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Abstract. A regional study of SH velocities in D" has been con-
ducted through the comparison of the apparent ray parameters of
diffracted SH waves [Sd] from large earthquakes and synthetic
puises generated by normal mode summation for three different
velocity structures. This technique has the advantage of automat~
ically including all non-geometric optics effects in the calculation

of the synthetics and of avoiding the complications due to varying .

waveform [requency content that arise when trying to directly
convert apparent slownesses into mantie velocities.

We computed the excitation functions of torsionzl normal
modes up to 0.05 Hz for the smooth model PREM, a model
PREM(HVZ} incorporating Lay and Helmberger’s {1983a] proposed
high-velocity zone, and a PREM{LVZ) low-velocity structure. The
apparent slownesses for the path profiles were obtained by cross-
correlations of both the synthetic Sd arrivals, corrected for ellipti-
city using the modal approximations of Dahlen [1975], and the
data, which were filtered and corrected for upper mantie hetero-
‘geneity [using the tomographic SH velocity models of Woodhouse
and Dziewonski {1983], and Tanimoto {1987] so as to be compati-
ble with the synthetics). Compatisons of the cross-correlated
slownesses revealed one region on the CMB with D" velocities
slower than those of PREM, one region compatible with PREM,
two zones distinctly faster than PREM and one zone that strongly
represents a region of high velocity. This high-velocity zone was
also identified as such by the Lay and Helmberger [1983a] study.

Introduction

The structure and dynamies of the so-calied D" region at the
base of the mantle have continued over the past two decades to
arouse much interest and controversy among a variety of discip-
lines. Most early models of the shear velocity above the core-
mantle boundary {CMB) dispiayed a homogenecus low velocity
zone [Cleary, 1969; Hales and Roberts, 1870; Bolt et al., 1970),
which is consistent with the concept of D" as a simple thermal
boundary Jayer {Jeanloz and Richter, 1979); later models suggested
heterogeneous regions of low velocity [Bolt and Niazi, 1984]. How-
ever, subsequent studies have presented a wider variety of models,
some with high velocity zones in D" {Mitchell 2nd Helmberger,
1973; Mula and Miller, 1980; Lay and Helmberger, 1983}, and re-
cent work by several authors has found evidence for large scale
heterogeneity at the base of the mantle [Gudmundsson et al,
1986; Woodhouse and Drziewonski, 1987|. The determination of the
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seismic velocities in D" is of great importance in discerning the
dynamic processes at work along the CMB. The average values of
the seismic velocities should provide insight into the general ther-
mal and mireralogical structure of D", while lateral heterogeneity
may help map areas of upward convection {expected to feature
low velocities and low-@ ) and, conversely, zones of sinking of
colder convected mantle (expected o be faster), as suggested, for
example, by Olson et al. [1987].

While studies of D™ have utilized a wide range of techniques,
we concentrate in this paper on the determination of the apparent
slowness of diffracted S [hereafter S| arrivals (Figure 1). We are
motivated to a large extent by the resuits of Lay and Helmberger
[1983a], who interpreted teleseismic & arrivals in the distance
range 75—80° as triplications due t¢ a zone of high § velocities
approximately 280 km thick and 2.73% fast. If confirmed, such a
struecture would have important implications for the structure and
mineralogy of D”. These authors’ interpretation was however
non-unique, since the later arrivals making up the triplication
could be due to near-source heterogeneity or the effect of scatter-
ing along the CMB. A summary of these arguments and of the en-
suing controversy can be found in Schiittenhardt et al. {1985],
Haddon and Buchbinder [1986] and Lay [1986].

