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Abstract

A multi-phase analysis using long-period World Wide Standardized Seismograph Network and Canadian
Network data has been conducted using core-phases for deep focus events from the southwest Pacific. These include
SKS, S2KS, SV, and SP;KS. The last phase emerges from SKS near 106° and is associated with a P-wave
diffracting along the bottom of the mantle. Patterns in S2KS — SKS differential travel times (T,q_ sks) correlate
with those in SPyKS — SKS (Tp xs_sks)- Tsks—sks values strongly depend on variations in Vs structure in the
lower third of the mantle, whereas Tsp,xs—sks values mainly depend on V} structure and variations in a thin zone
(100 km or less) at the very base of the mantle. Anomalously large Tsoks-—sks and Tgp xs_sks Values (relative to the
Preliminary Reference Earth Model (PREM)) are.present for Fiji-Tonga and Kermadec events (recorded in North
and South America), along with anomalously large SV amplitudes well into the core’s shadow. More northerly
paths beneath the Pacific to North America for Indonesian and Solomon events display both PREM-like and
anomalous times. A model compatible with the observations is presented, and contains a thin very-low-velocity layer
at the base of the mantle that underlies the large volumetric lower-mantle low-velocity regions in the southwest
Pacific. A low-velocity layer of 20-100 km thickness with reductions of up to 5-10% (relative to PREM) can
reproduce Tgp xs_sks as well as SVy; amplitudes. Large-scale (more than 1000 km) lower-mantle Vg heterogeneity
(2-4%) can explain long-wavelength trends in Tgys_sks. The exact thickness and velocity reduction in the basal
layer is uncertain, owing to difficulties in resolving whether anomalous structure occurs on the source- and /or
receiver-side of wavepaths (at the CMB).

1. Introduction ~ arise from regional variations in the chemical

and/or thermal structure. Resolving patterns of

Ve and Vg heterogeneity in the Earth’s lower

mantle, as well as any possible anomalous layer-

ing, may ultimately provide information on the

nature and evolution of the core—mantle bound-
* Corresponding author. ary (CMB) system.

Departures from globally averaged 1-D refer-
ence mantle models in seismic P-wave (V) and
S-wave (V) velocities (i.e. heterogeneity) can
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Of particular interest is structure above the
CMB, from scale-lengths involving the bottom
third of the lower mantle down to 10 km right at
the CMB. Long-wavelength lower-mantle velocity
heterogeneity (greater than 3000 km) has been
used to infer the large-scale patterns of convec-
tive motions (e.g. see Forte et al., 1993) as well as
viscosity structure (e.g. see King and Masters,
1992). On smaller scales of 150-300 km, both
intermittent and global layering have been pro-
posed at the base of the mantle (e.g. see Nataf
and Houard, 1993; Kendall and Shearer, 1994;
Kriiger et al., 1995). At even smaller wavelengths
(10-50 km), heterogeneity as well as CMB rough-
ness have been proposed (e.g. see Bataille et al.,
1990). Understanding and interrelating these
phenomena is a present challenge in the deep
Earth geosciences. More detailed information on
the P- and S-wave structure of this region can
ultimately help to resolve some of these issues.

When pursuing anomalous patterns in lower-
mantle V', and Vg heterogeneity, an ideal ap-
proach is to study different seismic phases on a
single seismogram that separately depend on the
Vp and V structures. Furthermore, employing a
differential time analysis can minimize travel time
and waveform perturbations owing to unknowns
from errors in hypocentral information, as well as
receiver structure. In this paper, we present such
a method, which utilizes different seismic phases
on a given seismogram that depend on both V5
and V5. v

The core phases SKS and SKKS (or S2KS)
travel through the mantle as S waves, and convert
to P waves in the core (where S2KS reflects once
off the underside of the CMB), then convert back
to S waves for the final mantle .leg of the path.
These waves depend on the structure of the outer
core, as well as V. in the lower mantle. In both
forward and inverse modeling, differential times
between SKS and S2KS (Tq,xs_sks), as well as
higher multiples S3KS ‘and S4KS, have been used
for determination of core structure, (e.g. see Hales
and Roberts,: 1971; Dziewonski- and Anderson,
1981; Schweitzer, 1990; Lay-and Young, 1990;
Souriau and Poupinet, 1991; Tanaka and Ham-
aguchi, 1993; Garnero. et al., 1993c). However,
systematic variations in differential amplitudes

and/ or travel times of the SmKS (SKS, S2KS,...)
family are very sensitive to anomalous lower-
mantle structure (Schweitzer, 1990; Silver and
Bina, 1993; Garnero and Helmberger, 1995). In
fact, Tgxs_gks Vvalues are now being utilized in
tomographic inversions for increased resolution
of lower-mantle shear-wave heterogeneity (e.g.
Liu and Dziewonski, 1994; S. Grand, personal
communication, 1994). Typical epicentral dis-
tances that produce strong measurable ampli-
tudes and times for both SKS and S2KS are
100-130°. In this distance range, adjacent SKS
and S2KS CMB crossing locations are separated
by roughly 700 km (see Garnero et al., 1993c).
Thus, heterogeneity at scale-lengths smaller than
700 km can preferentially affect either SKS or
S2KS times and amplitudes. Also, the mantle
paths of SKS and S2KS are sufficiently separated
to result in differing Ty, ks predictions for
different 1-D structures, i.e. if the lowermost
mantle is strongly different between two models,
such as strongly different vertical gradients in the
D” region, then contrasting Tgs_sks predic-
tions may result. These issues will be discussed in
detail in this paper, as SKS and S2KS are used in
our analysis to gain information on the shear-wave
structure at the base of the mantle.

