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Abstract. A new approach for constraining the seismic shear velocity structure
above the core-mantle boundary is introduced, whereby SH-SK S differential travel
times, amplitude ratios of SV /SKS, and Sgg waveshapes are simultaneously
modeled. This procedure is applied to the lower mantle beneath the central Pacific
using data from numerous deep-focus southwest Pacific earthquakes recorded in
North America. We analyze 90 broadband and 248 digitized analog recordings
for this source-receiver geometry. SH-SKS times are highly variable and up to
10 s larger than standard reference model predictions, indicating the presence of
laterally varying low shear velocities in the study arca. The travel times, however,
do not constrain the depth extent or velocity gradient of the low-velocity region.
SV /SKS amplitude ratios and SH waveforms are sensitive to the radial shear
velocity profile, and when analyzed simultaneously with SH-SK.S times, reveal
up to 3% shear velocity reductions restricted to the lowermost 1904+50 km of the
mantle. Our preferred model for the central-eastern Pacific region (M1) has a
strong negative gradient (with 0.5% reduction in velocity relative to the preliininary
reference Earth model (PREM) at 2700 km depth and 3% reduction at 2891 km

depth) and slight velocity reductions from 2000 to 2700 km depth (0-0.5% lower
than PREM). Significant small-scale (100-500 km) shear velocity heterogeneity
(0.5%-1%) is required to explain scatter in the diferential times and amplitude

ratios.

1. Introduction

Numerous seismological studies of the lower mantle
have focused on the Pacific and surrounding regions
mainly due o the dense path coverage provided by
circum-Pacific seismic recordings of earthquakes in the
southwest Pzcific, northwest Pacific, and South Amer-
ica. lixtensive research has led to maps of a shear
velocity discontinuity about 250 km above the core-
mantle boundary (CMB), anisotropic shear velocities
within D”, and ultralow P velocities at the base of the
mantle. Furthermore, large-scale tomographic model-
ing has provided images of seismic velocity variations
in D”. These seismological models provide constraints
on material properties and geodynamical processes op-
erating at the core-mantle boundary (CMB) [see Loper
and Lay, 1995, and references therein).

A pattern of predominantly higher-than-average seis-
mic shear velocities beneath the circum-Pacific and

Copyright 1997 by the American Geophysical Union.

Paper number 97JB01507.
0148-0227/97/97JB-01507$09.00

lower-than-average shear velocities beneath the central
Pacific has emerged. This is resolved both in whole-
mantle aspherical models derived by tomographic in-
versions [e.g., Dziewonski, 1984; Tanimoto, 1990; Su
et al., 1994; Masters et al., 1996; Li and Romanowicz,
1996] and in models of localized regions [e.g., Lay and
Helmberger, 1983; Garnero et al., 1988; Wysession et
al., 1995; Sylvander and Souriau. 1996]. This pattern
is commonly attributed to hot, upwelling regions in the
central Pacific and cold, downwelling regions along the
Pacific margins associated with large-scale mantle cir-
culation [see Wysession, 1996, for a recent discussion].

We present. a new procedure for investigating both ra-
dial profiles and lateral variations of lower mantle shear
velocity. This procedure relies on the properties of S
waves that graze the CMB. It differs from previous tech-
niques for ineasurement of the travel time [e.g., Doorn-
bos and Mondt, 1979; Wysession et al., 1992; Valen-
zuela, 1996] and (frequency dependent) amplitude de-
cay [e.g., Alezander and Phinney, 1966; Mula, 1981;
Valenzuela, 1996] of diffracted S in at least two aspects.
First, we reference the travel time and amplitude of
diffracting S waves to those of the SKS phase, sup-
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pressing the effects of upper mantle heterogeneities and
source mislocation. Second, differential travel times and
amplitude ratios of S and SKS phases are simultane-
ously modeled. In particular, we model overall trends
in the distance dependence of the amplitudes and travel
times, which constrains the seismic shear velocity gra-
dient in D”, and the radial extent of shear velocity per-
turbations from the D” region into the overlying man-
tle. The variations in observed times and amplitudes
are used to cstimate uncertainties in best-fitting one-
dimensional (1-D) velocity profiles, and also to infer
the presence of small scale (100-500 km) shear velocity
variations. The S paths used are distributed over a rela-
tively narrow geographical corridor with dense sampling
of the lower mantle beneath the central-eastern Pacific
ocean.

2. S and SKS: Travel Times and
Amplitudes

Figure la shows path geometries of S and SKS
waves (solid and dashed lines) for a 500-km-deep source
and the preliminary reference Earth model (PREM)
[Dzicwonski and Anderson, 1981] velocity structure.
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Figure 1. (a) Wave paths of S waves (solid) and SKS
(dashed) computed for a 500-km-deep earthquake at
distances of 85°, 100°, and 115° for the preliminary ref-
erence Earth model (PREM). The dotted lines are hori-
zons at 670 km depth and 300 km above the core-mantle
boundary (CMB). (b) Polarization directions (thin ar-
rows) in relation to the propagation direction of S and
SK S waves (bold solid and bold dashed arrows, respec-
tively).
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SK S propagates as a longitudinally polarized S wave
through the mantle, converts to a P wave in the core,
and reverts back to an SV wave for the final mantle
segment. At distances beyond about 95°, S diffracts
around the Earth’s core and has a much longer path
through D” than SKS. S waves involve both longitu-
dinally polarized (SV') and horizontally polarized (SH)
wave particle motion (see Figure 1b), which we distin-
guish by using the notation SV and SSH | respectively.

Figure 2a displays a composite profile of radial com-
ponent recordings of deep earthquakes in the Tonga-Fiji
region. Broadband recordings from the Incorporated
Research Institutions for Seismology (IRIS), Canadian
National Seismic Network (CNSN), and United States
National Seismic Network (USNSN), as well as digitized
long-period World-Wide Standardized Seismic Network
(WWSSN) data, are included in this figure. The sec-
ond arrival is SK K S (which has a path similar to SKS
but with the addition of an underside reflection at the
CMB), and the last arrival is SSV. This profile ex-
hibits two anomalous aspects of S propagation typical
for many recordings for this path geometry and that
are studied in this paper. First, S5V is observed deep
in the core shadow zone, indicating that these phases
are not experiencing the strong amplitude reductions
from diffraction that standard Earth models predict.
Amplitudes of S5V relative to SK S exceed predictions
from PREM by a factor of 3 to 10. Second, SV ar-
rives late with respect to SKS. Although S time delays
relative to SKS are most accurately measured using
the clearer S°H component, S delays for this source-
receiver geometry are also readily apparent in the late,
large-amplitude S°Y arrivals in Figure 2a.

