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The Structure of the Core-Mantie Boundary From Diffracted Waves
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Diffracted P and § waves {Pd, §d) traveling around the core-manile boundary (CMB) of the Earh give us
information about the velocity struciure and therefore the thermochemistry of I, the base of the Earth’s mantle.
By examining Pd and Sd arrivals we determined the apparent ray parameter for different regions at the base of the
mantle. By comparing the data slownesses 1o those found from reflectivity synthetic seismograms we were able
to quantify D" average velocities. Using these averaged velocities with 2 thermochemical modeling of lower
mantle minerals using a Birch-Mornaghan equation of state, we have been able to make chemical and physical
inferences as to the causes of lateral variations at the CMB.Examinations found significant lateral heterogeneity
as the base of the manile, amounting 1o = 4% for both P and § velocities. These velocities did not always vary in
parallel, and the Poisson ratio vared regionally by almost 6%. The most unusual region of the CMB {ound was
under Indonesia, where velocities 3% slower than the preliminary reference Earth models were found adjacent to
a region of fasier than average velocities, These regions currently correspond to areas of core upwelling and
downwelling (respectively) found by Voorhies (1986), which if mostly held in place by core-mantle coupling
might cause a flux of heat and iron into the mantle, making the anomaly both thermally and chemically derived.
At the CMB under the northemn Pacific rim the fasiest shear velocities were found, but the same region yielded
slower than average P velocities, While the presence of fast shear velocities here would support the idea that we
are seeing the cold dregs of mantle convection, pethaps continuing down from the North Pacific subduction
zones, the presence of slow P velocities suggests additional complications. Our thermochemical modeling sug-
gests that the 3" Poisson ratio is very sensitive to variations in the silicate/oxide ratio and that a decrease in the

amount of perovekite relative to magnesiowiistite may play an imporant role in this region.

INTRODUCTION

The core-manile boundary (CMB) is a very dynamic region,
most likely as diverse and heterogeneous as the surface of the
Earth. I}, so named by Bullen [194%], may be both a thermal and
chemical boundary layer between the convecting crystalline man-
tle and the liquid iron core and may vary laterally much the same
way the top 100 km of the Barth does. An understanding of this
variation is vital to understanding the important processes that oc-
cur within the Earth (mantle convection, hot spot plume genera-
tion, core cooling, generation of the magnetic field, and reactions
between the core and mantle) the same way that the identification
of lateral variation at the surface was the key to understanding
plate tectomics.

Cur aim in this paper is to map out the lateral heterogeneity that
exists within I in order 1o help facilitate attempts io understand
the dynamics of this region. The method we present here involves
modeling P and § waves that diffract around the CMB with re-
flectivity synthetic seismograms. These waves travel within D" for
great distances and are therefore the best seismic phases for exam-
ining long-wavelength CMB features. While our coverage of the
CMB is far from complete (due to our study’s stringent require-
ments for earthquake and station distributions), the resulting views
that we do get of this unusual reglon suggest that it is dynamically
active. The seismic velocities vary at Jevels more similar to those
of the Earth’s surface than for the rest of the lower mantle.

In previous studies, Wysession and Okal {1988, 1989] looked a1
the varistions of CMB diffracied § and P waves, respectively.
While both studies used normal mode summation io model the
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diffracted waves, the difficulties in attaining high frequencies with
the normal modes, and in particular the spheroidal modes, limited
our investigations not only to longer periods but to diffevent fre-
quency ranges for P and §. The use of the reflectivity synthetics in
this study allows us to quantify our resulis relative o a reference
Earth model and 1o quantify the differences between the P and §
variations. In addition, we can then take the quantified D" varia-
tions and atiempt fo make some physical interpretations using a
simple thermochemical model. While we feel that neither seismol-
ogy nor mineral physics are at such an advanced stage that
temperatures and compositions can be interpreted directly from
seismic vesulis, such modeling may represent the direction that
geophysics will be taking.

The use of diffracted waves has long been established as a sig-
nificant method for examining the base of the mantle because of
the long distances that the waves can travel along the CMB and
still be identified at the surface: in this study up to 60° for dif.
fracted P (Pd) and 50° for diffracted § (5d). Their identification is
facilitated by being the first P and SH phases 1o arrive in the sur-
face shadow zone of the core, where there are no direct geometrical
phases, as is shown for P waves in Figure 1. In principle, Pd and
Sd are simply extensions of Huygens’ diffracted wave theory, with
every point on the wave front being the site of an expanding spher-
ical wavelet, though in reality the interaction of these waves with
the Barth’s CMB has made them difficult to model and many syn-
thetic seismogram fechniques are inadequate. Diffracted wave
studies have involved both travel times and amplitudes, and though
we will concentrate on the arrival times through the use of the ray
parameter, we refer the use of the amplitndes to look at D atten-
vation to Mondt [1977), Doornbos and Mondt [19794a], and Mula
[1981].

The ray parameter (slowness) of a profile of successive dif-
fracted waves is an indication of the average D velocities along an
azimuthal path across the CME. The ray parameter p is determined
by p = dTidA = Rowp/Vems, where T s the travel time of amrival,
A is the distance from the earthquake, Reoyp 15 the radius of the
CMB, and Veyg s the apparent velocity at the CMB. While at in-
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Fig. 1. A demonstration of the difference between geometrical
waves {obeying Snell’s Law) and diffracted waves. (Top) Ray
tracing for P waves within the Earth, showing the shadow zone that
exists between the P and PKP arrivals. (Bottom) Diffracted P
waves {Pdy that travel along the core-mantle boundary and leak
back to the surface, arriving within the shadow zone and beyond.

finite frequency the diffracted ray parameter should be linear, in
acmality, Veyp cannot be taken as the actual velocity at the base of
the mantle because of several nonlinear effects. The complications
that the diffracted waveforms undergo as they propagate around
the CMB have been discussed by many papers including Alex-
ander and Phinney [1966], Chapman and Phinney [1972], Mula
and Miiller [1980], and Wysession and Okal [1988, 1989], but the
complications can be summarized as follows: (1) for a D" model
featuring a non-zero velocity gradient, dispersion of the diffracted
ray will occur with different frequencies traveling through regions
of different velocilies; (2) as the ray propagates along the CMB, its
amplitnde decreases due io diffraction back into the mantle; (3)
energy will leak into the core for Pd and for 84 if there is nonzero
rigidity at the top of the core; and (4) anelastic attenuation further
reduces the high-frequency components of the signal. It is very
important, therefore, that the apparent slownesses be interpreted
through comparison with synthetic seismograms that take info ac-
count the frequency effects and, in particular, the exact geometry
of the stations,

The asbitrariness of the apparent ray parameter is further en-
hanced by the manner in which it is measured. Three technigues
have been utilized in diffracted wave studies: picking first motions,
picking the times of the first peaks, and using a multi-waveform
cross-correlation, and all three give different values for the same
profile of stations.
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Studies looking at the diffracted wave apparent slownesses have
arrived at a wide assortment of values, though the published scatter

for §d has been greater than for Pd. For Sd some of the apparentray -

parameters (in seconds per degree) have been 8.9 [Cleary, 1969], -
8.94 {Hales and Roberts, 1970), 8.68 [Bol er al., 1970], 8.40 and
9.48 {Bolt and Niazi, 1984}, 8.29-8.96 [Mondt, 1977], 8.53 (aver-
aged [Doornbos and Mondt, 197961), 8.37-8.44 [Okal and Geller,
19791, and 8.23-8.66 [Mula and Miiller, 1980]. Published Pd slow-
nesses include 4.41, 4.56, 4.63 [Espinoza, 19671, 4.53 [Sacks,
1967], 4.55-4.60 [Bolt, 1970), 4.51-4.64 [Mondr, 19771, 4.55 (av-
eraged, [Doornbos and Mond:, 1979b}), 4.27-4.64 [Mula and
Miiller, 19801, and 4.34-4.72 from International Seismological
Centre (ISC) data and 4.37-4.51 from Swedish array data [Bduh,
1986]. The scatier of these slownesses far exceeds the lateral het-
erogeneity that we have found and is testimony to the complica-
tions of determining the ray parameters of core diffracted waves.

