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Lateral variations in lowermost mantle shear wave anisotropy
beneath the north Pacific and Alaska
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Abstract. S waves recorded by long-period World-Wide Standardized Seismograph
Network and broadband stations in North America for deep northwest Pacific subduc-
tion zone earthquakes provide evidence for anisotropy in the lowermost mantle shear
velocity structure beneath the north Pacific and Alaska. Systematic delays of up to 4 s
are observed between longitudinal components (SV) and transverse components (SH) of
motion for core-reflected ScS waves as well as for core-grazing and diffracted S waves.
The absence of significant splitting for S waves that have turning points more than a
few hundred kilometers above the core-mantle boundary indicates that anisotropy is lo-
calized within the D" region (the lowermost portion of the mantle). SV-SH differential
arrival times for both ScS and Saiff » along with path length estimates assuming a 250
km thick D” region, indicate spatlal variations in the strength of shear wave anisotropy.
The strongest anisotropy (1-1.5%) is found in the eastern part of the study area, with
systematic reduction in magnitude toward the west. A transverse isotropy model can
explam the data, with the velocity structure for horizontally polarized waves (Vsp) hav-
ing a 2-3% discontinuous shear velocity increase at the top of D"’ (as proposed in ear-
lier studies of the region) and a similar structure for S wave particle motion in the
direction normal to the core-mantle boundary (Vgy) but with the velocity jump at the
top of D” and the velocity within D” being reduced from that for Vgy by 0.5-1.5 km/s.
Large uncertainties exist for velocity gradients above and below the velocity jump, but
the requirement of a reduced Vgy relative to Vg in D” is clear. Synthetic waveforms
calculated by using separate isotropic structures for SH and SV match the observations

well and constrain the basic anisotropic structure, because the shear waves all traverse
the region with near-grazing geometries. The study area exhibits strong lateral varia-
tions in lower mantle shear velocity structure and variable thickness of the D’ layer.
Topography of the D” layer is not well resolved (because of trade-off with volumetric

heterogeneity).

Introduction

Resolving the detailed seismic velocity structure at the
base of the mantle is important, as this region is believed
to play a major role in the mantle convection system. In
the past decade a multitude of seismic investigations
have resulted in a picture of diverse lowermost mantle
properties (see review by Loper and Lay [1995]). The
bottom several hundred kilometers of the mantle have
long been known to be anomalous in relation to the over-
lying mantle, leading to the separate designation as the
D” region by Bullen [1949]. In addition to the
anomalously low seismic velocity gradients that charac-
terize D”, a rapid increase (2-3%) in velocity at the top
of the D” region has been detected in several different
areas (see reviews by Nataf and Houard [1993] and Lay
[1995]). This discontinuity has most commonly been ob-
served in regions where large-scale tomographic models
indicate that lower mantle velocities are higher than the
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global average. In contrast, regions with large-scale low
velocities, such as beneath the central Pacific, have only
intermittent or nonexistent discontinuities and a thin (5-
40 km), laterally variable ultralow-velocity layer (10% P
wave reductions) just above the core [Garnero and
Helmberger, 1995, 1996; Mori and Helmberger, 1995].
The presence of lower mantle heterogeneity has been
demonstrated at short (10-50 km) wavelengths [e.g.,
Haddon and Cleary, 1974; Doornbos, 1974; Menke,
19864, b; Bataille and Flatte, 1988; Weber, 1993], at in-
termediate (100-1000 km) wavelengths [e.g., Mitchell
and Helmberger, 1973; Chowdhury and Frasier, 1973;
Miiller et al., 1977; Lay, 1983; Lavely et al., 1986;
Schltttenhardt 1986; Wysession and Okal, 1988, 1989:
Weber and Kornig, 1990, 1992; Woodward and Masters,
1991; Revenaugh and Jordan, 1991; Wysession et al.,
1992, 1994; Garnero and Helmberger, 1993;
Kriiger et al., 1993, 1995], and at very long (>2000
km) wavelengths [e.g., Dziewonski, 1984; Dziewonski
and Woodhouse, 1987; Inoue et al., 1990; Tanimoto,
1990; Masters and Bolton, 1991; Masters et al., 1992; Su
and Dziewonski, 1991, 1992; Rogers, 1993; Su et al.,
1994; Liu and Dziewonski, 1994]. Lateral and radial
variations in structural features of D”, coupled with the
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evidence for strong heterogeneity at many scale lengths,
suggest a dynamically active D’ region. ,
Our understanding of the structural complexity of D”
has been expanded by recent observations of shear wave
splitting (usually involving delay of onset of the SV com-
ponent of motion as compared to the SH component) for
core-grazing and diffracted waves [Vinnik et al., 1989,
1995; Lay and Young, 1991; Maupin, 1994; Matzel et al.,
1996; Kendall and Silver, 1996]. Earlier work docu-
mented similar splitting for core-reflected ScS waves
[Mitchell and Helmberger, 1973; Lay and Helmberger,
1983b]. The early studies of ScS waveform splitting ex-
plored models with complex isotropic structures, such as
a very thin (20 km) high-velocity layer just above the
core, which can produce an apparent delay of SV in rela-
tion to SH as a result of waveform interference phenome-
na. However, such models have not been able to ac-
count for the diffracted wave observations, so it appears
likely that anisotropy (either mineralogical or structural)

is present in some regions of D”. At this time there is

great uncertainty in the cause of anisotropy in D", pri-
marily due to our limited knowledge of mineralogical
properties, thermal and melting conditions, and dynamic
processes in the region [e.g., Wysession, 1996; Kendall
and Silver, 1996]. Making progress in this area will re-
quire both new seismological constraints on the anisotro-
pic structure and mineral physics and dynamical con-
straints on properties of D”.