The SP,KS arrival, a seismic phase owing to
SKS encountering the CMB with a slowness that
allows for coupling with diffracted P waves (Kind
and Miiller, 1975; Choy, 1977; Choy et al., 1980;
Garnero et al., 1993a; Helmberger et al., 1995),
contains small arcs of P-wave diffraction (Pyy)
near the SKS CMB crossing locations on both the
source- and receiver-sides of the path. Fig. 1
displays the paths of SP;KS {(dashed:raypaths)
along with SKS and S2KS (continuous raypaths)

.core . SKS

Fig. 1. Earth cross-section displaying raypaths of SKS and
SKKS (continuous lines), and SP;KS (dashed lines) for an
event at 500 km depth at 118°. ‘

mantle
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Table 1

Event and station information of data used in this study

Event Date Origin time Latitude Longitude Depth Event

no. (month,day,year) (h,min,s) (deg) (deg) (km) region

1 080564 110601 —32.22 —179.80 210 Kermadec Is.
2 081364 003115 —5.48 154.25 392 Solomon Is.
3 032467 090020 -6.01 112.33 606 Indonesia

4 012469 023303 —21.87 —-179.54 587 Fiji-Tonga

for an event of 500 km depth at 118° epicentral end-member paths in the ray group are displayed:

distance. The SP;KS phase is actually composed one raypath has the Py segment entirely on the
of an infinite set of raypaths. In Fig. 1, two source-side of the path, the other raypath has the
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Fig. 2. (a) Great-circle raypaths projected to the Earth’s surface between events (=) and stations (4 ). Only paths for records with
clearly measurable SKS, SP,KS and SKKS are shown. (b) CMB crossing locations of SKS (®) and S2KS (+), and P-diffraction
segments in SPyKS. Also displayed are 8V perturbations of magnitude greater than or equal to |+ 0.75|% as given by model
SH12_WM13 (Su et al., 1994),
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P, arc solely on the receiver-side. As the Py
leg continuously ‘leaks’ energy into the core, there
exists an infinite number. of paths having various
lengths of small arcs of P, at both the core
entrance and exit locations of SP,KS. Because of
the proximity of the SKS and SP,KS paths, differ-

ential times between SKS and SP4KS (T'sp s —sks)

depend most strongly on ¥, at the base of the
mantle where the P diffraction occurs in SP;KS
(see Garnero et al., 1993a). Conversely, large-am-
plitude V§ heterogeneity at the base of the man-
tle is not expected to perturb strongly Tsp ks sks
times as the lower-mantle paths of SKS and
SP,KS are very close, especially at distances near
the inception of the SP;KS phase at 105-108° (a
model-dependent distance). For example, for the
1-D Preliminary Reference Earth Model (PREM;
Dziewonski and Anderson, 1981), CMB crossing
locations of SKS and SP,KS raypaths are sepa-
rated by around 40 km at 110°, and 180 km at
120°. These separations are small, especially when
long-period seismograms are used for study. We
therefore use Tgp xs-sks Values to investigate Vp
structure at the very base of the mantle.

A sufficient distance range exists to measure
both Tgys_sks and Tsp xs_sks On the same seis-
mogram. From about 108° to 130° in epicentral
distance, SKS, S2KS and SP,KS are all well
recorded on longitudinal components of motion
(SV), along with the rapid decay of diffracted SV

waves (SVy,). In what follows, we will describe a.

sample of well-recorded events from the .south-
west Pacific that display systematic correlations in
anomalous Tgis_sks and Tgpxs—sks values.
These times are then used to infer a trend of
correlation of P- and S-wave structure at the base
of the mantle for the regions sampled. Specifi-
cally, a scenario relating an intense Vp and Vg
low-velocity zone (LVZ) at the base of D” (as in
Garnero et al. (1993a)) to large-scale overlying
features of slower-than-average Vg (and possibly
Vp) is discussed. The lower mantle beneath the
western and southwestern Pacific is pursued be-
cause it is a region depicted by both forward and
inverse studies as having very anomalous slower
than average structure beneath the central-
southwest Pacific, and faster than average cir-
cum-Pacific velocities.

2. SKS, S2KS, and SP,KS data set

Data from four mid- and deep-focus events of
the southwest Pacific recorded at World Wide
Standardized Seismographic Network (WWSSN)
and Canadian Network stations have been uti-
lized. Table 1 lists the hypocentral information of
these events. The older archive data has been
utilized owing to the at present unsurpassed sta-
tion coverage across North America for the nec-
essary large distance ranges. Long-period (10-20
s) SV components of the data have been obtained
through optically scanning and digitizing the orig-
inal paper records, then rotating them into the
SV and SH components of motion.