We analyze differential travel times of S and SK S
and amplitude ratios of S5V and SKS for a total
number of 338 (90 broadband recordings and 248 ana-
log WWSSN) recordings from seismic stations in the
United States and Canada at azimuths between 40°
and 60° from southwest Pacific earthquakes (Table 1).
Epicentral distances for these data range between 83°
and 120°. Figure 2b displays the great-circles connect-
ing events and stations (thin shaded lines) and surface
projections of their S paths through D” beneath the
central-eastern Pacific (bold lines). The sample region
has dimensions of approximately 500 %2000 km?.

2.1. SSH_SKS Differential Travel Times

Differential times between S5 and SKS, denoted
by Tssu_gks, are primarily sensitive to shear veloc-
ity structure in the lower mantle. The effects of event
mislocation and large-scale heterogeneous upper mantle
structure are relatively small because S and SKS have
very similar paths in the upper mantle. Anisotropic
structure in the upper mantle may contribute several
seconds to the scatter of Tssw_ggg; however, this sig-
nal has no systematic dependence with epicentral dis-
tance. In addition, contributions to the differential
times from plausible aspherical outer-core structure are
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Figure 2. (a) Radial-component recordings of deep
earthquakes in the Tonga-Fiji region from broadband
and WWSSN seismic stations in North America. The
recordings are offset by epicentral distance, normal-
ized to have identical maximum trace amplitude, and
aligned on SKS. The dotted lines indicate the relative
arrival times of SK.S and SSV. (b) Great-circles con-
necting southwest Pacific earthquakes (circles) and seis-
mic stations (triangles) in North America (thin shaded
lines) and surface projections of arcs of S waves prop-
agating in D” (bold lines) which outline the D” region
studied.
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negligible compared with those from the mantle as ar-
gued on dynamical [Stevenson, 1987} and seismological
[Garnero and Helmberger, 1995b] grounds. Therefore
Tssu_gig data are very useful for the study of lower
mantle shear velocity structure and have been used in
numerous studies [e.g., Hales and Roberts, 1971; Gar-
nero et al., 1988; Young and Lay, 1990; Garnero and
Helmberger, 1993; Liu and Dziewonski, 1994; Wyses-
sion et al., 1995; Sylvander and Souriau, 1996; Kuo
and Wu, 1997].

Tgsu_gks are measured from onsets of S and
SKS, picked on transverse and longitudinal component
seismograms, respectively. For epicentral distances of
83° to 120°, SKS and S°H are first arriving, high-
amplitude shear waves on the radial and transverse
components, respectively. Nearly all waveforms ana-
lyzed display clear onsets of SKS and S°H. Picking
onset times was preferred to picking peak amplitudes
or use of waveform correlations, due to SK S waveform
variations caused by anomalous SP;KS interference
le.g., Helmberger et al., 1996] and waveshape inconsis-
tencies between predicted and observed S . We omit
recordings for which the differential onset times could
not be measured with an accuracy of 1 s. The differen-
tial times, Tgsn _gk g, were corrected to a source depth
of 500 kin and for effects of ellipticity using Dziewon-
ski and Gilbert [1976], and were referenced to PREM
predictions to obtain residual differential travel times:

OBS

(STSS‘H__SKS = [TSSH—SKS]

PREM
— [Tssu_sks] .

The residuals from broadband and WWSSN record-
ings, which show similar distribution with epicentral
distance, are plotted in Figure 3a. The 0Tgsu_ggsg
averages increase nearly linearly with distance to 9 s at
a distance of 120°. This general trend was also reported
by Garnero et al. [1988], Schweitzer [1990], and Tanaka
and Hamaguchi [1993].

2.2. SSV/SKS Amplitude Ratios

S5V waves are predicted to rapidly diminish in am-
plitude with distance into the core shadow zone, as
most SV energy refracts to form seismic phases such
as SKS, SKP, SKKS, and SKKKS, etc., and there
is destructive interference with the oppositely polarized
core-reflected ScS wave [Chapman and Phinney, 1972;
Choy, 1977]. By referencing diffracted S° amplitudes
to those of SK S (which usually have similar amplitude
at the source), we obtain sensitivity to the shear veloc-
ity gradient above the CMB.

For 89 recordings containing a clear S5V signal, the
peak amplitudes of S5V and SKS were used to con-
struct the ratio Agsv sk g. These amplitude ratios were
referenced to those from synthetic seismograms gener-
ated by the reflectivity method [e.g., Fuchs and Miiller,