In this paper we combine two types of shear wave
splitting information (differential travel times and
waveforms) from core-reflected (ScS) phases and core-
grazing (§) and diffracted (Sy;s) phases (Figure 1) to in-
vestigate D’ anisotropy. We concentrate on the region
beneath the north Pacific and Alaska, primarily because
of the good ray path coverage for this region. We obtain
a map of lateral variations in anisotropy in our study area
and discuss possible relationships to variations in D”
thickness and lowermost mantle volumetric heterogenei-
ty. Finally, we examine a few examples of shear wave
observations from other regions and consider the possible
relationship of anisotropy to large-scale lower mantle
heterogeneity.

mantle

Figure 1. Earth cross section displaying geometric ray
paths of ScS (70°), S (95°, and Sdiff (105°), for a 500
km deep event (solid circle). The dotted line denotes the
top of the D” layer. The inset illustrates the geometry of
SV (longitudinal) and SH (transverse) particle motion.
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Figure 2. Great circle projections of ScS (shaded lines)
and Sgy; (solid black lines) wave paths between events
(circles) and receivers (triangles).

Data: S Wave Splitting Observations

ScS and Sy¢; phases from deep focus events in the
northwest Pacific subduction zones recorded at North
American stations have raypaths that traverse the D” re-
gion beneath the north Pacific and Alaska (Figure 2).
The ray coverage in this region is relatively dense,
although there is very limited azimuthal sampling. Our
primary objective is to document spatial trends in shear
wave splitting due to D" anisotropy. Given the lack of
crossing ray coverage, our resolution of structural
features is limited to long wavelengths (>1000 km), and
we cannot hope to fully characterize general anisotropic
parameters (such as azimuthal anisotropy). We used data
from 23 events (Table 1) recorded at 46 World-Wide
Standard Seismograph Network (WWSSN) and broad-
band stations. The long-period (LP) WWSSN data have
previously been studied by Lay and Helmberger [1983a,
bl, Young and Lay [1991], and Lay and Young [1991].
Our data selection was guided by the following require-
ments: well-recorded SH and SV arrivals (ds defined in
the great circle reference frame), good signal-to-noise ra-
tio, and simple waveforms indicative of simple source
rupture process. Nine of the events in Table 1 provided
ScS observations and 12 events provided Sy, data.

Examples of ScS waveforms with shifts between the
peak arrivals of ScS* and ScS** are presented in Figure
3. The map shows the corresponding paths. The shift
between ScS arrivals on the separate components is
measured by picking the peaks of the signals, as the on-
sets are difficult to measure. The accuracy in picking the
peaks is within 0.5 s for most of the data, limited main-
ly by the digitization noise and de-skewing required for
WWSSN data. Examples with small, large, and inter-
mediate degrees of ScS splitting are shown in Figure 3.
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Table 1. Event Information
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Date Latitude, Longitude, Depth,

deg deg km Data® Scs® s¢ sv¢
Sept. 21, 1965 28.96 128.23 195 WW 0 3 0
Aug. 13, 1967 3543 135.49 367 wWwW 0 4 1
May 14, 1968 2993 129.39 162 wWW 0 6 0
Aug. 15, 1969 2157 143.10 320 wWwW 1 0 0
Sept. 5, 1970 52.28 151.49 560 wWW 26 0 0
Jan. 29, 1971 51.69 150.97 515 wwW 12 0 0
May 27, 1972 5497 156.33 397 wWwW 10 0 0
Aug. 21, 1972 49.47 147.08 573 WW 18 1 0
Jan. 31, 1973 2822 139.30 508 wWwW 0 4 3
July 28, 1973 5045 148.92 585 wW 16 0 0
Sept. 10, 1973 4248 131.05 552 WW 0 7 2
Feb. 22, 1974 33.17 136.98 391 wwW 1 5 0
June 29, 1975 38.79 130.09 549 wW 0 1 0
Dec. 12, 1976 28.04 139.67 503 wWW 3 1 0
March 9, 1977 41.66 131.05 556 wwW 0 2 0
May 13, 1977 2842 139.59 448 wWwW 2 8 7
April 24, 1984 50.12 148.75 582 wwW 0 1 2
Oct. 30, 1992 2997 138.93 406 bb 0 6 0
Jan. 18, 1993 18.38 145.71 169 bb 0 5 0
Jan. 19, 1993 38.70 133.50 460 bb 0 6 0
Oct. 11, 1993 3230 137.90 350 bb 0 7 0
March 31, 1994 -21.70 -179.70 600 bb 0 14 0
May 10, 1994 -28.50 -63.06 605 bb 0 12 0

2ww, WWSSN LP data; bb broadband data.

® Number of records analyzed for ScS* -ScS sh splits (for D” anisotropy).
¢ Number of records analyzed for Sj;/ -Sd,ff splits (for D” amsotropy)
4 Number of records with diagnostic Sit;r waveforms (for D” discontinuity structure).

At the two larger distances, SKS is present in the longitu-
dinal component signal, and waveform modeling of the
wave train aids in proper phase identification and ac-
counting for interference effects [e.g., Lay and Helm-
berger, 1983b; Lay and Young, 1986]. Data for which it
is difficult to rule out SKS interference with ScS® are
omitted from our analysis. Small offsets in the ScSsh
and ScS* peaks can occur because of a phase shift
between the SV and SH components at large incidence
angles. When coupled with SKS interference of ScS*,
this offset for the isotropic structure SYLO [Young and
Lay, 1990] is non-zero between 65° and 85° reaching a
maximum of -0.4 s near 70° (ScS® arriving before
ScS™). Al of our ScS®—ScS*™* times have been correct-
ed for this effect, with SYLO used for the corrections.
Note that there is no shift of the peaks of direct S in
these data, which indicates an isolated effect on the ScS
arrivals.

Splitting effects from typical upper mantle anisotropy
are usually of the order of only 1 s [e.g., Silver, 1996]
and should produce little effect on WWSSN long-period
recordings. A routine diagnostic for detecting upper
mantle anisotropy is the presence of SKS energy on the
transverse (SH) component of motion, since SKS should
be longitudinally (SV) polarized in an isotropic medium.
For the epicentral distance range of our core-grazing and
diffracted § waves (90°-105°), SKS is readily observed
but usually has little or no energy on the long-period

WWSSN SH component [e.g., Lay and Young, 1991].
This behavior, however, does not preclude the presence
of upper mantle anisotropy (and its effects on the data),
since the source-receiver wave path geometry may be
aligned with the orientation of fast or slow axes of aniso-
tropy (which would simply differentially shift the com-
ponents of motion). Our ScS data, on the other hand,
from distances of 45°-80°, are always preceded by clear
S arrivals, and we can compare the S and ScS waveforms
to see whether there are differences in behavior. When
we observe strong shifts in the arrival times of SV com-
ponents of ScS (ScS®) in relation to SH components
(ScS*"), we assess whether there is any comparable shift
of components of direct S, usually finding none. Thus
the shear wave splitting must occur where the S and ScS
paths are quite different, indicating a lower mantle ori-
gin.

