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The core of the Earth is usually described by spherically- 
symmetrical velocity models. The core is made of two main 
spherical layers: the fluid outer core with a radius close to 
3,480 km and a P-velocity increasing with depth from 8 km s-l 
to 10.3 km s-', and the solid inner core with a radius of 1,220 km 
and a P-velocity close to 11 km s-' (refs 1,2). Station residuals 
of the seismic core phase PKIKP have been computed for 400 
seismological observatories worldwide using 5 yr of the Interna- 
tional Seismological Centre (ISC) Bulletins. PKIKP travel 
times can be corrected for upper mantle propagation by sub- 
tracting P delays; thus PKIKP - P residuals are a measurement 
of the average vertical travel times in the lower mantle and in 
the core of the Earth beneath seismic stations. A spherical 
harmonic development of PKIKP-P delays up to degree 4 
explains 58% of the variance in the data. PKIKP - P exhibit a 
latitudinal dependence: polar stations tend to be faster than 
equatorial stations. We show here that this pattern may reflect 
a departure from spherical symmetry in the P-velocity distribu- 
tion in the vicinity of the inner core boundary of the Earth. 

The ISC collects readings of P arrival times for all major 
earthquakes and locates them with Jeffreys-Bullen's tables3. 
Core phases are reported but not used in the computation of 
the hypocentres; among them, PKIKP is a wave entering the 
inner core. PKIKP delays are computed with respect to Jeffreys- 
Bullen's tables for core phases using Shimshoni's4 depth correc- 
tions. PKIKP or PKP (DF) travel times have been extracted 
from 5 yr of ISC tapes' and Fig. 1 shows all phases reported 
as PKIKP. The coordinates are the difference in arrival time 
between the observed PKIKP and the theoretical travel times, 
and the epicentral distance in degrees. The number of PKIKP 
arrival times in cells of 0.2 s and 0.5" is plotted with level lines 
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Fig. 1 Travel-time residuals in seconds of the core phase 
reported as PKIKP by the ISC, as a function of epicentral distance. 
The PKIKP residuals are computed with respect to Jeffreys-Bullen 

tables. 

at 10, 50, 100, 200, 300 and 400. Four hundred observations 
are reported at 143" for a PKIKP delay of 1.5 s. The PKIKP 
diagram should be a horizontal linear ridge with a mean value 
of 1.5s. The main feature observed on Fig. 1, beside the 
expected horizontal D F  ridge, is a narrow ridge transversal to 
the D F  branch. Short period precursors to PKIKP in the dis- 
tance range 120-143" have been interpreted as: (1) one or 
several refracted branches due to one or several small velocity 
gradients in the outer core6-'; (2) energy diffused by 
heterogeneities in the lower mantle near the core-mantle boun- 
dary'; this hypothesis clearly explains the small and weak pre- 
cursors which are reported at distances <135" and which are 
spread in time; (3) diffraction from the PKP caustic B'O.". 
Hypotheses (1) and (2) have already been invoked to interpret 
the transverse ridge from Fig. 1 obtained from limited sets of 

The transverse ridge is precisely timed and a ray 
parameter of 3.4 s per deg is observed. On long period data, 
the diffraction from PKP at B has a ray parameter of 3.43 s 
per deg (ref. 14): therefore the most probable interpretation 
of the transverse branch in the PKIKP reports of the ISC is 
that it is the short period diffraction from PKP caustic B. Such 
an interpretation does not exclude the existence of phases 
related to hypotheses (1) and (2): the ISC only reports first 
arrivals and, on seismograms, energy is often observed in the 
time interval between PKIKP and the transverse branch of 
Fig. 1. 

The multibranching in Fig. 1 makes the computation of 
PKIKP station residuals more complex than the computation 
of P station residuals. Usually a P or PKIKP residual is an 
arithmetic mean of travel-time residuals computed for various 
 earthquake^'^. Weighting and special tests are applied to elimi- 
nate dubious data. To compute PKIKP station residuals from 
the data presented in Fig. 1, we should eliminate the transverse 
branch. The first solution would be to eliminate data from 135" 
to 155", but the number of data would be too small. To get rid 
of arrivals that do not belong to the D F  branch, we do not 
retain data from between two parallel lines: R = 
1.6xdistance-223.165 and R = 1.6xdistance-240.2, where 
R is in seconds and the distance is in degrees. A histogram of 
residuals is then computed for each station and data outside 
the +/-3 s interval around the median are rejected. A PKIKP 
station residual is computed as the arithmetic mean of the 
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Fig. 2 Correlation between P station residuals and PKIKP 
station residuals for seismological observatories worldwide. Both 
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Fig. 3 Histogram of PKIKP station residuals minus P station residuals for various ohservatories wnrldwide. The observatories are given 
by their ISC code. A PKTKP-P residual reflects the average structurc deep in the Earth heneath a seismic station. 

remaining data. Figure 2 shows PKIKP station residuals plotted 
as a function of P residualsq: the mean value for PKIKP is 1.5 s 
and P and PKIKP are correlated within a band of 2s. A P 
station delay is essentially a measurement of the vertical P 
travel time in the upper mantle heneath the station, whereas 
PKIKP always remains in a narrow cone heneath the station 
and is sampling the average structure of the upper mantle as 
well as deeper parts of the Earth. 