DATA AND PROCEDURES

A total of 132 Pd arrivals from 13 large earthquakes and 71 Sd
arrivals from 10 large earthquakes recorded on long-period World-
Wide Standard Seismograph Network (WWSSN) and Canadian
seismometers (as well as the Palisades Press-Ewing) were used for
our study. This gave us 20 azimuthally independent Pd profiles
and 12 5d profiles. While the WWSSN and Canadian instruments
have a more limited response than current broadband seismome-
ters, the extensive network of similar instruments that flourished
during the 1960s and 1970s allows us to find many profiles where
several stations are along the same azimuth from a large
earthquake. This density of coverage has not yet been attained by
the digital broadband networks.

The records were digitized, interpolated at 0.5-s intervals using |
a cubic polynomial scheme, and, in the case of Sd, rotaied into their
transverse conponents to model the diffracted SH energy. This is
done because diffracted SV decays quickly with distance (due to a
conversion 1o P energy into the core as phases like SdKS or SPAKS
[Chay, 19773}, Observations of $Vd far into the shadow zone, like
that seen by Vinnik et al. [1989] at 117°, are rare. The hypocenters
and focal mechanisms of the earthquakes used are in Table 1, and
the path profiles (including the split profiles for the Tonga to Mid-
Hast paths) are listed in Table 2.

Calculated for the Preliminary Reference Earth Model (PREM)
structure of Dziewonski and Anderson [1981], the first diffracted
arrivals (the edge of the shadow zone) from a surface earthquaice
are at A = 98.4° for Pd and A = 102.7° for Sd. For an earthquake at
a depth of 600 km these distances are A = 96.2° for Pd and A =
100.4° for Sd. As a consequence we tried 10 avoid using any artiv-
als closer than 100°, only twice using Sd arvivals that contained
mostly undiffracted SH energy. The diffracted energy decays
quickly along the CMB, but we found as appropriate for our study
four Sd arrivals and seven Pd arrivals recorded beyond 150°, mak-
ing the range of the CMB sampled by a given profile to be as great
or greater than 50°, or 3000 km. It was always our attempt to get
as many arrivals with as wide a distance range as possible for each
path used, and as a consequence, our slownesses are averaged over
very long wavelengihs. While other techniques have detected in-
homogeneity in D" on scales significantly smaller than 3000 km,
this averaging was propitious due to the more robust determination
of the ray parameter using a broader distance range. The ranges of
the epicentral distances are given in Table 2. It is convenient to *
think of the diffracted rays as traveling as a narrow pencil across
the CMB, but we are actually sampling material along a broad
swath that is frequency dependent.
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TABLE 1. Earthquakes Used for the Pd and $d Profiles
Ornigin Deph, Latwde Longiude

Type Location Date Time, UT km N R my  Suike Dip Slip  Scurce
P Taiwan Feb. 13, 1963 08 50:05.0 53 24.41 12200 62 79 61 90 i
P Peru Aug. 15, 1963 1725:11.0 593 -13.78 £926 6.0 52 46 -56 2
P Brazil Nov. 9, 1963 21 15:30.0 576 -8.83 7167 59 163 48 .97 3
s New Guinea April 24, 1964 05 56:09.8 99 507 14420 63 183 80 90 4
P Sandwich Islands  Sepr. 14, 1966 23 18:41.9 27 -60.33 -2125 5% 80 52 90 3
8 Loyalty Isiands Oct. 7, 1966 1555:11.3 165 -21.59 170.56 6.0 1007 10 21 4
P Somatrs May 21, 1967 1845:13.2 184 -0.96 10139 62 158 70 95 6
P Sumatra Aug. 21, 1967 0733:01.6 40 372 9574 6.1 113 78 90 7

PS Tonga Oct. 9, 1967 17-21:46.0 605 <2110 17920 82 54 85 -83 4
B Nicaragua Oct. 15, 1967 08 00:52.6 181 11.91 -8598 62 148 73 97 4
P Kermadec Tuly 25, 1968 07 23:02.0 17 -30.97 -178.E3 65 12 60 90 8
P Molucea Sea Aug. 10, 1968 02 07:00.0 1 1.38 12624 6.3 172 46 79 9

PS Tonga Feb. 10, 1969 22 58:03.3 635 2275 17876 6.0 96 86 -65 9
s Burma July 29,1970 10 16:20.4 68 2602 9537 6.4 197 60 165 10
5 Kuril Islands Jan. 29, 1971 21 58:05.4 515 5169 15097 6.0 35 7t 90 5
8 Tonga Nov. 20, 1971 07 27:59.5 533 2345 -179.88 6.0 160 75 100 5
i Kermadec March 30, 1972 05 34:50.4 479 -25.6% 17958 6.1 176 82 55 9
P Morthern Korea Sept. 29, 1973 00 44:00.3 S67 41.93 13099 6.3 194 64 77 5
8 Tonga Feb. 22, 1975 2204335 333 -24.9% -178.88 6.3 35 87 -143 5
S Honshu June 29, 1975 1037:40.6 549 38.7¢ 130.09 6.1 222 78 120 5
8 Honshu March 9, 1677 1427:53.6 7o 41.61 130.88 3% 194 75 76 11

References for focal mechanisms: (1) Katswnata and Sykes [1969); (2) Chandra [1970}; (3) Berckhemer and Jacob [1968); (4) Isacks and
Molnar [1971]; (5} this study; (6) Fitch and Molnar [1970}; (1) Fitch [1970}; (8) Johnson and Molnar 19723, 1i is worth noting that they have
mixed up the azimuth and plunge of the two nodal plane poles in their Table 3, as evidenced by the inclusion of a picture of the focal
mechanism showing the station polarities. A correct listing of the event appears in Denham [19777; (9) Mula {1981}; (10} Tandon and

Srivastava [1975]; (11) Giardini {1984].

It i very mportant, however, that a nammow vange of takeoff
azimuths be accepted for the inclusion of arrivals in a given path
profile. Cormier [1989] has shown that contamination of § rays by
slab-diffracied energy can cause a difference in arrival times of
several seconds for rays leaving a subduction zone earthquake at
different azimuths. In addition, rays at varying azimuths could ac-

crue travel time differences due to their different downswing paths
through the heterogensous mantle. Most importantly, a narrow az-
imuthal range not only eliminates errors due to source effects and
heterogeneity by studying essentially the same ray along its down-
swing path but also allows the waves to sample the same portions
of the CMB so that the apparent ray parameter supplies informa-
tion about one particular strip across D, The azimuthal windows
used are shown in Fable 2: the largest were 22° and 21° for Pd and
Sd, respectively, and the average for both was 12° Examples of
our profiles of Pd are given in Figure 2, which shows the Pd pro-
files from the Tonga (October 9, 1967) earthquake to both North
America (iop) and the Mid-East (bottom), Note the clear surface
reflected arrivals pPd and sPd as well as Pd. The complete data
sets are plotted by Wysession [1991].

In order to retain large amounts of diffracted energy around the
CMB the events used in this study were all large (my > 5.9). The
source parameters were either taken from previous studies or cal-
culated on the basis of first arrivals. We preferred to use deep
events for several reasons. The low-velocity zone at the base of the
lithosphere greatly attenuates § waves that pass through it, and rays
from: deeper events pass through this zone once instead of twice.
Records from deep events are usually cleaner and less noisy, mak-

ing the diffracted arrivals more distinet, but more importanily with
deep events, Pd and Sd are also distinct from their surface reflec-
tions (pPd, sPd, s5d), simplifving the procedure of determining the
slownesses,

Another requirement for the earthguake sources was that their
radiation amnplitudes be favorable for the azimuths along which the
string of stations are Jocated. These amplitudes, calculated using
the formulation of Kanamori and Stewart {1976}, are shown for
the profiles in Table 2. The radiation amplitudes had means of 0.74
for the Pd profiles and 0.56 for 54 (the optimal relative amplitude
is R = 1}. In the few cases where the radiation amplitude was low,
the profiles were only retained if they had very clear and simple
signals.

