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On the origin of complexity in PKP travel time data.

B. Romanowicz1, H. Tkalčić2, L. Bréger3

Abstract.

In order to investigate the origin of short spatial scale features in PKP travel time
data and to determine whether a complex inner core anisotropy model is required, we
have assembled a new global dataset of handpicked absolute PKP(DF) travel times, and
completed existing datasets of handpicked relative PKP(AB-DF) and PKP(BC-DF) travel
times. We discuss in detail the trends of relative and absolute PKP travel time resid-
uals at the global scale, as well as for a well sampled set of paths between the south At-
lantic and Alaska.

We discuss the relative merits of several types of models: a) a model of hemispher-
ical anisotropy in the inner core previously proposed to explain PKP(BC-DF) travel time
residuals on the global scale; b) a model combining weak constant anisotropy in the in-
ner core with strong heterogeneity in the deep mantle; c) a model involving structure
in the outer core associated with the tangent cylinder to the inner core, with axis par-
allel to the rotation axis, a feature described in magnetohydrodynamical models of the
outer core.

Because absolute PKP(DF) travel time residuals exhibit the same hemispherical pat-
tern as relative PKP(BC-DF) and PKP(AB-DF) data, when plotted at the location of
the bottoming point of DF in the inner core, we infer that the causative structure must
at least partly originate in the core. However, the transition between anomalous and nor-
mal structure is quite abrupt, and hemispherical inner core anisotropy models fail to re-
produce the characteristic ”L shape” of PKP(BC-DF) travel time residuals, when plot-
ted as a function of the angle of the ray in the inner core with the rotation axis (ξ). Mod-
els involving mantle heterogeneity compatible with other mantle sensitive data can ex-
plain PKP(AB-DF) travel times, but fail to explain 3 sec of average PKP(BC-DF) anomaly
observed for paths bottoming in the western hemisphere, for ξ ∼ 20− 30o, even when
a model of constant anisotropy in the inner core, compatible with mode splitting data,
is also included. On the other hand, models with ∼ 1% faster velocity inside an outer
core region roughly delimited by the inner core tangent cylinder allow for rapid tran-
sitions, are compatible with rends in absolute PKP(DF) and PKP(BC) times observed
in Alaska, and can reproduce the L-shaped feature of the PKP(BC-DF) travel time data.
Sustained heterogeneity in the outer core could arise within polar vorteces in and around
the tangent cylinder, as suggest by recent dynamical and magnetic investigations. Such
models are also compatible with most normal mode splitting data and present less de-
parture from axial symmetry than the hemispherical inner core anisotropy models. When
trying to physically explain them, both types of models present challenges, and should
be pursued further.

1. Introduction

The first observation that PKP(DF) waves travel faster
through the earth’s inner core along polar paths (paths
quasi-parallel to the earth’s rotation axis) than on equa-
torial paths, was made almost 20 years ago (Poupinet et
al., 1983). Subsequently, it was proposed that this could
be due to inner core anisotropy, which would explain the
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PKP observations (Morelli et al., 1986) as well as observa-
tions of anomalous splitting of core sensitive free oscillations
(Masters and Gilbert, 1981; Woodhouse et al., 1986). These
observations were later confirmed in many studies, both for
PKP travel times (e.g. Shearer et al., 1988; Shearer, 1991;
Creager, 1992; Vinnik et al., 1994; Su and Dziewonski, 1995,
Song, 1996) and for core modes (Ritzwoller et al., 1988; Li
et al., 1991).

The early inner core anisotropy models were cast in terms
of constant transverse isotropy with fast axis parallel to
the earth’s axis of rotation, as would be expected if the
anisotropy were due to the alignment of hcp-iron crystals
with the axis of rotation (e.g. Stixrude and Cohen, 1995).
Proposed physical mechanisms for anisotropy have involved
convection in the inner core (Jeanloz and Wenk, 1988), mag-
netic effects (Karato, 1995, 1999), gravitational interaction
with the mantle (e.g. Buffett and Creager, 1999) or tex-
turing of iron during inner core solidification (Bergman,
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1997). Most of these mechanisms, except perhaps gravita-
tional interaction in the mantle, imply axisymmetry of the
anisotropic structure.

As data have accumulated and revealed more details,
inner core anisotropy models have become more complex.
Depth dependence of the strength of anisotropy was pro-
posed (Su and Dziewonski, 1995; Tromp, 1993) and helped
explain a long standing discrepancy between the travel time
and mode observations (Tromp, 1995), even better so when
departures from a simple radial model are also considered
(Romanowicz et al., 1996). To explain strong anomalies for
polar paths in northeastern Eurasia and Alaska, it was pro-
posed that the axis of symmetry of the anisotropy could be
tilted with respect to the earth’s axis of rotation (Su and
Dziewonski, 1995; McSweeney et al., 1997), but Souriau et
al. (1997) demonstrated that this result was not statisti-
cally robust, due to the uneven sampling of the globe by the
PKP data. The most intriguing observation to date, in our
opinion, was made by Tanaka and Hamaguchi (1997), who
observed that only one hemisphere, extending roughly from
longitude 177oW to 43oE (”Quasi-western” hemisphere)
was anisotropic, a fact later confirmed by Creager (1999),
who noted that the strength of anisotropy was different in
the two hemispheres, but both supported the same Voigt
average velocity. On the other hand, Song and Helmberger
(1998) proposed that the top of the inner core is isotropic
and separated from the central anisotropic part by a discon-
tinuity of varying depth. However, the isotropic part cannot
be, on average, thicker than 100-200 km, to account for con-
straints from anomalous splitting of core sensitive modes
(Durek and Romanowicz, 1999). In order to account for the
difference in the two hemispheres, as well as the existence
of an isotropic region at the top of the inner core, Crea-
ger (2000) and Garcia and Souriau (2000) recently proposed
very similar models which comprise a discontinuity within
the inner core, separating an isotropic outer core from an
anisotropic inner core. The ellipsoidal shape of this discon-
tinuity is shifted with respect to the center of the inner core,
so that the isotropic part is thicker in the eastern (400km)
than in the western (< 100km) quasi-hemisphere.

