there is a weak trend suggesting larger separations as the
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Figure 10. Results from the shear-wave splitting analysis for bandpass filtered data (50 to 3 s). (a) time separation of the S-wave on the transverse and radial
component as function of epicentral distance. Negative measurements give cases, where the signal on the radial is leading the signal on the transverse component.
Grey circles show mean values for each cluster (corresponds to regions in which events occur) The values are 0.42 for the closest cluster, 1.11 for the middle
cluster and 1.49 for the cluster furthest away. The error in picking the separation times is £0.2 s. (b) Separation (R-T) as a function of travel distance within
D”. A 293 km thick D” layer is assumed. (c) bottoming depth given as distance above the CMB as a function of time separation (R-T). The points at the CMB
are bottoming points for the nearest cluster (Russia/China border and Sea of Japan) are at the CMB since we analyse ScS instead of S for these events.
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epicentral distance increases. Averages for each cluster of points In order to assess the magnitude of the anisotropy we normalize
which correspond to the different epicentral regions (Japan, Izu the amount of splitting by the distance travelled in the D” layer using
Bonin, Marianas) are shown. Shear-wave splitting as a function of d d
distance travelled within the D” region (bottom 300 km) (Fig. 10b) 8t = fyow — trast = T 1 ey
again suggests an increase with distance with much scatter between v aav v gav
measurements. Finally, there is no obvious correlation between split- which leads to
ting and the bottoming depth of the rays, here given as distance above 3
the CMB (Fig. 10c) indicating that the anisotropy is uniformly dis- 4= —2d + /a (ﬁ) @)
tributed throughout the D” region. vét Vit
amount of A vs distance amount of Avs kmin D" dist. above CMB vs amount of A.
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Figure 11. As for Fig. 10 but normalized with respect to the travel distance within D” which gives the amount of anisotropy instead of the separation (R-T).
The regions to which the data clusters correspond are also given.
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Figure 12. Travel paths (grey lines) within D” of the analysed S (ScS)-waves. Based on the model SWDK (Weber & Davis 1990) entry into D” is at 2605 km
depth. The size of the circles at the midpoints of the lines show the time separation measurements. Black circles are cases where the signal on the transverse
component is leading that on the radial component. Grey circles show the cases where the signal on the radial is leading that on the transverse component and
white circles show cases, where the measurements agree with the accuracy of the measurements (£0.2 s).
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Table 2. Measured splitting parameters for SKS splitting.
Numbers of events correspond to numbers in Table 1.

Station Event Baz 0] 8t

BFO 1 42 69+ 9 0.84+0.2
BFO 3 42 59+ 11 1.6 £ 0.5
BFO 5 42 72+ 12 23405
BFO 6 42 74 £22.5 0.7£1.1
BRG 3 46 —75+ 10 0.8+0.1
BRG 5 46 —74+8 0.8 +0.1
BRG 6 46 —64 +£22.5 0.74+0.2
BRNL 1 46 —63+7 0.7+0.2
BRNL 6 46 —58+2 1.9+0.1
BSEG 6 43 —524225 0.7+ 1.5
BUG 3 41 —64 +£22.5 1.0£2.5
BUG 6 41 —61 + 18 0.84+0.3
CLL 3 45 43+4 1.5+1.6
CLL 6 45 —66 + 16 0.5+0.3
CLZ 1 43 28+ 11 1.1 £0.5
CLZ 3 43 8+ 18 0.6 +0.2
CLZ 6 43 26 £22.5 1.1 £0.8
FUR 3 44 63 £22.5 1.0+ 1.0
FUR 6 44 —85+5 1.2+0.1
GRFO 1 44 —82+6 0.8 0.1
GRFO 5 44 66 +22.5 14+1.8
GRFO 6 44 -75+7 1.54+0.1
GSH 6 40 41 £22.5 1.7£1.5
MOX 3 44 75+ 12.5 1.0+£0.3
MOX 5 44 —76 £22.5 1.7+£29
MOX 6 44 —50 4225 09125
STU 6 42 —86 7.5 14+12
TNS 1 42 —67 11 1.0£0.3
TNS 5 42 —49 +£22.5 1.2+26
TNS 6 42 44+ 11 2240.5
WET 1 45 80+£5 1.5£0.1
WET 3 45 —77+225 1.5+24
WET 5 45 87 £22.5 1.5+£2.7
WET 6 45 78 +£22.5 1.2+1.2