Corrections to Data

In order to further equate the filtered data with the synthetics,
corrections for upper mantle heterogeneity along the Pd and Sd
upswings were added to the travel times based on the tomographic
full mantle shear velocity model of Woodhouse and Dziewonski
[1987]. The process involved tracing each diffracted ray’s upswing
mantle path through the tomographic model to calculate the pre-
dicted travel time delay and is described in more detatl by Wyses-
sion and Clal {1988, 1989]. The difficulty here was to find a
compatible means of comparison for both the § and P waves. We
decided to use the Woodhouse and Dziewonski [1987)] model for
the P waves as well, adjusting the travel time delays according to
dfineyid(In B) = 0.5 [Bina and Silver, 1990]. Though the change in
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TABLE 2. CMB Path Profile Datz for Pd and §4

Number Distance Azimuth Radiation
Bate CMB Puth Descriprion of Stations  Range, deg  Range, deg Amplitude
Pd Profiles
Feb. 13, 1963 Tajwan to South America (1) 6 112-145 6-16 0.97
Feb. 13, 1963 Taiwan to South America (1) 5 100-147 20-31 0.95
Fob. 13, 1963 Taiwan to South America {1) 7 100-149 31-42 0.94
Aug. 15, 1963 Peru io South Asia 4 101-159 54-59 0.96
Nov. 9, 1963 Brazil to South Asia 7 100-145 50-62 07
Sepi. 14, 1966 Sandwich Istands 1o Nonh America 10 104-129 297314 0.92
May 21, 1967 Sumatra to North America 6 100-144 24-35 0.88
Aug. 21, 1967 Sumatra o North America 5 120-136 27-33 0.89
QOct. 9, 1967 Tonga to Norith America b 102-123 50-38 0,14
Oet. 9, 1967 Tonga to Mid-East (whole) 6 111-148 291-303 0.7¢
et 9, 1967 Tonga to Mid-East (first part} 3 111-327 293-300 0.7¢
Oct. 9, 1967 Tonga o Mid-East(second Part) 4 127-148 292-303 0.79
Oct. 15, 1967 Nicaragsa to South Asia 5 100-144 34-50 0.92
Juiy 25, 1968 Kemadec 1o Nornh America 6 109-i28 56-62 0.57
Juty 25, 1968 Kermadec to Earope 6 113-157 12-23 6.77
Juiy 25, 1968 Kemadec to Mid-East {whole} & 116-161 280-296 1.00
Juty 25, 1968 Kemadec to Mid-East{first part) 4 116-132 287-292 150
July 25, 1968 Kesmadec 1o Mid-Eass{second part) 5 132-161 280-256 1.00
Aug. 10, 1968 Molucca Sea vo North America 7 107-157 25-37 0.97
Aug. 10, 1968 Molucca Sea to Europe 7 102-133 321-332 0.96
Feb. 10, 1969 Tonga 10 Mid-East {whole) 7 110-147 290-302 0.27
Feb. 10, 1969 Tonga 1o Mid-East {first pari) 4 110-126 293-299 0.27
Feb, 10, 1969 Tonga to Mid-East{second part) 4 126-147 265-302 0.27
March 30, 1972 Kemadec to North America 6 105-121 55-63 0.79
March 30, 1972 Kemadee to Mid-East (whole) 8 99-148 287-297 0,45
March 30, 1972 Kermadec to Mid-East (first part) 5 99121 291-296 .44
March 30, 1972 Kermadec to Mid-East (second part) 5 120-148 287297 (45
Sept. 29, 1973 Northem Korea 10 South America 8 113-158 32-33 091
Sd Profiles
April 24, 1964 Mew Guinea 1o Europe 3 108-137 350-340 .83
Oct. 7, 1966 Loyalty Islands 1o Mid-East (whole) & 103-139 292-300 0.48
Oet. 7, 1966 Loyalty Islands to Mid-East {first part) 4 103-119 265-300 0.46
O 7, 1966 Loyalty Islands to Mid-East (sccond part} 4 111139 252-300 0.48
Qe 9, 1967 Tonga to North America 6 102-130 45-54 .92
Gct. 9, 1967 Tonga to Mid-East 4 98-133 291-294 0.46
Feb. 10, 1969 Tonga 1o North America & 104.132 46-58 0.57
Feb. 10, 1969 Tonga 1o Mid-East (whole) 7 110-150 290-302 (.59
Feb, 10, 1969 Tonga 1o Mid-East (first part) 3 110-126 203.299 3.59
fieb. 10, 1969 Tonga o Mid-East(second Part) 5 126-150 290-302 0.59
Tuly 29, 1970 Buorma to North America 7 112-123 354-365 0.23
Jan. 29, 1971 Kuoril Tslands to Americas 5 112-133 4%-62 0.75
Nov. 20, 1971 Tonga 1o Mid-East (whole) 6 106-148 274-293 0.52
Nov. 20, 1971 Tonga to Mid-East (first part) 3 106-121 274-293 4.52
Nov. 20, 1971 Tongz to Mid-East (second part} 4 121-148 288-292 .58
Feb, 22,1975 Tonga to North Americs 6 103-132 49-58 .20
June 29, 1975 Honshu to Americas 6 101-144 29-49 0.50
March 9, 1977 Honshu to Americas 5 98-150 22-48 071

the ray parameter that resulted from these travel time corrections
was usually insignificant, they could on occasion be more impor-
tant, having maxima of 0.7% for both the Pd and 5d profiles. We
also calculated 54 corrections using the vpper mantle shear model
of Tanimoto {1987} and Pd corrections using the station correc-
tions of Dziewonski and Anderson {1983], and in both cases the
differences from the Woodhouse and Dziewonski [1987] correc-
tions caused insignificant differences in the ray parameiers, While
it may be in poor taste philosophically to use a shear wave model
to make P wave corrections, especially when we will later look at
differences between P and 5 velocities in D7, it is not inappropriate.
The veloeity variations found in [ are an order of magnimde

greater than the mantle heterogeneity corrections o the ray param-
eters, making second-order differences between models less of a
probiem for the current study. It is also interesting to note that in
most cases, for both $4 and Pd, the travel time corvections im-
proved the quality of the correlation coefficient of the slowness
determination, tmplying that it was removing mantle "noise” from
2 more coherent D7 signal.

We also made corrections for ellipticity o the diffracted data,
using the tables of Jeffreys and Bullen [1970]. For Pd the correc-
tions ranged from -1.15 s to +1.07 s and often differed by more
than 1 s for arrivals along a single profile. For 54 the range was
from -0.26 5 to +1.28 s. These corrections affected the slownesses
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Fig. 2. The diffracted P arrivals at stations in (top} North America
and (botiom) the Mid-East from the earthquake in Tonga on Ce-
tober 8, 1967. Note that time scales are slightly different.

by the same order as the mantle upswing comections; they were
usually not important, but were as great as 0.9% and 0.6% for the
Pd and 54 profiles, respectively.

Slowness Determination

There are three methods of determining the linear ray parameter
through the diffracted arrivals, as was addressed by Wysession and
Ckal [1989). Picking first motions, as was used most recently by
Bolt and Niazi [1984], was found to be the least reliable method.
The error in choosing an onset time for the diffracied waves, which
are usually of small amplitude and occasionally emergent, could
be of the order of several seconds. Picking the pulse maxima of the
first peaks was used by Mondt [1977] and Mula and Miiller [1980)
and has the advantage of yielding easily chosen times. Multiwave-
form cross correlations of the windowed pulses were used by Okal
amnd Geller [1979] and Wysession and Okal {1988} and were the
least sensitive to signal noise. As with Wysession and Okal [1986},
we will determine the slownesses (for the data and synthetics) us-
ing both the peak maxima (PM) and multiwaveform cross corre-
lation (XC) methods, and we will determine final comparisons
with the averages of the two, Both of these methods for determin-
ing the ray parameter are affected by the changing frequency
contents of the arrivals and will therefore be different, but the ef-
fect should be the same for both data and synthetics. Examples of
these two methods are shown for the Kermadee (March 30, 1972)
1o Mid-East Pd profile in Figures 3 and 4.

R = 0.99686
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Fig. 3. An example of the linear regression vged o determing the
apparent Pd slowness using the pulse maxima approsch, shown
here for the Kermadec (March 36, 1972) to Mid-Easi profile. The
slowness is the best fit line through the arrival peak travel times,
and the error +£0.03 s/deg) is found assuming errors in the arrival
times of £1 5.