20,398

RITSEMA ET AL.: NEGATIVE S VELOCITY GRADIENT IN D” BENEATH PACIFIC

Table 1. Event Parameters

Number Date Latitude °S  Longitude °E  Depth (km) Strike Dip Rake M,* Reference®
1 Sep. 10, 1962 21.1 179.2 640 147 43 226 R
2 July 4, 1963 26.3 -177.7 158
3 Aug. 25, 1963 17.6 -178.7 557
4 Aug. 5, 1964 32.2 179.8 210
5 Dec. 23, 1964 22.1 -176.6 577 232 86 109 R
6 Apr. 10, 1965 17.8 -178.7 535
7 Oct. 1, 1965 19.9 174.5 546
8 March 17, 1966 21.1 -179.2 627 202 20 -101 R
9 Aug. 12, 1967 24.8 -177.4 144 268 73 100 R
10 Oct. 9, 1967 21.0 -179.2 605 54 86 -84 R
11 Nov. 4, 1968 14.2 172.0 585
12 Jan. 21, 1969 21.9 -179.5 587 120 22 187 R
13 Feb. 10, 1969 22.8 178.8 635
14 Apr. 20, 1970 18.8 169.3 243
15 June 28, 1970 21.7 -179.4 587
16 Nov. 20, 1971 23.5 -179.9 577
17 March 30, 1972 25.7 179.6 479 181 80 60
18 May 22, 1972 17.8 -175.1 208
19 Dec. 28, 1973 23.9 -180.0 517 178 71 70 R
20 March 23, 1974 23.9 -179.8 504 215 67 65 R
21 June 4, 1974 159 -175.0 256
22 Oct. 21, 1974 18.0 -178.5 596
23 Feb. 22, 1975 24.0 -178.9 333
24 Aug. 3, 1979 22.7 -177.5 181 195 14 -112 65 CMT
25 July 20, 1980 17.9 -178.6 588 61 43  -173 6.3 CMT
26 April 28, 1981 23.7 -180.0 522 180 81 64 6.7 CMT
27 Sep. 28, 1981 29.3 -179.0 323 143 34 -164 6.5 CMT
28 Oct. 7, 1981 20.8 -178.6 620 289 30 -44 6.5 cMT
29 Jan. 26, 1983 304 -179.3 238 278 7 -78 7.0 CMT
30 June 1, 1983 17.0 -174.6 180 211 24 97 6.5 CMT
31 April 25, 1984 17.3 -177.2 415 277 16 -4 6.3 cMT
32 June 15, 1984 15.8 -174.9 247 219 31 -57 6.6 CMT
33 Aug. 28, 1985 21.0 -179.0 625 210 23 -98 6.6 CMT
34 Oct. 6, 1985 18.9 169.4 256 178 68 - 51 6.1 CMT
35 May 26, 1985 20.1 178.7 553 197 21 -176 7.1 CMT
36 May 26, 1985 21.8 -179.1 583 312 64 -35 6.8 CMT
37 June 16, 1986 22.0 -178.8 547 241 19 -70 7.0 CMT
38 March 10, 1988 20.9 -178.7 623 334 33 -9 6.6 CMT
39 March 11, 1989 17.7 -174.5 246 128 23 18 6.9 CMT
40 June 3, 1990 18.7 -178.9 500 31 70 -61 6.4 CMT
41 June 23, 1990 21.6 -176.5 181 264 12 -26 6.8 CMT
42 June 26, 1990 22.0 -179.5 593 205 88 7 6.2 CMT
43 July 10, 1990 10.3 161.1 69 262 85 80 64 CcMT
44 July 22, 1990 23.5 179.9 565 216 69 45 6.3 USGS
45 Sep. 30, 1991 21.0 -178.6 580 45 81 -96 6.9 CMT
46 Nov. 1, 1991 30.1 -178.0 48 202 30 99 6.6 CMT
47 Dec. 3, 1991 26.3 178.6 581 303 7 26 6.3 CMT
48 June 25, 1992 28.1 -176.7 18 232 23 130 6.5 CMT
49 July 11, 1992 22.3 -178.5 381 167 18 -131 7.2 CMT
50 Aug. 1, 1992 21.5 -177.9 278 108 56 -163 6.0 CMT
51 Aug. 30, 1992 17.7 -178.8 573 135 60 50 6.4 CMT
52 Oct. 11, 1992 19.3 168.9 157 185 78 123 74 CMT
53 Nov. 12, 1992 22.4 -178.1 368 211 14 -91 6.2 CMT
54 Dec. 12, 1992 32.0 -178.2 60 217 24 116 6.3 CMT
55 March 21, 1993 17.7 -178.8 590 66 41  -177 6.3 CMT
56 April 16, 1993 17.7 -178.9 568 8 88 -134 6.9 CMT
57 Aug. 7, 1993 23.9 179.8 580 98 29  -175 6.7 CMT
58 March 9, 1994 17.7 -178.6 570 18 65  -109 7.7 USGS
59 March 9, 1994 22.0 -179.6 590 17 87 -73 6.5 CMT

afrom Harvard CMT.
bfocal mechanism from R, Richter [1979]; CMT, Harvard CMT; USGS, U.S. Geological Survey MT solution.
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Figure 3. (a) Residual travel times 0Tgsx_ggg and
(b) residual amplitude ratios dAgsv sks with respect
to PREM predictions (dashed lines). Open and solid
circles represent measurements made using long-period
WWSSN and broadband seismic stations, respectively.
Diamonds represent average values determined using
the combined WWSSN and broadband data set. The
horizontal bars indicate the 5° distance range over
which the average value is determined, and the verti-
cal bar indicates the standard error of average values.

1971] using source parameters in Table 1. This yields
residual amplitude ratios

] OBS

log [5ASSV/SKS] = 10g [ASSV/SKS

- 1()g [ASSV/SKS} PREM

The distribution of log[0Agsv skg] with epicentral
distance is displayed in Figure 3b. As in Figure 3a,
average values of residual amplitude ratios are deter-
mined over 5° distance intervals using the combined
broadband and WWSSN data set. Data with S5V am-
plitudes below noise level, which may include PREM-
like S5V /SK S ratios, are not included. This somewhat
skews the data distribution toward anomalously large
0Agsv skg values. In addition, poor rotations of the
east—west and north—south components into radial and
transverse components may be the cause of anomalous
scatter of §Agsv ¢xg values. This is especially a con-
cern for poorly calibrated WWSSN recordings at the
larger epicentral distances.

However, most recordings with excellent signal-to-
noise ratios show « clearly observable S5V signal. The
log[0Agsv /sis] values increase systematically with in-
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creasing distance. At a distance of 120°, §Agsv sk is
on average 10 times larger than predicted by PREM,
reflecting the efficient SV propagation into the puta-
tive core shadow zone for this geometry, as shown in
Figure 2a.

3. Simultaneous Modeling of S and SKS
Differential Times and Amplitude
Ratios

Large variations of 6Tgsu_ggg (up to 10 s) and
0Agsv/sks (up to a factor of 3) are readily observed
in actual recordings and indicate that no 1-D model
can account for all of our observations. However, with-
out crossing paths it is impossible to derive reliable
lateral variations of shear velocity causing the scat-
ter in the distribution of 6TSSH~SKS and (sASsV/SKS‘
Clearly, the scatter is superimposed on a strong gen-
eral trend that suggests a different background model
than PREM. Thus we model the trends of the average
0Tssn_gsks and log[6 Agsv /s g] residuals with later-
ally homogeneous (1-D) shear velocity profiles to con-
strain gross features of the lower mantle shear velocity
structure. A subsequent section discusses the implica-
tions of laterally heterogeneous shear velocity structure
for our procedure.