where a is the fractional amount of anisotropy, 6¢ the time separa-
tion, d the travel distance in D”, and v the average velocity in D”.
As before, Fig. 11 shows the per cent anisotropy as a function of
epicentral distance, the amount of anisotropy as a function of dis-
tance travelled in D” and the bottoming depth as a function of the
amount of anisotropy. In all three diagrams no trend for the amount
of anisotropy is visible which implies that the anisotropy is evenly
distributed through D”.

Fig. 12 shows surface projections of the travel paths of the
S-waves within D” (for the closer events it shows the travel paths for
ScSsince S turns above D”). The circles at the midpoints of each line
show the degree of shear-wave splitting along each path. Black cir-
cles show measurements where the transverse component leads the
radial component, grey circles show the few measurements where
the radial leads the transverse, and white circles show cases where
there no discernible splitting (+0.2 s). There is no obvious spatial
clustering of circle size or colour.

Predictions of palacosubduction place the [zanagi plate at the base
of the mantle in this region (Lithgow-Bertelloni & Richards 1998).
This would explain the high velocities and perhaps implies that the
anisotropy is associated with subduction. A slab colliding with the
CMB would experience a high amount of shear deformation. This
could lead to dislocation glide in lower-mantle crystal assemblages
(Karato 1998) or lead to layering or a preferred orientation in in-
clusions (Kendall & Silver 1998). It is perhaps easier to envision
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transverse isotropy resulting from a layering mechanism, but given
our lack of knowledge of lower-mantle mineralogy and dislocation
mechanisms we cannot rule out crystal orientation as a cause.

5 COMPARISON WITH
OTHER STUDIES

As discussed in the introduction, the region of the lowermost mantle
beneath Siberia and northern Europe has been studied using many
different techniques and data. The structure in this region seems to
be very complex, showing a wide range of heterogeneity at most
scales. There is evidence of a discontinuity at the top of D”, ultra-
low-velocity zones in some areas and not others and lower mantle
scatterers. This study shows that this region is also anisotropic.

These results are summarized in Fig. 13. The underlying tomo-
graphic model is the S-wave model of Grand et al. (1997). Blue
regions show faster than average velocities, red regions are slower
than average and yellow regions are average velocities. It seems that
there are two distinct regions. In one region the velocities are fast
in tomography models and there is abundant evidence for a D” dis-
continuity (Fig. 13c). In the first paper of this series we confirmed
this D” discontinuity from an orthogonal azimuth. We also find this
region to be anisotropic. The travel paths within D”, indicated by the
red lines (Fig. 13b), are mostly confined to this fast velocity region.
Garnero et al. (1998) find no evidence for ultra-low-velocity zones
in this fast region (dark blue regions) (Fig. 13 top). Predictions of
subducted lithosphere (Lithgow-Bertelloni & Richards 1998) show
that the position of the Izanagi plate lies east of the high velocity
region (white circles in the bottom right corner in Fig. 13b). We
speculate that the slab may broaden or buckle on its way into the
lowermost mantle and may influence the more westerly region.

The second region shows average to slightly slow velocities in
P and S tomographic models. In this region Thomas et al. (1999)
found evidence for scatterers, most likely in the lowermost mantle.
The region where scatterers have been studied is indicated by the
blue to yellow area, with the scatterers shown in red in the top left
corner (Fig. 13b). Garnero et al. (1998) find evidence for ultra-low-
velocity zones in the same region (pink region, Fig. 13a). Note,
that the areas indicated for ultra-low-velocity zones are the size of
CMB Fresnel zones and show the maximum spatial resolution of
the analysed waves.

These two distinct regions in the lower mantle give rise to a few
interpretations:

(i) The anisotropy may be associated with the deformation of
slab material which has descended to the core—mantle boundary.

(ii) The reflections from the top of the D” discontinuity in this
area have been previously interpreted as a reflection from a remnant
slab (Scherbaum et al. 1997). The small-scale topography of the
discontinuity may result from buckling of this slab as it collides
with the core—mantle boundary (Christensen & Hofmann 1994).