To correct PKIKP times for propagation in the upper mantle, 
we compute PKIKP station residual minus P station residual: 
in theory these delays should give :in a\ erage propagation time 
in the lower mantle and in the outer core. Figure 3 is a histogram 
of PKIKP - P residuals for 400 seismological observations 
worldwide. The cells are 0.1 s wide. hlost PKIKP-P are within 
:in interwl of 11-3 s. Thc seismic stations are referenced by their 
1SC codes. The errors on PKIKP are of the order of (1.5 s for 
a station that recorded 1UO arrival times and many stations 
reported more than 100 PKIKP’. 

PKIKP- P are geographically correlated. Late region (larger 
numherl are found in South America. for stations which are 
not in the same tectonic environment. South Xmerican stations 
report a large number of core phases and their average PRIKP - 
P is well defined. The trend in the data is to indicate slower 
propagation times near the Equator compared with faster travel 
times near the North and South Poles. 

The PKTKP field was filtered by performing a spherical har- 
monics expansion up to a degree 1 (Fig. 31. A simplified pattern 
very similar to the one observed from the raw data explains 
5 8 “ ~  of the L-ariance in the data. It exhibits a strong latitudinal 
dependence: two slow regions are observed near the Equator 
in South America and near the coast of Brazil for the first 
region and near the Philippines for the second region. The 
fastest regions rire near the Bering Sea, Alaska and Northern 
Canada and centred between New Zealand and Antarctica. 
The travel time difference between slow and fast regions is of 
the order of 2 s and is resolved hy the data. Central Asia and 
Europe do  not show any clear trend. 

The first guess. considering such a pattern. is that PKIKP 
data were not corrected for ellipticity: large travel times would 
be observed at the Equator and small ones near the poles. But 
the IS0 applies Bullen’s’” ellipticity corrections to all phases 
reported in the bulletins and therefore there should not be m y  
major latitudinal dependence of the PKTKP residuals. The 
existence of a systematic bias in PRIKP due, for instance. to a 
poor distrihution of sources and receivers, cannot be disproved. 
However, results on P residuals, processed in the same manner, 
show that travel-time delays computed from raw ISC data are 
mermingful only when there are sufficient data: similar tectonic 
regions have the same P delays, whatever their geographical 
positionI7. 

Fig. io Spherical harmonics es- 
pansion up tn  a degree 4 of the 
PKIKP-P travel-time residual field. 
i’ulurs itre in tenths of ;i second. A 
Inw number means a fast selacitv in 

the core. 
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From studies of velocity heterogeneities, the upper mantle 
and a shell of a few hundred kilometres near the core-mantle 
boundary, in the lower mantle, are known to be the most 
heterogeneous layers. Our data are corrected for the upper 
mantle and PKIKP only travel a small part of their path in the 
lowermost mantle. Dziewonski“ does not find any evidence for 
massive vertical flux of material in the lower mantle between 
the 670-km discontinuity and the core-mantle boundary. The 
lower mantle would not explain travel-time differences of 2 s 
in PKIKP: a 1% change in P velocity in the lower mantle in a 
100-km layer gives a delay of -0.1 s. Therefore PKIKP-P are 
strongly related to the vertical travel times in the core. The 
observation of precisely timed PmKP, a wave reflected up to 
seven times in the core, limits the size of lateral heterogeneities 
in the outer core19920. With the resolution of seismology, the 
external part of the outer core is very homogeneous. When 
entering the inner core, PKIKP rays common to a station are 
spread. The pattern observed cannot be related to the structure 
deep in the inner core. Therefore it should be explained by 
heterogeneities near the inner core boundary. The PKIKP-P 
pattern may be an indication of slow vertical travel times in 
the vicinity of the inner core boundary near the Equator, 
compared with fast vertical travel times near the poles. If we 
assume that such a pattern is related to any kind of convection 
in the lower part of the fluid core, or to a broad heterogeneous 
transition region at the inner core boundary’, this would indicate 
slow velocity or less dense material in an equatorial belt and 
more dense material beneath the poles. A prolate inner core 
would also create the same travel-time pattern: a change of 
200 km in the radius of the inner core explains a difference of 
2 s in PKIKP: the inner core would be elongated at the poles. 
The frequent observation of precursors to PKIKP 2-3 s early 
to the D F  branch” can be an argument in favour of 
heterogeneities near the inner core boundary, as for distances 

near 130”, D F  is composed of interferences between PKmIKP’ 
and multiple reflections in the inner core would not be precisely 
timed. 

The pattern of the PKIKP-P field filtered up to degree 4 
has a resemblance to the intensity of the International Geomag- 
netic Reference Field (1965)”: low isogamma regions would 
correspond to slow regions. The observations and arguments 
about the inner core lack substance: the delays observed are 
of the order of one-thousandth of the total travel time of PKP 
and disadvantages such as mislocations can obscure our data. 
New seismological data should be processed to confirm the 
pattern that we have presented. At  this stage, we can only ask 
if present seismological observations could give us some clues 
on the convection flow within the core or on the history of the 
growth of the Earth’s corez3. 
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