Diffliculties with 5d Ray Parameters

The use of a profile of diffracted § waves leaving the source at
a common azimuth should in prineiple alleviate this problem, since
the downswing part of the path from the source to the core is
common to ail rays in the profile, and near-source complexity can-
cels out of the apparent slowness. We refer to Okal and Geller
{1879], Mula and Miiller [1980], and Bolt and Niazi [1984] for pre-
vious work on Sd; in general, these studies successfully measured
the slowness p — dT /d A of the wave along a profile of stations.
As pointed out for example by Aki and Richards [1980], the in-
terpretation of p in terms of the shear-wave velocity at the CMB
is not simple because the diffracted arrivals, in violation of the
laws of geometrical optics, propagate along the CMB with varying
frequencies travelling through varying depths into D", the longer
wavelengths of the lower [requencies sampling further up into the
mantle. This causes complications in several manners: (1) for a D"
model featuring a velocity gradient, dispersion of the difiracted ray
will occur with different frequencies travelling through regions of
different velocity; {2} as the ray propagates along the CMR, its
amplitude decreases (due to diffraction back into the mantle) as
expl-a w’/aﬁ}, where A is distance along the CMB and w angular
frequency [Aki and Richards, 1980, p. 440]; {3) anelastic attenua-
tion further reduces the high frequency components of the signal.
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Fig. 1. Sketch of the path of four difiracted S (Sd) waves from a 600 km deep earthquake, generated for a-
PREM earth [Dzfewonski and Anderson, 1981]. On a geometric basis the first Sd arrivals would appear
after 99.2", and the phase is found beyond 180°. The downswing paths are not differentiated by mantle
heferogeneity, which is not the case for the Sd upswing paths.

As a result, each arrival with a different epicentral distance will
have a different waveform due to its varying [requency content
[Chapman and Phinney, 1972]. This is particularly important be-
cause it means that the value of the slowness cbtained from cross-
correlation along a particular path will be dependent upon the re-
lative locations of the stations, and one would expect the slowness
along a given portion of the CMB to vary with the addition and
removal of stations. Mula and Miiller [1980] recognized this prob-
lem and found that the apparent ray parameter varied with
different dominant frequencies {or synthetic seismograms comput-
ed by the reflectivity method. The value of the slowness wil also
depend upon the technique used in measuring the trend, and all
methods will be arbitrary to some degree as they are subject to
the varying {requency content of the arrivals.

For these reasons, in the present paper, we retrieve only the
slowness from the data, and use forward modeling to determine an
approptiate D" velocity structure by generating synthetic Sd
waves from a given initial velocity model and comparing the syn-
thetics' slowness with that of the data. An initial velocity modei
is deemed appropriate only to the extent of the similarity between
the two slownesses. The synthetics are computed by normal mode
theory, which has the advantage of including all difiraction effects
automatically [Okal, 1978].

While the ray parameter from a set of 54 waves is, to the first
order, the linear trend of the successive arrivals at increasing dis-
tances aleng the CMB, there are several factors which must be
corrected or accounted for. It is very important, for example, that
a narrow azimuthal range be accepted in the inclusion of arrivals
for a given path. Recent work by Cormier {1987} has shown that
contamination of 5 rays by slab-diffiracted energy can cause a
difference in arrival times of several seconds for rays leaving an
event at different azimuths, In addition, rays at varying azimuths
could accrue travel-time differences due to their different downsw-
ing paths through the heterogeneous mantle. A narrow azimuthal
range not only eliminates errors due to source effects and downsw-
ing heterogeneity but also aliows the rays to sample the same por-
tions of the CME.

A problem which has not been addressed in previous studies of
diffracted ray slownesses has been the effect of ellipticity. This
effect, though usually not large, is variable depending upon the az-
imuth of a profile and the distribution of stations along it. For ex-
ample, in a set of 54 arrivals starting at high latitudes and ap-
proaching the equator, successive arrivals would travel increasingly
greater distances through the mantle, causing a bias toward a
targer ray parameter and therefore erroneously implying a D” low
velocity zone, We have corrected for the ellipticity by including
modal approximation terms in the generation of our synthetic
selsmograms.

Finally, a problem that previous Sd studies have not been able
to correct for is the differing Sd upswing paths, seen in Figure 1.
Diffracted S waves can arrive over a wide distance range, often
causing the upswing paths to rise through different regions of the
notoricusly heterogeneous upper mantle, even for rays leaving a
single event with the same azimuth. If, for example, the closest
Sd arrivals are through a [ast continental shield region and the
furthest rays come up through a slow young cceanic structure, the
trend through the arrivals would be biased towards a larger ray
parameter value and again would falsely imply a D” low velocity
zone. We address this problem by using available models of upper
mantie lateral heterogeneity to compute travel-time corrections
over all upswing paths, before computing the experimental slow-
ness for each profile. The resulting corrections are significant
along certain profiles.

Data and Analysis

A total of 71 S4 arrivals were used [rom 38 WWSSN and
Canadian {and the Palisades Press-Ewing) stations, allowing the
determination of ray parameters for 12 paths along 5 different re-
gions of the CMVB, Beoth horizontal components were digitized, in-
terpolated at 0.5 s intervals using a cubic polynomial scheme and
rotated into their transverse components, In the PREM modet
{Dziewonski and Anderson, 1981} the calculated first Sd rays ar-
rive at epicentral distances of A == §9.2" for an event at 500 km
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TABLE 1. Earthquakes Used in This Study

No. Region Date Crigin Depth Epicenter m, Focal Mechanism
Time {km) ‘N 'E @ § X Ref.

