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Evidence for an S-velocity discontinuity in the
lowermost mantle beneath the South Eastern Pacific
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Abstract. We used tangential component SH waveforms
with S, ScS, sS and sScS arrivals of Chilean earthquakes
recorded by four seismographic stations located in Antarc-
tica to study the radial velocity structure at the core-mantle
boundary (CMB) beneath the South Eastern Pacific basin.
The selected station-event pairs give information on two dis-
tinct, close, patches of D” beneath the Bellingshausen Sea.
In one of these regions an anomalous arrival — interpreted as
a reflection at the top of D” (SdS phase) — is seen between S
and ScS, together with early arrivals of ScS. This observation
is well fit by adding to global reference model SP6 a reflector
315 km above the CMB, marking a 3% S-velocity increase.
The new velocity model, usb2, fits both SdS and ScS travel
times and amplitudes. Available data do not provide clear
evidence to confirm or refute the presence of a similar velocity
discontinuity in the second patch.

Introduction

The core-mantle boundary (CMB) plays a crucial role in
many dynamical processes of the interior of the Earth, and it
is target of vigorous research activity. In the past 15 years,
seismology revealed important properties of the structure
of the lowermost mantle. A notable feature is a 2-3 % P- and
S-velocity discontinuity about 300 km above the CMB, which
has been identified in several geographical regions: Loper and
Lay [1995] summarize results on this topic from a variety of
studies which have been conducted using different seismo-
logical techniques and data — such as PcP and ScS, their
precursors, and Pgaiss or S4isy. The D” anomalous discon-
tinuity does not appear to be a global feature, but rather a
local one, as it has been identified only in selected regions and
not found in others [Weber and Davis, 1990, Loper and Lay,
1995, Schlittenhardt et al., 1985]. Global tomographic stud-
ies do not have the resolution needed for detection of this
sharp velocity increase. Broadband and short period body
waveforms are well suited for these studies, as they permit
investigation of structures from 10 to 500 km in scale [Loper
and Lay, 1995]. As a consequence, our current knowledge is
patchy. Areas of the CMB that have been already investi-
gated mainly concentrate in the Northern hemisphere, where
a better distribution of seismographic stations exists. This

at the top of D" produces an arrival between S and ScS usu-
ally labelled SdS [Weber, 1993]. We use forward modelling
to fit observed waveforms, for both direct (S, SdS, ScS) and
depth phases (sS, s8dS, sSc8). Since resulting evidence agree
for these two groups of arrivals, in the following we concen-
trate on the direct S wave train, but all considerations also
hold for the sS train, even though, as pointed out by Lay
[1986], a lower quality fit is to be expected for the surface
reflected phases, given the lower signal-to-noise ratio and su-
perimposed coda affecting these arrivals.

Data

The dataset is based on 8 Chilean earthquakes recorded
by at least one of 4 close Antarctic seismographic stations
located in the Ross Sea and Adelie Land areas. Their ray
paths bottom beneath the Bellingshausen Sea in the South
East Pacific basin (Table 1 and Figure 1). Many authors
{e.g. Weber and Davis, 1990) suggest using only earthquakes
deeper than 70 km to avoid superposition of direct and depth
phases. However, it is also possible to reliably detect lower
mantle anomalies from crustal events, even though this is less
straightforward. Scarcity of deep earthquakes, and limited
operational schedules of Antarctic seismographs installed in
such a challenging environment only few years ago, limit the
recording coverage for each event to at most 2 simultaneous
stations. Epicentral coverage is between 66° and 82°. Events
with magnitude m; < 5.5, as well as those with apparent
source complexity, were rejected because they do not allow

clear recognition of the main phases arriving immediately
after S.

Evidence for an anomalous D" layer

The effective Fresnel zone at the core-mantle boundary for
an S wave with dominant period of about 6 seconds observed
at a distance of about 80° is an ellipse with axes 3.5°x 7° [We-
ber and Davis, 1990; Weber, 1993]. This is the area that con-
tributes constructively to the formation of the reflected wave,

Table 1. CMT source parameters of events used in this work

work investigates a new region of D” in the southern hemi- N  date lat lon depth time m,  stations
sphere by observation of ScS precursors. ngh.er velocxty'.]ust . 042190 3695 7325 300 1854550 60 DRV
above the CMB causes shorter ScS-S differential travel times 2 051490 -35.84 -71.38 81.0 21:34:04.8 5.7 DRV
. : L 3 110492 -3163 -71.55 370 21:32:364 5.8 DRV
than global reference models. A sharp velocity discontinuity 1 0608903 3159 6922 1130 2317414 64 DRV
5 103093 -31.75 -68.21 109.0 17:59:02.8 5.9 DRV
6 081994 -26.65 -63.38 5650 10:02:51.8 6.4 SBA
) . . . 7 091294 -31.13 .71.64 530 06:20:56.3 58 DRV, SBA

