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Evidence for shear velocity anisotropy in the lowermost

mantle beneath the Indian Ocean
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Abstract. Teleseismic recordings (A > 87°) of a deep
earthquake beneath the Banda Sea at stations in Tan-
zania show a difference in the arrival time of the radial
(S8V) and transverse component (SSH) S wave rang-
ing from 1-3 s. Shear velocity anisotropy in the low-
ermost mantle beneath the Indian Ocean is the likely
cause of this signal because recordings at the same sta-
tions of closer-in events (A < 80°) in the same source
region do not present a comparable differential travel
time. For the Banda Sea event, the SSH signals are
broader than S8V signals, suggesting that a discontinu-
ity (or strong vertical gradient) in primarily Vs marks
the sudden onset of transverse isotropy in D” (with a
magnitude of 1.4-2.7%) about 350 km above the core-
mantle boundary. SKKS coda, S-to—p converted phases
at the Moho, and upper mantle heterogeneity beneath
the stations obscure the onset of SV and complicate
wave shapes. It is therefore difficult to evaluate whether
general anisotropy needs to be invoked into a model of
shear velocity anisotropy.

1. Introduction

Structure characterised by shear velocity anisotropy
in the lowermost several hundred kilometers of the man-
tle (D”) provides constraints on convective flow patterns
in the deep mantle [e.g., Kendall and Silver, 1998; Lay
et al., 1998a). Shear velocity anisotropy in D” is typi-
cally examined using models of transverse isotropy and
quantified by the difference between the travel times of
radial (SSV) and transverse (SS") components S or ScS
waves, denoted as Tgsv_gsn.

While the global compilation of Dziewonski et al.
[1996] shows a symmetric distribution of Tgsv_gsu about
zero, regional investigations present a systematic geo-
graphic pattern. Positive values of Tgsv_gsu (up to 5 s)
are obtained for sampling regions of D” beneath Alaska
[Lay and Young, 1991; Matzel et al., 1996; Garnero and
Lay, 1997], the Caribbean [Kendall and Silver, 1996],
and the northeastern Pacific [e.g., Vinnik et al., 1995;
Ritsema et al., 1998]. In these regions, the shear veloc-
ity is relatively high and strong vertical shear velocity
gradients have been proposed [e.g., Lay et al., 1998b).
Smaller values of Tgsv_gsu, ranging from -2 to +2 s, are
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observed for the D” region beneath the central Pacific
[Pulliam and Sen, 1998; Ritsema et al., 1998; Russel et
al., 1998] where, on average, the shear velocity is low.

Here, I present recordings of the August 30, 1994
Banda Sea earthquake at seismic stations in Tanzania
which provide evidence for the presence of shear velocity
anisotropy in D” beneath the Indian Ocean. These data
corroborate previous suggestions that anisotropic struc-
ture in relatively high shear velocity D” regions yields
positive values of Tgsv_gsu and that a strong vertical
shear velocity gradient marks its upper boundary [e.g.,
Lay and Young, 1991; Matzel et al., 1996].

2. Indonesia earthquake recordings

Recordings of deep-focus earthquakes allow for pre-
cise measurements of Tgsv_gsu. S waveforms from
deep earthquakes are not complicated by the interfer-
ence with surface reflections or affected by upper mantle
anisotropy in the earthquake source region.

The 1994-1995 broadband deployment in Tanzania
[Nyblade et al., 1996] recorded three deep Indonesian
earthquakes with body wave magnitudes larger than
5.7 (Table 1). These events are at identical easterly az-
imuth from the Tanzania Network and generated seis-
mic shear waves that propagate to stations in Tanza-
nia through the same mantle corridor (Figure 1). S
waves generated by events A and B (A=71-80°) turn
at least 700 km above the CMB. S waves generated
by event C (A > 87°), on the other hand, propagate
through the uppermost regions of D” (= 150-350 km
above the CMB) where shear velocities are, on average,
1.5% higher than in the Preliminary Reference Earth
Model (PREM) [Dziewonski and Anderson, 1981].

Figure 2 compares the highest quality S wave record-
ings for events A and C. The SH and S5V signals of
event A have similar onset times and wave shapes. The
S waveform complexity, similar for SSH and S5V, may be
caused by the strong lateral variation of seismic shear

Table 1. Event parameters.