1 New Guinea  4/24/64  05:56:00.8 99 -5.07 14420 83 183 80 -95 a
2 Loyalty Is. 10/7/66 15:55:11.3 165 -21.59 170.56 6.0 107 70 21 a
2 Tonga 10/6/67  17:21:46.0 605  -2L.10 17020 6.2 54 85 .83 2
4 Tonga 2/10/89 22:58:03.3 6835 -22.95 17876 6.6 g6 86 -85 b
5 Burma 7/29/70 10:16:20.4 68 26.062 95.37 6.4 197 60 163 ¢
i Kuril Is. i/28/71 21:58:05.4 515 51.69 150.97 8.0 35 71 -90 d
7 Tonga 11/20/71  07:27:595 533 -23.45% -179.88 6.0 180 75 100 d
8 Tonga 2/22/75 22:04:33.5 333 -24.98 -178.88 6.1 35 87 -143 d
g Honshu 8/29/75 10:37:40.6 549 38.79 130.09 6.1 222 78 120 d
14 Honshuy 3/9/77 14:27:53.6 579 41.61 13088 5.8 194 75 76 e

References for focal mechanisms: a== Jageks and Molnar {1971}; b= Mula {1981}
e== Tendon end Srivastova [1875]; d= This study; e== Grardini [1984].

depth, and A = 101.6* for a surface event, so we tried to avoid
using any arzivals closer than 100°, only twice using rays that
could contain mostly undifiracted § energy. The SH energy de-
cays quickly along the CMRB, but we found as appropriate for the
study four of the §d arrivals recorded beyond 1507, making the
range of the CMB sampled by a given profile to be as large as
50", or approximately 3000 km. [t was always our attempt to get
as many arrivals with as wide a distance range as possible for each
path used. While there is most probably inhomogeneity in D” on

-scale smaller than 3000 km, and a slowness retrieved over this

Age will be a large scale average, this irade-off was propitious
due to the more precise determination of the ray parameter using
a broader distance range, Tables 1 and 2 list epicentral and path
information for the records used in this study.

In order to retain large amounts of SH energy around the
CMB, the events used in this study, all with my > 5.9, involved
predominantly dip-slip motion as can be seen from the focal
mechanisms listed in Table 1. The source parameters were either
taken from previous studies or caleulated on the basis of Srst ar-
rivals that were both read directly from the data and taken from
ISC bulletins. We tried to use primarily deep events for several

reasons. First, the LVZ at the base of the lithosphere greatly at-
tenuates § waves that pass through it, and rays from deeper
events pass through this zone once instead of twice. The two
earthquakes we used that were shallower than 100 km also hap-
pened to have the two greatest body magnitudes {my = 6.3 and
6.4). Records from deep events are usually cleaner and less noisy,
making the §¢ arrivals more distinct, but more importantly with
deep events 84 is also distinet from the surface reflected +5d , sim-
plifying the procedure to determine the slowness. Only in the case
of Event 5, were 854 and £5d too close to be separated in the
cross-correlation process, the consequences of which are discussed
later.

Another tequirement for the earthquake sourees was that their
SH radiation patterns be favorable for the azimuths along which a
string of stations were located. The ailowed range in azimuths
from a given event to individual stations was usually Hmited to
10°, so the geographical jocations of existing stations and large se-
ismic events not only limited the CMB paths we could study but
also forced us to use events with large relative radiation ampli-
tudes. These can be calculated following Kanamori and Stewart
[1976] as R™¥ = _g; cosiy - py siniy, where q; and p, are the

