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P and § waves diffracied around the core-mantle boundary (CMB) are examined to obtain measurements of
long-wavelength average velocities in D”, the base of the mantle. Observations are made of profiles of diffracted
waves (Sd and Pd) from WWSSN and Canadian stations, and are compared 1o synthetic seismograms generated
with the reflectivity method. The apparent ray parameters of the data and synthetic profiles serve as the basis of
comparisons, which suggest significant lateral heterogeneity on the order of about 4% for both P and S velocities
at the base of the mantle. While most of the D” average velocity anomalies are on the order of + 1% relative to
PREM, our range in seismic heterogeneity is largely the result of a 3% S and P velocity low in D” beneath
Indonesia, which is made even more unusual by the fact that it is adjacent to a regional fast velocity anomaly
beneath Southeast Asia. This velocity low is over amajor rising plume in the outer core, as calculated by Voorhies
[1986], and if this plume has been held in place over time through core-mantle coupling then the low velocity
would be expected due to the increased mantle influx of heat and iron. We undertake a calculation of the varia-
tions in D" seismic velocities due to changes in lemperature and composition using a third-order Birch-Mumnaghan
equation of state with current available thermoelastic data on perovskite and magnesiowiistite. Using this model,
small seismic velocity anomalies in D” could be the result of temperature variations, though small fluctuations in
relative amounts of magnesium and iron would have a greater effect on the velocities. For example, the Indone-
sian anomaly cannot be explained by only a thermal anomaly, but requires only a 20% increase in the Fe/(Mg+Fe)
ratio (and even less if accompanied by a raise in temperature). In some regions of D" the P and § velocities do not
vary in tandem, as under Northern North America, where shear velocities are fast but P velocities are slightly
slow. The implied lateral change in Poisson ratio could be the result of variations in the relative amounts of

silicates and oxides, exacerbated by the high thermal gradients that are expected to exist in D”.

INTRODUCTION

In examining the structure of D" (the very base of the mantle)
the combined use of both P and S velocities supplies a greater con-
straint than only one or the other, and this is true as well with
waves that diffract around the CMB. In Wysession and Okal [1988,
1989] we looked at the diffracted Sd and Pd waves separately, be-
ginning to map out lateral heterogeneities in D”. What we present
here is a joint examination of profiles of both Pd and Sd waves,
facilitated with the use of reflectivity synthetic seismograms,
which can model both arrivals at the same frequency levels. These
diffracted wave profiles give us long wavelength information
about the velocities in D”, and combined with the results from

“other disciplines (geomagnetics, in particular) we can begin to sug-
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gest and identify dynamic processes occurring in particular regions
at the base of the mantle.

Mineral physics, especially the breakthroughs of recent experi-
mental work, has begun to give us a thermochemical description of
the materials (i.e., perovskite, magnesiowlistite) that comprise the
lower mantle. It is therefore possible to begin comparing the seis-
mic velocity anomalies observed with those predicted from
thermoelastic principles. In this light, we will also attempt to com-
pare the seismic velocity variations we find with those calculated
from Birch-Mumaghan equations of state, using as initial parame-
ters the recent results of mineral physics experiments.

Diffracted waves have long been identified as being as impor-
tant tools for examining the CMB, as they can travel for thousands
of km along the base of the mantle (shown in Figure 1). A careful
examination of diffracted armrivals travelling along a similar azi-
muth to several stations from a single earthquake gives a good
indication of the average velocity of that strip of D" within which
all the waves travel, once corrections are made so that we have
removed all other effects, and a comparison is made with synthetic
seismograms modeling identical earthquake-station geometries.
These velocities, when compiled as a map for D", will serve as the
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Figure 1. A demonstration of the difference between geometrical
waves (obeying Snell's Law) and diffracted waves. Top: Ray trac-
ing for P waves within the Earth, showing the shadow zone that
exists between the P and PKP arrivals. Bottom: Diffracted P waves
(Pd) that travel along the core-mantle boundary and leak back to
the surface, arriving within the shadow zone and beyond.

basis for further determinations about the temperatures, composi-
tions and core/mantle dynamics of the CMB region.