Great circle wave paths projected to the Earth’s
surface are displayed in Fig. 2(a), along with the
events (stars) and stations (triangles). These four
events have wave paths that sample very different
portions of the lower mantle beneath the Pacific.
Fig. 2(b) displays the CMB crossing locations of
SKS (filled circles) and S2KS (crosses), the arcs of
P diffraction in the SP;KS phase (thick continu-
ous line segments), as well as contours of the
stronger Vg heterogeneity in D” as reported by
Su et al. (1994) (Model SH12 _WM13). Only het-
erogeneity having magnitude Vg > |+0.75|%
(with respect to PREM) is shown in the figure.
This model has proven satisfactory in matching
anomalous trends in S—SKS travel times (Garnero
and Helmberger, 1993), as well as anomalous
difference times in higher multiple SKS (SmKS)
times (Garnero and Helmberger, 1995) for south-
west Pacific events. In both of those studies
SH12 _WM13 predictions performed well in re-
producing long-wavelength trends in the data,
though patterns in travel times owing to smaller-
scale features (of the order of 100 km or more)
were not reproduced. Such differences are ex-
pected given the wavelength resolution of
SH12_WM13 in the lower mantle, of order
O(1000 + km).

Throughout this paper we use SH12_WM13
as a representative aspherical structure. This
choice is somewhat arbitrary, though our purpose
is not to test the model as much as it is to
qualitatively compare our measurements to gen-
eral long-wavelength predictions. We will
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demonstrate the correlation of patterns of large
scale heterogeneity in SH12_WM13 with system-
atic trends in the observed Tgyg oxs and
Tsp,ks-sks times.

3. Observed and synthetic waveforms

We have computed synthetic seismograms for
comparison with the observations by the reflectiv-

Indonesia 032467 h=606

ity method (e.g. see Kind and Miiller, 1975). The
synthetics have been convolved with a source-time
function trapezoid and the appropriate lgng-
period instrument. The trapezoid dimensions
were chosen to produce the best . fit between
synthetics and data for the SKS waveforms (be-
yond distances displaying SP,KS interference with
the first pulse of SKS). This source—time function
is then used for all records of the event being
modeled. Fig. 3 shows long-period WWSSN

DELTA (deg)

SKS SPdKS
]

T
Data

50

Relative Time (sec)
Fig. 3. 8V components of cbservations {(continuous traces) and reflectivity PREM predictions (dashed traces) for the Indonesian

event,
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observations from the Indonesian event (continu-
ous traces) along with PREM long-period
WWSSN reflectivity predictions {dashed traces).
Synthetics and observations have been normal-
ized in time and amplitude to the SKS arrival.
The onsets SKS, S2KS, and S3KS, and the peak
of SP;KS are indicated by long dashed lines, The
reflectivity method includes the /2 phase shift
of S2KS with respect to SKS (e.g. see Choy and
Richards, 1975). The PREM predictions well
match the observations for SKS, SP,KS and S2KS

E.J. Garnero, D.V. Helinberger / Physics of the Earth and Planetary Interiors 91 (1995) 161-176

with a few notable exceptions. Stations YKC
(Yellowknife, Northwest Territory), BLC (Baker
Lake, Northwest Territory) and PNT (Pentitcon,
British Columbia) all possess larger Tors_sks
values than PREM. These records also display
SP,KS waveform distortions (YKC) and large
Tsp,xs—sks separations (BLC and PNT). On aver-
age, however, PREM predictions provide a good
match to the Indonesian data, which is what
might be expected from the absence of strong
lower-mantle heterogeneity as predicted by

Fiji-Tonga 012469 h=587
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125

115 -—O'n Sl
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Fig. 4. SV components of observations {continuous traces) and reflectivity PREM predictions {dashed traces) for the Fiji-Tonga

event,
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SH12_WM13 for these paths (Fig. 2(b}). The
behavior of large Tgp xs sks values accompany-
ing large Togg_sks values, and ‘normal’ o
PREM-predicted Tgp xs_sks values accompany-
ing PREM-predicted Tgyes_ggs values is a point
we will repeatedly exploit in this paper.

Data and synthetics for the Fiji-Tonga event
are displayed in Fig. 4. In strong contrast to the
Indonesian data of Fig. 3, the Fiji-Tonga data
display very anomalous Tgke_sks values, as well
as anomalously delayed SP,KS arrivals relative to
SKS. This event displays Tgyq_gxs anomalies
greater than 5 s, which is in agreement with those
reported by Schweitzer and Miller (1986) and
Schweitzer (1990) for the same path geometry.
Tsp,ks—sks values are separated by several sec-
onds more than PREM (as presented by Garnero
et al. (1993a)). Observed Tgp go_sxs values are
larger than PREM predictions, which corre-
sponds to a smaller distance where SP,KS pulses
are first observable. For example, Stations AAM
(Ann Arbor, Michigan, 108.6°) and BLA (Blacks-
burg, Virginia, 109.9°} display strong SP,KS ar-
rivals in the shoulder of the SKS (owing to a
several second delay in SP,KS relative to SKS), a
phenomenon not apparent in PREM synthetics
until 113-114°.