TABLE 2. Characteristics of the $¢ Profiles Used in This Study

No.  Ave. Azimuth R Stations used

("
1 335.5 0.831 NUR, KON, ESK, VAL, PTO
2 295.5 0.481  NDI, LAH, QUE, MSH, SHI, JER
3a 51.5 0.920 FLO, SCP, PAL, WES, HAL, STIJ, PDA
b 292.0 0.458  SHL, NDI, QUE, SHI
da 54.0 0.566 OXF, AAM, BLA, SCB, 5CP, GEQ, OGD, 8T
4b 294.0 0.583  NDI, KBL, MSH, SHI, TABR, JER, HLW
5 0.0 0.230 AAM, SCP, FLO, BLA, OXF, ATL, SHA
8 55.5 0.754  BOG, QUI, NNA, ARE, LPB
7 291.0 0.389  NDI, QUE, SHI, JER, EiL
& 54.0 0.288  QXF, AAM, BLA, SCP, WES, STJ
g9 355 0.506 ATL, SHA, BHP, BOG, QUI, LPRB
10 325 0.712  ATL, SHA, CAR, BOG, LPB
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radjation-pattern coefficients of Kanamori and Cipar [1874], and
1y is the take-off angle at the focal sphere, which here ranged frem
i == 19.9" [at 58 km depth) to i, ==276" (at 635 km depth).
With the optimal relative amplitude as R == 1, at the azimuths
of our prefiles all of the events had values of 5% > 0.4 with the
exception of Events 5 (R = 0.23} and 8 (R¥ = 0.29), which
were retained beczuse of their clear arrivals.

Finally, the data profiles were filtered with a low-pass filter of
0.05 Hz to make them compatible with the synthetic profiles. Fig-
ure 2 shows an example of §d profile in the case of Event 4.

Upper Manile Corrections

In order to further equate the filtered data with the syntheties,
corrections for upper mantle heterogeneity along the Sd upswings
were added to the travel times based on the tomographic fuil-
mantle shear velocity model of Woodhouse {personal communica-
tion, 1987]. The upper mantle model of Tanimoto {1987} was also
used, without significant differences.

The corrections were simply computed as

At =~ f A2 4, {1)
upswing ﬁ'*’

where the integral is taken along the upswing portion of the ray,

and the lateral heterogeneity in shear velocity, AfF, is computed

locally by summing its spherical harmenics components.

The range in arrival corrections to our data was 2.41 s
(At = -1.83 5 for Event 4 to SCB; At = 0.58 s for Event 2 to
HIW}. The greatest range in travel-time corrections for a single
profile was 1.53 s (Event 4 to N. America), and the resuiting
slownesses reflect these biases.

Synthetic Seismograms and Eflipticity Corrections

Since the D” velocity structure cannot be directly inferred from
the data ray parameters, synthetic seismograms for three different

velocity models were used as a standard of comparisen. The syn-
thetics were generated using a summation of toroidal normal
modes of {ree earth oscillations with the algorithm of Kanamori
and Cipar [1974], and corrected for ellipticity using the modal
approximations of Dahlen [1975]. This method has the advantage
of being able to repiicate diffracted SH arrivals, which as non-
geometrical rays are not well modeléd by some other techniques.
For each velocity model the excitation functions with depth of
almost 7000 modes (with frequencies up to 0.05 Hz and phase velo-
cities above 8.0 kmy/s} were generated, and sach synthetic seismo-
gram was obtained by the summation of the modes; computational
details can be found in Okal [1978]. The synthetics for each event
were generated using the appropriate focal mechanisms listed in
Table 1. As can be seen in Figure 2, using such a broad range of
modes generates not only the diffracted § rays, but a complete set
of SH body wave arrivals.

Velocity Models

The three velocity models used in creating the synthetics
typify the types of models that have been invoked by many stu-
dies of D”; they are shown on Figure 3. Al three of our models
have & PREM structure down to a radius of 4075 km and have a
CMB at r = 3480 kin, but while one maintains the PREM values
down to the CMB, the other two are perturbed to include high-
velocity and low-velocity zones at the base of the mantle. The
undisturbed PREM model, based on free earth oscillation data, is
used to represent models having zero or small velocity gradients in
D", actually including a very small negative gradient of
-8.42 x 10° 57! in the bottom 70 km and reaching a shear velocity
of 7.2254 km/s at the CMB.

The HVZ modet is in the manner of Lay and Helmberger
{1983a], where evidence for a high-velocity zone was inferred from
D" triplication patterns, and consists of 280 km of faster material
reaching a maximum of 7.281 km/s at the OMB. Consistent with
its initial design, this HVZ is discontinuously separated from a

TABLE 3. Cross-correlated Slownesses (s/deg)

Observed slowness

Synthetic slowness

Path Region Sampled
Number Raw Data Corrected PREM HVZ LVZ
(T'>20s) (Woodhouse) ( With Ellipticity)

