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Anisotropy in the center of the inner core 
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Abstract. We have assembled a collection of PKP data from 

broadband records of the Geoscope network. This collection is 
unique because, for the first time, it includes polar paths at 
epicentral distances between 172 ø and 177 ø, for which PKPDF 
samples the central part of the inner core. After Hilbert 
transforming the DF branch, the waveforms of PKPAB and 
P KPDF usually become very similar, and we measure 
differential travel times with an accuracy of a fraction of a 
second. The differential (AB-DF) times for equatorial paths are 
close to those predicted by PREM, whereas for the polar paths, 
they are larger by 3 to 6 sec. Absolute DF times confirm that 
the effect is primarily in the inner core. These observations are 
compatible with a model of cylindrical anisotropy in the inner 
core with the axis of symmetry aligned with the Earth's spin 
axis and an amplitude of 3.5%. They require that the 
anisotropy extend to the central part of the inner core, 
confirming extrapolations made by Creager (1992) and ruling 
out models where anisotropy is confined to the outer 300 km 
of the inner core (Tromp, 1993). 

Introduction 

Seismic anisotropy in the inner core is a discovery of the 
last decade. The first evidence of unexplained complexity of 
the Earth below the core-mantle boundary was documented by 
measurements of splitting of eigenfrequencies of the Earth's 
normal modes (Masters and Gilbert 1981). The first 
indications of a difference between the travel times of P waves 

propagating through the inner core in the direction of the spin 
axis of the Earth and other directions were found in the data 

reported by the International Seismological Center (ISC) 
(Poupinet et al. 1983). Morelli et al. (1986) inferred, from the 
same data, that the inner core presents cylindrical anisotropy 
with the axis of symmetry aligned with the Earth's spin axis, 
and a similar explanation was suggested for the anomalous 
splitting of normal modes (Woodhouse et al. 1986). The 
difference between the fast (along the spin axis) and slow 
(equatorial) velocities in the outer part of the inner core in 
both models is around 3.5%. 

The variations of absolute travel time data of the core 

phases are contaminated by effects of source mislocation, 
lateral variations of structure of the crust and mantle, and by 
reading errors. These effects can be minimized by carefully 
reading differential times of various core phases that are 
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recorded on the same seismogram and share approximately 
common paths in the upper part of the Earth. Shearer and 
Toy(1991), Creager (1992) and Song and Helmberger (1993b) 
applied this to short-period records of DF and BC branches of 
PKP. The main problem of these studies is paucity of records 
for polar paths. The difficulty stems from the fact that 
seismicity in polar regions is generally weak and seismograph 
stations are few. The conclusions of the two last studies are 

based very substantially on the data for the near-polar 
wavepath between the South Sandwich islands in the south 
Atlantic and station COL in Alaska, although other paths from 
Song and Helmberger (1993b) include those from Novaya 
Zemlya and Alaska to stations in Antarctica. The epicentral 
distances provided by this path are in the range 149 - 152 ø and 
correspond to the upper 300 km of the inner core. Both 
Creager (1992) and Song and Helmberger (1993b) report that 
the path in the inner core near parallel to the Earth rotation 
axis is faster than the equatorial one by 1.5 -4 s. The 
corresponding fast and slow wave velocities in the outer part 
of the inner core differ by 3 - 3.5%. 

Although the presence of anisotropy in the inner core is 
now reasonably well established (Tromp 1993), the subject 
continues to be a source of debate. The major issues are 
distribution of anisotropy with depth and precise orientation 
of the symmetry axis (e.g., Su and Dziewonski 1994). Both 
these questions are important to understand the origin of inner 
core anisotropy and the mechanism by which it is produced. In 
this report we present and discuss our measurements of 
differential travel times of PKP phases at stations of the 
Geoscope network. Global distribution of these stations 
provides sub-equatorial and sub-polar paths. The stations, 
epicenters and surface projections of the raypaths are shown in 
Figure 1. Compared to other results of application of the 
differential techniques, our data correspond to larger epicentral 
distances and include a unique near-polar path with distances 
between 172 ø and 177 ø. This path provides information on 
anisotropy in the central part of the inner core. The arrivals of 
BC branch in the distance range of our study are usually 
missing, and, instead of BC, we use the AB phase which, like 
BC, travels only in the outer core (Figure 2). Also, our 
analysis is performed not for short periods, as in the other 
studies, but in the broadband frequency range. 

Method and results of measurements 

The simplest technique of differential travel time 
measurements is to pick arrival times of the two phases in the 
short-period record. However, very often this simple technique 
fails, because true first arrivals are not seen clearly enough. An 
alternative possibility is to make measurements in a broad 
frequency band and correlate waveforms rather than the first 
arrivals. 