3.1. Lower Mantle Shear Velocity Gradients

Figure 4 displays five groups of shear velocity profiles
perturbed from PREM structure. Each group consists
of three models which differ in their velocity reduction
at the CMB. Groups L2000, L2400, L2600, L2700, and
L2750 change linearly from depths of 2000, 2400, 2600,
2700, and 2750 km, respectively, to the CMB (2891 km
depth), and have reductions from PREM at the CMB of
1%, 2%, or 3%. In the core and elsewhere in the man-
tle these models are identical to PREM. In the lower
part of Figu-e 4, predictions of §Tgsu_ggg (left col-
umn) and §Agsvsks (right column) for these models
are compared with observations. The line styles used
for the model predictions correspond to those used in
plotting the velocity profiles. PREM predictions are the
base lines (6TSSH—S’KS =0; IOg[JASSV/SKS] = 0)

The 6Tssu _gk s predictions for different velocity re-
ductions diverge beyond a critical epicentral distance,
A.. This dist ance is about 90° for group L2000 and in-
creases to about 105 for group L2750. The §Tgsn _gk g
values are negative at distances smaller than 90°, due
to a larger delay of SKS than S, since SKS prop-
agates along a longer path than S through the zone
of reduced shear velocities for these propagation dis-
tances. At distances larger than A., S diffracts around
the core and 0Tgs:_ggs increases almost linearly with
a gradient inversely proportional to shear velocity at
the CMB. Our approach emphasizes modeling data for
large distances (>100°) where S propagates through the
D” region along a much longer path than SKS. One-
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Figure 4. (top) Shear velocity model PREM (thin curve) and five groups of models with linear
velocity profiles in the lowermost mantle. Shown are groups L2000, L2400, L2600, L2700, and
L2750 which include constant-gradient velocity reductions with respect to the PREM below 2000,
2400, 2600, 2700, and 2750 km depth and which are identical to the PREM velocity structure
elsewhere. Velocity reductions from PREM at the CMB of 1% (solid line), 2% (dashed line),
and 3% (dotted line) are selected. (bottom) From top to bottom, 6Tgsu _gxg (left column) and
dAgsvsks (right column) predicted for groups L2000-L2750 and 1-3% velocity reductions at
the CMB are compared with residual averages of Figures 3a and 3b (circles and error bars). The
line style used associates these predictions with the velocity profiles above. Residuals equal to
zero (horizontal line) correspond to predictions for the global PREM shear velocity model. We
use ray tracing to calculate dTgsu_ggg and reflectivity seismograms to determine §Agsv /SKS

from S°V and SK S peak amplitudes.

dimensicnal modeling of §Tgsu _gg g and §Agsv sk g is
then most appropriate for the average structure along
the S path in D”. Heterogeneous structure which af-
fects SKS alone is unlikely to account for the systematic
trends in the data.

The 6Tgsn_gky is affected by the integrated shear
velocity reduction in the lower mantle. Thus there is
a strong tracle-off between thickness of the zone of re-

duced veiocities and the absolute velocity reduction at
the CMB: A good match to §Tgsx_ggg for large epi-
central distances is achieved for models L2000, L2400,
and L2600, with velocity reductions at the CMB of 1%,
2%, and 3%, respectively. Models L2700 and L2750
fail to match observations for the range of reductions
displayed.

Only models with strongly negative shear velocity
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gradients match d Agsv sk g. The model comparison in
Figure 4 demonstrates that a low shear velocity region
best reproducing both §Tgsr_gx g and §Agsv /g s must
include a negative shear velocity gradient in the lower-
most 200-300 km of the mantle (e.g., models L2600
and L2700) of about -0.07 to -0.10 km/s per 100 km,
with CMB velocities about 3% lower than PREM. Mod-
els that can match 0Tgsw_ggg with velocity reduc-
tions over depth ranges larger than 500 km (L2000 and
L2400) and 1%-2% velocity reduction at the CMB,
underestimate §Assv/gxs. Models with low-velocity
zones thinner than 150 km (e.g., L2750) and a 3% shear
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velocity reduction provide a good match to dAgsv sk
but significantly underestimate 6Tgsu_ggg.

3.2. The Radial Extent of Shear Velocity
Reductions

Figure 5 compares fits to dTssu _gx g and dAgsv /sks
for models that include shear velocity reductions that
begin shallower in the mantle (2000 km depth) but re-
tain deep mantle profiles similar to those of L2600 and
L2700 of Figure 4. Figure 5 shows predictions from
two-gradient models with 3% shear velocity reductions
in D” initiating at depths 2600, 2650, 2700, and 2750
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Comparison of average values of §Tgsn_ggg and §Agsv /Sks measurements and

predictions determined for model groups LL2000, LL2400, L2600, LL2700, and LL2750 with
shear velocity reductions at depths of 2600, 2650, 2700, and 2750 km, respectively of 0.5% (solid
curve), 1% (dashed curve), and 1.5% (dotted curve) from PREM. The shear velocity reduction
at the CMDB s 3% for each model. In models of group LL2700’, shear velocity at 2700 km depth
is reduced by 0.5%, and velocity reductions at the CMB of 2% (solid curve), 3% (dashed curve),
and 4% (dotred curve) are shown. The comparison of §T'ssx_gxg and §Agsv /sks predictions
for these models is displayed in a fashion similar to Figure 4.
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km (groups 1.LL2600, LL2650, LL2700, and LL2750, re-
spectively). Each group involves reductions of 0.5%,
1.0%, and 1.5% at the top of the D” zone. Also shown
in the figure are models with variable reductions (2%,
3%, and 4%) over the bottom 190 km of the mantle
(group LL2700°) where the velocity at 2700 km is 0.5%
less than in PREM. These models all yield 6Tgsu _ggg
and 0 Agsv gk s increases with increasing epicentral dis-
tance similar to the data averages. Upon closer in-
spection, however, it is apparent that only models from
groups LL2650 and LL2700 with 0.5% reductions at the
top of D” fit both the differential times and amplitudes
over an extended distance range. A reference structure
having 3% shear velocity reductions over the lowermost
190-240 km, with up to 0.5% reductions in the overlying
650-700 km, provides a good fit to our data averages. A
slightly better fit to the §T'gsun _gx g averagesis achieved
by LL2700, so we choose this structure as our preferred
model. This structure, hereinafter referred to as M1,
with a 0%-0.5% shear velocity reduction from 2000 to
2700 km depth, respectively, and a 0.5%-3.0% reduc-
tion from 2700 km depth to the CMB, respectively, has
the basic features necessary to explain the monotonic
increase of the time and amplitude residuals with epi-
central distance. 'The negative shear velocity gradient
in M1 is about -0.08 km/s per 100 km in the lowermost
190 km.