2 Loyalty 1. to Mid-East 851 8.47 8.55 8.42 8.73
3b Tonga to Mid-East 8.50 8.47 856 8.40 8.75
4b Tonga to Mid-East 8.46 B.46 855 844 374
i Tonga to Mid-East 8.50 8.45 8.58 845 871
3a Tonga to N America B.46 8.43 8.54 841 B8.75
4a Tonga to N America 834 830 853 838 871
8 Tonga to N America 8.46 542 855 838 873

6 Kuril Tr. 10 Americas 8.34 8.33 8.54 8.41 8.73

9 Honshu to Americas 8.33 8.30 8.57 843 878
10 Honshu to Americas 8.31 8.31 8.58 8.42 877

5 Burma to N America 8.56 8.50 8.52 8.36 8.68

I New Guinea to Eurcpe 8.61 859 352 842 8.73
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Fig. 3. The three D" SH-velocity structures used in the caleula~
tion of normal mode excitation functions for the generation of
synthetic seismograms. The high-velacity model (HVZ) is in
the style of the SLHO structure of Ley and Helmberger {19834,
and the low-velocity zone is modeled after M2 of Muls and
. Miller [1980].

zone of lower velocity that lies above it, so that the vertical
travel-time of Se§ will remain unchanged,

The LVZ, styled after model M2 of Mula and Miiller [1980], is
typical of low-velocity models in that its shear velocity reaches a
maximum at the top of D" and decreases linearly with depth down
to the CMB. At a radius of 3671 km the shear velocity reaches its
maximum with g = 7.2061 km/s, and it decreases with a gradient
of -1.26 x 107 57! down to a value of 6.965 km/s at the CMB.
This is a modest relative {similar in structure but with a Jess pro-
nounced negative velocity gradient) of several LVZ models previ-
ously presented, such as ANU2 of Hales and Roberts [1970] and
that of Bolt {1972).

Cross-Correlation and Observations

The slownesses of both the §¢ data and synthetics were deter-
mined using the ¢ross-correlation method used by Okal and Geller
[1979]. Since the data were liered above 0.05 Hz and corrected
for upper mantle heterogeneity, a comparison between the
apparent ray parameters of data and synthetics is an appropriate
means of testing the validity of our velocity models. The cross-
correlation method, finding the best-ft linear trend between the
5d arrivals along a given path, involves isolating the §d pulses,
normalizing the signal energy of each puise to unity and comput-
ing the cross-correlation functions y @ y; between the signals.
The best-fitting slowness, p, corresponds to 4 maximum in the
cross-correlation coefficient, F', determined by

F= 3wl -p8:)@y(-54;) (2)

V

Figure 4 shows the cross-correlation function F{p} for the
profile shown on Figure 2, and for the corresponding synthezics.
Those paths which did not yield sharp and unitary peaks in the
function £ (p ) were discarded.

Previous studies of S waves have used visual picking methods
in the determination of the slowness, choosing either the onsets
[Bolt arnd Niazi, 1984 or peak deflections (Mula and Miiller, 1980]
of the arrivals, and had no means of correcting for the wave-forms
changing due to the rapid high frequency decay. These methods
would be very inappropriate for our study, with an absence of
energy for pericds T < 205 in our pulses, but while the cross
correlation technique is aiso susceptible to bias from wave-form
distortion, this distortion will appear in both data and synthetics
and is therefore not problematic.

In all cases except Event 5, a tapered window was applied to
isolate the S¢ pulse before cross-correlation. For Event 5 (the
Burma event and the shallowest earthquake used) the surface
reflected 85d arrivals were so close to the §d pulses that, with the
absence of high frequencies, the two were distinet but inseparable,
Therefore, the cross-correlated windows in these cases contained
both signals, but given similar azimuths and take-off angles, the
relative amplitudes and differential travel times between S¢ and
aSd arrivals should be the same at 2l stations and so should cause
no bias in the calculated slowness.

Table 3 shows the siownesses for the paths used in our study.
The first column is for the fltered data and the next includes the
upper mantle corrections. It can clearly be seen that the addition
of the heterogeneity corrections changes the slownesses by up to
0.06 /", In the tomographic model of Woodhouse [perscnal com-
munication, 1987] we do see strong upper mantle velocity
anomalies due to continent vs. ocean differences. Since all our sta-
tions are in eontinental regimes, we see a strong bias toward nega-
tive {fast) travel-time anomalies in our arrivals, but would have
seen a greater variation in anomalies if we had used data from
oceanic island stations, which tend to show a positive bias in
travel times,

The last three columns of Table 3 show the synthetic
slownesses from the three velocity models, with the ellipticity
correction included. The effect of eilipticity varies depending upon
the orientations of the profile path. For the two Houshiu events
this correction averaged +0.03 s/’ among the three models, but
was negligible for the Tonga profiles.