Pd and Sd waves have been observed since the start of the cen-
tury (see Sacks [1966] and Cleary [1974] for discussions), though
with the recognition of the complexity of of the CMB diffracted
waveforms it has been through simulations with synthetic seismo-
grams that recent studies have been able to model mantle
properties. The results presented here were attained through com-
parison of the Sd and Pd arrivals with synthetic arrivals calculated
with the reflectivity method, though our earlier studies used syn-
thetics from normal mode summation [Wysession and Okal, 1988,
1989]. The reflectivity method was previously used by Mula and
Miiller [1980] and Mula [1981] in their studies of CMB diffracted
waves.

Diffracted wave studies can involve investigations of both travel
times and amplitudes, though we will concentrate here on the dif-
fracted wave ray parameters as determined from the arrival times.
The ray parameter (slowness) of a linear profile of diffracted ar-
rivals is given by p = dT/dA = Rcyp/Veup (where T is the travel

time, A the epicentral distance, Rcup the radius of the CMB, and
Veus the apparent velocity at the CMB) and is a direct indicator of
the seismic velocities at the base of the mantle. However, p is only
an apparent slowness and is a complicated function of D" structure
and particular earthquake-station geometries [Chapman and Phin-
ney, 1972; Mula and Miiller, 1980; Wysession, 1989, 1991], and
therefore actual velocities at the base of the mantle canrnot be sim-
ply taken from the ray parameter but must be inferred through
comparisons with synthetic profiles. There are other precautions
and corrections to be taken and made before D velocities can be
inferred.

PROCEDURE

For our profiles we used the diffracted P and § arrivals at
WWSSN and Canadian stations from 21 large earthquakes. This
gave us 20 azimuthally independent Pd profiles and 12 §d profiles,
which each contain at least 4 stations (and as many as 10) along a
similar azimuth that span from the start of the shadow zone to as
great as 160°. Details are given in Wysession [1991].

The diffracted profiles are constrained to narrow azimuthal win-
dows (a maximum of about 20°) so that the velocities of a partic-
ular strip through D’ are examined, and so that the downswing
paths of all arrivals are essentially the same. This means that since
we are measuring the slowness between arrivals and not absolute
arrival times, we do not need to worry about source effects and
mislocations, mantle heterogeneities (on the downswings), or slab
diffraction [Cormier, 1989]. The Sd and Pd ray parameters, once
given their necessary corrections, should be entirely a function of
the velocities within D",

In an attempt to have the data and synthetics as comparable as
possible, we correct the arrival times of the data for ellipticity us-
ing the relationships of Jeffreys and Bullen, 1970, and for mantle
upswing path heterogeneities. The latter are calculated by ray trac-
ing our waves through the full mantle 3-D tomographic velocity
model of Woodhouse and Dziewonski [1987] and summing the
velocity heterogeneities along the paths. The procedure is ex-
plained in detail in Wysession and Okal [1988, 1989].

The synthetic seismograms are generated using the reflectivity
method, which gives easier access to the high frequency portions
of the diffracted arrivals [Wysession, 1991], and are based on the
algorithms of Kennett [1983]. The synthetic seismograms are gen-
erated for the radially symmetric PREM structure of Dziewonski
and Anderson [1981], and are generated using the same focal
mechanisms, path geometries and instrument responses as the data.
Examples of the data and synthetic diffracted waves are given in
Figure 2, which shows the Sd profile from Loyalty Island (Oct 7,
1966) to the Mid-East.

The data and synthetics are compared, and D” velocities deter-
mined, on the basis of their apparent ray parameters (apparent
slownesses), and we emphasize the necessity of this. The value of
the measured ray parameter will be biased by the distance covered
along the CMB, the geometry of stations used, the instrument fre-
quency responses and the method used to determine it. One
example of Mula and Miller [1980] used reflectivity synthetics to
show that a particular apparent P-wave ray parameter of p, = 4.54
s/deg, which would suggest an apparent velocity of Ogpp = 13.38



km/s, actually was generated for an average D" P velocity of Olgy, =
13.74 km/s.

