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Abstract. In examining the slownesses of linear profiles
of diffracted P arrivals, we have discerned regional vara-
tons in the compressional velocity structure of D7, the
base of the mantle. Three methods of determining the
slownesses were tested, concluding that the waveform
cross-correlation {XC) technique is more reliable over a
wide range of epicentral distances than methods involving
a linear regression through either the first motion or first
peak arrival times. XC slownesses suggest a statistically
conservative range in D" average velocities of 3.1%, and
reveal regions of very fast velocities under Asia and the
eastern Pacific basin and of very slow velocities under the
New Guinea/Solomon Islands region. Slownesses were
found to correlate well with the tomographic model V3 of
Morelli and Dezlewonski {1986], derived from a different
technique and data set, Syathetic seismograms were gen-
erated using a summation of spheroidal normal modes, and
at periods greater than 45 s the difftacted waves show
much less variation and are very well modeled by PREM.

Tniroduction

Chemical and/or thermat differences in the structure of
D" have recently been detected with a diverse array of
techriques in the fields of seismology, geomagnedes, geo-
desy, geothermometry and geodynamics. Together with
advances in mineral physics, these efforts have given us
greater insight as to the processes shaping D, These lateral
heterogeneities have been quandfied by seismologists using
both global studies with tomographic inversions of many
travel times, and regional studies involving a closer examy-
nation of fewer teleseismic amrivals. Diffracted waves
{Pd, Sd) have been a popular choice for the later.

In Wysession and Okal [1988, “*Paper I"'], we compared
slownesses across profiles of Sd arrivals o those of syn-
thetic 5S4 pulses, and constructed a Limited map of shear
velocities (V) in D", We found a 3.5% variation in slow-
ness (hence in Vi) with our coverage, and verified that a
high Vi zone in the manner of Lay and Helmberger {1983}
was appropriate in modeling D" beneath the NE Pacific
plate boundary. In order to get a better understanding of
the elastic propeniies of the base of the mantle, we now
extend these techniques to velocities Ve in D", Because
the translation of appareat ray paramewers (p,) into veloci-
ties is not simple [Paper I; Mula and Miiller, 1980, Aki and
Richards, 1980], two approaches can be taken toward
interpretation: compare regions of the CMB only by their
stownesses, in terms of relative veloclty perturbations, or
create synthetic seismograms of the arrivals, determine
their slowness and then compare this o the data p,, thus
deriving in absolute terms the goodness of the model at
simulating the data. Buoth approaches are taken here.
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Data and Corrections

We use 140 long period vertical WWSSN and Canadian
records from 13 large {my, 2 5.9} earthquakes. Several of
those have been previously studied, in particular by Mula
and Miller [1980]. We restrict ourselves to 20 indepen-
dent azimuthally narrow profiles of the Pd arnivals, ranging
in epicentral distance A from 99 to 161°. Although the Pd
signals are small at greater distances, they are ofien clear,
being the first arrivals. Events are listed in Table 1, and
profiles in Table 2, arranged by CMB region.

Our regional coverage of D" was controlied by certain
criteria regarding station configurations along profiles, and
by the limited distribution of large post-1962 earthquakes.
To ensure a reliable determination we require a minimum
distance range along the CMB of 15°. We also tried 10 use
at least 4 stations in a profile, averaging 6 per path. We
restricted the azimuthal rangs o a maximum of 18°, {with
a path average of 11.6%, both o allow sampling of a con-
tinuous path through D" and o0 aveid travel time delays
due to source effects and slab diffraction along the Pd
downswing {[Cormier, 198%9]. Deep events gave clear
arrivals for Pd and its surface reflections, pPd and sPd,
but our narrow azimuthal windows also allowed us to use
shallow evenis, for though these arrivals are a combination
of all 3 pulses, at a given azimuth all signals still leave the
source with the same waveshape, Figure 1 shows an
example of our data.