Reflectivity Synthetic Seismograms

QOur previous normal mode studies were not able 1o take advan-
tage of a large portion of the seismic energy recorded on the
WWSSN instruments (at periods less than T = 20 5), so o allow for
this as well as a comparison between the Pd and Sd results we
modeled the data using reflectivity synthetic seismograms at peri-
ods T 2 4 s. They were generated using a computer program
adapied from the work of B. L. N. Kemmnett. This process involves
anumerical integration over frequency and siowness for the prop-
agation of elastic energy from a double-couple source where the
integrand is specified in terms of the reflection and transmission
coefficients for a fiat, stratified Earth. It has been previously used
1o model core diffracted waves by Mule and Miller [1580] and
Mula [19811%

The synthetics were calculaled using appropriate focal parame-
ters, and delta functions were used as sources, with the resulting
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Fig. 4. An example of the muliiwaveform cross-correlation tech-
nique used to determine the Pd apparent slowness for the Kerma-
dec {March 3G, 1972) to Mid-East profite. The best value of the
slowness is the peak of the curve.
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Fig. 5. An example of the reflectivity synthetic seismograms,
shown here modeling the diffracted § arrivals from the Loyalty
Island {October 7, 1966) earthquake. Data are shown at the fop,
and synthetics are shown at the bottom, Note that time scales are
stightly different.

ground motions thén convolved with the proper WWSSN instru-
ment responses. Examples of the synthetics are given in Figure 5,
which shows the reflectivity synthetics for the Sd profile from Lay-
alty Island (October 7, 1966) to the Mid-East, with the data
included for comparison. In order to facilitate the comparisons be-
tween P and § velosity variations the Pd and 5d data were handled
and processed in similar mamners. All records were filtered to re-
tain: periods above T 2 4 s to give them the same frequency
contents as the reflectivity synthetics, ellipticity corfections were
made to the Pd and Sd data, and slownesses were determined using
the PM and X methods.

RAY PARAMETER DETERMINATIONS

Synthetic Slownesses

The results of the slowness determinations for the data and re-
flectivity synthetics are given in Table 3. Standard errors (0) are
given, and are calculated for the linear regression through the peak
maxima assurning *+1 s errors in the arrival times, They are a func-
tion of the number of stations and distance ranges of the profiles
(more stations or a longer distanice range yields a smaller ) but not
the quality of the waveforms. The guality of the full waveforms
(e.g., signal-to-noise ratio, signal contamination) is manifested in
the cross correlograms, and though there was not a siraightforward
way o measure the standard error from these, all of the profiles
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retained for the study yielded sharp unitary cross-correlogram
peaks. The mean values for the standard deviations of the profile
slownesses were & = 0.046 s/deg for Pd and ¢ = 0.051 s/deg for 5d;

We can draw some useful conclusions by looking at the data set
as a whole. In general, the data had slownesses that implied slight-
ly slower velacities than inferred from the PREM reflectivity
synthetics. We found mean profile slownesses for the Pd data of
4,587 sfdeg (XC) and 4.552 s/deg (PM), and for the Pd synthetics
of 4.551 s/deg (XC) and 4.523 s/deg (PM). For Sd our profiles
yielded average slownesses for the data of 8.487 s/deg (XC) and
8.483 s/deg (PM), and for the PREM synthetics of 8.473 s/deg
(XC) and 8.437 s/deg (PM). As a whole, the Pd data slownesses
were (.033 s/deg (0.7%) higher than for the PREM synthetics, and
the $d data slownesses were also high by 0.03G sfdeg (0.35%), im-
plying average DY velocities slightly but not significanidy slower
than for PREM.

The difference between the XC and PM slownesses, discussed
earlier, is found in both the data and synthetics, The difference be-
tween the Pd mean XC and PM data slownesses is 0.035 s/deg, and
between the XC and PM synthetics is 0.029 s/deg (KC is higher).
This trend did not appear in the Sd data, however, which have
nearly identical X{ and PM means even though the §d synthetics
predict a 0.036 s/deg difference between the two. This could be
related to previous observations that the high frequency content
decays less rapidly for § than for P, which loses energy quickly
into the core as PdKP.

The synthetic apparent ray parameters display a noticeable
variability, This is expected and is the reason why the synthetics
were generated in the exact geometries of the various profiles, The
number of stations, the distance separations between them, and the
type of recording instruments used will alf affect the resulting.
slownesses, as can be seen in Table 3. Especially prominent are the
differences between slownesses determined on WWSSN 30/100
and 15/100 instruments, as documented by the four events in 1963-
1964 when the WWSSN was still operating in the old T, = 30 s
configuration. The five Pd profiles extracted from these 30/1060
instruments yielded synthetic slownesses averaging 4.584 s/deg
{XC) and 4.544 s/deg (PM), significantly higher than for the
15/100 slownesses which averaged 4.544 sfdeg (XC) and 4518
s/deg (PM). The case was similar for the one §d profile with
30/100 instruments (the New Guinea earthquake of April 24,
1964).

Data Slownesses

The variation in the data slownesses left after comparisons with
the synthetics is interpreied as lateral heterogeneity in DY
velocities. The range of Pd slowness residuals (daia slownesses
minus the slownesses of the synthetics) is 0.31 s/deg (6.8%), and
the range for §d slowness residuals was 0.72 s/deg (8.5%). A more
statistically reliable determination of the ray parameter variation is
by looking at the standard deviations of the slowness residuals. For
Pd this is 0.071 s/deg, corresponding 1o 3.1% variation, and for 5d
the standard deviation is 0.18 s/deg, corresponding to a 4.3%
variation. We will base following conclusions, however, on the
path-averaged values of the inferred D7 velocities.

Converting Slownesses to Velocities

Once the data slownesses are determined relative to the synthet!
ics, we can average the results for profiles that travel the same
CMB paths. What we have is a measure of the percentage differ-
ence of the diffracted wave ray parameter in differeni parts of D"
relative to a PREM D”. What we would like is a measure of the
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TABLE 3. Apparent Slownesses for the Data and Reflectivity Synthetics

Slowness, s/deg

Pata Synthetics g
Date CMB Path Description XC PM XC PM s."d;g
Pd Praofiles
Feb, 13,1963 Taiwan to South America (1) 4.55 4.50 4.59 4.54 003
Feb. 13, 1963 Taiwan 10 Seuth Ameriea (1) 4.64 4.56 4.58 4.54 0.05
Feb, 13, 1963 Taiwan 1o South America (1) 4.62 4.58 4.59 4,54 6.02
Aug. 15, 1963 Peru to South Asia 4.64 4.69 4.59 4.55 0.05
Nov. 9, 1963 Brazil to South Asia 4.62 4.55 4.57 4,55 0.03
Sept. 14, 1966 Sandwich Islands to North America 4.60 4.51 4.54 4,51 0.04
May 21, 1967 Sumatra to North America 4.61 4.60 4.56 4.51 0.03
Aug. 21, 1967 Sumatra 1o North America 4.60 4.55 4.55 4.51 0.05
Qet. 9, 1967 Tonga to North America 4.55 4.57 452 4.50 0.03
Oct. 9, 1967 Tonga to Mid-East (whole) 4.54 4.51 4.57 4.52 0.03
Oct. 9, 1967 Tonga to Mid-East (first par) 4.67 4.63 4.52 4.53 0.09
Oct. 9, 1967 Tonga to Mid-East(second Part) 4.47 4.50 4.56 4.5% 0.07
Oct. 15, 1967 Nicaragua to South Asia 4,61 4.56 4.56 4.52 40.05
July 25, 1908 Kermadec 1o North America 4.51 4.53 451 4,49 0.07
July 25, 1968 Kermadec 1o Europe 4.53 4.54 4.54 4.52 0.03
July 25, 1968 Kemadec wo Mid-East (whole) 461 4.53 4.54 4.52 G.02
July 25, 1968 Kermadec wo Mid-East(first part} 4.80 471 452 4.53 0.08
July 25, 1968 Kermadec to Mid-East(second part) 4.51 4.45 4.53 452 0.04
Aug. 10, 1968 Molucca Sea to Motk America 4.57 4.53 4.54 4,50 0.03
Aug. 10, 1968 Molucca Sea to Europe 4.51 4.44 451 4.50 0.04
Feb. 10, 1969 Tonga to Mid-East (whaole) 4.54 4.54 4.57 4,52 0.03
Feb. 10, 1969 Tonga to Mid-East {first part) 470 4.69 4,52 4,54 0.09
Feb. 10, 1969 Tonga to Mid-East(second par) 4.52 4.56 4.57 4.51 0.07
March 30, 1972 Kermadec 10 North America 4.49 4.45 4.54 4.50 .07
March 30, 1972 Kermadec to Mid-East (whole) 4.59 4.55 4.55 4.51 0.03
March 30, 1972 Kermadec to Mid-East (first pan) 4.65 4.65 453 4.50 0.05
March 30, 1972 Kermadec 1o Mid-East (second past) 4.53 4.49 4.59 4.52 0.04
Sept. 29, 1973 Northern Korea to South America 4.64 4,62 4.57 4.52 0.03
Sd Profiles

