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Forward modeling of differential travel times of phases sensitive to lowermost 
mantle beneath the central Pacific reveals lateral heterogeneity that is higher 
in amplitude than predicted by tomographic models. A broad zone of low 5 
velocity (-4 percent with respect to standard models), which may correspond 
to the base of a thermal "plume," narrows and is deflected as it extends to about 
1000 kilometers above the core-mantle boundary. To the east of this zone, a 
localized region of fast 5 velocity (+5 percent) suggests strong heterogeneity 
or anisotropy related to.the presence of high pressure and temperature as- 
semblages, which may or may not involve core material. Its presence could also 
explain the observation of precursors to core reflected phases in this region. 

The D" region in the lowermost mantle (2600 
to 2889 km deep) is a thermal and chemical 
boundary layer thought to play a critical role 
in the dynamics of Earth. Seismic body wave 
studies reveal a complex velocity structure 
(1). To explain observations of precursors to 
ScS phases, one-dimensional models involv- 
ing a discontinuity at the top of D" have been 
proposed, which are associated with variable 
vertical velocity gradients (2). On the other 
hand, recent studies provide evidence for the 
existence of strong lateral heterogeneity and 
anisotropy near the core-mantle boundary 
(CMB) (3-10). 

It has also been proposed that ScS precur- 
sors might be a manifestation of complex three- 
dimensional (3D) structure rather than layering 
(I I). Global tomographic models (12, 13) indi- 
cate a reddening of the spectrum of heteroge- 
neity and an increase in the root mean square 
(rms) velocity fluctuations when approaching 
the CMB, but it has been shown that the lateral 
variations inferred within D" by tomographic 
techniques are generally underestimated (5, 6). 
Charackxization of two-dimensional (2D) and 
3D heterogeneity near the CMB so far has been 
mostly qualitative and few studies have at- 
tempted 2D (3, lo), let alone 3D, forward mod- 
eling of body wave observations to quantita- 
tively constrain the horizontal and vertical ex- 
tent of prominent structures. 

We assembled a data set of S - SKS and 
SKKS - SKS differential travel times for the 
central Pacific (Fig. 1A) and, by forward 
modeling, developed a family of local lower- 
most mantle models that provide good fits to 
these data. Our approach is to consider the 
variations with epicentral distance of S - 
SKS and SKKS - SKS travel time residuals 

computed with respect to preliminary refer- 
ence Earth model (PREM) (14) for a fixed 
source or station and along narrow azimuthal 
corridors. This technique was used previous- 
ly (5, 6) to document that strong lateral vari- 
ations in S velocity must be locally present 
within D". In particular, it was found that the 
location of velocity anomalies in the central 
Pacific was relatively well constrained by 
recent tomographic models (12, 13); howev- 
er, these models underestimated the varia- 
tions of observed residuals by a factor of 2 or 
3. No modeling was attempted in these stud- 
ies, and the results remained qualitative. 

We have analyzed residuals for several 
large events in the Fiji-Tonga-Kermadec Is- 
lands region recorded at 1 1 1 North American 
stations (Fig. 1B) and for which the SH and SV 
radiations were favorable, which allowed the 
hand picking of SKS, SKKS, and S or Sdzywith 
an accuracy between 1 and 2 s (Fig. 2). By 
using differential travel times between S and 
SKS, or SKS and SKKS, we minimize errors due 
to source mislocation, uncertainty of earth- 
quake origin times, and heterogeneity in the 
crust and upper mantle beneath sources and 
receivers. The 410 residuals collected were as- 
sembled into narrow azimuthal profiles. For 
different profiles corresponding to adjacent az- 
imuths, residuals increase (Fig. 3, A, B, and E) 
or decrease (Fig. 3, C, D, and F) with increasing 
epicentral distance. This indicates a complex 
3D velocity structure at a scale of several hun- 
dred kilometers at the base of the mantle. We 
ruled out contributions fiom the top 2000 km of 
the mantle for the following reasons: (i) In the 
upper, 1000 km, raypaths of S, SKS, and SKKS 
are similar (Fig. 1A). To produce differential 
residuals varying by several seconds over less 
than 5' in epicentral distance would require 
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much lower rms amplitudes of lateral heteroge- 
neity in the midmantle (1000 to 2000 km) than 
in the last 500 to 800 km of the lower mantle 
(1 1, 12). Explaining our observations mainly by 
midmantle heterogeneity would imply velocity 
anomalies in the midmantle of amplitude sev- 
eral times larger than in D" and with shapes and 
signs that would be inconsistent with tomo- 
graphic results. Overall, we estimate that the 
effect of 3D structure in the upper 2000 km can 
contribute at most 2 s to the observed differen- 
tial travel times. 