The slownesses represent the linear slope of the arrivals with
increasing epicentral distance, as can be seen in Figure 2. For both
the data and synthetics we determine the slownesses using two
different robust techniques: peak maxima picks and multi-
waveform cross-correlation. Though each adds bias into the data
slownesses, this is recreated in the reflectivity synthetics. Details
are explained in Wysession and Okal [1989]. The effects of the
profile geometries, instrument responses and determination tech-
niques can be seen in the ranges of slowness values for the
synthetics. The ranges for the synthetic Pd slownesses were 4.51-
4.59 s/deg (cross-correlation) and 4.49-4.55 s/deg (peak maxima),
and for the Sd slownesses were 8.44-8.50 s/deg (cross-correlation)
and 8.43-8.45 s/deg (peak maxima).

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 different parts of D”
relative to a PREM D”. What we would like is a measure of the
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 translation of these apparent velocities into actual
D" velocities is very complicated. A determination of the radial
structure of D" is beyond the scope of this study, though eventually
broadband arrays may give enough frequency amplitude informa-
tion to invert for D" radial velocities, much as is dorne 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 Gz, and the P
velocity averaged over the bottom 190 km of the mantle (099).
Their conclusion was that if D” was assumed to be 190 km thick,
then ¢jgpe< 0.830t,, (km/s). A similar result for shear waves yield-
ed Bigo= o< 0.65p,,p. These relationships are determined at a period
of T = 20 sec, the approximate response peak of long period
WWSSN instruments. In our discussions of average D" velocities
we will use these relationships to convert apparent velocities into
D" average velocities with the arbitrary assumption that D" is 190
km thick, though it should be understood that the average veloci-
ties must increase if D” is thinner, and must decrease if D" is
. thicker.

RESULTS AND DISCUSSION

The variations in averaged velocity, determined by differences
between the data slownesses and PREM synthetics, is shown in
Table 1. The actual range in individual apparent ray parameters
was large: 4.44-4.80 s/deg for Pd, and 8.27-9.01 s/deg for Sd.
When compared with the synthetics and averaged by region, the
lateral variations were more moderate, but still amounted to sev-

WYSESSIONET AL. 183

Loyelty Island: Oct 7, 1866 —~ Sd Data

] T 1 i

3z L JER? |
E SHI ‘
= 30 +F MSH |
& Q
8 28} i
% NDI
2] 26 - . 1
3
;g. 24 .

i 1 I i i
100 110 120 130 140
Distance (degrees)
Loyalty Isl.: Oct 7, 1866 — Sd Reflectivity

32 T T T T =
@
E s0f i
=] SHI
5 "
&
S 28 | =
v Q
]
L NDI
o 26 |- —
3
g

24 - -

1 1 H i I
100 110 120 130 140

Distance (degrees)

Figure 2. An example of the reflectivity synthetic seismograms,
shown here modeling the diffracted S arrivals from the Loyalty
Island 10/7/66 earthquake. Data are shown at the top and synthet-
ics at the bottom.

eral percent for both P and § velocities. As can be seen in Table 1,
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 Indonesia.
The regions we examined, including the path through Indonesia,
displayed 4.0% and 3.9% lateral variation in 0190 and B, respec-
tively, implying that the level of heterogeneity for P and § is
approximately the same. In our regional discussion it is important
to bear in mind that for the 1 sec PREM velocities, 0,90 and
Biso (over the 190 km at the base of the mantle) are 13.690 km/s
and 7.264 kmys.

Certainly the most unusual region of the CMB that we found
was undemneath Northern Indonesia and Southeast Asia, as sam-
pled 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
well separated with a total distance range of up to 49°, and this
allowed us to examine the first and second halves of the path sep-
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arately, both retaining high quality profiles of several stations. The
path profiles, when examined whole, showed no unusual velocities.
Both 01¢0 and Pie0 were nearly identical to those of PREM, with
each being slightly slow (see Table 1). When separated, however,
the second part showed slightly fast P and § velocities, but the first
half had extremely slow velocities. We attemnpted to 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 not 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 Adjgp = -3.2% and
ABroo=-3.1% (0100 = 13.25 km/s and P,g0 = 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 Adjq = +0.7%
and ABis0 = +0.8%. This juxtaposition of slow and fast velocities
also appears in tomographic studies that use non-diffracted arriv-
als, such as Woodhouse and Dziewonski [1987] (Model V3),
Tanimoto [1987], and Jnoue et al. [1990].