These empirical approaches are not perfect controls on
receiver anisotropy (splitting depends on incident polari-
zation angle), but the fact that the observations of in-
terest involve ScS split times as large as 4 s (with no as-
sociated S wave splits) suggests that receiver effects are
at most minor perturbations on the observations.
Nonetheless, the sites of several stations used in this
study have been analyzed for upper mantle anisotropy in
previous studies (for a review, see Silver [1996]). In
fact, 40% of our data is at stations where corrections are
possible. While we cannot yet correct the other 60% of
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Figure 3. (a) Map showing wave path geometry between event 9/5/70 (circle) and three receivers
(triangles). (b, ¢, d) SH and SV long period WWSSN recordings of < and ScS for station TUC at
69.6°, station SCP at 77.9° and station GEO at 79.8° respectively. Amplitudes are normalized to
unity. ScS*-ScS** splits are indicated in the figure.
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Figure 4. (a) Raw SV (solid) and SH (dashed) traces,
showing S (first box) and ScS (second box) for observa-
tion SCP, event 9/5/70. Amplitudes are normalized to
unity in plot. Particle motions for boxed time window
are show below the traces, S first, S¢S second. (b)
Records from Figure 4a corrected for upper mantle an-
isotropy and particle motions. (¢, d) Same as above ex-
cept for record GSC, event 9/5/70. See text for details.

our data, it is still important to assess the effectiveness of
applying the corrections where possible.

Figure 4 displays two examples from our ScS data set,
as well as some of the issues that arise in correcting for
upper mantle anisotropy. Figure 4a shows a raw record
at station SCP (event 9/5/70, same record as in Figure
3c). The S and ScS arrivals are separately boxed and
display coincident S peaks (first arrival) and ScS peaks
separated by over 4 s. ScS is delayed on the SV com-
ponent (solid) in relation to that on SH. The particle
motions for the time window in each box are shown
below the traces: S waves display linear motion, and ScS
displays elliptical motion (with some SKS contamination
to ScS). When corrected for anisotropy at SCP, i.e., back
rotated to the fast polarization direction (64°), and ap-
propriately time shifted (by 0.83 s), then rotated back to
the back azimuth, the Sc§ split increases by 0.5-4.7 s (as
measured by [ScSgy-Sgy 1-[ScSsy-Ssy1). Also, the S wave
particle motion now becomes elliptical, impling anisotro-
py somewhere other than D" or the upper mantle. ScS
particle motion appears slightly more elliptical, but in-
terpretation of such is precarious because of possible SKS
contamination. This record is an example in which the
correction for upper mantle anisotropy may not be ap-
propriate for the LP WWSSN data. Figures 4c and 4d
present an example in which the correction does not
significantly perturb the S wave particle motion from
linearity and only slightly reduces the ellipticity of ScS
particle motion. Also, as the text in the figure indicates,
the fast polarization angle ¢t —88° and &t=1.07 s applied
to the récord (at back azimuth 316.89°) results in a
reduction of the magnitude of the ScS split from 2.1 to
1.8 s. The 0.3 s reduction in split is actually below our
picking uncertainty of +0.5 s, but nonetheless represents
an example in which the correction may be appropriate.
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Figure 5. (a) Map showing wave path geometry between
two events (circles) and three receivers (triangles). (b, c,
d) SH and SV long period WWSSN recordings of SKS
and Sysr for event 9/5/70, station BEC, 90.0% event
9/10/73, station BLA, 95.7° and event 9/10/73, station
ATL, 97.8° respectively. Amplitudes are normalized to
unity. Sj,-vff-Sj{‘ff splits are indicated in the figure.

However, since (1) only a fraction of our data are
correctable, (2) the corrected data display varied levels of
appropriateness of such corrections (as indicated by
creating elliptical S particle motions), (3) the corrections
typically amount to less than +0.5 s adjustments to the
SV-SH travel time splits, and (4) at longer wavelengths
(e.g., LP WWSSN), such upper mantle anisotropy con-
tamination should be minimized [e.g., Kendall and Nan-
gini, 1996], we do not attempt to apply corrections to our
data here for shallow structure. Such corrections are
necessary if the analysis is extended to broadband data;
see for example, Kendall and Silver [1996], who studied
Canadian recordings of South American events. Thus it
is a fundamental assumption in this study that upper
mantle anisotropy [e.g., Silver and Chan, 1988] does not
play a dominant role in contributing to the splitting of
the core-reflected and diffracted data seen on the long-
period WWSSN data.

We use the notation "Sgs" to denote either core-
grazing or core-diffracted data. In many cases the pri-
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mary energy of the associated phase turns somewhat
above the core-mantle boundary (CMB), and the signals
are not actually diffracted. Our notation is simply intend-
ed to make it clear that we are referring to S waves that
have bottoming depths in the D” layer. Figure 5
displays examples of SV and SH components of s
waves, Sgjr; and Sji"j‘:f, respectively. Figures 5b and 5Sc
show clear delays of the onsets of Sji, in relation to
Sji’}f. Figure 5d, however, shows a record with a com-
plicated Sairs waveform, which precludes confident esti-
mation of differential behavior between S, and Sﬁf’ff.
As we stated above, SKS has insignificant energy on the
tangential components of motion, indicating that upper
mantle anisotropy is not important for these long-period
observations.