(iii)) The observation of scatterers and ultra-low-velocity zones
in the same area may indicate that scatterers are partial melt at the
base of the mantle rather than small-scale topography of subducted
lithosphere.

It is important to consider that the observations are limited by the
source-receiver combinations that can be used to study the lower
mantle. There are, for example, very few data to extend the investi-
gation of scatterers further to the east. Tonga-Fiji events recorded in
Norway (e.g. Vidale & Hedlin 1998) yield the opportunity to study a
region slightly northeast of the area shown here. On the other hand it
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Figure 13. A presentation of results from a combination of different studies dealing with D” structure beneath northern Asia and Europe. The underlying
tomographic image is from Grand et al. (1997). Bottom: Green symbols show reflection points from the top of the D” discontinuity. Open green circles are
reflection points from North Pacific events (Kuriles) recorded in Germany (Thomas & Weber 1997). Filled green symbols are reflection points from Hindu
Kush events recorded at stations in Canada (Thomas et al. 2002). The travel paths for these two studies are almost perpendicular at the crossing points. The
thickness of the D” layer at the bounce points is also shown. Green open diamonds show reflection points from Gaherty & Lay (1992). The blue to yellow region
in the top left corner shows the region where Thomas et al. (1999) searched for scatterers in the lower mantle and the red areas within these regions show the
most likely location of scatterers (the result is for a layer 1 km above the core—mantle boundary).The white circles in the bottom right corner show the location
of slabs in the lowermost mantle as predicted by Lithgow-Bertelloni & Richards (1998). Middle: The red lines indicate travel paths of S-waves (ScS-waves) that
have been used in this study to investigate anisotropy in the lowermost mantle. Top: Blue regions show regions where Garnero et al. (1998) found no evidence
for ultra-low velocity zones, pink areas show regions where they found evidence for ULVZs. The regions indicate CMB Fresnel zones.
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is difficult to extend the region where we find anisotropy into the av-
erage/slow region west of the studied region. Also, reflection points
from the top of the D” discontinuity are limited due to the sources
and receivers currently available.

6 CONCLUSIONS

We have analysed S-waves from earthquakes beneath Russia, the
Sea of Japan, Izu Bonin and the Marianas recorded at European
stations. These events are roughly on the same great circle path but
have epicentral distances from 68 to 102°. This allows us to study
the radial distribution of anisotropy in the D” region beneath Siberia.
The region sampled by these data shows high velocities in tomo-
graphic models (e.g. Grand ef al. 1997; Karason & van der Hilst
2000). After correcting for upper-mantle anisotropy, most source—
receiver pairs show a time separation between the S-wave arrival
on the transverse and radial component. In the case of the closer
events (Russia and Sea of Japan, epicentral distance 68.5 to 80.4°)
we measure the difference in residual traveltime between the S- and
ScS-waves on both components after correcting for upper-mantle
anisotropy. 95 per cent of the data show the signal on the transverse
component leading the signal on the radial component. The splitting
values are up to 4.8 s with the average at 1.5 s. Waveform modelling
of the data using an isotropic model shows similar waveforms com-
pared to the data which suggests that the style of anisotropy is most
likely transversely isotropic. The amount of anisotropy does not vary
with the epicentral distance, the travel distance within D” or with
bottoming depth of the wave in D”. This suggests that the anisotropy
is distributed uniformly throughout the D” region. The amount of
anisotropy is found to be small, mean value ~0.5 per cent, with
values up to ~1.3 per cent.

Combining studies of lower-mantle structure reveals two dis-
tinct regions in the lowermost mantle beneath Siberia and Northern
Europe. Tomographic images show average to slightly slower than
average velocities in one region where we also find small-scale struc-
ture associated with scatterers and ultra-low-velocity zones. In the
other region which has higher than average velocities in tomographic
models we find anisotropy as well as reflections from the disconti-
nuity at the top of the D” region and an absence of ultra-low-velocity
zones.

Predictions of palaeosubduction place the Izanagi plate at the
base of the mantle in this region (Lithgow-Bertelloni & Richards
1998). This would explain the high velocities and perhaps implies
that the anisotropy is associated with the deformation of this plate
as it collides with the CMB.
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