Travel times were corrected for both ellipticity and the
upswing paths through the heterogeneous mantle and crust.
Ellipticity corrections ranged from -1.15 to +1.07 s, often
differing by more than 1 s for arrivals along a single
profile. Each upswing path being through a different pant
of the mantle, we wanted to correct them by using a tomo-
graphic model of Vp perturbations in the mantle. Since a
full-mantle Vp moodel is not currently available, we had the
choice of using the spherical harmonic coefficients from a
fullmandle Vi modal or combining a lower mantle Vp
model with ap upper mante Vi model. For the sake of
consistency with our Sd study we use the full-mantle and
crust Vo coefficients of Woodhouse (pers. comm., 1989),
and scale it approprately for Vp, assuming d{inVp)
d{inVe¢) = 0.5. The range in corrections for our data was

TABLE 1. Events Used for This Study
Epiconier Depth my

Eveat  Location Date Origin

No, MY Time  (*NY O (PE)  fom)

1 Taiwan 2/13/63 0850:05 2441 12209 353 6.2
2 Poru 8/15/63 1725311 1378 6926 593 6.0
3 Brazi 11/9/63 211530 «8.83 7187 376 59
4 So. Sandwich  9/14/66 2318:42 6033 2725 27 59
5 Sumaisma 5/21/67 1845:13 096 10139 184 6.2
6 Sumatra 82167 073302 372 9574 4D 61
7 Tonga 1967 172146 22110 -179.20 605 6.2
8 Nicaragua 10/13/67 0800:33 1181 -8598 181 612
9 Kermadee F2568 072302 -30.97 -178.13 17 6.5
10 Bomeo §/10/68 020700 138 12624 163
11 Tonga 2/10/69 223303 2275 17876 635 6.0

330772 033450 22369 17958 479 6.
9/29/73 004400 4193 13099 567 63

12 Kermadeo
13 N, Korca




wig

Wysession and Okal: Lawral P-Wave Variations in D"

TABLE 2. CMB Path Prefile Data and Resuls for This Study

Event. CMB Path No. of Distance Azimuth Slownesses
Profile Description Sta. Range (*} Range (%) XC PM FM
Full Profiles
1.1 Taiwan 10 S, America 6 112-145 6-16 4.53 4.50 4.44
1.2 Taiwan 10 S. America 5 100-147 20-31 4.64 4,356 4538
1.3 Taiwan 10 S. America 7 100-149 3142 462 4.38 4.52
i3.1 N. Korea o S. America 8 113-153 32-53 4.64 4.62 4.54
2.1 Peru to South Asia 4 101-159 54-59 4.64 4.65 4,57
3.1 Brazil to Scuth Asia 7 100-157 50-62 4.52 4.55 4,52
8.1 Nicaragua 10 South Asia 5 100-144 34.50 4.61 4,58 4.52
4.1 So. Sandwich to N. America 10 104-129 297314 4.60 4.51 4.52
42 So. Sandwich to N. America 10 107-113 318-329 s 4.53 4.26
5.1 Sumatra to N. America 5 100-144 24.35 4.61 460 4.59
6.1 Sumatra to N. America 3 120-136 2733 4.60 4.55 4.34
10,4 Bomeo 1o N. America 7 107-157 25-37 4,57 4.53 4.50
10.2 Bomeo to Europe 7 102-133 321.332 4351 444 4,44
7.1 Tonga to N. America 8 102-123 50-58 4,55 4.57 4.49
9.1 Kermadec 10 N. America 6 105.128 56-62 4,51 4.53 4.42
121 Kermadec to N. America 6 105-121 55-63 4.49 4.45 4,57
92 Kermadec o Europe & 113-157 12-23 4.55 4.54 4.5
72 Tonga to Mid-East (whole) 3 111148 291303 4.54 451 4.54
1.1 Tonga to Mid-East (whole) 7 110-147 290-302 4.54 4.54 4.50
93 Ker. to Mid-East (whole} 8 116-161 280-296 461 4.53 4.51
122 Ker. to Mid-East (whole} 8 99-148 287297 4.59 4.55% 4.58
Pardal Profiles .
7.2a Tonga to Mid-East (1st par) 3 113-127 293-300 4.687 4,63 4.64
il.la Tonga to Mid-East {1st part) 4 114-126 293-299 4,70 4.69 4.59
93a Ker. to Mid-East {1st par} 4 116-132 287-292 480 471 4.69
1222 Ker, o Mid-East (1st pary) 5 95121 291296 4.65 4.65 4.66
720 Tonga to Mid-East (2nd pary) 4 127-148 201-303 4,47 4.50 4.52
11.1lb Tonga to Mid-East (2nd part) 4 126-147 290-302 4.52 4.56 4,47
93b Ker. to Mid-East (2nd part) 5 132-161 280-296 4.51 445 4,45
122b Ker. to Mid-East (2rd part) 5 120-148 287297 433 449 4.53