Broadband data for our study area have been collected
for recent events. Usually, only one or two deep earth-
quakes with suitable characteristics occur in a given year,
so we do not have an extensive broadband data set. We
use it here primarily for purposes of comparison with the
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Figure 6. (Top) Great circle projections of broadband
Sgiry wave paths between events (circles) and station
TlfC (triangle). These paths correspond to data
displayed in bottom half of figure: SV (solid lines) and
SH (dashed lines) broadband recordings of SKS (first ar-
rival on SV components) and Sy (second dominant ar-
rival on both components). M[aximum amplitudes are
normalized to unity. The four SV-SH pairs are displayed
as raw broadband displacement (column 1), along with
the same recordings filtered through a long-period
WWSSN instrument response (column 2). The onsets of
Siirr and Sji'}f are marked by short vertical lines, and
the difference time between them is indicated by the
number above the right of each record pair. Event dates,
depths, and station names and epicentral distances are in-
dicated to the left of the broadband records.
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Figure 7. (a, b) Summary of all ScS*-ScS*" and Saif —Sj,"},« splits, respectively, for the Alaska re-
gion. (c) Estimation of percent difference between the horizontal Vg and vertical Vgy seismic velo-
cities in the D” layer, predominantly sampled by SH and SV motions, respectively.

older WWSSN observations. Figure 6 shows the path
coverage and SV (solid) and SH (dotted) components of
broadband displacements of Sy;r; and SKS. Station TUC
has a predicted null offset of SH and SV due to upper
mantle anisotropy [see Silver, 1996; Barruol et al.,
1997]. The onsets of Sys; on the two components of
motion are indicated by vertical lines. These data are
also shown after filtering by a long-period WWSSN in-
strument response. The SV-SH splitting measurements for
the broadband and long-period WWSSN passbands agree
well, indicating compatibility in the two data sets in ad-
dressing deep mantle anisotropy. The fourth record in
Figure 6 has a somewhat shallow event depth (170 km)
and displays some SKS contamination of the SH com-
ponent, as well as a 0.4 s discrepancy in the measure-
ment of the split on the two different band passes. This
may be caused by anisotropy below the source in the
subduction zone [e.g., Russo and Silver, 1994; Fouch and
Fischer, 1996].

While the WWSSN data have a limited passband, they
provide the advantage of a larger time span of signals
recorded by a large number of seismographic stations.
The magnitude of the splitting allows the WWSSN data
to be used fruitfully, which is not the case for studying
lithospheric splitting. On the other hand, detailed parti-
cle motion analyses of the digitized analog data cannot

be done with confidence, because of possible absolute
amplitude errors in the original paper records. Such ana-
lyses can only be applied to the more limited quantity of
broadband data.

Having made many measurements of SV-SH
differential arrival times for the core-reflected and
diffracted data, we seek any systematic trend with dis-
tance that would suggest a one-dimensional structure.
The splitting measurements are summarized in Figure 7.
Figure 7a shows ScS*-ScS™" times. Most differential
times are positive, averaging about 1.3 s. Very few of the
observations indicate ScS*’ arrivals earlier than ScS*
(negative differential times), and most of these are close
to the noise level. Figure 7b summarizes Sj,-vff—ij’ff
times. More than half the data show no delay in Sjs
relative to Sj,-'}f. Figures 7a and 7b separately suggest
modest increases in splitting with distance, although
there is substantial scatter and a significant number of
observations at each distance with no splitting. A sys-
tematic increase in splitting with distance would be ex-
pected if there is a uniform layer of anisotropy. Howev-
er, both the scatter and the lack of a significant increase
in splitting for Sy, arrivals in relation to ScS, despite
the longer path lengths of the former in D”, make it
clear that any one-dimensional model will be unable to
account for the data.
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Figure 8. (a) Delays of ScS* relative to ScS sh (crosses and triangles, scaled to magnitude of delay)
plotted at CMB ScS reflection locations (data from Figure 7a). Also shown are the ScS paths in D”.
(b) Same as Figure 8a except for Sy, (data from Figure 7b). (c) Gaussian cap average of anisotro-
py estimates of data in Figures 8a and 8b. Cap radius is 10°.

To quantify this finding, we computed D” path lengths
for the data in Figures 7a and 7b, using geometric ray
paths through a previously proposed one-dimensional
lower mantle shear velocity model for this region (model
SYLO of Young and Lay [1990]). This model has a
2.75% velocity increase 243 km above the CMB and is
similar to model SLHO, which was previously proposed
by Lay and Helmberger [1983a). The D” path length es-
timates, combined with the travel time differentials of

Figures 7a and 7b, have been converted to relative velo-
city perturbations, 8V, using SYLO as a reference struc-
ture. The values of &V represent the average velocity
reduction/increase experienced by SV particle motion in
relation to that of SH along the entire D” portion of ScS
or Sgss wave paths. These velocity perturbations are
plotted in Figure 7c, giving a measure of anisotropy as a
function of epicentral distance for our data. The in-
creases with distance suggested in Figures 7a and 7b are
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suppressed by normalizing the data by D” path length,
and it is clear that the ScS data sample a region with
stronger anisotropy than the the core-grazing data.

Several inherent assumptions underly the conversion to
velocity perturbations in Figure 7c. The cause of the ob-
served shear wave splitting is constrained to the D”
layer, which directly influences the magnitude of the
velocity perturbations. This assumption is supported by
the fact that the core-grazing waves are the closest direct
S waves to exhibit splitting. However, it is not obvious
that the D” layer has uniform thickness that the anisotro-
py is uniformly distributed within the layer. We also as-
sume that, to first order, the polarized motion of ScS*”
and Sji;; only senses the velocity for particle motions in
the direction normal to the CMB, Vgy. A significant
portion of the D” path of S;, is nearly parallel to the
CMB, as is the case for larger distance ScS waves; thus
associated SV particle motion is close to normal to the
CMB. Nonetheless, some underestimation of the magni-
tude of Vgy may exist because of this approximation,
though this is very likely a minor affect [e.g., Doornbos
et al., 1986]. Thus the values in Figure 7c may represent
a lower bound of the difference between Vgy and Vgy
within D”. We basically are interpreting the travel time
differentials as the result of the special case of anisotropy
called transverse isotropy, with Vgy < Vgy [e.g., Cor-
mier, 1986; Doornbos et al., 1986]. In this case, treating
the observations as naturally polarized with respect to the
anisotropic structure appears warranted by the observa-
tions, but is difficult to fully validate this approach, given
the limited bandwidth of the observations and the fact
that arrival onsets are often difficult to pick with
confidence (particularly for ScS). We do gain some
confidence from the clean shift of onsets observed for
many S phases for the back-azimuth coordinate sys-
tem. Detailed polarization analysis is required to explore
for more general anisotropy [e.g., Maupin, 1994], but our
data do not permit this.