The variation in ray parameter due to the variable wave form
frequency content from the unique juxtapositions of stations can
be seen in the spherical model synthetics, which would otherwise
yield identical slownesses for a given velocity model. For spherical
PREM, which has the least vertical variance in D", the range in
synthetic slownesses is 0.06 s/ *, but for the other two models this
range is 0.09 s/, possibly due to their more complex structyres.
Add to this the corrections just mentioned and it is clear that in
examining the path slownesses it is important not to attach
significance to the individual values for the path-corrected data,
but rather to their differentiation from the synthetic slownesses.

Figure 5 shows these comparisons as a function of the geo-
graphic region sampled at the CMB. “Average” shading is for
slownesses between those of the PREM and HVZ models; “‘slow”’
implies velocities slower than PREM; “fast” implies velocities fas-
ter than our HVZ model. The four Tonga to Mid-East paths, sam-
pling the CMB under the Western Pacific and Southeast Asia, all
imply velocities close to the HVZ model but stil] possibly con-
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Fig. 4. Plots of the cross-correlation functions for the Event 4b profile. In (A}, the peak represents the best-
fitting apparent ray parameter through the filtered data arrivals {not corrected for upper mantle hetere-
geneity}, and the following plots show the apparent slownesses through the synthetic 5d phases.

sistent with PREM. The three Tonga to North America paths sug-
gest velocities even closer to our HVZ structure. The slowness for
the Burma to North America path is consistent with that of the
PREM synthetics.

All three Japan to America paths, however, show strikingly
fast velocities, even faster than for our HVZ model. It is interest-
ing to compare the geography of these results to that of Lay and
Helmberger {1983b]. Because these authors’ study is conducted at
shorter distances, it is not possibie to duplicate exactly their sam-
pling. Nevertheless, their proposed area of high-velocity at the
CMB, along the path from the Sea of Okhotsk to North America,
falls in the immediate vicinity of our zone of high velocity {from
Honshu and the Kuriles) to North and South America. Qur HVZ

was based on theirs in its structure but was also designed as a per-
turbation of PREM, maintaining SeS travel times. The Lay and
Helmberger SLHO high-velocity zone had D7 velocities in excess
of 7.32 km/s {ours reached 7.28 km/s} and so would be more
appropriate for our results than the HVZ we tested here. We do
not have comparable coverage of their other region of high veloci-
ties (Argentina to North America).

The presence of a low-velocity zone was seen in only one
region, the CMB under Siberia from our New Guinea to Eurepe
profile. Even here, however, the siowness was only in between our
PREM and LVZ models. Unfortunately, due to the paucity of sta-
tions in the Southern Hemisphere, we have no coverage of the
CMB below the equator.
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Fig. 5. Velocities in D" relative to the average of our data, which is slightly [aster than for PREM. Solid
lines represent average source-to-station great circle paths for the data profiles.

Conclusions

We find strong evidence for lateral heterogeneity in the velo-
. city structure of the D" region at the base of the mantle. The use
of diffracted SH waves is a powerful tool in examining this region,
but considerations due to event depth and source parameters, sta-
tion azimuth and location, ellipticity and slowness-determination
techniques must first be taken into account. Both the ellipticity
and upper mantle Leterogeneity corrections can be significant for
particular path profiles, and should be incorporated inte future Sd
ray parameter studies. In addition, inherent biases in the
apparent ray parameter prevent a direct conversion into mantle
velocities, but through comparison with synthetic seismograms
generated vhrough normal mode summation, we have been able to
identify the appropriateness of different shear velocity models av
different regions along the CMB. We find one region in D" that
would be adequately modeled with a low-velocity perturbation to
PREM (though not of the magnitude proposed by many other
LVZ models), three regions that would be well represented by
high-velocity perturbations to PREM, and one, in agreement with
the results of Lay and Helmberger {1083b], that implies the pres-
ence of a very pronounced high-velocity zone. If high-velocity
zones in D" were the result of the sinking of colder convected
mantle, in the manner of Olson et al. (1987}, and if full-mantle
convection occurred, then the CMB directiy below the Northern
Pacific Ocean trenches, where oceanic lithosphere has continued to
be subducted at a fast rate, would be a logical location,
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