Copyright 1997 by the American Geophysical Union. 8 101194 -32.11 -7144 51.0 01:37:208 5.6 DRV
9 021495 -2329 -67.70 1560 15:53:569 5.7 TNV
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Figure 1. Geographical distribution of events (x) and stations (A) used. Great circle paths are also plotted. The diamonds
(©) represent reflection points at the CMB and the ellipse is the effective Fresnel zone (770km x 385km wide). The projection

is Mollweide.

and represents the resolution achievable by SdS waves. Fig-
ure 1 shows that our dataset can give information essentially
on two, close, but separate patches at the CMB, identified as
A and B, which we must study separately. An important dif-
ference between the two datasets lies in the different range of
epicentral distance. The majority of events bottoming in re-
gion A have epicentral distance between 78° and 80°. In this
range, SdS amplitudes increase with increasing distance, as
the incidence angle becomes wider. SdS is most recognizable
close to 80°, just before the S and ScS overlap. The dataset
for region B consists of events with epicentral distance be-
tween 66° and 77°. The seismograms have been integrated
to yield displacement-proportional signal, and high-pass fil-
tered at 0.01 Hz (0.02 Hz for event 4 in Table 1). We only
analyze the transverse component to avoid P-SV contamina-
tion.

Reference model and role of crustal
reflections

Our reference model is SP6 [Morelli and Dziewonski,
1993]. We use centroid moment tensors [Dziewonski and
Woodhouse, 1981] but adjusted focal depth to fit sS-S dif-
ferential travel times. Synthetic seismograms computed with
the Gaussian beam method [Cerveny and Pzencik, 1983;
Davis and Henson, 1993] show a good general agreement for
absolute S travel times and phase amplitude ratios. Other
global models, such as IASP91 [Kennett, 1991] and PREM
[Dziewonski and Anderson, 1981], do not show significant dif-
ferences in this range of distances.

Schlittenhardt et al. [1985] pointed out that the energy
arriving between S and ScS onsets may be due to crustal ef-
fects such as top-side Moho reflections at the source (SmSS),
or at the receiver (SSmS). Even though phase SSmS is al-
ways present, only crustal sources can originate SmSS. For
a spherically symmetric Earth model, these two phases have
the same travel time and polarity, and constructively inter-
fere. In the distance range 65° — 85° this results in a phase
with amplitude similar to ScS, travel time between S and
ScS, but opposite polarity, which complicates recognition of
phases originating in the vicinity of the CMB. As we use
single stations, we must model crustal reflections — charac-

terized by a different slowness than SdS. We achieved the best
fit to SSmS and SmSS travel times by assuming a shallower
(27 km) Moho than SP6 in the receiver region. Therefore,
from now on our reference model will be a 2D adaptation of
SP6 with a thinner crust under the receiver (SP6'). However,
we must point out that modelling the crust is not the main
target of this work, and with these data alone the problem is
under-constrained: crustal thickness and mean crustal veloc-
ity trade off. Therefore, the choice of thickness and velocity
profile of the crust is only meant to account for the basic ef-
fects of the crustal structure. The crustal structure does not
strongly influence the ScS-S differential travel time, which is
shorter relative to SP6 in all of the seismograms, as shown
in Figure 2 and Figure 3. Direct and depth phases (sS), for
instance in event 5 of Figure 2, are well separated and both
ScS and sScS arrive too early. This means that velocity in
the lowermost mantle has to be higher than in SP6. Also
a travel time analysis of our deeper events shows that both
SSmS and ScS arrive too early after S when compared to
synthetic seismograms. This observation cannot be fit by a
crustal anomaly, as a thinner crust would accelerate SSmS,
whereas ScS-S can only be modified by changing the model
where the two ray paths differ, in the lowermost mantle.

Evidence for an anomalous D" layer

Figures 2 and 3 show all the observations for regions A and
B, along with synthetics computed for model SP6, and for a
new model, usb2, which is the result of forward modelling
that we will presently discuss. ScS is always earlier than in
SP6, requiring a change in the velocity profile in the lower-
most mantle. Also, anomalous energy between S and Sc§ is
present in data for region A. Some of these seismograms have
background noise showing amplitude similar to this phase,
but its frequency is apparently different and its occurrence
is quite stable on seismograms recorded at similar distances
(3-DRV, 8-DRYV, and 4-DRYV, 5-DRV, 7-DRV). This phase is
unlikely to be a crustal reverberation since the shoulder ar-
rival which is seen in the range 78° — 80° degree is clearly
not at the same time for the data at 73° — 75°. Moreover,
even though the different overall shape of data and synthetics
for event 3-DRV is likely tc be an effect of source duration
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(the S pulse has evidently longer duration with respect to
other data), the comparison of the waveform recorded for
event 7 at station DRV (Figure 2) with the much simpler
one recorded at SBA (Figure 3) clarify that the anomalous
arrival cannot be associated to unmodeled source complexity
as well. As suggested by Lay and Helmberger [1983] and Lay
[1986], this feature can be reproduced by adding a sharp ve-
locity increase in the lowermost mantle to produce the phase
commonly known as SdS. The depth of the reflector and its
velocity discontinuity can be constrained by the travel time
and the amplitude ratio of SdS/S. Figure 4 shows model usb2,
the result of forward modelling of seismograms of group A.
usb2 differs from SP6’ by the addition of a discontinuity at
2576 km depth (315 km above the CMB) with a 3% velocity
contrast. Seismograms sampling the CMB in region B have
a lower signal-to-noise ratio, and even though they show ScS
energy arriving earlier than in SP6’, they do not show clear
D" reflections, neither SdS nor sSdS. This may be due to the
smaller relative amplitude of these phases in this distance
range. In some instances, superposition of different phases
results in very complex seismograms where the main arrivals
are not even clearly recognizable. In this region we can only
infer the presence of a faster layer at the bottom of the man-
tle that causes the observed earlier ScS arrival times, but
no clear conclusion can be drawn on the presence of a sharp
discontinuity.