A straightforward application of this approach to AB and 
DF is impossible because DF and AB are forward and reversed 
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Figure 1. Geoscope stations, seismic sources and surface 
projections of the raypaths for the data used in this study. 
Shallow, intermediate and deep events are shown by circles, 
triangles and diamonds, respectively. 

branches of the travel-time curve, respectively. The signal on 
the reversed branch is the Hilbert transform of that on the 

forward branch (Chapman 1978). To get comparable 
waveforms on both branches, we Hilbert transform the record 

of DF branch. Sometimes using this technique, the depth 
phases, like pPKPAB and pPKPDF, can also be used for the 
differential travel time measurements. Numerous experiments 
indicate that uncertainty of such measurements is of the order 
of a fraction of a second. Examples of records at station SEY 
are shown in Figure 3. They can be regarded as representative 
for our data set as a whole. In very few cases, in spite of the 
Hilbert transformation, the correlation between DF and AB 

waveforms remained poor. These cases are exceptional, and 
origins of the complications are unclear. In a shorter-period 
pass-band the AB and DF waveforms, the latter Hilbert- 
transformed, often don't match, since both are strongly 
contaminated by the effects of wave scattering. Some of our 
analyses are made at distances beyond 175 ø . Due to frequency- 
dependent effects of propagation of Pdiff, the AB waveform 
could be distorted and an error introduced in the differential 
travel-time data. However, the distance where AB could 

propagate as the diffracted wave is in the range of a few 
degrees, and in the frequency range of our analysis the 
waveform distortion is negligible (Figure 3). 

The next step is to calculate the predicted travel time 
difference between the branches for every record by using the 
PREM velocity model (Dziewonski and Anderson 1981) and 
epicentral parameters of the event reported by NEIC. For 
distances larger than 175 ø the model does not predict an AB 
branch, and we define the AB travel time by extrapolating data 
from smaller distances with a slowness of 4.43 sec/deg. Then 
the differential time for PREM, with the depth of event and 
ellipticity correction taken into account, is subtracted from the 

DF 

Figure 2. Cross section of the earth showing the paths 
sampled by PKPDF and PKPAB in the core. 
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Figure 3. Examples of broadband DF, AB, and DFh (Hilbert 
transformed DF) records at Geoscope station SEY: a- 
12/28/1991; b - 08/24/1992; c - 01/10/1993; d - 03/20/1993 
(PKP); e - 03/20/1993 (pPKP); f - 04/05/1993. For the 
parameters of the events see Table 1. 

observed differential time. The residuals thus obtained are 

shown in Figures 4 and 5, and, for SEY, they are also listed in 
Table I. 

In Figure 4 we show the residuals as a function of 
epicentral distance. There is a systematic difference between 
the data of SEY (open triangles) and the other stations in the 
same distance range. The residuals of SEY reach 3 - 6 sec. The 
other residuals can be approximated by a regression line which 
goes through 0 at 1550 and whose slope is close to 0.04 
sec/deg. This means that the differential times for near- 
equatorial paths are close to those predicted by PREM. The 
dependence of the near-equatorial residuals on distance is most 
likely explained by a slight departure of the "average" velocity 
in D" from that given by PREM. The scatter of the near- 
equatorial residuals is within the range of +1.5 sec, which is 
larger than at smaller distances, as reported by Song and 
Helmberger (1993a). There are two major reasons for the 
increased scatter at larger distances. Firstly, differential 
slowness of AB and DF grows with distance and approaches 
4.1 sec/deg when the distance approaches 1750. As a result of 
this, a mislocation error of up to 0.20 results in 0.8 sec error 
in differential time. The other source of scatter, as noted by 
Song and Helmberger (1993a), is grazing incidence of AB in 
the lowermost mantle at large epicentral distances. This layer 
is known to be laterally heterogeneous, and the heterogeneity 
should affect AB stronger than DF. 

In Figure 5, the residuals for the largest (more than 165 ø ) 
distances are presented as a function of cos 2 •, where • is the 
angle between the spin axis of the Earth and the ray in the 
inner core. They are compared with the theoretical curve 
calculated for a distance of 173 ø by using the model of Creager 
(1992). To account for the bias of the baseline related to 
PREM, as shown by Figure 4, we also show the same curve 
dispaced upward by 0.5 s. The model is based on data that are 
sensitive to the upper 300 km, but assumes that anisotropy is 
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Figure 4. AB - DF residuals calculated with respect to PREM, 
as a function of epicentral distance. Station SSB is singled out 
because it provides data in a particular distance and • range (see 
figure 5, and text for the definition of •). 

uniform (independent of depth) throughout the inner core. The 
curve is shown without ellipticity corrections, because 
generally there is no explicit relation between the corrections 
and cos 2 •. However, in our case all data for SEY have, 
practically, the same ellipticity correction. This correction, if 

applied to the model data at cos 2 •--0.75, would increase the 
residuals by -0.3 sec. Figure 5 indicates that Creager's model 
is broadly consistent with our data, including the residuals of 
SEY. As example of a model with a weaker anisotropy in the 
central part of the inner core, we also show the corresponding 
curve for Tromp's (1993) model, in which the central part of 
the inner core is practically isotropic. This model does not fit 
our observations for polar paths. 