A possible geodynamic explanation for this may involve cou-
pling with core flow. There is a strong correlation between our D”
velocities and the geomagnetically determined core flow model of
Voorhies [1986] (and to a lesser extent, though still evident, Blox-
ham [1989]). Our slow velocity region beneath Indonesia sits right

over one of the largest regions of CMB core upwelling in the Voo-
rhies [1986] models, and the adjacent fast velocities are above the
largest Voorhies [1986} region of downwelling. Thermochemical-
ly, a reduction in D" seismic velocity would most likely be the
result of increased temperature or iron content, and both of these
would be expected above a core plume. If iron-silicate reactions
[Knittle and Jeanloz, 1989b; Jeanloz, 1990] are occurring at the
CMB, and liquid iron is seeping into the mantle through capillary
action [Stevenson, 1986], then we would expect there to be both an
increase in heat flux into the mantle and an increase in the amount
of denser (and seismically slower) iron oxides in D" above a re-
gion of vigorous core upwelling.

There is a difficulty in understanding why a correlation should
exist between mantle and outer core features, when the core flow
patterns are transitory in comparison to the longer times scales of
mantle dynamics. Even though these core features under Indonesia
and Southeast Asia have changed little over the last century and a
half [Bloxham and Jackson, 1989}, over much longer times scales
we would require a dynamic coupling between the mantle and
core. However, it is possible that a mantle anomaly may give rise
to a preferential core flow, and cause a positive feed-back that will
reinforce the mantle anomaly. Many of the studies of secular vari-
ation of core flow patterns do suggest the necessity of mantle-core
coupling [Bloxham and Gubbins, 1987]. This could take the form
of either gravitational coupling between density inhomogeneities,
or topographic coupling, due to the pressure gradients in the core
near CMB topography, both of which are discussed in Jault and
LeMouél [1989, 1990] and Bloxham and Jackson [1991].

Electromagnetic coupling between the mantle and core was sug-
gested by Jeanloz [1990] due to lateral variations in D" electrical

TABLE 1. D” Velocities Relative to PREM Averaged over 190 km and Inferred From the
Apparent Slownesses of Diffracted P and S Wave Profiles

Nurmnber of
Profiles Path Description CMB Region Sampled AVis
Diffracted P
1 Taiwan 10 the Eastern Americas Arctic Ocean / northern Canada +0.8%
3 Taiwan/Korea to the Westerm Americas northwest North America -1.0%
3 Indonesia to North America 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 Adantic / Mediterranean -1.0%
1 Tonga to Europe/Asia northern Pacific -0.3%
1 Indonesia to Europe north central Asia +0.6%
4 Tonga to Mid-East (whole) Indonesia / Southeast Asia -0.3%
4 Tonga to Mid-East (first part) Indonesia -3.2%
4 Tonga to Mid-East (second part) Southeast Asia +0.7%
Diffracted S
1 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 to Mid-East (first pant) Indonesia -3.1%
3 Tonga to Mid-East (second part) Southeast Asia +0.8%




conductivity of more than 11 orders of magnitude. Metal-rich het-
erogeneities in D” would pin the magnetic field lines from the
core, either distorting the image of flow patterns or controlling
core flow near the CMB. The metal-rich D” rock needed to main-
tain this electromagnetic coupling, 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; Sleep, 1988], would have signifi-
cantly slower velocities than perovskite, and only small additional
amounts 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 coincidental, it is not unlikely that this
is an indication of significant coupling between the mantle and
core.