Aprif 24, 1964 New Guinea 1o Europe 8.53 8.52 3.50 8.45 .05
Oet, 7, 1966 Loyalty Islands 10 Mid-East {whole) 8.48 8.50 8.47 8.44 0.03
QOet. 7, 1966 Loyalty Islands to Mid-East {first part) §.93 9.0t 845 8.44 0.08
Oct. 7, 1966 Loyalty Islands to Mid-East (second part) 8.34 .33 §.46 §.44 0.05
Oct, 9, 1967 Tonga to North America 5.49 8.54 8.49 8.43 0.05
Oct. 9, 1967 Tonga to Mid-East 8.50 8.50 8.48 8.44 0.04
Feb. 10, 1969 Tonga to North America §.32 8.28 8.47 8.44 0.05
Feb. 10, 1969 Tonga to Mid-East (whole) 8.46 8.46 §.48 8.44 0.03
Feb. 10, 1969 Tonga 10 Mid-East (first pan) 8.81 879 8.47 8.45 0.09
Feb. 10, 1969 Tonga to Mid-East(second Pan) 8.34 8.34 8.48 8.43 0.05
July 29, 1970 Buima to North America 8.48 8.43 8.46 8.43 0.0
Jan. 29, 1971 Kunl Islands to Americas 8.37 8.31 8.47 8.44 0.05
Nov. 20, 1971 Tonga to Mid-East {whole) 8.49 8.48 8.47 8.44 0.0z
Nov. 20, 1971 Tonga 1o Mid-Eas: {first pan) 8.74 8.76 8.44 8.43 0.09
Nowv, 20, 1971 Tonga to Mid-East {(second part) B39 8.37 8.4% B.44 0.04
Feb. 22, 1975 Tonga to North America 8.46 8.47 8.49 8.43 0.05
June 29, 1975 Honshu 1o Americas 8.36 8.34 §.48 8.43 0.03
March 9, 1977 Honshu o Americas 8.27 8.27 8.48 8.44 0.02

percentage difference of the average velocities in different parts of
D" relative to the average velocity in PREM’s D”. The apparent
slownesses can be easily converted into apparent velocities by def-
inition, but the transiation of these apparent velocities inio actual
D" velocities is very complicated. A determination of the radial
structure of D" is beyond the scope of this study, though eventu-
* ally broadband arrays may give enough frequency amplitude
mformation to invert for )" radial velocities, much as is done in
surface wave inversions.
It is possible, however, using the results of Mula and Miiller
{1980], to translate the apparent velocities into average velocities

if a specific depth is determined for D”. Using 12 different velocity
models that varied essentially only in the bottom 190 km of the
mantle, Mula and Miiller [1980] generated reflectivity synthetic
diffracted Pd waves and determined the apparent ray parameters,
which gave them the apparent D” velocities. They found a striking
linear correlation between these apparent velocities Cgyp and the P
velocity averaged over the bottom 190 km of the mantle (01gg).
Their conclusion was that if D” was assumed to be 190 km thick,
then ttygoe< (L8300, (km/s). A similar result for shear waves yield-
ed Pigo = e 0.55f,,. The frequency spectra of § and P waves are
different, and while we would expect them to interact with the bot-




8756

WYSESSION ET Al.: STRUCTURE OF D" FROM DIFFRACTED WAVES

TABLE 4. D" Velocitics Relative to PREM Averaged over 190 km and Inferred From the
Apparent Slownesses of Diffracted P and 3 Wave Profiles

Number of
Profiles Path Description CMB Region Sampled AV
Diffracted P
1 Taiwan to the Eastern Americas Arctic Ocean / northem Canada +0.8%
3 Taiwan/Korea 1o the Western Americas norihwest North America -1.0%
3 Indonesia to North Ametica North Pacific Rim 0.9%
3 Tonga to North America east central Pacific -0.1%
1 Sandwich Islands to North America northeast South America -0.6%
3 South America to Europe/Asia northeast Atlantic / Mediterranean -1.0%
i Tonga to Europe/Asia northemn Pacifie 0.3%
1 Indonesia 10 Burope north central Asia +0.6%
4 Tonga to Mid-East (whole) Indonesia [ Southeast Asia £.3%
4 Tonga to Mid-Bast (first part) Indonesia -3.2%
4 Tonga 1o Mid-East (second part) Southeast Asia +0.7%
Diffracted 5
i Burma to North America Artic Ocean -0.1%
1 Indonesia to Europe north central Asia -0.4%
3 Japan/Kuriles to Americas northwest North America +1.0%
3 Tonga to North America east central Pacific +0.5%
4 Tonga to Mid-East {whole) Indonesia / Southeast Asia -0.2%
3 Tonga 1o Mid-East (first pant) Indonesia -3.1%
3 Tonga to Mid-East (second part) Southeast Asia +0.8%

tom of the mantle in different ways, it is our hope that the empirical
relationships of Mula and Miiller {1980] will account for much of
this, In our discussions of average [} velocities we will use these
relationships to convert epparent velocities into IY” average veloc-
ifies with the arbitrary assumption that D is 190 kan thick, though
it should be understood that the average velocities must increase if
DY is thinner and must decrease if D" is thicker.

SRISMIC RESULTS

The variations in path-averaged velocities, determined by dif-
ferences between the data slownesses and PREM synthetics, are
shown in Table 4. The actual range in individual apparent ray pa-
rameters was large: 4.44-4.80 s/deg for Pd and 8.27-9.01 s/deg for
5d. When compared with the synihetics and averaged by region,
the lateral variations were more moderate but still amounted to
several percent for both P and § velocities. The path-averaged in-
ferred velocities are shown in Figures 6 and 7. Solid circles
represent earthquake locations, and the solid lines extending from
them are the mean azimuths for each profile. The shaded regions
show those parts of the CMB that are represented by the ray pa-
rameiers, though the widths are only drawn schematically. As can
be seen in Table 4, PREM does a fairly good job of serving as a
reference model for the diffracted data, though there are roughly
twice as many CMB regions that are slightly slower than PREM
than are faster than PREM. It is not uncommon for a region to be
faster or slower by about 1%, with the significant exception being
under Indonesiz. The regions we examined, including the path
through Indonesia, displayed a total of 4.0% and 4.1% lateral vari-
ation in e and Pise. respectively, implying that the levei of
heterogeneity for P and § Is approximaiely the same. In our re-
gional discussion it is important to bear in mind that for the 1 s
PREM velocities, ¢iigp and B1gg (over the 190 km at the base of the
mantle) are 13.690 km/s and 7.264 km/s. For those paths which
had both P and § coverage, the inferred values of thigo and g0 are
shown in Table 5, along with the resulting Poisson ratios.

Ceriainly the most unusval region of the CMB that we found
was underneath northemn Indonesia and Southeast Asia, as sampled
from the diffracted wave profiles from the Tonga/Kermadec region
across the Mid-East to the Mediterranean. There was very good
coverage along this profile, with as many as eight stations wel '
separated with a total distance range of up to 49°, and this allowed
us to examine the first and second halves of the path separately,
both retaining high-quality profiles of several stations. The path
profiles, when examined whole, showed no unusual velocities.
Both atyep and Piop were nearly identical to those of PREM, with
each being slighily siow (see Table 4). When separated, however,
the second part showed slightly fast P and § velocities, but the first
half had extremely slow velocities. We attempted 1o split up other
profiles that had long distance ranges, and though in none of those
cases did we find significant differences between the halves, their
cross correlograms were niot good enough to include in the study.