Discussion and Conclusions 

Our conclusion that PREM provides a reasonable, though 
not perfect, approximation of the differential times for the 
near-equatorial paths is in apparent contradiction with the 
conclusion of Song and Helmberger (1993a) that (AB-DF)prem 
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Figure 5. AB- DF residuals at epicentral distances larger than 
165 ø as a function of cos 2 •. The ('-') curve is calculated at a 
distance of 172 ø for Creager's (1992) uniform anisotropy 
model. The ( .... ) curve is the same shifted upward by 0.5 sec 
to fit the data better. The solid line is the corresponding curve 
for Tromp's (1993) model. 

Table 1: List of records at station SEY and the 

corresponding AB-DF residuals with respect to PREM. The 
second residual given for the event on 03/20/1993 is for 
pPKP. 

date lat. long. depth distance residual cos 2 • 
m/d• deg deg km deg sec 

12/28/1991 -56.10 -24.61 10 
06/22/1992 -60.73 -21.97 11 
08/24/1992 -56.62 -26.55 106 
01/10/1993 -59.01 -25.88 33 
03/20/1993 -55.94 -27.66 130 

04/05/1993 -59.83 -26.10 33 

172.98 4.4 0.74 

176.52 3.0 0.78 

173.65 5.0 0.75 

175.97 6.1 0.77 

172.98 5.2 0.74 

4.7 

176.80 4.5 0.77 

is smaller by 1 sec than (AB-DF)obs, and that the discrepancy 
is explained by a velocity near the base of the mantle which is. 
lower than in PREM. The amount of data in the study of Song 
and Helmberger (1993a) is larger, but, with a few exceptions, 
they are at distances less than 158 ø or, practically, outside the 
distance range of our study. A low velocity near the base of the 
mantle that can increase the differential time by 1 sec at 155 ø 
would increase it by about 2.5 sec at 175 O. Then all residuals 
in Figure 4 for the near-equatorial paths would be below the 
curve representing this model. Whatever the origins of the 
disagreement between our data and those of Song and 
Helmberger (1993a), they, nevertheless, are of minor 
importance for the central theme of our report. 

The main result of our study is a pronounced increase of 
differential time for the near-polar path represented by the data 
of SEY. In agreement with previous studies, we assume that 
this change is caused by wave propagation in the inner core, 
not in the outer core. Then the DF travel time at epicentral 
distances around 175 ø is 3 - 6 sec shorter for the near-polar 
path than for the equatorial path. This change is roughly 2 
times larger than reported for distances around 150 ø for the 
same values of cos 2 • (Creager 1992; Song and Helmberger 
1993). The length of the DF wavepath in the inner core for 
175 ø distance is almost 2 times larger than for a distance of 
150 ø , and the larger effect in our data can most easily be 
explained by the longer travel time of the wave in the inner 
core combined with the nearly uniform magnitude of 
anisotropy. Our data for SEY could be biased upward by the 
low-velocity anomalies in D". However, so far as is possible 
to conclude from the most detailed global maps of D" that are 
unfortunately available for the S waves only (Suet al. 1993), 
all wavepaths from the South Sandwich islands to SEY, except 
that for event 06/22/1992, lie well outside the anomalous 
regions. 

The other possibility to judge of the effects of the 
anomalies in D" is to use the absolute travel times of DF that 

are less sensitive to these anomalies, though more sensitive to 
some other disturbing effects. In Figure 6, we show these times 
as a function of epicentral distance, with ellipticity 
corrections. The number of data in Figure 6 is less than in 
Figure 4, because in many cases the absolute times of the first 
arrivals are highly uncertain. The difference between the travel 
times for SEY and for other stations in Figure 6 is around 3 s 
which is less than in Figure 4. It should be noted, however, 
that TAM, CAY and MBO, which provide the overwhelming 
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Figure 6. Same as Figure 4, but for absolute PKPDF residuals 
with respect to PREM. 

majority of data for the near-equatorial paths at distances in 

excess of 165 O, are in shield regions, whereas SEY is within 
the presently active Morna rift (Zonnenshain et al. 1990). Due 
to melting in the upper mantle which is expressed in recent 
volcanism, the teleseisrnic P arrivals at SEY should be late 
relative to TAM, CAY and MBO by, at least, 1 sec. With this 
effect taken into account, the data in Figures 4 and 6 should be 
viewed as fully compatible. 

To conclude, our data are compatible with a model of 
cylindrical anisotropy with the axis of symmetry aligned with 
the Earth's spin axis and 3.5% magnitude in the outer part of 
the inner core and a similar magnitude in the central part. The 
amount and quality of data at our disposal, however, are 
insufficient to discriminate between this relatively simple 
model and some other models with a more complicated 
distribution of anisotropy with depth or a different direction of 
the symmetry axis, like that of Su and Dziewonski (1994). The 
choice between qualitatively different models may depend upon 
the effects in the range of 1 sec that can be observed only in 
polar regions, and it will, unfortunately, be difficult to reach 
such precision by using the data of the presently existing 
digital seismograph network. 

Dziewonski for making their manuscript available before publication. 
This study was partially supported by NSF grant EAR-9204631. 
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