It is interesting to note that the P and S velocities do not always
differ from PREM in the same way. In Wysession and Okal [1988,
1989] we found that the CMB region underneath Alaska and Can-
ada, along the northern rim of the Pacific, had relatively fast §
velocities and relatively slow P velocities, and in quantifying this
with the reflectivity synthetics we still found this to be true. The
three Sd profiles from Japan and the Kurile Trench to the Americas
had a velocity anomaly of ABe0 = +1.0%, whereas for three similar
profiles from Taiwan/Korea to the Americas (as well as three from
Indonesia to North America) the P anomaly was Ay, = -1.0%.
The fast shear velocities occur in the same region where ScS-
precursor studies like Lay and Helmberger [1983] and Young and
Lay [1990] have found evidence of a very high S-velocity zone,
and are also seen in the tomographic shear velocity models of Tan-
imoto [1987] and Grand [pers. comm., 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; Inoue et al., 1990] also find slightly slower anomalies. The
occurrence of fast shear velocities at the base of the mantle beneath
the rim of the Northem Pacific would not be surprising under the
geodynamic circumstances. Subduction has been occurring for a
long time there, and because the absolute plate motion of the North
America/Pacific trench is very slow - on the order of 1 cm/fyr
[Gripp and Gordon, 1990] - there has been a lot of cold material
that has been put into the mantle above where our diffracted waves
sample the CMB. If the slabs penetrated into the lower mantle, or
if convection limited to the upper mantle was thermally coupled to
the lower mantle, then we might expect to see an accumulation of
the mantle dregs there at the CMB [Ringwood, 1975; Hofman and
White, 1982].

Poisson Ratio

The fact that P velocities here are slow, however, suggests that
the shear and bulk elastic moduli here are behaving in a manner
different from D" rock elsewhere, again suggesting a different
chemical signature. We can quantify this behavior with the Pois-
son ratio, v, which equals 0.5 for a liquid but decreases with more
pronounced rigidity. As we will show, variations in temperature
and pressure can give rise to changes in v. For the Japan-Americas
path the reversal of velocity variations leads to a Poisson ratio of
Vigo = 0.292. This is 4% less than for PREM, which yields vy =
0.304. These values are listed in Table 2, along with those for the
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TABLE 2. Velocity Results for Dual P/S Coverage,
Including Poisson Ratios

Path Description Qiso, kmn/s  Biso, km/s v
PREM 13.69 7.26 0.304
Taiwan/Japan to Western Americas 13.55 7.34 0.292
Indonesia to Europe 13.77 7.23 0.309
Tonga to North America 13.68 7.30 0.301
Tonga to Mid-East (first part) 13.25 7.04 0.303
Tonga to Mid-East (second part) 13.79 7.32 0.304

other CMB regions for which we had both Pd and Sd coverage.
While the paths from Tonga, to North America and both halves to
the Mid-East, do not display any variation in v, the Indonesia to
Europe path, sampling D" beneath Northern Siberia, shows an in-
crease in v because the shear velocity is slow but the P velocity is
fast. While the 5.5% variation seen in the Poisson ratios of our
profiles does not seem large given the possible errors in P and S
velocities (1% errors for Vj, and V, would suggest approximately
3.5% errors in V), it is significant because contaminating factors
(source and mantle heterogeneities, conversions from slownesses
to average velocities) will effect Vp, and V, in similar manners.