-0.81 to +1.23 5. Individually they resulied in maximum
changes to the slownesses of only 0.04 and 0,03 s/° respec-
tively (e.g., from 4.59 1o 4.63 §/°), and combined had an
average magnitude of change of G.015 3/°, or only 0.3%.

Procedure

Three different techniques have previously been used to
determine the apparent ray parameter of a profile of
diffracted arrivals: first motion onsets {FM), first peak max-
ima (PM), and waveform cross-correlation (XC).

First motions, Traditionally these have been picked and
a slope fit through them with a linear regression. While the
first motion onseis may be controlied by Vp only 2 few
tens of kilometers into D" [Rolt and Niazi, 1984], this
method has the disadvantage that arrivals are often emer-
gent, and errors involved with choosing an onset time <an
be on the order of several seconds.

First peaks. A linear regression can also be done with
the arrival times of the first peak maxima [Mend:, 1977,
Mula and Mitier, 1980]. This has the advantage of being
an easily chosen time (though peaks are occasionally com-
plicated by noise), but it becomes unclear what the slow-
ness actaally represents, leading Mula and Miller [1980] w0
call it an apparent ray parameter.

Cross-correlations. The third method, used in Paper I,
involves a multiple cross-corrglation of the windowed
diffracted waveforms, with the slowness found by the peak
of the XC function. This method is much fess sensitive to
noise, and also allows for a direct comparison with syn-
thetic seismograms, which we have generated using a sum-
maton of normal modes. This method is lower-frequency,
and thus the slowness is controlled by a thicker portion of

D" Like the PM method, it is affected by the waveform's
change in freguency with A. The XC method is most sen-
sitive to frequencies with the greatest emergy, and we
clearly observe in all of our Pd profiles a spectral shift
toward lower frequencies with increased A

Thus, for a given profile, we both expect and observe
these 3 methoeds 1o give different values as the waveforms
widen at greater A, with the FM method giving the lowest
value, the PM one a slightly higher value and the XC one
the highest value. Combining 28 profiles, slowness aver-
ages were: 4.527 + 0.074 s/ (FM), 4559 & 0076 s/°
(PM), and 4,387 + 0.072 s/ (XC). As confident indica-
tions of the range of Vp sampled in D7, these standard
deviations o would imply lateral variations at the CMB of
3.3%, 3.3% and 3.1% respectively. Despite the similarities
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Fig. 1. BExample of profile {12.2) of Pd, pPd, and sPd
arrivals, Records have been egualized to a common gain.
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Fig. 2. Relative values of Vp in D", mapped from our KC-determined slownesses, and projected onto
the Tarth’s surface. Solid curves are average paths, and shaded areas the sampled D" regions,