Along the first half of the Tonga to Mid-East path, sampling
CMB under northern Indonesia, the apparent slowness was 3.8%
slower than PREM for P waves and 4.7% slower for § waves.
Again, using the assumptions above for a 190 km thick D", this
would imply the velocity anomalies to be Atijg = -3.2% and
ABygo = -3.1% (0t1g0 = 13.25 km/s and Prgo = 7.04 km/s). These are
by far the lowest average D" velocities that we have yet found. The
results are very robust, found nearly identically in profiles from
four earthquakes for Pd and three earthquakes for Sd. What makes
this even more unusual is that the second half of these profiles,
under Southeast Asia, is unusually fast, relative to PREM, The im-
plied velocity anomalies along this segment were AGg = +0.7%
and Ao = +0.8%. This juxtaposition of slow and fast velocities
also appears in tomographic studies that use nondiffracted arrivals,
such as those of Morelli and Dziewonski {1987} (Model V3), Tan-
imote {1987, and Inoue et ai. [1990]. i

It is interesting 1o note that the P and § velocities do not always
differ from PREM in the same way, Wysession and Okal [1988,
1989} found that the CMB region underneath Alaska and Canada,
along the northern rim of the Pacific, had relatively fast § velocities
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P Velocities for a 190 km—thick D", Relative to PREM

<—=15-1.0-0

5 0 05 10

Fig. 6. Map of DX’ average P velocities relative 10 PREM [Dziewonski and Anderson, 19811, inferred from a com-
patison of Pd data and reflectivity synthetic seismogram ray parameters. Solid circles are earthquakes locations, the
solid lines are the profile azimuths, and the shaded regions (with schematic widths) are the parts of the CMB sampled.

and relatively slow P velocities, and in quantifying this with the
reflectivity synthetics we still found this to be true. The three §d
profiles from Japan and the Kurile Trench to the Americas had a
velocity anomaly of A g = +1.0%, whereas for three similar pro-

files from Taiwan/Korea to the Americas (as well as three from
Indonesia to North America) the P anomaly was Ao = -1.0%. In
terms of the Poisson ratio v this represents a -4% depariure from
PREM. The fast shear velocities occur in the same region where

S Velocities for a 190 km~—thick D", Relative to PREM

e 3’:%%
i SR

i
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< —1.0-05 0
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Fig. 7. Same as Figure 6, but for § velocities. Note that the shading scale is different from that in Figure 6.
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TABLE 5. Velocity Results for Dual P/§ Coverage,
Including Poisson Ratios

Path Description Cligg, knfs  Pusg, km/s v
PREM 13.69 7.26 0.304
Taiwan/Japan to Western Armericas 13.55 734 0.292
Indoresia 1o Europe 13.77 7.23 0.30%
Tonga 10 North America 13.68 7.30 0.301
Tonga to Mid-East (Tirst part) 13.25 T.04 G303
13.79 732 0.304

Tonga to Mid-East (second part)

Sc§ precursor studies such as those of Lay and Helmberger {1983]
and Young and Lay [1990] have found evidence of a very high §
velocity zone and are also seen in the tomographic shear velocity
models of Tanimoto [1987] and S. P. Grand (personal communi-
cation, 1991). The same high-velocity zone has not been seen there
from PcP precursors, and in fact, tomographic P velocity models
[Morelli and Dziewonski, 1987, fnoue et al., 1950] also find slight-
ly slower anomalies. While the diffracted waves have no resolution
of the top of D", this type of discontinuous increase in shear ve-
locity at the top of D" is a robust feature in several places along the
CMB and is seen both from Sc§ precursors [Young and Lay, 1987,
Gaherty and Lay, 1992} and the stacking of multiple-SeS phases
[Revenaugh and Jordan, 1991].

The Poisson ratio varies in just the opposite way for the £d and
$d profiles from Indonesia to Europe, which sample the CMB un-
der north cenwral Asia. Here the shear velocity is slow, while the P
velocity is fast, and vigo = 0.309, which is atmost 2% higher than
for PREM. The only other location where we had both P and S
coverage, as shown in Table 5, was under the eastern Pacific (from
Tonga to Morth America), where the Poisson ratio, like that of the
Tonga to Mid-East profiles, did not vary significantly from that of
PREM,

Another region of the CMB that bore an interesting result was
that under the northeastern Atlantic and Mediterranean seas. We
only had Pd coverage, but all three profiles were noticeably slower
than PREM, with AGygp = -1.0%. It is interesting to note that the
regionalized tomographic model of §. P. Grand (personal commu-
nication, 1991) for this region also shows a strong negative
anomaly.

THERMOCHEMICAL MODELING

The quaniification of lateral heterogeneity in D” is a necessary
step in making determinations as io the physical properties of the
rock at the base of the mantle. The changes in the shear and bulk
moduli that we measured in the previous section can be viewed as
she result of lateral changes in temperanire andfor composition.
The actual structure of DY probably involves a combination of
chemical and thermal boundary layers [Lay, 1989} and is further
complicated with phase changes, azimuthal anisotropy and lateral
variations in IV thickness, much like the Earth’s lithosphere. We
attempt here a simple demonstiration of the kind of effects lateral
changes in temperature and composition would have on the D”
velocity structure. While the type of results we find are nomunique
and strongly limited by current knowledge of thermoelastic pa-
rameters of lower mantle maserials, it gives a sense of the physical
constraints on )" that a seismic model can give, It will also allow
for a certain amount of discussion and speculation as to the nature
of some of the seismic anomalies we have found, in particular, the
great velocity low under Indonesia.

We use & third-order Birch-Mumaghan equation of state {Birch,
1952] in order to calculate seismic velocities at CMB conditions,
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starting with Tecent experimental values for the thermoelastic
properties of the major lower mantle constituents. This technique
is further discussed by Bira and Silver (1990, Bina and Helffrich
[1992], and Wysession [1991], and here uses the iron and magne-
sium end members of perovskite and magnesiowistite. While
these ignove the perovskite structures of CaSi0s and ALOs, they
siill account for nearly most of the lower mantle, The seismic ve-
locities of these (Mg, Fe)5i0; and (Mg, Fe)O phases are calculated
for D" conditions by starting with the elastic moduli and their de-
rivatives and then making independent temperature and pressure
corrections. The thermoelastic parameters used, which are extrap-
olated 10 standard temperature and pressure except where noted,
are shown in Table 6 along with their sources. While these initial
values are difficult to obizin experimentally and are therefore sub-
ject to change with future research, they will al Jeast give us an
order of magnimude undersianding of the sensitivity of D veloci-
ties to changes in temperature and composition. For any combina-
tion of minerals, the resulting velocities caleulated for each are
combined according to the molar proportions desired, We make
the assumption that bulk material velocities vary linearly with the
volume proportions of the minerals include, and that the partition-
ing coefficient between perovskite (Pv) and magnesiowtstite (Mw)
is K = 0.1 [Bell et al., 1979; Fo and Yamada, 1982].

We calculate the B 7 velocity variations that result for changes
in three different parameters: temperature, Mg/Fe ratio, and
Pv/Mw ratio. Because of unceriainties in the thermoelastic param-
eters, we present percentage variations in the velocities and not
absolute values. Caloulations are done for a pressure of 135 GPa
and with an initial model of pyrolitic composition (Pv/{(Pv+Mw) =
213} with a magnesium/metal ratio of 0.9 and a temperature of
3500 K. The velocity variations caused by deviations from this
starting model are shown in Figures 8a-8/, which show the effects
for P and § velocities separately. Figures §a-8f are contour plots
showing the two-parameter pairings of our three-parameter sys-
tern, where coniours are lines of equal velocity. The circle in each
piot shows our initial model, and the heavy line through it is there-

TABLE 6. Thermoelastic Parameters Used for the
Equation of State Velocity Caleulations

Parameter MgSi0;  FeSi0y MgO Fe

Vs 24.46° 2549 11.25° 12.25%
Kso. GPa 268" 268° 163° 1807
Kw 4.0b* 4.0b¢ 4,1° 3.6°
Bg 2.7 2.7 2.8° 3.0
oo (x 107, K 4%° 4.9° 4.7 5.9
davdT* (x10%), K* 1T L7 1.04° 2054
dodT* (x 10%), K* 16° 1.6° 0.8" 1.7°4
i, GPa 185 188 132 HEtS

W 1.9 1.9 2.5 25
dwidT (> 10°%), GPa/K 3Y 3 2.5° 2.5

“Jeanloz and Thompson {19831,
% nitile and Jeanloz {1987].
‘Mao et al. [1991].
Bukowinski and Wolf [19901.
“Isaak et al. [198%].

ISumino and Anderson [1984].
*determined at 1300 K.

Minear value for T < 1300 K.
‘linear value for T > 1300 K.
Yeganehi-Haeri el al. {1989].
reanioz [1950].