Also apparent in Fig. 4 are anomalously strong
SV waves relative to PREM, These arrivals are
also delayed by 8-10 s relative to SKS {Garnero
and Helmberger, 1993). This can be seen, for
example, at AAM where there is a small ampli-
tude SV arrival in the synthetics 10 s in front of
the large observed SV As the diffraction in
SV, occurs in a lower-mantle region that is
slightly different from that traversed by SKS,
S2KS and SP,KS, we will concentrate on the core
wave data.

To emphasize further the trend that anoma-
lous S2KS — SKS separations are accompanied by
anomalous delays in SP,KS relative to SKS, sin-
gle records from three of the events in Table 1
are shown in Fig. 5(a) (continuous traces) along
with reflectivity PREM predictions (dashed
traces) for the appropriate distances and source
depths. The predicted Tg,pg_gxs values vary ow-
ing to source depth differences (e.g. comparing
the Kermadec synthetic with the Indonesia syn-

a)

SKS SPdKS S2KS

MNN
109.7

___ Fiji-Tonga

b)

AAM - o WES M
108.6 v 1176 i

BEA __1\4\/ SCH /\4[\/\‘_
1099 T 120.6 3

CAR J\/\/ HAL J\/f\.
114.6 T T - 1234

SKS  SPdKS

20s

Fig. 5. (a} Observations near 110" for three events (continuous
traces) compared with reflectivity predictions for PREM
(dashed traces). The Kermadec and Fiji-Tonga records dis-
play anomalous behavior in both Ty, epg and Tgp ws_sicss
whereas the Indonesia record is well modeled by PREM. (b)
Observed SKS and SP;KS waveforms for the Fiji-Tonga
event (continuous traces) and reflectivity synthetics {Jashed
traces).

thetic). All three records are near 110°. This is a
critical distance for observing SP,KS: it is just
before distances where SP;KS is first detectable
for models having PREM-like D" velocities.
Models with pronounced low-velocity zones at
the base of D (5% reductions and larger), how-
ever, predict SP;KS to be strongly developed in
the shoulder of SKS at this range (Garnero et al,,
1993a). Fig. 5(b) shows six recordings of SKS and
SP,KS of the Fiji-Tonga event. Also included in
the figure are synthetics for a model having a 5%
linear reduction from PREM in the bottom 100
km of the mantle. These synthetics display an
anomalously delayed SP,KS arrival, as present in
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the observations. An even larger reduction in Vp
is necessary to fit the BLA record, for example.
This illustrates how lateral variations in V} in the
low-velocity basal layer are necessary to model all
the data. Synthetics produced for various D” dis-
continuity structures do not produce any notice-
able SP,KS distortions; this is due to the relative
insensitivity of Py in LP WWSSN SP,KS arrivals
to structure much over 100 km above the CMB.
Records WES and HAL display reduced SP,KS/

SKS amplitude ratios compared with synthetics.
Such reductions in amplitude result if the LVZ
layer only occurs on one side of the wavepaths
(e.g. on the source-side beneath the SH12_WM13
large-scale  low-velocities). The issue of lateral
variations in the basal layer, and resulting SP,KS
amplitude reductions and distortions have been
explored elsewhere (Garnero and Helmberger,
1994).

For the Kermadec and Fiji-Tonga records in

S2KS-S
A
s & i 5%
4_

KS RESIDUALS
Y Bk g pEd

dT(S2KS-SKS), sec (obs-PREM)

2k ]
3k —
4 B ® Observed: Indonesia -
s F(a) O SH12WMI3 corrected ]
P A L e e v ey ]
100 110 120 130
SPdKS-SKS RESIDUALS
g ‘T T e Tae o o
% 3E(b) 8% a2 28 B 3 ~
2 2t S ]
©w L
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Fig. 6. (a) Observed (®) and SH12_WM13 corrected (0) 8Tgks_gsks residuals (with respect to PREM) plotted as a function of
epicentral distance, for data of the Indonesian event. The non-zero continuous and dashed lines correspond to least-squares fits to
the observed and corrected residuals, respectively. (b) Observed 8Tgp xs—_sgs Tesiduals.
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Fig. 5(a), anomalous SP,KS arrivals are apparent
{equivalently seen as large Tgp gs sgs Values).
Also readily apparent for these two records are
large Tgyxs_sks values in comparison with PREM
predictions. The Indonesian record, however, has
no SP,KS waveform anomaly. This record
also displays no Tgys_sks anomaly. Implications
of the correlation between Tgp s sxs and
Tooxs-sks values will be explored in the following
sections.