As Figure 5 demonstrates, we are able to constrain
the depth of initiation of the zone of strong velocity
reduction to about 50 km. Given the scatter and
uncertainties in §7Tssu_gkg and 6Agsv 5k s residuals
and the anomalously large 6T gsu _g g g observations be-
tween 85° and 95°, small modifications to M1 are per-
missible without significantly degrading the fit to the
data. Thus a more detailed 1-D modeling effort with
a wide range of parametrically more complex models is
not useful for this data set, since the resolution is clearly
limited. Nonetheless, we note that models with negative
lowermost mantle gradients over wider depth intervals
yield larger-than-observed time residuals, while reduc-
tions greater than 0.5% in the lower mantle above D”
predict amplitude residuals smaller than observed.

We have also considered models that include a seis-
mic velocity discontinuity at the top of D”. Models hav-
ing & first-order shear velocity increase smaller than 1-
1.5% superimposed on a M1-type structure fit the data
equally well. Larger magnitude increases, as well as
discontinuity depths far above 200 km above the CMB,
degrade the fit. While past evidence for a discontinu-
ity in lower mantle shear structure beneath the Pacific
exists [Garnero et al., 1993; Kendall and Shearer, 1994;
Valenzuela, 1996], the sensitivity of our data to details
of such a structural feature is low.

Similaily, the presence of a variable thin layer (5-
40 km) of ultralow-velocities proposed for the base of
the mantle beneath the southwest Pacific [Garnero and
Helmberger, 1995a; Mori and Helmberger, 1995; Gar-
nero and Helmberger, 1996; J. Revenaugh and R. Mey-
ers, Seisinological mapping of the lowermost mantle:
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Further evidence of a possibly ubiquitous ultralow ve-
locity zone, submitted to Science, 1997 (hereinafter re-
ferred to as submitted manuscript, 1997)] does not sig-
nificantly affect the differential travel times or ampli-
tude ratios. However, our 1-D model calculations indi-
cate that a basal layer thicker than about 20 km can
significantly alter diffracted wave shapes, incompatibly
with our observations. Shear velocity reductions in the
basal layer can be as large as 30% if partial melt is the
cause [Williams and Garnero, 1996; J. Revenaugh and
R. Meyers, submitted manuscript, 1997]. The thick-
ness of the layer has been imaged as highly variable in
the region of the southwest Pacific, possibly thinning
to 5 kin or less far from this region, and is mostly ab-
sent under the Americas (however, there are significant
coverage limitations), which precludes us from properly
addressing this issue in a 1-D modeling approach.

Our modeling effort thus focuses on the shear veloc-
ity gradient structure only, omitting possible contribu-
tions from a D” discontinuity or a low-velocity basal
layer. Omission of these structural features does not al-
ter our main conclusions concerning lower mantle gra-
dients and depths of the large-scale velocity reductions.
While there are key questions regarding a shear veloc-
ity discontinuity and ultralow-velocity basal layer in the
highly variable central Pacific lower mantle, our data
can place few constraints on these structures.

4. Analysis of Broadband S Waveforms

Model M1 reproduces trends in the 67gsu_ggs and
dAgsv/skg observations, particularly at distances be-
yond 100”, where S waves sample the lowermost mantle
with longer path lengths. In this section, we further test
this model by comparison of observed waveform record-
ings with synthetic seismograms.

4.1. Synthetic SSH and S8V waveforms for
models PREM and M1

Two waveform characteristics are significantly differ-
ent in reflectivity seismograms for PREM and model
M1 (Figure 6). First, SV signals for model M1 have
large amplitudes relative to SKS. For model PREM,
the amplitude ratios Agsv /gxg at 108° and 116° are
20% and 8%. respectively, of the value at 95°. In con-
trast, Agsvqkg ratios computed for M1 do not reduce
as rapidly with increasing distance: At 108° and 116°
Agsv sk g, ratios are 55% and 36%, respectively, of the
value at 95°.

Second, S*H waveforms for M1 are impulsive through-
out the 95°-120° distance range. For model M1, even
for a propagation distance of 110°, the geometrical S ray
turns about 100 kin above the CMB. Thus S waves en-
counter little distortion due to diffraction. For PREM,
core diffraction causes SSH waves to lose high-frequency
energy and to broaden with increasing distance beyond
the core’s shadow [Chapman and Phinney, 1972].
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Figure 6. Time-distance profiles of radial (solid lines)
and transverse (dashed lines) component displacement
seismograms computed for a 500-km-deep earthquake
and the shear velocity models PREM and M1. Seismo-
grams are aligned on SKS and normalized by the SKS
amplitude. Note the absence of SV arrivals and S5#

waveform broadening due to core diffraction at large
distances for PREM.

4.2. SSV and SSH Observations

High-quality, digital, broadband waveforms from IRIS,
USNSN, and CNSN stations in North America provide
excellent SS7 and S5V signals for comparison with
PREM and M1 synthetics. Longitudinal component
displacement recordings of events in Table 1 at broad-
band station HRV are shown in Figure 7. These events
are at epicentral distances larger than 114°. Waveforms
computed for modals M1 and PREM are also shown.

Note that the S5V amplitudes for nearly all record-
ings are inuch larger than predicted by PREM. This is
also observed in recordings from other broadband and
WWSSN stations not shown in this figure, and similar
observations were reported by Vinnik et al. [1995] and
Garnero and Helmberger [1995a]. For events 900608,
900626, 930321, 930807, and 940331 the S5V ampli-
tudes and waveforms are well reproduced by M1. S5V is
not observed above the noise level for events 900722 and
940316. However, due to the fault plane orientation,
low-amplitude SV waves are predicted for model M1
(and PREM). Such recordings with unfavorable S5V
and SKS excitation are not included in the data col-
lection of Figure 3b.