*agnon and Bukowinski [1988],
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P and S Velocity Variations:
s . P = 135 GPa,

T = 3500K, Mg/(Mg+Fe) = 0.9,
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Fig. 8. Plots showing the variations in P and § velocities using 2 third-order Birch-Mumaghan equation of state and
the experimental thermoelastic parameters listed in Table 6. Variations in three variables (temperature, Mg/Fe ratio,
and silicaie/oxide ratio) are shown relative 1 each other for P and § separately, with lines representing values of
constant velocily in percent relative to the initial model. ‘The circle in each diagram represents the initial model,
which was at P = 135 GPa, T = 3500 K, Mg/(Mg+Fe) = 0.9, and Pv/(Pv+Mw) = 2/3 (Pv and Mw represent perovskite
and magnesiowtistite). The lines through the circles are therefore lines of zero velocity variation. (a) P velocity for
Mg/(Mg+Fe} versus temperatire, (b} § velocity for Mg/(Mg+Fe) versus temperature, (a) P velocity for Pvi(Pyv+Mw)
versus temperature, (b) § velocity for Pv/(Pv+Mw) versus temperature, (a) F velocity for Pv/(Pv+Mw) versus
Mg/(Mg+Fe), (b} § velocity for Pv/(Pv+Mw) versus Mg/(Mg+Fe).

fore the set of parameiers that would give a velocity identical to it.
Given the particular set of thermoelastic parameters we used, the
seismic velocities were sensitive 1o both changes in temperanses
and iron/magnesium ratios, though much less so for Pv/Mw
deviations,

In Figures 8a and 8b we see that a 1% variation in seismic ve-
locities could be explained by lateral variations of approximately
200° C for P and 300° C for §. The effect of changes in temperaturs
on seismic velocities is most Hkely significanily less in I’ than at
the surface, because the temperature derivative of the thermal ex-
pansivity is much smaller [Mao et al,, 1991] and perovskite and
magnesiowlistite seem stable and far from their solidi [Knitile and
Jeanloz, 1989a, 1991; Vassiliou and Ahrens, 1982]. The seismic
velocities are also very sensitive to the relative amounts of Fe and
Mg: a little more than 5% variation from Mg/(Mg+Fe) = 0.90
would change P and § velocities by 1%, However, as shown in
Figures 8¢ and 84, the effects of deviations from a pyrolite com-
position are praciically minimal. There is almost no effect on Vo

and an enormous change in Pv/(Pv+Mw) is required to elicit 2 sig-
nificant change in v,. Though Pv has much faster velocities than
Mw at STP, recent estimates of the thermal expansion coefficient
andl derivatives of the elastic moduli predict this difference to de-
cay with depth, thus making D" velocities less sensitive 1o Pv/Mw
variations in this particular model [Agnon and Bukowinski, 1988;
Iseak et al., 1989; Yeganeh-Haeri et al., 1989]. It is interesting,
however, that for the case of Pv/Mw variations the Poisson ratic
varies significantly, suggesting that in areas like the CMB under
northern North America, where § velocities are fast but P veloci-
ties are slightly slow, this kind of variation may play 4 role. It is
interesting to compare this experiment with the variations in tem-
perature and Mg/Fe ratio: ail three affect the P and § velocities at
very different relative rates. With the ever clearer understanding of
the temperature and pressure effects on the thermochemical prop-
erties of mantle rocks will eveniually come the ability to determine
in situ I temperatures and comypositions based on the abschute
and relative P and § velocities determined thereof.
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IISCUSSION

Most of the seismic variations from PREM for our profiles are
of the arder of approximately 1%, and if lateral variations in tem-
perature over the twop 200 km of the Earth are any indication of D
variations, then femperature could be 2 dominant factor driving the
seismic heterogeneities there as well. Excluding the region under
Indonesia, the ranges of anomalies from our averaged profiles cor-
respond here to lateral AT = 400° C for P and AT = 500°  for S.
These seemm larger than one might reasonably allow, however, and
we would expect other factors to be important,

The D" velocity low under Indonesia, more than 3% slow for
both P and § velocities, certainly cammot be explained just as 2
thermal anormaly but would suggest an additional increase in iron.
A very low Mg/(Mg+Fe) ratic of 0.7 would satisfy the Indonesian
Iow, but we would not need this much ron if it was accompanied
by an incresse in temperature. This is demonsirated in Figure 9,
where we see the P and S variations of Figures 8« and 85 super-
imposed, and the stippled region schematically represents the type
of temperature and Mg/Fe variations that would satisfy the inferred
D" average P and § velocities.

A possible geodynamic explanation that would account for both
the slow velocities and the iron-temperature variations may in-
volve coupling with core flow. There is & strong correlation
between our I3 velocities and the geomagnetically determined
core flow model of Veoorkies [1986] (and 1o a lesser extent, though
still evident, of Bloxham [19891}. Qur slow velocity region beneath
Indonesia sits right over one of the largest regions of CMB core
upwelling in the Voorhies [1986] models, as reproduced in Figure
10, and the adjacent fast vélocities are above the largest Voorhies
[1986] region of downwelling. Thermochemically, a reduction in
¥ seismic velocity would most likely be the resuit of increased
semperature or iton content, and both of these would be expected

D" Indonesian Low: dVp = —3.2%, dVs = —-3.1%

Temperalure (K}

Mg/ (Mg+Fe)

Fig. 9. A combination of Figures 8a and 8b, showing the combined
variations in velocities due io temperature and metal content
variations. The stippled area represents that part of the model that
would adequately explain the 3% P and § velocity I low-velocity
anomalies under Indonesia.

WYSESSION BT AL.: STRUCTURE OF D" FROM DIFFRACTED WAVES

200 A r Y
L -
-~ 3_.___._.‘33_,:-._:"‘”._.—'—1
BON kﬂ-’;-. @——-&5\‘“—\; - 4
IS
S
A

0

-,

= .

D A ST I
B S . :
a 60E 120E 180

Fig. 10. (Top) Map of downwelling (surface convergence) at the
top of the Earth’s core (from Figure 6 of Voorhies [ 1986]). High's
represent downwelling and lows are regions of upwelling, and
units are in 107% yr'!, The dramatic upwelling and downwelling
centered at (0°N, 120°E) are at the same locations as the slow and |
fast paris of our Tonga to Mid-East CMB path. (Bottom) Hori-
zonial core flow at the CMB for the period 1975-1980 (from
Figure 10c of Voorhies [1986]). The reference vector, at the lower
right, has alength of 87.125 km/yr. The flow from the upwelling o
downwelling regions seen in the top figure is very evident.

above a core plume. Knittle and Jeanloz [19895b] proposed thal re-
actions oceur between the core liquid iron and the crystalline
perovskite, with the resulting products of Mg8iOs, 8i0; and the
iren alloys Fe(» and FeSi Jeanloz, 1990]. While the Mg-perovskite
and stishovite will have fasier than average velocities, the overall
effect will be a decrease in velocity due to the presence of the me-
taliic alloys. While the reaction should only occur directly at the
CMB, it 1s very possible that the liquid iron seeps up into the man-
tle through capillary action [Stevenson, 1986], metaphorically
parailel to the way water circulates through the crust. If this were
the case, then we would expect there to be an increase in both heat
fiax and iron transpori into the mantle above a region of vigorous
core upwelling. Both would therefore be expected to contribute to
the Indonesian D" velocity low,

There is, however, a difficulty in understanding why a correla-
tion should exist between mantle and outer core featres, when the
core flow patterns are transitory in comparison o the longer times
scales of mantle dynamics. Even though the core features under

Indonesia and Southeast Asia have changed little over the last cen-
tury and a half [Bloxham and Jackson, 1589, over much longer :
times scales we would require a dynamic coupling between the
manile and core to produce a significant mantle anomaly from core
actions. Many of the studies of secular variation of core flow pat-
terns do suggest the necessity of mantle-core coupling [Bloxham
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and Gubbins, 1987}, This might take the form of either gravita-

tional coupling between density inhomogeneities or topographic

. coupling due to the pressure gradients in the core near CMB -
pography, both of which are discussed by Jault and LeMoudl
{1989, 19907 and Bloxham and Jackson [1991).