4. Travel times

In this section the differential travel times
Tos-sks a0d Tgp gs_sks are analyzed. The for-
mer have been calculated by Hilbert transforming
SKS (see Choy and Richards, 1975) to be in
proper phase with S2KS, then cross-correlating
the traces to obtain a difference time, and the
latter times were calculated by determining the
difference between the peak times of SKS and

S2KS-SKS RESIDUALS

dT(S2KS-SKS), sec (obs-PREM)

3| (@)

2 F @ Observed: Fiji-Tonga i
QG SHI12WMI13 corrected

4 N PPN [

100 110 120

SPAKS-SKS RESIDUALS
ST A T

5 Lo k88 7 3
o [
Y 3F ° .
7 ®
o 2 ® .
= e L
A |
O
= | PREM
® oL Lo e e I

100 110 120

DELTA (deg)

Fig. 7. Same as in Fig. 6, except for Fiji-Tonga data for (a) 8Tsyis_gxs 2nd (b) 8Tgp ks _sxs-
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SP,KS (Garnero et al., 1993a). The above meth-
ods were identically applied to data and synthet-
ics, where the synthetics were constructed for the
appropriate distances and source depths assum-
ing PREM. Predictions from PREM were sub-
tracted from observed Tgys_gks and Tsp ks - sks
values to construct the differential travel time
residuals 67Tyk5 sks and 87Tsp,ks_sks, Tespec-
tively. SP;KS arrivals for PREM become distinct
peaks later in time than SKS at distances greater
than around 114°, so that 8Tgp ys_sgs residuals
could only be calculated for d1stances greater
than 114°. However, waveform distortions of the
combined SKS and SP;KS pulse are obvious at
the shorter distances for some of the traces (Figs.
5(a) and 5(b)).

The residual times 8T7g,xs5_sxs and
6Tsp ks-sks are presented in Figs. 6(a) and 6(b),
respectively, for the Indonesian event (filled cir-
cles). 8Tgyks_sks values for this path geometry
(Fig. 6(a)) mostly scatter within +1 s of PREM
predictions (zero line). The notable exceptions
are Stations YKC, BLC, and PNT, which have
SKS and S2KS separated by around 2 s more
than PREM. As mentioned above, these stations
also display SP,KS anomalies, which are appar-
ent in Fig. 6(b). All the data for this event aver-
age near +0.5 s, as seen from the continuous line
in Fig. 6(a), which is the least-squares fit to the
points. The 6Tg,s_gxs values were corrected for
predictions through the 3-D model SH12_WM13
(Fig. 6(a), open circles). As SH12_WM13 does
not predict strong heterogeneity for the Indone-
sian paths, the corrected 8T g,xq_sks times differ
only slightly from the observed residuals. This is
also apparent from comparing the least-squares
fit with the raw residuals and the corrected resid-
uals (dashed line). As SP;KS phases involve P-
wave diffraction, we have not attempted to cor-
rect 6Tgp ks—sks residuals with an S-wave het-
erogeneity model. Fig. 6(b) shows how the
8Tsp,ks—sks residuals (other than BLC and PNT)
are close to zero, suggesting that the base of the
mantle V} structure in PREM is adequate on
average in modeling data from this event.

In contrast, the Fiji—-Tonga data of Fig. 4 dif-
fer greatly from the Indonesian data of Fig. 3.
The anomalous travel times from the Fiji-Tonga

event are summarized in Fig. 7. The anomalously
large 6T ks sks (Fig. 7(a)) and 8Tp x_sks (Fig.
7(b)) residuals are readily apparent The least-
squares fit to the observations (continuous line)
averages between 3 and 4 s. The corresponding
8Tsp, ks-sks residuals are also large, and average
around 2 s. Wavepaths for this source—receiver
geometry traverse a large LVZ at the base of the
mantle, as predicted by SH12_WM13 (Fig. 2(b)).
For this event, SH12_WM13 predicts that S2KS
paths cross the CMB in slower material than
SKS, which results in an increased separation
between SKS and S2KS. This results in a pre-
dicted Tggs_gks anomaly of the same sign as
that observed. For this reason, corrected
0Tgyks-sks Vvalues (open circles, Fig. 7(a)) are
closer to the PREM zero line than the raw data
(see also the least-squares fit dashed line to the
corrected data).

SH12_WM13 underpredicts the size of these
observed 8T xg_sks anomalies for this path ge-
ometry. However, a more recent version of
SH12_WM13 includes Tg ¢xs and , Tgps_sks
values (Liu and Dziewonski, 1994) which im-
proves lowermost-mantle resolving power. Using
the modified model results in larger lower-mantle
oV perturbations (up to around 4% rather than
2.5%). This would help further to correct ob-
served 6T grg_gks Values in Fig. 7(a) to that
predicted by PREM (zero line). Our main focus,
however, is to show the correlation of the anoma-
lous 6T gks_sks and 87Tsp ks_sks values.