It is clear that spatial variations in the magnitude of
the transverse isotropy must be present. The ScS SV-SH
travel times of Figure 7a are plotted at ScS CMB bounce
points, along with ScS paths through D”, in Figure 8a.
The figure displays ScS*-ScS*" times that are small to-
ward the west, large toward the east, and mixed in the
center of the study region. Figure 8b presents the same
for Sy¢r (SV-SH times of Figure 7b). The Sy times
also show some suggestion of this trend, though the Sj;¢f
midpoint coverage is more localized (coinciding with the
region in which ScS splits are scattered), making
quantification of such a trend difficult for Sd times alone.
The Sc§ and Sy;¢; velocity anisotropy estimates of Figure
7c were smoothed to obtaiii 2 map of the inferred long-
wavelength trend of the data in the following manner: (1)
assign anisotropy estimates for each path to locations at
1 degree increments along D” wave paths; (2) Gaussian
cap average the data, moving the cap over a 1 x 1 degree
grid in the sampled area; and (3) apply the Gaussian cap
averaging for a 10° cap radius (Figure 8c). The map
shows a systematic increase in anisotropy toward the
east, with tapering to near zero on the western edge of
the study area. The patterns reflect the fact that the ScS
data with the strongest splitting are from the most north-
erly events in the Kurile subduction zone recorded by
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east coast stations, while more southerly events show
both diminished Sc§ splitting at western stations and only
modest splitting of Sy;r, at east coast stations.

In this section we have presented spatial variability of
D” anisotropy as implied by SV-SH splits of ScS and
S4iff- The smoothing method employed yields an image
with details that may of course differ from those of a
formal inversion. An inversion of our data would not be
meaningful, since we have very little crossing ray path
coverage. Nonetheless, the long-wavelength trend
displaying increasing anisotropy toward the east of our
study area is robust. We will now incorporate this first-
order finding into waveform predictions through models
having reduced Vg, velocities relative to Vgy to pursue
further details of the velocity structure.

Waveform Modeling of WWSSN Observations
With S Wave Splitting

Records of Sy; data at distances less than 90° show
little evidence for shear wave splitting (e.g., see Figure
7b). Thus we have made the assumption that the aniso-
tropy at the base of the mantle is in D” (e.g., Figure 8).
The exact nature of how Vgy departs from Vgy within
the D” layer has not been constrained in the approach of
the previous section, and indeed there is little constraint
provided by the travel time data. For waveform modeling
we assume a constant reduction of Vgy relative to Vgy
throughout D”. For example, Figure 9 displays model
SYLO, our reference SH (Vsy) structure, along with
three models;: SYLO.75, SYLO.50, and SYLO.25, con-
taining reductions in the magnitude of the SYLO velocity
discontinuity and average velocity increase within D” of
75%, 50%, and 25%, respectively. In the convention of
Figure 8 these models correspond to anisotropy of

-0.63% (SYLO.75), -1.25% (SYLO.50), and -1.88%
2200 ' s '
e PREM
2300 ---8YLO.75
----8YLO.50
----- SYLO.25
2400 - L

§, 2500 - L

S

o

(5]

A 2600 s
2700 L
2800 - -
2900 - =i .

7.0 7.2 7.4

Vs (km/sec)

Figure 9. Velocity-depth profiles used in the reflectivity
waveform modeling.
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Figure 10. Comparison of observed (thick lines) and
predicted (thin lines) SH and SV components of motion
for station BEC at 90° with (a) model SYLO and (b)
model SYLO.25. Maximum amplitudes are normalized
to unity. See text for details.

(SYLO.25). Reflectivity synthetics [Kind and Muller,
1975; and Muller, 1985] are computed for these isotropic
structures and used in the following manner: model
SYLO is used to generate SH waveforms, and models
SYLO.(75,50,25) are used to generate SV synthetics. This
approach assumes that the SV particle motion velocity for
the entire D” path can be approximated by Vgy. As pre-
viously discussed, this assumption should be adequate for
our purposes. Our modeling uses P wave velocities and
densities from model PREM [Dziewonski and Anderson,
1981]. While fully anisotropic calculations can be made
at much greater effort [Matzel et al., 1996], the addition-
al parameters involved even for transverse isotropy do
not appear to be resolvable for data like ours, so we as-
sume only one end-member transverse isotropy model by
our modeling approach.

Figure 10 displays synthetic waveform comparisons
with one of the Sy observations of Figure 5b. Figure
10a compares observed SH and SV waveforms (thick
lines) with predictions for model SYLO (thin lines). The
ij}f wave shape is well reproduced by SYLO, with the
first arrival of the Sj,-'}f pulse associated with energy
(S,4) traveling in the D" fast layer, followed by energy
refracted at the top of D” (direct S). This constructive in-
terference causes a distortion of the pulse, resulting in a
weak, broadened upswing and a strong overshoot. This
isotropic model predicts Sj,-'}f arriving  simultaneous to
Sairs» several seconds earlier than the observed Sjjs.
Model SYLO.25 predictions, on the other hand, match
the timing and shape of S, (Figure 10b) but poorly
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match Sj{}f. Thus, using two separate isotropic struc-
tures, ie., SYLO for Sj;; and SYLO.25 for Sgs, we
can model the waveform example in Figure 10. In this
fashion, all of the S, data in principle can be modeled
by varying the magnitude of the reduction of Vgy in rela-
tion to Vgy. It is important to note that the identification
of the specific triplication effects required to explain the
SH waveform requires that the anisotropic structure coin-
cide with the D” discontinuity. The S.; energy exists
only because of the discontinuity, and it turns within a
few tens of kilometers of this discontinuity in the SYLO
model. Thus, for the corresponding SV energy to be de-
layed as observed requires that the discontinuity be
weaker for SV. Can we simply eliminate the discontinui-
ty for Vgy, as proposed in the study of Matzel et al.
[1996]? As shown below, we cannot, for the SV data in-
dependently require the presence of a discontinuity at
least in some regions. We chose to simply reduce the
discontinuity to the extent needed to match the timing
and wave shape but to allow the discontinuity to exist in
both Vgy and Vgy structures.