Event Lat.(°S) Lon.(°E) Depth (km)
A Sep 28, 1994 5.8 110.3 643
B Nov 15, 1994 5.6 110.2 559
C Aug 30, 1994 7.0 124.2 618
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Figure 1. (top) Geographic map (mercator projection)
centered on the Indian Ocean showing the epicenters
(stars) and focal mechanisms of events A, B, and C (Ta-
ble 1), and locations (triangles) of outermost stations of
the Tanzania Network. The solid lines connect the epi-
centers to the center of the network, while the dashed
lines are lines of equal distance (60°, 70°, and 80°) to the
center of the network.- (bottom) Vertical cross sections
through model S20RTS [Van Heijst et al., 1999] along
the great circle path through the earthquake epicenters
and the Tanzania Network. Shear velocity in regions
with dark (light) grey shades are relatively high (low).
The solid lines are geometrical ray paths of S computed
for the PREM model. The dashed lines are horizons in
the mantle at 300 km depth below the Earth’s surface
and 300 km above the CMB.

velocity in the crust and upper mantle beneath the East
African Rift and Tanzania Craton [Ritsema et al., 1998;
Ritsema and Van Heijst, 2000].

The pronounced differences between SSH and SSV
waveshapes for event C indicate that S wave propaga-
tion is strongly affected by structure in the lowermost
mantle. At stations URAM, PUGE and MITU, SSH s
broader than S5V and SKS and the SSH pulse at sta-
tion MTOR exhibits two distinct peaks. The presence
of SKS signal on the transverse component recordings
of event C at URAM, PUGE, and MTOR suggest that
upper mantle anisotropy may, to some extend, be the
cause of S waveform complexity. Models of upper man-
tle anisotropy described by the fast S wave polarisa-
tion angle (®¢) and the differential travel time between
the fast and slow S wave (At) [e.g., Silver, 1996] can
account for the SKS splitting at URAM and PUGE
(but not MTOR). However, corrections for upper man-
tle anisotropy using such models do not remove the SSE
waveform complexity despite the fact the incidence an-
gles of S and SKS differ by less than 10°. Low values (<
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0.5 s) of At were also obtained by Hill et al. [1996] using
SKS data for a worldwide distribution of earthquakes.

Ruling out upper mantle structure, the SSH waveform
complexity suggests that SH is interacting with a lower
mantle shear velocity discontinuity or strong vertical
gradient [Young and Lay, 1987] while SSV is not. Lay
and Young [1991], Matzel et al. [1996], and Garnero
and Lay [1997] showed similar waveform characteristics
for S waves propagating through the lowermost mantle
beneath Alaska.

3. Modeling of Tgsv_gsu times

Figure 3 shows Tgsv_gsa measurements obtained by
estimating time shifts necessary to match the upswing
of the SSH and S8V wave signals. Tgsv_gsu values scat-
ter about zero between 71° and 80° (data from events
A and B) while Tgsv_gsu is larger than +2 s at epi-
central distances greater than 87° (data from event
C). Tssv_gsu predictions for three sets of shear veloc-
ity models are also shown. These predictions are de-
termined in a similar manner as the data using SSV
and SSH waveform synthetics computed separately for
different isotropic 1-D Vgy and Vgy profiles (Figure
4). These velocity profiles are simple deviations from
model SYL1 [Young and Lay, 1987). Vgg in model
class I increases discontinuously at a depth of 2610 km
(280 km above the CMB). Following Garnero and Lay
[1997], shear velocity anisotropy is incorporated by in-
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Figure 2. Shear wave recordings of events A and C at
five stations of the Tanzania Network. The recordings
are aligned on the S arrival time (PREM) and have a
duration of 90 s. The thick and thin lines are the radial
and transverse component recordings, respectively. Sta-
tion codes and corresponding epicentral distances (A)
and the phase names of several high-amplitude signals
are plotted above the recordings. Recordings of event C
at URAM and PUGE indicated by (%) have been cor-
rected for upper mantle anisotropy using the formalism
of Silver [1996].
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Figure 3. Measurements of Tgsv_gsu for events A and B (open circles) and event C (solid circles) as a function
of epicentral distance. Predictions of Tgsv_gsu are computed for three classes of models, each incorporating four
shear velocity profiles. In models of class I (solid lines), Vsy increases discontinuously by 2.8% at 2610 km depth.
Vsv jumps at 2610 km are 0%, 0.7%, 1,4%, and 2.1%. In models of class II (dashed lines) and III (dotted lines),
Vsu and Vgy discontinuously increase at 2540 km and 2491 km depth, respectively. The velocity profiles of these
models are shown in the plot inserted in the middle of this Figure. Thick solid lines represent the Vgy profiles of
models I, I, and III. while thin solid, dashed, and dotted lines represent Vgy profiles of model groups I II, and
II1, respectively. Tick marks on the right indicate S wave turning depths (using PREM).