The 6Tgq_gks and 6TsP ks—sks residuals for
all four events are summarlzed in Fig. 8. In both
panels, the horizontal and vertical axes corre-
spond to 8T g5 _sks and 8Tgp ks_sks residuals,
respectively, with respect to PREM. A +1 s error
bar has been added to the symbols to emphasize
that some error may arise in the cross-correlation
scheme, as well as from source mislocations. Our
picking errors do not exceed +0.5 s, but small
timing artifacts (+ 5 s) might be introduced in
the digitization process. Hence we choose +1 s
error bars to represent our possible cumulative
errors conservatively. Fig. 8(a) displays the raw
residuals with different symbols representing the
different events. The pattern of residuals shows
that large 87Tgks_sks Values accompany large



E.J. Garnero, D.V. Helmberger / Physics of the Earth and Planetary Interiors 91 (1995) 161176 171

6 T T T T
- W FIII
@ JAVA
_*I AKERMADEC .
3 | ¢ SOLOMON .
o
EZH - -
g 2 #
w
w
X o
=¥
@,
=)
2 —
L a)
4 1 1 | |
-6 4 2 0 2 4 6
6 T T T T
4k - -
o Ilf
\g/ T
wn » _
“ 2 !
wy [ .
v .
X 0
=
@,
[..4
.g N
2k .
)
4 | 1 N 1 ]
-6 4 2 0 2 4 6

dT[S2KS - SKS] (sec)
Fig. 8. Plots of 8Tgp xs_sks V8- 86Tsoks—sks for the four
events of Table 1. (a) The raw data. (b) 8 Tgyxg.gks residuals
corrected for SH12_WM13.

8T sp,ks-sks values. Fig. 8(b) is the same as in
8(a), with the addition of 8Ty gks residuals
being corrected for SH12_WM13 predictions.
The trend in the corrected times is shifted closer
to the 8Tgks_sgs =0 axis. These times firmly
establish the trend of correlated Tgyg_gks and
Tsp,ks-sks behavior for the source geometries in
Fig. 2. We now explore the possible implications
of such a correlation.

S. Interpretation and discussion

~"Our basic observation is that anomalous
Tsyks-sks values generally exist when anomalous

Tsp,ks—sks are present. In interpreting these data,
we assume that a possible misfit in the outer core
structure of PREM does not contribute to our
anomalies. Garnero et al. (1993c) showed that
SmKS predictions from the PREM outer core
structure provide a good fit to observations for
the Indonesian path geometry of Fig. 2, with the
exception of the outermost 50 km of the core,
which only very slightly affects SKS, S2KS, and
SP;KS for the ranges of this study. We also
assume that the core does not possess lateral
heterogeneity, as mantle heterogeneity can ac-
count for the long-wavelength patterns in the
observed anomalies. Also, dynamical arguments
suggest that heterogeneity in the rapidly convect-
ing core cannot be sustained (Stevenson, 1987). If
outer core heterogeneity does exist, seismic reso-
lution of such remains elusive at present, owing
to uncertainties in mantle structure (Garnero and
Helmberger, 1995).

As SKS arrives before S2KS, anomalously large
Tsoxs-sks values imply that either SKS is fast or
S2KS is slow (or beth). Similarly, anomalously
large Tgp xs_sks values imply that SKS is fast
and/or SP4KS is slow. Therefore anomalously
fast SKS waves and ‘normal’ S2KS and SP,KS
arrivals can account for the observed Tgys_sks
and Tgp ks_sks correlation. For this reason, it is
necessary to review the absolute SKS times (7T'gys).
Unfortunately, the origin times for older events
may be uncertain owing to mislocation in depth.
As an attempt to circumvent this, for a given
event the mean of all T delays (with respect to
PREM) was removed from each individual obser-
vation to yield an adjusted Tgyg delay (8Tgks).
These adjusted times can be useful when com-
pared with 6Tgs_oxs residuals; if SKS is
anomalously fast at a given station (compared
with the average of Ty values for the given
event), then &Tg g will be negative and
0T 55— sks Will be correspondingly large. Hence
if SKS is responsible for the large observed
Tsks—sks values, then 8Tgg and 8T gk sks
values should correlate. Fig. %a) displays 6T gy
values for our data plotted against the raw
0T gks_sks residuals. No clear trend between
0Tsks and 8T g,iq_gks is evident, for all the data
nor on an event-by-event basis. Fig. 9(b) plots
SH12_WM13 synthetic predictions for 6T, and
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residuals for (a) observations, and (b) synthetic predictions of
model SH12_WM13.

8T,ks-sks (i.e. purely predictions through the
model; no data or data corrections are involved).
This model does not predict relatively fast SKS
arrivals to accompany large 87,k _gxs residuals.
In fact, for the path geometries in Fig. 2, calcu-
lated Tgxg anomalies through SH12_WMI3 do
not span much more than a 1 s range. Although
this reasoning does not preclude relatively fast
SKS waves contributing to our Tggg_sks and

Tsp,ks—sks anomalies, it argues against such as
the major source of the observed anomalies.