A similar approach is taken to explain ScS data. Fig-
ure 1la displays the observed SH and SV waveforms for
an observation at 80°. This observation has a 1.9 s delay
of the peak of ScS* relative to ScS**. Figures 11b and
11c compare the observations with reflectivity synthetic
seismograms for models SYLO, SYLO.50, and PREM.
Model SYLO matches ScS-S separation on the SH com-
ponent (Figure 11c) but therefore underpredicts the delay
time of ScS* in relation to S (Figure 11b). SYLO.50
matches the ScS® waveform and timing but in turn

(a) BLA 80.0

(b) SV

PREM

Ny A
J io:
g

-

-

S

H
SKS+

Scp  ScS S ScS

Figure 11. (a) ScS*" and ScS* observations at station
BLA. (b) Comparison of ScS* data (top, thick line) and
reflectivity synthetics (thinner lines, three bottom traces)
for models SYLO, SYLO.50, and PREM. (c) Same as
Figure 11b except for ScS*". Maximum amplitudes are
normalized to unity. See text for details.
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Figure 12. (a) ScS* and ScS® observations at station
GEO. (b) Comparison of ScS* data (top, thick line) and
reflectivity synthetics (thinner lines, three bottom traces)
for models SYLO, SYLO. 50 and PREM. (c) Same as
Figure 12b except for ScS*". Maximum amplitudes are
normalized to unity. See text for details.

[72]

predicts too late of an ScS* arrival. The D” discontinui-
ty structure in SYLO produces the S, arrival intermedi-
ate to S and ScS, which is in good agreement for the data
and SYLO synthetics (Figure 11c). Note that the S, ar-
rival is also present on the SV waveform (albeit compli-
cated because of the presence of SKS in the same time
interval), and model SYLO appears to predict too early
of an §,; arrival by about the same amount as ScS*® is
early. Weakening the discontinuity as in model SYLO.5
lines up both of these arrivals better but may weaken the
S.s arrival a bit too much in relation to the data. This
result provides evidence that the discontinuity is present
for both Vgy and Vgy structures. The isotropic reference
model PREM does not produce splitting of the shear
waves, nor does it predict the S, arrival. Anisotropic
versions of a smooth model like PREM (or other models
lacking a D” dlscontmulty) can be found to fit the ob-
served ScS® and ScS*" waveforms, but these will neces-
sarily not match the S,; energy. As we will show in the
next section, a st discontinuity is necessary to explain
many of the Sjj;; observations.

Figure 12a shows another waveform with split ScS
waveforms. The ScS® —ScS* differential time of 2.3 s
can be fitted in with similar models as in Figure 11. Fig-
ure 12b shows the underprediction of the ScS*—S time
(Tgs—s) for model SYLO (and PREM). SYLO.50 more
closely matches Toy ., and the S, arrival is weak, as
suggested by the data SYLO does a good job at match-
ing the observed TS differential time (Figure 12c) as
well as the overall SH wave shape, including the S, ar-
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rival. Note that both ScS** of SYLO and ScS® of
SYLO.50 are predicted to arrive slightly earlier than the
observed phases. This prediction illustrates a common
feature of our data set: the various differential times
between S, St and ScS™ are on average fitted by
SYLO, but small scale scatter about this reference model
is ubiquitous [Lay and Young, 1996]. Nonetheless, the
observed ScS* —-ScS** time for the GEO record is well
predlcted by TE(SYLO.50)-T(SYLO). For this region
there is significant mid-mantle heterogeneity (generally
with high velocity) [Lay, 1983; Vidale and Lay, 1993;
Grand, 1994; Liu and Dziewonski, 1994; Lay et al.,
1997], which can perturb the direct S time, thus affecting
ScS-S times. This should not affect our conclusions,
since we are most concerned with the differential
behavior between SH and SV components of motion.

Waveform Modeling of Diffracted Sj,

Since our approach does not uniquely constrain the
differential velocity structure between Vgy and Vgy
within the D" layer, it is instructive to consider addition-
al waveform information. Previous studies of the Vgy
structure in this region yielded models such as SYLO
[Lay and Helmberger, 1983a Young and Lay, 1990].
Subsequently, analysis of Sj;; for this region presented
evidence for a similar, but deeper D” discontinuity [Lay
and Young, 1991] in some areas. We consider further

2200 L

2300

2400

2500

Depth (km)

2600

2700 -

2800

2900 T T T

Vs (km/sec)

Figure 13. Velocity-depth profiles for models SYLO,
S175, and PREM. The reduced thickness model S175 ex-
plams complicated waveform behavior in many of the
observed Sy, waveforms.
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Figure 14. Observed (top thick trace) and reflectivity predicted (lower three traces) waveforms con-

taining SKS, SKKS, and Sji,

(boxed). Records (a) AAM 99.1°, (b) OTT 99.9°, (c) MNT 100.5°, and

(d) OGD 104° are all from event 5/13/77. Maximum amplitudes are normalized to unity.

these data, as they bear upon our parameterization of Vgy
structure, and the issue of variability in the discontinuity
in our study area.