Despite the overall large amplitudes, S5V signals ex-
hibit considerable waveform and amplitude variability.
This suggests that the shear velocity structure in the
lower mantle has strong variability relative to a refer-
ence model like M1. For example, opposite SKS and
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S5V first-motion polarities, predicted by M1, are not
observed for colocated events 900626 and 940331. Very
small amplitude S*V is observed for event 940309, even
though M1 synthetics suggest that an arrival should
be observable well above the noise level. Anomalous
S5V waveshapes are present for events 900722 (double
pulsed arrival) and 910930 (longer-period energy), al-
though overall low signal levels may be responsible for
these anomalous recordings.

Broadband recordings, and PREM and M1 synthet-
ics of events 940309 and 940331 at stations across North
America are shown in Figures 8 and 9, respectively. Sev-
eral of these stations are located within 5° azimuth sec-
tors of Tonga-Fiji earthquake epicenters and span a dis-
tance range of 30°. These profiles illustrate the decay of
single-event S5V and SS¥ amplitudes with epicentral
distance. As in Figure 7, SV amplitudes are well ex-
plained by M1 but also display quite variable behavior.
The amplitude of S5V decreases abruptly from station
LSCT to stations LBNH and HRV, spanning just over
1° in epicentral distance range. The observed S5 am-
plitudes are underpredicted by M1, possibly due to a
focal mechanism change during rupture [Goes and Rit-
sema, 1995], but the sharpness of the S SH waveform is
well reproduced by M1 synthetics.

The broadband recordings of events 940331 (Figure
9), low-pass filtered for periods T > 5 s, also show large
S5V amplitudes similar to those in the M1 synthet-
ics. 8%V amplitucle and waveform variability are also
present in the data. Large-amplitude SV at stations
GAC, LSCT, and HRV are in contrast to the much
smaller S5V at LBNH, despite their proximity. As
for event 940309, however, the pronounced narrow S5#
waveforms even at large distances are well reproduced
by M1 but not by PREM.

5. Large- and Small-Scale Heterogeneity

The scatter in 6 Agsv sk s and 6Tssu_gks indicates
strong shear velocity fluctuations in our study region.
The variation in §Agsv/skg residuals has been dis-
cussed in the previous section. In this section we present
examples of differences in time residuals clearly observ-
able in recordings for event/station pairs with proxi-
mate lower mantle paths. By assuming that 6Tssx_gsgs
variations are caused by shear velocity structure in D”,
we estimate the magnitude and scale length of shear
velocity heterogeneity in D”.

Figure 10a displays observations and PREM synthet-
ics for event 921231 at five stations in California. These
stations are within 2° epicentral distance and 9° az-
imuth range from the epicenter. Thus lower mantle S
paths associated with these recordings are separated by
less than 500 km. The SKS onsets are aligned, and
identical time shifts are applied to the recorded and
synthetic transverse component waveforms. The num-
bers plotted above the transverse component waveforms
denote the difference in time of S$¥# onsets of the syn-
thetic and recorded waveforms (Tgsu_ggs). A varia-
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Figure 7. Comparison of radial component seismograms at station HRV (Harvard, Cambridge,
Massachusetts) between observed SK.S and S5V and synthetic displacement seismograms, com-
puted for models PREM and M1. Waveforms are normalized by maximum trace amplitude and
have a duration of 200 s. Synthetic seismograms are computed using the reflectivity method
and Harvard CMT source parameters, except for events 900722 and 940309, for which we used
the USGS-MT moment tensor parameters. On the left of the waveform recordings, the focal
mechanism, epicentral distance (A), and source azimuth (®) to station HRV are given. On the
upper right of each recording, the dTssn_gkg and dAgsvgkg time and amplitude residuals,
separated by a corama, are denoted. SV amplitudes are indicated by the horizontal bars at the
S>3V arrivals. For recordings 900722 and 930416 the S°% amplitude measurement is not made

because of low signal quality.

tion of Tysur_ g5 0f 4 sis evident in the recordings from
station BAR in southern California to stations CMB
and WDC in northern California. A similar compari-
son is made in Figure 10b. This figure compares record-
ings ol events 920830 and 900623 at station CCM and
recordings of 920804 and 921112 at HRV at distances
near 99° and 116°.

Figure 10 indicates that significant heterogeneity ex-
ists for length scales less than 500 km in the narrow
corridor from Fiji-Tonga to North America, giving rise
to several seconds of variability in S delays. Also visible
in the figuie (particularly Figure 10a) are records pos-
sessing aitival times of S5V later than SSH. This phe-

nomena of shear wave splitting of diffracted waves has
been previously noted for this source-receiver geometry
[Vinnik et al., 1989, 1995] and attributed to anisotropy
in the D” region [Maupin, 1994; Vinnik et al., 1995]. In
our approach, Tgsa _ggg 18 most sensitive to structure
encountered by S5 i.e., Vgyy. Agsv/sks, on the other
hand, is most sensitive to gradients in velocity structure
traversed by S5V, or Vgy. A small reduction in Vgy
in relation to Vsg in the D” layer can explain the ob-
served splits in our data. Since only a small portion of
our «lata set has nonzero S5V-SSH times (which display
significant variability), we again do not seek to explain
this lower mantle feature in our 1-D modeling effort.
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PREM

Figure 8. Comparison of observed (left) and synthetic
displacement seismograms of event 940309, computed
for models M1 (ceater) and PREM (right). The wave-
forms are normalized by the maximum trace amplitude
and have a 20-s duration. Solid lines and dashed lines
are the radial and transverse component recordings, re-
spectivelv. Synthetic seismograms are computed using
the reflectivity method and the USGS moment tensor
parameters. Station name, epicentral distance (A), and
source azimuth (®) are given on the left of the observed
waveforms.

We note, however, that the degree of fit of predicted
dAgsv sk s Tatios to observations does not degrade for
a model with an offset D” gradient (i.e., retaining the
same D” gradient, but lowering absolute Vsy velocities
by around 1%).

Since variations in Tgsu _ggg are observed for wave-
form recordings in the entire 100°-120° distance range
(see Figure 3a), we assume that shear velocity varia-
tions are pcesent in the entire depth range of D”. For
each path of Figure 2b, and for other paths in the Pa-
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cific, the average shear velocity perturbation in D” is
estimated by dividing the path length of S in D” by
the 8Tgsa_.gkg time associated with that path. The
D” thickuess is chosen to be 300 km. A different choice
of D” thickness somewhat alters the magnitude of the
resulting shear velocity perturbations in D” but not the
pattern. We include only measurements for source-
receiver distances larger than 100° to ensure long S
paths in D” relative to SKS. Figures 11a-11g display
the S paths in D” associated with the calculated shear
wave perturbations (6Vs) in increments of 0.5%.