The most effective way to increase Tgp ks _sks
predictions to match anomalous SP,;KS waveform
and travel times observations is to reduce Vp
right at the base of the mantle (Garnero et al.,
1993a; Garnero and Helmberger, 1994). This de-
lays the diffracted P legs of the SP;KS arrival.
There are some inherent trade-offs in the inten-
sity of the LVZ in V; and the thickness over
which the LVZ occurs, as well as whether the
LVZ is a gradient linear reduction from the ref-
erence model, or a discontinuous LVZ layer.
Also, the  inherent uncertainty between the
source- and receiver-side’s contribution to SP;KS
anomalies is present. Nonetheless, Garnero and
Helmberger (1994) demonstrated that perturbing
Vp in D” on just one side of the model, e.g. the
source-side, produces excellent fits to the data for
the anomalous data of the southwest Pacific. This
can be accomplished with a discontinuous LVZ in
Vp, for example, on the source-side of SP;KS
wavepaths, with velocities reduced by as much as
5-10% from PREM over a zone of 20-50 km
thickness. Less extreme reductions are necessary:
if one assumes a 1-D structure in the modeling
procedure. However, as SH12_WM13 in Fig. 2(b)
suggests, we would not expect a 1-D structure to
be realistic for these paths. Tgp xs_sgs values are
less sensitive to }, structure above such a zone of
low velocities. Also, owing to. closeness of SKS
and SP;KS paths, V5 heterogeneity is not ex-
pected to perturb these times significantly.

Tsks_sks Vvalues, on the other hand, can be
perturbed by much larger-scale lower-mantle fea-
tures, owing to increased wavepath separation in
the lowermost mantle. Nonetheless, it is difficult
to produce large Tgkg_sks Perturbations from
1-D modeling efforts, unless Vs is strongly re-
duced over a depth range in the lower mantle of
several hundred kilometers. Three-dimensional
structure is more effective in perturbing, say,
S2KS relative to SKS, resulting in Tg,xg_gks Per-
turbations comparable in amplitude with observa-
tions (Fig. 2(b) suggests such variations).

Conversely, Tgks_sks Vvalues do not have
strong resolving power of structure right at the
base of the mantle. The presence of SV, out to
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large distances, however, is evidence for an LVZ
in ¥ {e.g. Lay and Young, 1991; Vinnik et al,,
1995). In our reflectivity modeling experiments, a
5-6% linear gradient reduction from PREM in
the bottom 50-100 km of the mantle, or a 5-10%
discontinuous reduction from PREM in the bot-
tom 20-30 km of the mantle can match the
anomalously large SV,; amplitudes. Our experi-
ments also indicate how low @ can affect ampli-
tudes of SV, making difficult subsequent Vg
structural interpretations. Further 2-D hetero-
geneity must be invoked to match the anomalous
SVu—SKS difference times, as discussed above
in Fig. 4.

In a faitly straightforward fashion, we can pro-
duce Tgrs sks and Tgprs_sks reflectivity pre-
dictions for various classes of Vp and Vy LVZs,
to plot with the data in Fig. 8, For example, a 3—4
s delay in SP,KS with respect to SKS can be
produced from a 5-6% LVZ in V, distributed
over 100 km of the lowermost mantle. Similarly,
an 8-10% discontinuous reduction from PREM
Ve over 30 km at the base of the mantle can do
the same. This magnitude of anomaly matches
the largest 8Tgp x5 sks Tesiduals in Fig. 8(a).
Matching the largest observed 8T g,xs_gis Tesid-
uals through 1-D moedeling can be accomplished
only with large V; reductions over extended
lower-mantle depths. For example, an 8% reduc-
tion in Vg over the lowermost 600 km of the
mantle produces 8T kg ks Of approximately 3 s.
Such large Vg reductions are probably unreason-
able, as they should have been detected in the
tomographic studies. This emphasizes the point
that 3-D modeling is necessary to match the
8T goxs_sks Tesiduals.

Data with anomalously delayed S2KS relative
to SKS are observed when SP,KS is also delayed.
A velocity model scenario compatible with these
observations has the following characteristics:

(1) a strong low-velocity layer in V, at the base
of the mantle with a reduction from PREM of
5-10% over 20-100 km. This feature satisfies the
Tsp.ks—sks Observations.

(12) To reproduce the strong SV, amplitudes,
a strong low-velocity layer in ¥ right at the base
of the mantle of a similar magnitude and thick-
ness to that in (1) is preferred. This is less con-

strained owing to lateral averaging of structure by
SV and also the trade-off between ¢ and
structure in amplitudes of SV .

(3) Large-scale LVZ in V in the lower mantle
on the source-side of the anomalous Tgxg_sks
paths. As depicted by SH12_WM13, this feature
may be several thousand kilometers wide, and
extend several hundred kilometers up from the
CMB. As shown in Fig. 2(b), this slow feature can
preferentially delay S2KS more than SKS (for
Events 1 and 4), producing the observed
8T ks sks anomalies. Unfortunately, we are un-
able to make any statements concerning the V7
structure far above the CMB, as our data are not
sensitive to such. However, tomographic inver-
sions for aspherical V, structure (e.g. Dziewon-
ski, 1984) also display large lower than average
velocities for this same region. Therefore a large
LVZ for V;, as in (3) above, although not con-
strained by our data, may be appropriate.