A deeper D” discontinuity model (S175) is compared
with SYLO and PREM in Figure 13. The thickness of
the D” fast layer in S175 is 175 km, compared to 243
km in SYLO. SV component reflectivity predictions for
these models are compared to Sjj;; observations in Fig-
ure 14. At these distances (99°-104°), SKS, followed by
SKKS, arrives before Sj,-“ff, and the waveforms of these
arrivals are insensitive to model differences in D”. How-
ever, larger-scale perturbations can significantly perturb
SKKS-SKS times [Garnero and Helmberger, 1995].
Siirf» on the other hand, is very sensitive to D”, and
predictions for the various models differ significantly in
wave shape (see highlighted regions in Figure 14). Ob-
served Sjr show a characteristic double trough, fol-
lowed by a slightly longer period peak, in Figures 14a,
14b, and 14c. The general character of this wave shape
is reproduced by model S175. Slight Sjj, time shifts
are necessary to align observed and predicted Sj; on-
sets. These correspond to S-SKS anomalies of 2-3 s,
which are easily explained by the faster-than-average
lower mantle and midmantle structure in this region.
Thus time shifts to align the observed and predicted Sjs,
onsets are permissible and do not affect the wave shape
predictions. SYLO predictions over-predict the separation
between the first and second pulses in Sgr; (which
correspond to energy traveling in and above the D”

layer, respectively). An exception is the waveform of
Figure 14d, in which S175 poorly matches the observa-
tion and SYLO produces a better fit. In all four cases
the PREM wave shape is a simple pulse and poorly
matches the observations (see also Lay and Young,
[1991]). These observations demonstrate both existence
of complexity in the Vgy structure, well accounted for by
a class of discontinuity models similar to that found for
Vs, and the implication for the discontinuity depth to
vary laterally in the study region. As was shown by Lay
and Young [1991], the models that best fit the Sjr
waveforms do not always match the Sj,-'}f waveforms
very well, a suggestion that anisotropy is present even in
the regions with thinner D” layer.

Topography of D”

The D” shear velocity structures of Figure 9 are used
to explain the discrepant SH and SV times and wave
shapes (e.g., Figures 10, 11, and 12), assuming the D”
thickness of SYLO (243 km). This thickness is neces-
sary to reproduce observed S-S,;-ScS times and
waveforms on the SH component and is compatible with
our path-averaging approach used to infer long-
wavelength anisotropy patterns (of Figure 8c). However,
that some of the Sj;; wave shapes necessitate a reduced
thickness D” layer (175 km, Figure 13) indicates the
presence of lateral variations in D” thickness, that is, D”
topography.
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Figure 15. (a) Great circle projections of wave paths for which broadband S, waveforms are
displayed below. (b) Three record pairs (SV is the top trace, and SH is the bottom trace of each pair)
for the deep focus 3/31/94 Fiji event. (c) Three record pairs for the deep focus 5/10/94 Peru event.
Sj}’ff-Sﬁ,"}f splits are indicated by the number above the right corner of each record pair. The data

have been corrected for upper mantle anisotropy.

There is mounting independent evidence suggesting to-
pographic variations in the D” discontinuity [e.g., Weber,
1993; Kendall and Shearer, 1994; Kendall and Nangini,
1996). Lay et al. [1997] further pursue this issue for the
same study area, using S.;-ScS travel time residuals rela-
tive to SYLO. Using a total number of 158 high-quality
measurements, they convert 8T_q residuals into D” to-
pography perturbations (relative to SYLO) in the same
manner as Kendall and Shearer [1994]. For example, a
relatively thin D” layer will result in S, arriving closer
in time to ScS, thus resulting in a smaller S.;-ScS time,
i.e., a negative 0T .4 residual relative to a starting
model such as SYLO. They find evidence for small-
scale topography around the predominant thickness of
250-275 km, which is close to that of SYLO (243 km),

with some suggestion of a thinner D” layer (225-250 km)
in the western part of the study area. However, direct
trade-offs exist between volumetric and topographic
heterogeneity in D”, and the issue is further complicated
by the possibility of mid-mantle heterogeneity affecting
direct S times [Lay et al., 1997]. Because of such uncer-
tainties we do not further pursue the possible relationship
between D” topography and anisotropy in this paper.

Discussion

We have used the delay times of ScS and Sjsr on SV
components of motion in relation to SH components to
infer a long-wavelength pattern of D” transverse isotropy
beneath the northern Pacific and Alaska. This study has
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utilized waveforms from a data set of digitized long-
period WWSSN analog records, supplemented by broad-
band data from recent events. In an attempt to document
the first-order lateral variations in D” properties responsi-
ble for the observed shear wave splitting, our analysis
has focused on the travel time information. Below we
briefly present data from two other regions, followed by
further discussion of uncertainties in our approach due to
the various assumptions made, and finally, we discuss
possible directions for future efforts.

Figure 15a shows the wave path geometry for two oth-
er lower mantle regions: beneath the central Pacific and
the Caribbean. Associated broadband displacement SV
and SH observations for these wave paths are presented
in Figures 15b and 15c. The data that sample the central
Pacific (Figure 15b) are all along one azimuth and show
no sign of Si-Sif, splitting at 95°, a very small split
at 102° (0.9 s), and a 3.3 s split at 116.3°. The 3.3 s
split of record 3 (Figure 15b) is comparable to that of
Vinnik et al. [1995] for the same wave path geometry.
Figure 15c¢ shows records from a deep South American
earthquake recorded by Canadian broadband stations.
These records show a variety of splits: going from west
to east the data display 3.1 s (record 1), 0.0 s (record 3),
and 5.0 s (record 2) splitting of Sgj7 in relation to ij’ff
(these records were also analyzed by Kendall and Silver
[1996]). This pattern suggests strong variations in aniso-
tropy beneath the Caribbean, since the S, wave paths
in the D” layer for these records are only separated la-
terally by several hundred kilometers. This region is also
noted for strong lateral variations superimposed on a
background of higher than average shear velocity struc-
ture [e.g., Bokelmann and Silver, 1993; Grand, 1994] and
variable D” layer thickness [e.g., Kendall and Nangini,
1996].