in o, there were differences in the reliability of the 3
methods. The FM method seemed least reliable. It had con-
sistently higher %* from the linear regressions than did the
DM method for the same station geometries. Also, while
the XC and PM methods correlated together well between
similar profile slownesses (correlation coefficient R =
0.88), the FM method did not correlate as well with either
of the other two methods: R =062 for FM-XC, and
R =064 for FM-PM. All 3 methods had very small
statistical errors for profiles covering a long range of 4, but
sensitivities differed for small ranges. An example is
profile 4.2 (not used in our calculations), adjacent w 4.1,
and whose short range (A = 106.7-113.0°) made it unreli-
able even though it had 10 stations. There was no clear XC
peak, and the FM slowness changed considerably: p, =
4.52 + 0.04 s/° for profile 4.1, and 4.26 £ 0.13 §/° for 4.2.
Only the PM slowness seemed consistent {(p, = 4.51 + 0.04
s/ for 4.1, and 4.53 % 0.13 s/° for 4.2). The standard devi-
ations assume a 1 s error in picking arrival times, but the
different results between the FM and PM methods imply
that actual errors may be greater, Furthermore, the very
slow Vg found by Bolt and Niazi [1984} using the FM
method was for a profile of 9 arrivals, but spanning only 7°
in A, Ower such short ranges, FM may not be reliable to
find a slowness, since p, is airsady more affected by
rravel-time errors from localized small-scale heterogeneity.

For studying CMB diffracted waves, we consider the XC
method to be superior. Arrivals well into the shadow zone
are often emergent and of small amplitude, yielding lower
signal to noise ratios; the XC method is the most stable in
these cases, with PM running as second choice.

Chbservations

Figure 2 is a map of inferred relative core-mantle boun-
dary P velocities, projected onto the earth’s surface, based
on our XC apparent ray parameters listed in Table 2. The
lateral heterogeneity is evident. The tange in slownesses i3
4.47-4.80 s/°, a 7.1% lateral change in average Ve, though

a better measure of the scauter may be our conservative

estimate of 3.1%, based on a + ! ¢ deviation from the
mean of the distribution of the 28 profiles.

We found two regions with very fast Vp (under the NE
Pacific and Asia), and one with very slow Vp {under New
Guinea/Solomon). The Vp high under the Pacific west of
Mexico is seen in profiles 7.1, 9.1 and 12.1 from Tonga/

Kermadec to North America, Their slownesses agree well
and their mean {(4.52 $/°) is much slower thaa our global
average (4.59 s/°}. The other high, located under Asia, is
adjacent to the New Guinca/Solomon low, It is seen in
profile 10.2 (Borneo to Europe; p, = 4.51 §/°), and both
the high and low are seen in the four profiles from Tenga/
Kermadee to the Middle East (7.2, 111, 9.3 and 12.2).
These long paths travel almost 50° along the CMB, and
extend across the Vp high and low. Indeed, the slownesses
of the full profiles (7.2, 11.1, 9.3, 12.2) are near average,
but p, for profiles sampling the first half (7.22, 11.1a, 9.3a,
12.22) averages 4.71 s/® (slowest in our study), while p,
for the second half (7.2b, 11.1b, 9.3b, 12.2b) averages 4.51
s/°, implying the fastest Vi in our study.

The slownesses of our other profiles are closer to the
mean of our set. CMB wvelocities seem slightly slow
beneath Northern Africa and the Mediterranean, but are
average beneath the Northeast Atlantic and Europe. Implied
Vp beneath Western South America are also average for
our study, and with the mary profiles from East Asia to the
Americas and Europe we see a gradation from fast to slow,
then to fast again as we traverse the CMB from beneath
the North Pacific to the North Poie.

The correlation between these implied Vo and the Vg
values found in Paper I is mixed. The Tonga to Mid-East
path revealed the same high and low Vg anomalies when
Sd profiles were reexamined and split. But implied Vs
under the Bastern Pacific were only moderately fast {com-
pared to very fast P velocities), and the fastest Vs were
found under Northwest North America, where the current
study implies stighily slower Vp .

However, correlations with some global tomographic
models of Ve in D" are very good. For example, both
model V3 [Morelli and Dziewenski, 1986] and that of
Inoue et al. [1989] reflect the major Vp anomalies found
here. They both find velocity highs under Asia and the
East Pacific and a strong low under New Guinea/Solomon,
with more average values in our average regions. The
magnitade of the range in velocities found in D" by these
two models is slightly less than in our study: = 2% for
Tnoue et al’s [1989] model and = 1.5% for V3, compared
10 at lzast & 3% variation from this study’s Pd slownesses.