A more complete data search is necessary to
document the global behavior of Tgs sks 2nd
Tsp,ks—sks correlations. Qur preliminary finding
is that the large volumetric ¥ low velocities
beneath the southwest Pacific {(as depicted by
SH12_WM13) are underlain by a very low P- and
S-velocity basal layer. It will be necessary to de-
termine if this trend is always observed for large
volumetric LVZs, such as that beneath Africa as
seen in SHI12_WM13 (see Su et al., 1994), The
preliminary results discussed by Gamero et al.
{1993a) would seem to confirm our hypothesis.

An inherent uncertainty in modeling D" struc-
ture is the possibility of anisotropy at the base of
the mantle, Observations of split SH and SV
waves, as well as large SV, amplitudes, have
been used to propose anisotropy as a possibility
in the D" region (Vinnik et al., 1989, 1995; Lay
and Young, 1991; Maupin, 1995). No SH-SV
splitting is observed for the large SV arrivals in
Fig. 4. However, this is the same path geometry
as given by Vinnik et al. (1995) and Maupin
(1993), who claimed that anisotropy may be con-
tributing to large SV,; amplitudes. More re-
search is necessary to resolve this issue.

For the regions sampled by our data, corre-
lated patterns of ¥, and ¥ heterogeneity are
compatible with the correlated Tgs_sxs and
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Tsp,ks—sks times of Fig. 8. Wysession et al. (1992)
argued for both regions of correlated and anticor-
related D" V, and Vg structure for various re-
gions around the globe. Their regions of study do
not overlap with ours, so a direct comparison is
not possible. Future research with the SKS wave-
train for other regions will aid in corroborating
earlier studies for other regions.

With the implementation of the various broad-
band networks across North America, we are
rapidly approaching the station coverage of the
combined WWSSN and Canadian station net-
works. Broadband data will permit analysis of the
frequency dependence of SP,KS and SV, be-
havior, which is undoubtedly a model-dependent
feature. Analysis of other types of data, such as
core-grazing short-period P waves (e.g. see Ruff
and Helmberger, 1982; Young and Lay, 1989),
will also provide strong constraints on the depth
extent, gradient and structure of the LVZ struc-
ture at the base of the mantle.

As the details of the structure of the thin
low-velocity basal layer are uncertain, it is diffi-
cult at this time to hypothesize the nature of the
source of the low velocities. It remains for future
work to assess possible sources such as, for exam-
ple, a thin partial melt layer, chemical reactions
between the core and mantle (see Jeanloz, 1993),
a ‘graveyard’ for old slabs, or a possible CMB
plume source. Neither SKS, nor $2KS, nor SP,KS
are very sensitive to a possible )" discontinuity
(see Lay and Helmberger, 1983) in either V} or
V. For this reason, it is be difficult to relate D”
discontinuity structure to our proposed zone of
reduced velocities. It will be left for future work
to relate the thickness and existence of a discon-
tinuous D laver to that of the basal layer we
present here. For example, how does the exis-
tence of the slow basal layer beneath the south-
west Pacific relate to a relatively thin (180 km)
discontinuous D" layer (Garnero et al., 1993b),
and conversely, how does the possible nonexis-
tence of a slow basal layer relate to thicker (and
variable, 130—240 km) D" layer (Young and Lay,
1990; Lay and Young, 1991; Vidale and Benz,
1993)? Inchiding information from the P- and
S-wave train at shorter distances, particularly near
core-grazing distances, may help answer these
questions.

6. Conclusions

A correlation between the differential times
Tooxs—sks and Tgp xs_sks IS apparent for a small
sample of well-recorded earthquakes in. the
southwest Pacific. When 52KS is delayed relative
to SKS, so is SP,KS. Also apparent for data
displaying anomalously large Tgpq_sgs and
Tsp,ks-sks values are anomalously large and de-
layed SV, arrivals. Large 67T gpq _grs Iesiduals
(with respect to PREM) can be explained by
long-wavelength lower-mantle slow V anomalies.
Large 8Tgp xs_sks residuals, on the other hand,
are explained by a thin V, low-velocity layer at
the base of the mantle. The anomalously large
SV, amplitudes can be fitted with a similar thin
low-velocity layer in V. Our data do not con-
strain exact features of such a basal layer, and the
reduction in velocity necessary to match observa-
tions trades-off with the thickness of the layer. A
scenario compatible with our observations has the
following features: a 5-10% Vp and Vg low-
velocity layer at the base of the mantle. smoothly
or discontinuously distributed over 20-100 km
(e.g. a 10% discontinuous reduction over 20 km
will trade-off with a 5% smooth reduction over
100 km); overlying large-scale (1000 km or more)
heterogeneous reductions in Vp and Vg (2-4%).
The location of this proposed model coincides
with the very slow lower-mantle shear velocities
in SH12_WMI13 beneath the southwest Pacific.
Regions to the north, as sampled by the Indone-
sian data, are compatible with the global average
model PREM. Smaller-scale (approximately 100
km) heterogeneity near and within the thin LVZ -
at the base of the mantle may explain the ob-
served scatter i the Tgpe_sks and Tgp xs_sks
values and will be explored in detail in future
efforts.
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