A one-dimensional model cannot account 
for the different trends observed in the residuals 
for adjacent azimuths and the same epicentral 
distance range. Although a 2D model would be 
sufficient to fit the data in a single azimuthal 
comdor, a 3D model is necessary to explain the 
observations over several azimuthal comdors. 
We chose a starting 3D model by computing 
predicted differential travel time residuals for 
several recent tomographic models (12, 13) and 
selecting the model that gave the closest match 
to the observed trends (model SAW12D) (13). 
Then, by forward modeling of travel time re- 
siduals (IS), we progressively perturbed the 
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Fig. 1. (A) Schematic representation of the 
wavepaths of SKS, SKKS, and Sdiff. (B) Earth- 
quakes (stars), stations (triangles), and projec- 
tions of the raypaths (gray solid lines) used in 
the forward modeling presented in this study. 
We used 31 events from 1962 to 1998. Our 
data set consists of our own measurements 
and data from (18). Note the good coverage of 
the central Pacific. Paths El-R1, E2-R2, and 
E3-R3 correspond to the depth cross sections 
presented in Fig. 5. Color contours correspond 
to our preferred S-velocity model for the re- 
gion covered by our data set at 2700-km 
depth. Symbols S and F point to the slow and 
fast domains discussed in the text and also 
presented in the depth cross sections of Fig. 5. 
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starting model in two ways: (i) by preserving the 
spatial distribution of anomalies and modifying 
the amplitude of velocity fluctuations only in 
selected high- or low-velocity regions of the 
model and (ii) by slightly shifting them laterally 
when necessary to fit the observations. We 
found that lateral shifts on the order of less 
than 250 km were generally sufficient to fit 
the observations. By trial and error, we thus 
obtained a family of models capable of ex- 
plaining not only the trends in the travel time 
versus distance plots but also the ranges of 
travel time fluctuations. We were able to 
achieve fits to all our data within 1 to 2 s 
(Figs. 3 and 4) which is within the accuracy 
of the travel time measurements. 

Two prominent features are common to all 
models in the family (Figs. 1B and 5). A mild to 
strong increase of the S - SKS residuals (Fig. 3, 
A and B) with epicentral distance is observed for 
a large number of events and azimuthal win- 

dows. This type of trend consistently requires a 
wide slow region at the bottom of the mantle 
south of Hawaii in the lowermost 1000 km of the 
mantle (S in Figs. 1B and 5). This anomalous 
region resembles that of the starting tomographic 
model in shape, but its amplitude needs to be 
increased to 3.5 to 4% throughout its domain 
(Figs. 1B and 5). For depths greater than 2000 
km, the shape of the anomaly is well constrained 
by the 4 10 S - SKS and SKKS - SKS residuals. 
While narrowing with decreasing depth, the 
anomaly extends up to at least 1000 km above 
the CMB (16) with constant strength. Interest- 
ingly, another well-constrained feature is neces- 
sary to explain a different type of trend in the 
data, with rapidly decreasing residuals for dis- 
tances between about 90' and 96' (Fig. 3, C and 
D). To explain these trends, it is necessary to 
introduce a fast region (F in Figs. 1B and 5C), 
adjacent to the large slow anomaly, where the 
velocity anomaly reaches +4 to 5% in a small 