Thermal gradient

One explanation for the 5.5% range we see in the D” Poisson
ratio could be a lateral variation in the thermal expansivity due to
slight compositional changes, in connection with a rapidly increas-
ing thermal gradient. D” probably sees a departure from a mid-
mantle adiabat of around 0.5°C/km to as much as 20°C/km by the
time the core is reached, much like the Earth’s surface. And the top
of the lithosphere, the other major thermal boundary layer in the
Earth, also displays strong variations in v [Clarke and Silver,
1991]. Extending the derivations of Stacey and Loper [1983] and
van Loenen [1988] to include the shear modulus terms, if we ex-
pand the vertical P and S velocity gradients into their fundamental
thermoelastic constituents, we go from
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where vs is the S velocity, vp the P velocity, z the depth, P the
pressure, T the temperature, | the shear modulus, K the adiabatic
incompressibility, p the density, g the acceleration of gravity,
Yin the thermal Grilneisen ratio, and o. the coefficient of thermal
expansion. An interesting result occurs when reasonable lower
mantle values are inserted, shown in Figures 3 and 4 [values were
taken from Dziewonski and Anderson, 1981; Lay, 1989; Isaak et
al., 1989; Knitle at al., 1986; Hemley et al., 1987; Yeganeh-Ilaeri
et al., 1989). The only difference between the two is that in Figure
4 the thermal expansivity is increased from 1.3 x 10 K10 4.0 x
107 K, and 9K/ 9T from -0.015 GPa/K to -0.035 GP&/K. Such
a change is not unreasonable, as there have been a wide range of
experimental values put forward, and the temperature derivatives
of elastic moduli at 3000 K and 136 GPa are certainly not known
to within a factor of 2. These changes have reversed the order in
which the P and § velocity gradients become negative with in-
creasing thermal gradients. In the case of Figure 3 the S velocity
gradient becomes negative first, causing there to be a region along
the thermal gradient axis where the P velocities would still be in-
creasing but the § velocities would be decreasing. Though this
linear approximnation is really only meaningful at a particular point
in temperature/pressure space, it can serve to demonstrate that
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Figure 3. An example of the P and S velocity gradients as functions
of the thermal gradient at the base of the mantle. The thermoelastic
parameters used for the calculation are Kg = 685 GPa; i = 291
GPa; o = 1.3 x 107 K'!; 9K¢/dT = -0.015 GPa/K; op/oT = -0.035
GPa/K; Kg' = 4.0; p" = 1.9; T = 3000 K (sources are given in the
text). Note that the shear velocity gradient becomes negative be-
fore the P velocity gradient, creating a layer in D" in which P
velocities are still increasing but § velocities are decreasing.

since the thermal gradient will be increasing with depth in D" there
would be a physical layer within D", corresponding to this region
along the thermal gradient axis, where the P and S velocity gradi-
ents would be reversed. In Figure 4 just the opposite occurs - there
will be a layer within D’ where the S velocities will still be in-
creasing but the P velocities will be decreasing. Beneath these
layers both velocities will decrease as the much hotter iron core
draws near.

The implication here is that if we were o travel laterally along
the CMB between regions whose materials had different physical
properties, such as differing amounts of perovskite and magnesio-
wilstite, we might expect the P and S velocities to vary in different
ways. If there really is as much variation in the thermal expansivity
in D" as there is in laboratories at the surface, then we could expect
lateral variations of the increase in the thermal gradient to be driv-
ing the differences between P and § velocities.

D" Equations of State

One avenue of modeling seismic velocities in D” is through the
use of equations of state of mineral phases that we know are stable
at CMB conditions and presume comprise a significant part of the
lower mantle. This method uses the standard temperature and pres-
sure (STP) elastic moduli and their temperature and pressure
derivatives of the iron and magnesium end members of perovskite
and magnesiowlistite, and calculates the elastic moduli and density
at CMB conditions. This allows us to see what kinds of thermo-
chemical variations are necessary in order to explain the seismic
lateral heterogeneity, such as the anomalously slow D" velocities
underneath Indornesia and the adjacent region of fast velocities.

Qur investigations have used a third-order Birch-Murnaghan
equation of state in order to model our D" velocity anomalies
[Birch, 1952; Bina and Helffrich, 1991].CMB velocities are cal-
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Figure 4. An example of the P and S velocity gradients as functions
of the thermal gradient at the base of the mantle. The thermoelastic
parameters used for the calculation are Kg = 685 GPa; yt = 291
GPa; o = 4.0 x 10° K'; 9K¢/oT = -0.035 GPa/K; ap/oT = -0.035
GPa/K; Kg" = 4.0; p" = 1.9; T = 3000 K (sources are given in the
text).Note that in this case the P velocity gradient becomes nega-
tive before the § velocity gradient, creating a layer in D” in which
S velocities are still increasing but P velocities are decreasing. This
is the opposite of the case represented in Figure 3.