Electromagnesic coupling between the mantle and core was sug-
gested by Jeanloz [1990] as being due o lateral variations in DY
elecizrical conductivity of more than 11 orders of magnitude.
Metal-zich heterogeneities in 13 would pin the magnetic field lines
from the core, either distorting the image of flow patterns or con-
troliing core flow near the CMB, The metal-rich ¥ rock needed to
maintain this eleciromagnetic coupling could be the FeO and FeSi
created from iron-silicate reactions and locally aggregated through
intra-D" convective sweeping [Davies and Gurnis, 1986; Zhang
and Yuen, 1988; Hansen and Yuen, 1989; Slzep, 1988] and would
have significantly slower velocities than perovskite. Only small
increased amounts of iron, in addition io a modest temperature in-
crease, would be required to give us the slow D" velocities we see
under Indonesia. So while the correlation between seismic and
geomagnetic images may be coincidenial, it is possible that this is
an indication of significant coupling between the mantle and core.
Further thermochemical modeling including the phases §i0); and
FeSi will be required.

Another region of D" where we have strong enough diffracted
wave coverage 1o make physical inferences is under the northem
Pacific, sampled by Taiwan/Japan/Kurile earthquakes traveling 1o
North American stations. The occurrence of fast shear velocites
here would not be surprising in the case of full mantie convection.
Subduction has been occurring for a long time here, and becsuse
the absolute plate motion of the North America/Pacific wench is
very slow {of the order of 1 emyr [Gripp and Gordon, 1990},
there has been a lot of cold material that has been put inio the man-
tle above wiere our diffracied waves sample the CMB. If the slabs
penetrated into the lower mantle in the form of downgoing sheets,
which are the favored mechanism of downgoing material transport
in convection models such as those of Olson et al. [1990] and Ber-
covici et al. [1989], or if convection is limited to the upper mantle
but is thermally coupled to the lower mantle, then we might expect
I6 see an accumulation of the cold mantle dregs there at the CMB
[Ringwood, 1975; Hofman and White, 1982]. The mantle shear
velocity medel of Tanimoto [1987] shows a ring of fast velocity
extending all the way downt to the CMB, and the averaged velocity
anomaly of ABigp = +1.0% that we find under the northem rim- is
certainly in keeping with this. Our equation of state calculations
would require 2 300°C decrease to model this, though this is higher
than might be expected for downgeing material that has had a long
time: 1o aitemnpt to thermally equilibrate with marterial around it,

This model is too simple, however, because it does not explain
the presence of slow P velocities, which as mentioned earlier sre
seen in the Pd profiles and other seismic studies. What is required
here is 2 mechanism that will describe the unusual change in the
Poisson ratio: the concurrence of fast shear velocities with slow P
velocities that have an averaged anomaly of AGieg=-1.0% relative
to PREM. Such a circumstance does occur in our simplified ther-
mochemical modeling, and in Figure 11 we show that the differing
behaviors of the /* and § velocities (which are superimposed) in
response to lemperature and silicate/oxide variations suggest par-

 ticular conditions that are more favorable to it. The stippled region
" A of Figure 11 best satisfies our diffracted slownesses in this re.
gion, involving a temperature increase of = 200°C and 3 large
decrease in the amount of perovskite relative to magnesiowdstite,
The stippled region B represents the seismic resulis for the Pd and

876i

Temperature (K)

0.4 0.6 .8 1
Pv/(Pv+Mw)

Fig. 11. A combination of Figures 8¢ and Bd, showing the com-
bined variations in velocities due to temperature and silicatefoxide
variations. Stippled area A represents that part of the plot that
wonld satisfy the inferred average 1Y velocities under the rim of
the North Pacific and North America, and stippled region B satis-
fies the velocities suggested by the diffracted profiles under north
ceniral Asia.

4 profiles from Indonesia 1 Europe, which are the opposite case:
slightly slow v, and fast v;. This part of D", under north central
Asia, is modeled on the same plot by a decrease in temperature of
160°C and an increase of Pv/(Pv+Mw) 10 0.9,

The other region of simultanecus Pd and Sd coverage is under
the east central Pacific, from Tonga to Morth America, where we
see velocities that do not differ significandy from PREM. There is
a hint of fast velocities in the $¢ slownesses (AR gp=+0.5%) which
is possibly related to the same mechanism that causes the fast shear
velotities seen to the north.

There were three Pd profiles from South and Central American
carihguakes to Europe and Asia, sampling the CMB under the east-
ern North Atlantic and Mediterranean seas, which had a slow P
anomaly averaging Adtyy = -1.0%. This would correspond, in Fig-
ure 8a, to an increase in temperature of 200°C, though we do not
have and Sd profiles to help constrain it. There is some evidenes to
suggest that this could be a thermal anomaly, as the tomographic
model of &. P. Grand (personal commumication, 1991) shows slow
shear velocity through much of the lower mantle in this region, and
there are several active hotspots in this region including the Cape
Verde, Canary, Azores, and New England [Crough and Jurdy,
19801. If major hotspots are generated st the CME, then we would
eXpect to see 4 broad thickening of the mantle thermal boundary
layer there, which should give rise to & long-wavelength seismic
signal, such as is measured in the diffracted wave ray parameter.
The Adantic has the highest density of recognized hotspots, and it
is very possible that the low velocities that are seen seismically in
the lower mantle are a signature of this. If the relative amplitudes
of the slow anomalies here and under Indonesia are significant,
then this may be due to differences in the maturity of the hotspots.
Many models of hotspot genesis show mushroomlike heads thar
tise up from the CMB and are followed by a thinner tail [Qlson et




8762

al., 1990; Duncan and Richards, 1991]. The northeastern Atlantic
hotspots are mature, and we might expect less of a remnant D”
feature, whereas there is no sign at the surface of an Indonesian
hotspot {Crough and Jurdy, 1980}, and we may be seeing the birth
of one in the very slow velocities af the CMB there.

We do not suggest that the dynamics of a complicated thermo-
chemnical boundary layer can be constrained by modeling long-
wavelength seismic waves with a thiree-parameter thermochemical
model. There are many additional factors that are important. The
comparisons drawn here are highly speculative, and the correla-
tions may change as future experimental work is done. But both
seismic and high-pressure mineral physics techniques are advanc-
ing rapidly and soon may be able to give definite answers as to the
details of the CMB and its role in core and mantle convection, The
combination of seismic and thermochemical modeling will con-
tinue to play a central role in the understanding of the coupling
between the Earth’s core and mande,

CONCLUSIONS

An analysis of profiles of diffracted P and § waves has allowed
for 2 limited mapping of the lateral heterogeneity of seismic ve-
locities in D", Apparent ray perameters are determined for these
linear profiles using the arrival times of the diffracted rays, mod-
eled with reflectivity synthetic seismograms. The apparent slow-
nesses are converted into mean D velocities that are averaged for
the botiom 190 km of the mantle according to the empirical rela-
tionships of Mula and Miller [1980}. The resulting inferred
velocities suggest lateral variations of 4% for both PandS.

These values are strongly affected by one particular region of
very stow velocities, 1t the CMB from beneath Indonesia from
New Cuinea 1o the South China Sea. This region at the CMB had
inferred velocities, assuming a 190-km-thick D, that were 3%
slower than for PREM. This was angmented by the proximity o 2
region of fast velocities underneath Southeast Asia. There is an
interesting strong correlation between these velocities and core
flow models determined from geomagnetics, especially that of
Voorhies [1586]. The slow D" region sits right above a vigorous
rising core plume, which if held in place over time because of elec-
romagnetic coupling could be causing an increased influx of iron
and heat into the mantle. Thermochemical modeling shows that a
range of combinations of increased temperature and Fe/Me ratio
would satisfy the low velocity anomaly. Such a region may repre-
sent the birth of a mantle hotspot.

Shear velocities 1% faster than PREM were found under North
America and the northern rim of the Pacific Basin, consistent with
Sc$ precursor studies such as that of Young and Lay [1990], but
this region alse had P velocities 1% slower than PREM, suggesting
that a simple thermal anomaly may not be sufficient w0 explain it.
This change in the Poisson ratio of 4% from that of PREM requires
a chermnical variation that affects P and § velocities very differently,
and an example is shown where variations in the silicate/oxide ra-
tic (in tandem with slight temperature changes) could satisfy this.
There were also well-sampled regions, such as under the east cen-
wal Pacific {from Tonga to North American stations), that were
very adequately represented by the PREM velocities for o
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