Fig. 2. Examples of records for SKS SKKS Sdiff 
event 97/10/14 and stations in - ! -Lccy~*xrccx 125.40---&-- - 
North America. The azimuths con- 
sidered are between 0" and 60". R 
(radial) components are displayed 
on the left, and T (transverse) com- 
ponents are on the right. The sim- 
ilarity of the waveforms between 
SKS and 5 ,  and from one station to 
another. vields differential mea- 
surements with low scatter (Fig. ' 9711 011 4 09:53:18.0 3A). We did not select data by nar- lat=-22.0s 
row azimuthal corridors as in the lon=-179.9W 93.1 
study described in the text V 

Fig. 3. Examples of observed variations of dif- 
ferential travel time residuals for S - SKS as a 
function of epicentral distance (gray diamonds) 
along with synthetic predictions (black trian- 
gles) computed for our preferred 3D model. (A 
and B) Data and predicted residuals for events 
97/10/14 and 98/03/29, respectively, and azi- 
muths between 40" and 50". S penetrates into 
the slow velocity region (see Fig. 4) as distance 
increases, and S - SKS residuals corresponding- 
ly increase. (C and D) Same as (A) and (B) for 
events 92/06/25 and 92/07/1 1. respectively. 
The trend is opposite that observed in (A) and 
requires a fast region where the S-velocity 
anomaly reaches +5% (see Fig. 5). (E) S - SKS 
residuals for fixed-station COR and several Fij i- 
Toga-Kermadec Islands events, and azimuths 
between 35" and 37". (F) SKKS - SKS residuals 
for event 98/03/29, and azimuths between 40" 
and 60". 

Fig. 4. Examples of differences between ob- 
served and predicted S - SKS residuals for 
model SAW12D and for our preferred 3 0  mod- 
el. Residuals are for event 92/06/25 (E in Fig. 
1B). By amplifying the magnitude of heteroge- 
neity in regions S and F (see Figs. 1B and 5), it 
is possible to  improve the fit significantly. 

domain that had only a mildly fast anomaly 
(about 1 to 2%) in the original model (Fig. 5, C 
and D). The exact shape and strength of these 
two required heterogeneous domains can vary 
slightly fiom one possible model to another but 
by no more than 100 to 200 km in position and 1% 
in amplitude. Besides these two localized heter- 
ogeneous regions, no significant modification 
to the initial tomographic model is necessary, at 
least in the domain sampled by our data set. 
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Fig. 5. Examples of vertical cross sections through 
our preferred model (A) Vertical cross section 
through our preferred model for path El-R1 (see 
Fig. 1 B). A horizontal line was added at 410,670, 
and 2600 km depth. (B) Same as (A) for path 
E2-R2. (C) Same as (A) for path E3-R3. The cross 
sections (A to C) show a velocity structure that 
depends strongly on the path chosen, which in- 
dicates a complex 30 structure. Note the pres- 
ence of a large slow anomaly (S), where S velocity 
is reduced by about 3.5 to 4%, and of a smaller 
region (F), where it is increased by 4 to 5%. These 
two domains are required in all successful models 
in order to fit the travel time residual data. The 
fast velocity region (F) does not need to extend 
much above D and appears to be of smaller 
lateral extent than the "plume" region (S). How- 
ever, our data set does not permit constraint 
where the anomalv ends to the southeast (Fig. 

-2.6 1B). (D) For comparison, vertical cross section 1 --'-*. 1 'gi:Emotimed 1 I through the starting model for path E3-R3, show- 
90 92 94 96 98 ing much lower amplitudes of lateral variations at 

Epicentral distance (deg) the base of the mantle. 
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It has been proposed that the largz slo\~- 
rzgion in the mantle beneath the celltral Paclfic. 
identified in some earl!. \I-ork (31 and ohsen ed 
in all tomographic models. is rzlatsd to a 
megaplumz generated by rherinal ho~111dal-y 
la!er i~lstahilitles at tlle C\IB ( 1 7 ) .  Thz large 
aegati\ c amplih~dc we illfir in this rzgloll could 
hz m pal? related to pal-tial melt. as has hzen 
proposzd to explain thz ultra1ox~- x-zlocities oh- 
scn,ed in solllc parts of this region ( I f ) .  Some 
chemical hzterogzneio , possibly inx.011 ing core 
matelial. ma) he present as r ~ z l l  ( 1 9 ) .  Our 
f o i ~  ard lllodeliilg predicts that the has? of this 
possible upx~.elling is rather wide and that the 
plunle nalTox%s as it zutends into the loner 
mantle. consistent \~.i th the spectral content of 
tomographic modzls. ~vhich sho\r s a shift from 
red (large n-ax zlengths) to m.hite ivhe11 ascend- 
ing from the D" region into the hulk loner 
~llailtle (12. 13).  The plume also appears to he 
defizctzd to the southn zst as it sises. iildicatiag 
possible ziltrai~lnlent in the gzneral circulatloa 
illalltlz flon- (201. 