The lower mantle region beneath the central Pacific
has long been characterized as having low velocities
compared to one-dimensional reference structures, from
both forward modeling and tomographic inversions [e.g.,
Garnero and Helmberger, 1993]. Thus if D” anisotropy
is somehow linked to higher than average velocities, as
suggested for the Caribbean and northern Pacific/Alaska
regions, then the presence of D" anisotropy beneath the
central Pacific would be contrary to this trend. One pos-
sible explanation that reconciles the data of Figure 15b
and the possible connection between D” anisotropy and
high velocity is as follows. The strong D” anisotropy
beneath the Caribbean and Central America (Figure 15;
see also Kendall and Silver [1996]) may extend further
north to beneath the United States, which is characterized
by high lower mantle velocities [Grand, 1994]. A strong
zone of anisotropy beneath North America (possibly ex-
tending to the west, in a manner similar to that of the
high D” velocities) could then cause Sy, splitting from
southwest Pacific events recorded in the easternmost Un-
ited States (as for record 3 in Figure 15b). This scenario
would cause splitting for the largest distances having
Sgirs paths that sample beneath the western and central
United States, but would result in little or no splitting for
stations in the western or central United States; the cen-
tral or western U.S. stations would have Sy, paths that
miss the anisotropic zone, ascending from D” to the west
of the strong anisotropy. Thus D” anisotropy colocated
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with the strong reductions in lower mantle shear velocity
beneath the central Pacific may not be necessary to ex-
plain Sy, splits associated with southwest Pacific events
recorded in the eastern United States (such as the event
in Figure 15b and also those discussed by Maupin [1994]
and Vinnik et al. [1995])).

A recent study by Matzel et al. [1996] also analyzed
Sqirf data for lower mantle structure beneath Alaska.
Their conclusions are very similar to ours, namely, that
strong evidence for widespread D" anisotropy exists for
this region. Our study differs, however, in some of the
model details. For instance, Matzel et al. [1996] chose
to model the Sys; splits with a Vgy structure similar to
that of SYLO, but they used a Vgy profile with no
discontinuity. This can certainly match some waveforms,
but not all in our study region. We argue for the pres-
ence of a discontinuity in Vgy due to systematic
waveform distortions in Sg;, (see Figure 14 and also Lay
and Young [1991]). Such wave shapes cannot be repro-
duced with a structure lacking an increase in velocity at
the top of D”, unless some other form of very complex
structure is present. Also, our study includes ScS* -
ScS** information, which proves to be the strongest evi-
dence for splitting, since the waveform shifts are so large
in relation to the path lengths in D”. By analyzing near-
ly 200 splitting measurements from both ScS and Sgf
we are able to document the lateral variation in anisotro-
py in the north Pacific study area. The transverse isotro-
py synthetic seismograms computed by Matzel et al
[1996] do agree well with isotropic models for the Vgy
and Vgy structures they prefer, a finding that reinforces
the validity of our simplified isotropic modeling.

In using long-period data with little ray crossing we
can only explore the longer wavelength D” patterns (e.g.,
Figure 8c). However, this region contains significant
variability at shorter wavelengths in travel times of lower
mantle shear waves [Lay and Young, 1996; Lay et al.,
1997], Sj,-jff waveform shape [Lay and Young, 1991], and
intermittence of ScS and Sy splitting [Lay and Helm-
berger, 1983b; Lay and Young, 1991]. Thus it is impor-
tant to keep in mind that the long-wavelength pattern we
present here (Figure 8c) is an average of properties con-
taining significant variability at much smaller scales.

We have presented evidence for a transversely isotro-
pic D” layer with a vertical symmetry axis. Any expla-
nation of the cause of this anisotropy will be closely
linked to the cause of the increase in seismic velocity
that defines the top of the D” layer. Some possibilities
put forth for the cause of the D” discontinuity are (1) a
phase change in the lower mantle perovskite assemblage
le.g., Nataf and Houard, 1993], (2) scattering due to
lower mantle heterogeneity [e.g., Haddon and Buch-
binder, 1986, 1987, Lay and Young, 1996], and (3) a
reservoir of subducted slab material [Christensen, 1989].
Case 1 implies a global D” fast layer, which may be
difficult to reconcile with the intense small-scale variabil-
ity reported in the D” discontinuity [e.g., Kruger et al.,
1993], unless such a phase change is strongly sensitive to
lateral changes in temperature and/or composition. Obvi-
ously, cases 2 and 3 need not be independent, so we
briefly consider case 3. If subducted material descends
to the base of the mantle, where it piles up to form the
D” layer, then the intrinsic anisotropy of the subducted
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material may be geometrically oriented because of D”
flow. Anisotropy might depend on flow patterns and
directions, thus implying azimuthal anisotropy. Azimu-
thal anisotropy in the lower mantle would be detected by
SKS and has not yet been observed [see Meade et al.,
1995]. Alternatively, if material can accrue at the base
of the mantle in a sequence of thin horizontal layers, an
apparent anisotropy can result [Backus, 1962]. Kendall
and Silver [1996] propose that subducted crustal material
may be swept into such layers, and if that material has a
much lower melting temperature than other slab com-
ponents or ambient deep mantle materials, it may melt to
give a strong enough velocity variation to impart a net
anisotropy. Since the evidence for melting of the crustal
component is at best marginal, such a model must be
viewed as highly speculative. Any physical mechanism
explaining the transverse isotropy will certainly have im-
plications on lowermost mantle rheology [Karato, 1989;
Karato and Li, 1992].

Preliminary particle motion analyses of our broadband
data (e.g., the data of Figure 6) reveal elliptical motions.
Future work will involve analyzing such motions for a
larger broadband data set, including predictions from
transverse isotropy synthetic seismograms. Since our
method of seismogram construction only approximates
transverse isotropy, we do not attempt to model the el-
liptical particle motions in the present effort.

Conclusions

Shear wave splitting observations for ScS and Sysr
have been used to image D” anisotropy for the lower
mantle region beneath the northern Pacific and Alaska.
We model the split waveforms with transverse isotropy,
with Vgy > Vgy in the D” layer. A long-wavelength
trend is apparent: the anisotropy is strongest in the
eastern portion of our study area (=1.5%) and smoothly
tapers to zero toward the west. Waveform considerations
suggest SH signals can be explained by a Vgy structure
containing a 2-3% increase at the top of D", 200-300 km
above the CMB (as shown in previous studies). SV
waveforms can be explained by a Vgy structure having
reductions in the magnitude of the velocity increase of
the Vgy discontinuity by up to 75%, as well as a D" re-
gion with variations in the layer thickness. Two other re-
gions show evidence for shear wave anisotropy, with fas-
ter velocity regions appearing to tend toward stronger an-
isotropy.
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