Figure 9. As in Figure 8 but for event 940331.
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Figure 10. (a) Observed (solid lines) and synthetic (dashed lines) radial (left column) and
transverse (right column) component seismograms of event 921231 from stations in California.
Station names, epicentral distance (A), and station azimuth with respect to the event (®) are
given on the left All recordings are ali §ned on the SKS phase. Synthetics are computed using the
PREM model. The onset times of S5 for the observed and synthetic seismograms are indicated
by solid and dashed vertical bars for the observed and synthetic waveforms, respectively. The
number denoted above the transverse recordings is the difference in seconds of these time picks
and represent Tgsa _gg g for these source receiver pairs. (b) Comparison between recordings of
events 920830 and 900623 at station CCM (top) and between recordings of event 920804 and
921112 at station HRV (bottom). See Figure 10a for further details.
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€. -0.5% <V, <0.0% d. -1.0% <V, <-0.5%
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Figure 11. S pathsin D” for which 67T 'ss# _gg s residual times imply shear velocity perturbations
from PREM between (a) 0.5% < Vg < 1.0%, (b) 0.0% < Vg < 0.5%, (c) -0.5% < Vs < 0.0%,
(d) -1.0% < Vs < -0.5%, (e) -1.56% < Vg < -1.0%, (f) -2.0% < Vg < -1.5%, (g) -2.5% < Vg <
-2.0%. In Figure 11h shear velocity perturbations from PREM at locations in the Pacific region
is are determined by averaging the seismic velocity perturbations of paths that traverse these
locations within 500 km. This yields essentially a low-pass filtered (>500 km) display of the
velocity perturbations for paths in Figures 11a-11g.

Short scale-lengih heterogeneity is strongly suggested
due to the overlap of S paths requiring different ve-
locity perturbations. This is particularly obvious for
the abundance of paths in the central and northeastern
Pacific used to derive M1. The average shear velocity
reduction in M1 with respect to PREM in D” is about
1.5%. A number of paths (Figure 11c through 11g) sug-
gest 0.5%—-1% small-scale D” shear velocity variations
about the M1 reference structure.

Large-scile: shear velocity variations are also evident
in Figure 11. Paths through the northern Pacific indi-
cate primarily positive velocity perturbations, whereas
large shear velocity reductions are associated only with
northeastern and eastern Pacific paths. Figure 11h fur-
ther emphasizes this by displaying a map of the shear
velocity perturbations smoothed with a Gaussian cap
average of 500 km radius. The elongated shape of shear
velocity structure parallel to the S path in D” is due to
lack of crossing ray path coverage, but the progressive
decrease of shear velocity in D” from the northern Pa-
cific to the eastern Pacific is required by the data. This
has previously been reported by Garnero et al. [1993]
and Valenzuela [1996].

6. Effects of Aspherical Mantle
Structure on TSSH—SKS

Without crossing ray path coverage, we are unable to
image three-dimensional lateral variations in D” struc-

ture. Nonetheless, by referencing the travel times and
amplitudes of S to those of SKS (thus suppressing con-
tribution from upper mantle heterogeneities), and mod-

eling the average trends in these times and amplitudes,
we have imaged a 1-D reference structure appropriate
for the lower mantle beneath the Pacific. However, S
and SKS paths diverge strongly in the lower mantle
even well above D”. For example, at a distance of 120°,
downgoing S and SK S paths are laterally separated by
around 900 km at a depth of 2000 km.

Recent models of aspherical mantle structure have
indicated large shear velocity anomalies in the lower
mantle beneath the Pacific [e.g., Su et al., 1994; Mas-
ters et al., 1996]. Here we briefly explore the behavior
of 0Tgsu_gks in the data with predictions of model
M1, as well as predictions of an aspherical whole-mantle
model. We choose the three-dimensional shear struc-
ture SKS12_-WM13 (abbreviated SKS12 from here on)
of Liu and Dziewonski [1994]. This model was cho-
sen since it includes Tgsr_ggg data in its inversion.
Garnero and Helmberger [1993] discuss the match to
Tssu_ggs times for earlier aspherical models for this
geometry.

Figure 12a displays a cross section of SKS12 that in-
tersects this study’s source-receiver great-circle distri-
bution (Figure 2b). Also shown are S and SKS wave
geometries for epicentral distances of 85° and 120°. The
white box indicates the lower mantle region traversed
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Figure 12. (bottom) Mantle cross section intersecting
the Tonga-Fiji source region and the receiver region in
North America, and the shear velocity perturbations
from PREM of SKS12 (shaded region). The bold lines
are wave paths of S at 85° and 120°, and the dashed
lines are SK S paths at these distances. The white box
outlines the lower mantle region appropriate for M1.
The dotted lines represent the upper boundary of D”
(300 km above the CMB) and the lower boundary of
the upper mantle (660 km below the surface). (top)
She;mr velocity models PREM (thin line) and M1 (bold
line).

by S waves for propagation distances larger than 100°,
for which the M1 shear velocity structure is applicable.
A low-velocity feature in SKS12 extends from the CMB
into the midrantle near the source-region (white shad-
ing), which is one of the most pronounced lower mantle
low-velocity features of that model. For both distances
(85° and 120°), S traverses this structure with longer
paths than SKS. 'This results in a positive §Tssx _sks
anomaly, which qualitatively agrees with the observa-
tions.

Figure 13 compares 6Tgsn._gg s predictions for mod-
els M1 (bold line) and SKS12 (open circles) with the
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observed values (solid triangles) from Figure 3b. Pre-
dictions for SKS12 are computed by ray-tracing the 1-D
geometric ray path of each source-receiver pair through
the aspherical structure (as done by Garnero and Helm-
berger, [1993]). Predictions from model M1 overlay ob-
servations over the whole distance range, while under-
predicting the mean of the times at distances less than
100° (as discussed earlier). Model SKS12 underpredicts
§Tgsu_ggg Tor distances greater than 100° but has a
mean at lower ranges closer to that of the observations
than predicted by M1. For example, at distances less
than 90°, SK$12 averages near 5 s for 07 gsu _gg g, while
M1 predictions are less than zero (-1 to 0 s). The data
averages for 85° and 90° are 2.5 and 3.5 s, respectively,
which are closer to the SKS12 predictions.