The hlgll-x.elocit). regloll documented by 
our lllodeli~lg represznts a contrast of about 7 to 
8O.0 ~vith respsct to adjacznt "hot" mantle and 
callnot he explained h) thermal effects alonz, .A 
poition of ailcient slab 1)ing at the ChiB is not 
likely to be responsihlz for this \elocit\. contrast 
hzcause reconstmctions of allciellt subduction 
zones do not predict ths pressnce of reillilallt 
Ilthosphere 111 this part of D" (31 ). and such a 
fossil slab ~nigllt not produce a sufficient 1-doc- 
i g  contrast (32).  This fast and localized anom- 
all could represent a high-r,elocity product of 
ths decomposition of perox-skits at tsmperatures 
and pressures col~espoading to ths Ion ennost 
mantle (23) or of core-mantls reacrio~ls ( 1 9 .  
24). anti it may he rslated to the sclsctlxe 
entrainment of chemicallg distinctive ~llaterial 
into the thzrll~al plume (2.5). Because signiii- 
cant shear \\-a\ e splitting has been ohsen-ed for 

2s trax eling through that region (6, (5'). the 
large T-elocig coilrrast that n-e  ha^-s ohseilsd 
could also he related to anisotropy. \r herher it is 
duz to lattice prefzrred orizntation of anlsotro- 
pic llliilerals (21)  01. lalllillar fabrlcs that m.oulc1 
present themss1~-es at diffirellt ailglzs to the 
tl~rough-going SH u ax zi. rzspectix cly. in the 
slow ailcl l'ast rsgions. Fmally. ths blocl< of last 
material "sitting" on the C hlB could hz respon- 
siblz for the internlittent reflections ohsen ed at 
thz top of D" in this region (26 ) .  
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A Kietveld structural analysis of stishovite, with angle-dispersive x-ray diffraction 
synchrotron source at the European Synchrotron Radiation Facility, confirmed a 
CaCl, form of stishovite distortion a i  54 I 1 gigapascals but confirmed no further 
phase transformation up to 120 gigapascals. The deviatoric stress that is usually 
encountered at such pressures was relaxed after yttrium-aluminum-garnet-laser 
heating. A single Birch-Murnaghan equation of state fits volumes of stishovite and 
a CaCl, form, showing that the tetragonal distortion occurs without a substantial 
change in volume. At the 54-gigapascal transition, the pressure-induced lattice 
modifications were similar to those found in a Landau-type temperature-induced 
transition. It is proposed that, above the transition pressure, the critical temper- 
ature increases above 300 kelvin, so that the lower entropy form becomes stable. 

There is no closel) paclted compact ionic 
an.angement for llletal d io~ ldes .  The most 
C ~ I I I I I I ~ I I  dense form of B 0 2  compouilds 
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(~vhzrz  B is SI. Ti. Gz. and so forth) is rutile. 
in ~vhich the oxygen suhlattice call he sezn as 
largely dlstolted face-centered cubic and in 
uhich only oilz of the t n o  octahedral sites is 
fillscl by silicoil (Fig. 1).  Rutile call also he 
compared to the ABO, pzrovskite-type struc- 
turs (xvhere AB is MgSi. CaTi. SrZr. and so 
forth). in xvhich the lack of the -4 catioil 
xvould he halanced by a modificatio~~ of the 
octahedral li~llis. thus reducing the size of the 
lacant po1)hedra. There are se\,eral other 
dense fo1.m~ of the BOZ compounds because 
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