To study the correlation of our results with the V3
model, we caloulated the average velocity perturbations
along all our paths using the sphercal harmonic
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coefficients of V3. The comelation between these average
path velocities and our XC slownesses is good (R = -0.53).
Correlations between these V3 path velocities and the other
two methods were only R = 0,19 (FM) and -0.31 (PM).

In 6 instances, we had profiles of strong and distinct sur-
face reflected pPd arrivals. The p, for these profiles
agreed extremely well with those of corresponding Pd,
differing by an average of +0.03 and +0.02 s/¢ for the XC
and PM methods (FM picks were unreliable). While these
did not give us any new insight into D" structure, they did
assure us that procedural errors were minimal, and in par-
ticular that we successfully avoided the potential problem
of hetercgeneity in the scurce region {Cormier, 1989].

Comparison with Synthetics

Up 10 now, we only discussed relative velocities — both
with the apparent ray parameters of our Pd profiles and
with the comparisons with global tomographic models. In
an attemnpt to infer the absolute Vp of the regions sampled,
we generaled  synthetic  seismograms  and  calculated
slownesses from their windowed pulses using the XC
method. For a given profile of statiens, the ability of our
velocity structure o model the actual region depends on
the closeness of the actual and synthetic p,. We use the
PREM structure of Dziewonski and Anderson [1981], and a
summation of spheroidal normal modes simulating the fre-
quency effects in the Pd waveforms. These synthetics are
generated using exact fault parameters and event-station
geometries for each arrival [Kanamori and Cipar, 1974).

Because of the ease in computing torsional modes, we
used for $4 in Paper 1 all modes down to periods T = 20
5. Here, due to the complexity of overtone branches, we
built Pd synihetics summing only modes with T 2 45 s,
To compare with the data, we low-pass filier our observed
Pd arrivals at 45 5, and compare XC slownesses. We were
limited to profiles with long ranges in A because the lack
of high frequencies caused greater uncertainty in our XC
coefficients, but we also could not use arrivals at very large
A, since Pd then precedes the much larger PKP by less
than 2 ma, and the synthetic is comaminated by PKP,

Six profiles covering 3 distinct paths atlowed for reliable
comparisons, and we found that at T 2 43 s the daw
slownesses were both similar 10 each other and to the
corresponding PREM values. Four of the profiles (7.2,
11,1, 9.3, 12.2) were along the Tonga/Kermadec to Mid-
East path, with slownesses of 4.67, 4.67, 4.67 and 4.64 s/°.
The other wwo profiles, Brazil-So. Asia, and Korea—So.
America (3.1 and 13.1), had p, = 4.69 and 4.64 s/°. Syn-
thedc p, differed on average by only 0.02 3/° from the
corresponding data values. The similarities between the
data are less than in the unfiltered daiz, and the slownesses
are all greater (most likely because they sample mantle
farther above the CMB and thus lower Vp). This suggests
that much of the lateral heterogeneity in Vp is concentrated
close enough to the CMB that 45 s Pd waves are not very
affected by i1, It also suggests that at these wavelengths
PREM appropriately models Pd velocities.

Conclusions

Pd slownesses supply information about average Vs in
D", through both relative comparisons between the data,
and abscolute comparisons to the slownesses of synthetics.
Examination of Pd profiles from 13 large events have
identified several regions of anomalous Vp zlong the CMB.

Most notable wre the Vp highs under Asia and the East
Facific Basin, and the Vp low under the SW Pacific, This
range suggests staiistically significant lateral variations in
Ve in D" of at lepst 3.1%. Corrections for ellipticity and
upswing path manile heterogeneity were of an order of
magnitude less than this vardadon. Comparison with syn-
thetics reveals that at longer wavelengths path slownesses
are well modeled by a PREM structure.
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