Neither M1 nor any other 1-D velocity profile we
tested produced the large 0Tgsu gk s anomalies at the
close-in distances. A 1-D model can reproduce this be-
havior only if significant midmantle velocity reductions
are invoked, which results in a misfit of 6Agsv/gks.
Thus, as SKS12 demonstrates, lateral heterogeneities
are necessary to reproduce such a feature. Preferential
delays of the downgoing S (relative to SKS) in the mid-
mantle and lower nantle beneath the source region (as
depicted by SKS12, white shading, Figure 12) may con-
tribute significantly to the large observed 6Tgsu _gsks
anomalies between 83° and 100°. This anomaly can
bias the §Tgsu _gi g times (an increase) by up to 2 s.
Not accounting for such structure can result in mapping
midmantle anomalies into D”. In this study, some of the
larger distance data may thus have some contribution
to the 6Tgsn _sgs anomalies from the midmantle be-
neath the source region. However, the present effort
has focused on trends in the data beyond 100°, where
0Tssu _g g anomalies are as large as 10 s. A bias in
some of our data will not alter our conclusions, and
even subtracting 2 s from all of our §Tgsu_ggg mea-
surements still results in a shear velocity profile with a
strongly negative gradient in the lowermost 200 km or
so of the mantle, as in M1, but slightly less negative.
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Figure 13. Comparison of 6Tssu _gx g (solid triangles)
with predictions for models SKS12 (open circles), M1
(solid line). and PREM (dashed line).
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With resolution slowly improving in tomographic ef-
forts, future work will entail correcting differential times
for upper mantle and midmantle heterogeneity.

7. Discussion

Large estimated temperature contrasts across the CMB
require the presence of a significant thermal boundary
layer in D” [e.g., Jeanloz, 1990]. It is commonly as-
sumed that the generally low velocity gradients in many
seismic models are a result of this boundary layer. Us-
ing the PREM model, Stacey and Loper [1983] estimate
the temperature increase across D” to be about 840 K.
Doornbos et al. [1986] noted the substantial uncertain-
ties in such estimates resulting from possible chemical
inhomogeneity and seismic anisotropy in D”.

Associating the strong negative shear velocity gradi-
ent of M1 with a thermal boundary layer in D” implies
a temperature increase in D” much larger than 840 K,
using the assumptions of Stacey and Loper [1983]. How-
ever, Stacey and Loper [1983] derive the temperature
increase in L on the basis of reduced velocity gradi-
ents for both P and S. Young and Lay [1989] conclude
from an analysis of short-period P wave amplitude de-
cay that the P wave gradient in D” is positive in this
region. Irom the unalysis of Pyg travel times, Wyses-
sion et al. [1992] also estimate average P velocity in
D” to be slightly larger than in PREM. This suggests
that the P and S wave structure may be very different.
‘While more work needs to be done on the P wave struc-
ture, differing S and P velocity perturbations, together
with the short-scale shear velocity variations (indicated
by the strong scatter of 0Tssu_ggs and dAgsv/sks),
are not easily explained by strong thermal variations
alone. This suggests the presence of compositional het-
erogeneity.

M1 suggests a rather small shear velocity reduction
from PREM at depths between 2000 and 2700 km.
The white box in Figure 12a indicates the lower man-
tle region traversed by S waves for which model M1
is most representative. In this region we resolve sig-
nificant lower-than-PREM shear velocities in the low-
ermost 190150 km of the mantle, consistent with the
study of Valenzuela [1996] but in contrast to the aver-
age or faster-than-average velocities of model SKS12.
Our study supports but does not constrain the pres-
ence of the midmantle low-velocity structure beneath
the source region in model SKS12. However, the struc-
ture of M1 represents a limit to the radial extent of
pronounced low velocities into the midmantle in the
northeastern portion of our study area.

While we have set aside the issue of anisotropy in
D”, which will not affect our basic conclusions, we have
instead developed an isotropic reference structure that
accounts for the overall increase of differential travel
times and amplitude ratios. This is essential, for it is
very difficult to make reliable interpretations of S5V sig-
nals at large distances into the core shadow zone with-
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out first understanding the basic background structure,
which, of course, relates to fundamental issues such as
whether these phases are truly diffracted or not. As we
have shown, the introduction of strong negative gradi-
ents at the base of the mantle can cause significant S5V
amplitudes that might be misinterpreted as the result
of anisotropy that converts SS# energy into SSV. Any
attempt to interpret those signals should include the
isotropic eifects of strongly negative gradients. Some
work along these lines has been presented by Vinnik et
al. [1995].

8. Conclusions

A total of 338 Tgsu_ggyg difference times and 89
Agsv sks amplitude ratios determined from broad-
band and WWSSN recordings of Tonga-Fiji earthquakes
at stations in North America have larger values than
predicted by standard global seismological models such
as PREM. These observations indicate low shear veloci-
ties in D” beneath the central and northeastern Pacific.
A new approach is employed in which time and ampli-
tude residuals are simultaneously analyzed. This pro-
vides strong constraints on the radial velocity structure
that cannot be obtained when diffracted wave travel
times alone are analyzed.

Forward modeling of residual averages as a function
of epicentral distance with simple shear velocity profiles
yields the best matching 1-D structure. Our favored
model M1 has the following robust characteristics that
apply to the lower mantle beneath the Pacific: (1) The
shear velocity decreases between around 2700 (£50) km
depth and the CMB with a gradient of -0.08 + 0.03
km/s per 100 km. (2) The shear velocity in the lower-
most 190 (+ 50km) km of the mantle averages about
1.5% smaller than in PREM. (3) At depths between
2000 and 2700 km, the shear velocities are constrained
to be only slightly smaller (<0.5%) than in the PREM.
Large S°V amplitudes and impulsive SS¥# waveforms
are in excellent agreement with synthetic seismograms
computed for M1. The variations in T'gsu _gg g are used
to estimate shear velocity perturbations in D” and dis-
play the presence of short-scale (<500 km) variations,
super-imposed on long-scale (>2000 km) trends.
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