The slowness of a seismic phase can be ascertained by
considering a profile of records as a function of distance from
a given event. This technique requires the same event to
be recorded by stations with different epicentral distances.
Alternatively, different events recorded by the same seismo-
graphic station may be used, provided they all share the same
focal depth. However, this condition may be approximated
by slightly shifting the epicentral distance. For each event
we use an equivalent epicentral distance, such as to make the
observed ScS-S time coincide with the theoretical one, calcu-
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Figure 2. Transverse component (proportional to displace-
ment) of events relative to region A. The traces shown are
(from top) the record displacement, two synthetic seismo-
grams computed by using usb2 and SP6 as velocity model.
Maximum peaks of arrivals are marked by arrows on the
seismograms computed for our model. Upward arrows indi-
cate direct phases (SdS, Sc8S), downward arrows mark depth
phases (sSdS, sScS). Solid arrow tips point to D" reflections,
open tips denote CMB reflections. The events are identified
by the number listed in table 1, the epicentral distance, in
degrees, and the source depth, and recording station.

10-VNDA  74.70 33 km

— U\A/: X *‘ W /\/*v—’*‘
—— AN

Figure 3. Events relative to region B, see figure 2 for
symbols explanation.

lated for a reference source depth (100 km) and the proposed
model. The result for seismograms traversing region A is
plotted in Figure 5. It can be noted that all inferred SdS
arrivals are very close to their theoretical travel time branch.
Their slowness confirms that this is the product of a deep
reflection. We are also led to discard the possibility that the
anomalous arrival is due to SKS energy (or SKKS) leaking
to SH motion because of mantle anisotropy. Besides arriving
closer to ScS than SdS does, SKS in fact has an appreciably
smaller slowness than ScS and SdS.

Recent availability of seismograms recorded by stations in-
stalled in Antarctica allows use of shear wave ScS precursors
to investigate the radial velocity structure in a region beneath
the South East Pacific basin. Seismograms from earthquakes
beneath the Chilean Cordillera, recorded by Ross Sea and
Adelie Land stations, show SdS and sSdS arrivals originat-
ing along paths bottoming in our region A. Our preferred
interpretation — that best models the anomalous ScS travel
time, the ScS/S amplitude ratio and the SdS phase — in-
volves the presence of a reflector located about 315 km above
the core-mantle boundary, marking a 3% S velocity increase.
Since SP6 and PREM at these depths display major differ-
ences only in D", a very similar model would have resulted if
we adopted the latter as reference, as revealed by synthetic
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Figure 4. S-velocity profile of model usb2 in the lowermost
mantle, compared to SP6 and PREM.
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Figure 5. Profile section of the transverse component for
data relative to region A, in the range of distance 72° — 82°.
Left: data plotted at the equivalent epicentral distance (see
text); right: synthetic seismograms computed for a source
depth of 100 km, by using SP6 and including S, ScS and
SSmS. Reduced travel time curves are relative to S, SdS and
ScS for model usb2.

tests. Consistency of results obtained in modelling sScS and,
for a couple of events, sSdS, is a confirmation of our interpre-
tation. Instead, no evidence could confirm or disprove this
hypothesis for rays bottoming in CMB region B, although
this region appears to also have faster S velocity at the bot-
tom of the mantle. Recently, Kuo and Wu [1997] presented
a global model of D" lateral heterogeneity, obtained by in-
verting Sai;s-SKS residuals. They show evidence for a 0.1
Km/s faster D" with respect to PREM in this region. This
is sensibly higher than in our model. It should be noticed
that their results are averaged on a lateral extension of 40°
at least in a 150 Km thick D”. However, with our approach
the velocity profile below the D” reflector cannot be uniquely
determined, as data only give information about the average
velocity in the layer (the profile we impose is the simplest
inference we can make), but the velocity at the bottom is
constrained by the amplitude of ScS phase. We did not in-
clude heterogeneity in the lower mantle, such as Kuo and Wu
[1997] did. However, an S travel time anomaly of 2 s — as
consequent to the model by Su et al. [1994] — would only
yield a 40 km deeper discontinuity, a difference which could
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be considered as the error for our depth determination; while
upper mantle heterogeneity would equally influence S, SdS,
and ScS not affecting our results. From our analysis no in-
ference is possible about the lateral extension and the shape
of this lower mantle anomaly. More detailed studies will be-
come possible as more data recorded in Antarctica will be
available in the near future.
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