voking smaller (0, 0.7%, 1.4% and 2.1%) discontinuous
jumps of Vgy. Below this depth, Vg and Vgy decrease
monotonously with depth. In models of classes II and
III, Vsg and Vgy discontinuities are at depths of 2540
km (350 km above the CMB) and 2491 km (400 km
above the CMB), respectively.

Tgsv_gsu computed for these models increases sys-
tematically with epicentral distance as S waves propa-
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Figure 4. Transverse (thick lines) and radial (thin

lines) seismograms computed separately for different
Vsu and Vgy shear velocity profiles. In these mod-
els, Vsy and Vgy increase discontinuously by 1.4% and
2.8%, respectively, at 300 km (left), 350 km (middle),
and 400 km (right) above the CMB.
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gates an increasingly larger distance through anisotropic
structure in the lowermost mantle. The increase is
strongest for models with the smallest Vgy increase
at the lower mantle discontinuity (i.e., stronger shear
velocity anisotropy). The minimum distance at which
Tgsv_gsu is larger than zero value decreases when the
onset of shear velocity anisotropy is placed shallower in
the mantle.

Model class I predictions underestimate the observed
values of Tgsv_gsu for either magnitude of the Vgyv
jump. This indicates that shear velocity anisotropy
must be present at depths shallower than 2610 km in
order to match the large values of Tgsv_gsu at 88°.
Model classes II and III, which invoke Vgy and Vgy
jumps 50 to 100 km higher in the mantle, provide a
better match to the data. In order to reproduce the in-
crease of Tgsv_gsu with epicentral distance, the jump
in Vgy is constrained to be about two to three times
smaller than the Vgyg jump. A smaller jump in Vgyv
results in an increase of Tgsv_gsu faster than observed.
The significant scatter in Tgsv_gsn and the short epi-
central distance range spanned by the data preclude
placing more stringent constraints.

4. Discussion and Conclusions

Various mechanisms underlying the cause of shear ve-
locity anisotropy in D” have been proposed. Kendall
and Silver [1998], Lay et al. [1998a}, and Karato [1998]
provide extensive reviews of these mechanisms. Shear
velocity anisotropy can be produced by horizontally
laminated structures such as melted former-oceanic crust
[Kendall and Silver, 1996), core-mantle boundary reac-
tion products [Pulliam and Sen, 1998], and partial melt
associated with the ultra—low velocity zone in the low-
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ermost mantle [Lay et al., 1998b]. Alternatively, lat-
tice preferred orientation of, predominantly, (Mg,Fe)O
may be involved [e.g., Karato, 1998]. Each mechanism
suggest the influence of horizontal shear of lowermost
mantle material associated with descending slabs and
is possibly enhanced by a transition to a dislocation
creep deformation in D”, as a result of the relatively
high temperatures in D” [e.g., Lay et al., 1998a.

Seismic shear velocity anisotropy beneath the Indian
Ocean is characterised by positive values of Tgsv_gsn,
consistent with transverse isotropy with a vertical sym-
metry axis. Values of Tgsv_gsu of 2 s at distances
as short as 88° indicate that anisotropic structure is
present at least 350 km above the core-~mantle bound-
ary. Because of the significant scatter, the magnitude,
7 =1 — Vg /Vin, is uncertain but 1.4% and 2.7% rep-
resent lower and upper bounds. The variation of shear
velocity anisotropy is also poorly constrained because
of the limited epicentral distance span provided by the
Tanzania network.

SKKS coda, S-to—p converted phases at the Moho,
and upper mantle heterogeneity beneath the stations
obscure the onset of S5V and complicate wave shapes.

Hence, it is difficult to infer whether azimuthal anisotropy

needs to be invoked in the model.
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