Other complexities in the PKP(BC-DF) and PKP(AB-
DF) travel time data have recently been documented by
Bréger et al. (1999, 2000a,b), who pointed out how impor-
tant it is to account accurately for the influence of strong
heterogeneity at the base of the mantle, before making in-
ferences on inner core anisotropy from the observation of
core sensitive phases. It is difficult to find physical mecha-
nisms to explain the increasingly complex structure of the
inner core anisotropy required by recently accumulated high
quality broadband data, and in particular, the hemispher-
ical differences, given that the inner core is thought to be
close to the melting point of its constituents. In view of
the mounting evidence for strong heterogeneity in the deep
mantle (e.g. Garnero and Helmberger, 1996; Bréger and Ro-
manowicz, 1998; Ritsema et al., 1998) and the uneven distri-
bution of PKP observations on polar paths around the globe
(Bréger et al., 2000a), it is important to consider whether
the complexity originates in the inner core or elsewhere, and
whether it might all be accounted for by mantle structure.

In what follows, we discuss possible origins of the most
significant, first order features of PKP travel time data,
measured on the rapidly growing collection of short period
and broadband records, at the global scale, and also, more
specifically, for a set of intriguing paths between the south-
Atlantic and Alaska.

2. Description of the datasets and some
specific trends

We have assembled a comprehensive dataset comprising

PKP(AB-DF), PKP(BC-DF) differential travel times, and

PKP(DF) absolute travel times, which we measured on ver-

tical component records from broadband and short period

stations worldwide for the time period 1990-1998 (Tkalčić et

al., 2002), and complemented by datasets collected by sev-
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Figure 1. Vertical cross-section through the earth showing
the paths of the three PKP phases
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Figure 2. Variations of travel time residuals for PKP (DF)
(absolute measurements, top), PKP(BC-DF) (middle) and
PKP(AB-DF) (bottom) as a function of the angle ξ made
by the inner core leg of the path with the earth’s rotation
axis. Residuals are referred to model AK135 and have been
corrected for ellipticity.
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eral other authors. The geometry of the various PKP phases
is shown in Figure 1.

We measured differential travel times by cross-correlation
of the two phases involved. The details of the measure-
ment technique are given in Tkalčić et al. (2002). The com-
plete dataset combines our data with those of McSweeney et
al. (1997), Creager (1999), Tanaka and Hamaguchi (1997),
Souriau (personal communication) and Wysession (personal
communication). These data have been carefully inspected
for inconsistencies between authors, duplications, and er-
rors. In particular, we made systematic plots of variations
as a function of back-azimuth for groups of neighboring sta-
tions, as well as variations as a function of azimuth for
groups of neighboring events. This allowed us to eliminate
clear outliers, but it was possible only for equatorial and
quasi-equatorial paths (ξ > 35o), for which data are numer-
ous. The corresponding differential travel times consistently
show variations around the mean not exceeding ±2.5sec for
PKP(AB-DF), and ±1.5sec for PKP(BC-DF). The error in
measurement for these equatorial paths is estimated to be
≤ 0.5sec and we were able to eliminate practically all resid-
uals exceeding respectively ±2.5sec (AB-DF) and ±1.0sec
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Figure 3. PKP(BC-DF) travel time residuals as a func-
tion of ξ, distinguishing quasi-eastern (diamonds) and quasi-
western (triangles) hemispheres. A) Observed; B) predic-
tions of two different models of constrant transverse isotropy
in the inner core (strength indicated ); C) Predictions
of Creager’s (2000) off-centered hemispherical inner core
anisotropy model. In this plot, Alaska network data have
been replaced by summary rays.

(BC-DF) as outliers. For polar paths, data are fewer, so that
this type of verification is not possible. We note however
that, for quasi-polar paths (ξ < 35o) for which numerous
measurements are available, such as at stations of the dense
Alaska network, there are indications of consistent variations
over short distances, as we will discuss further below.

We also measured absolute PKP(DF) travel times, when-
ever possible, and present this new dataset here for the first
time. The distance range spanned by the data is 1450 to
1750. For these measurements, we cannot take advantage
of the accuracy of waveform comparison, and we must rely
on direct picks of the onset of the DF phase, which is often
emergent, especially for polar paths. Therefore, the mea-
surement error is larger in general, on the order of 1sec for
equatorial paths, and up to 2sec in some cases, for polar
paths. We thus expect a larger scatter in the data. How-
ever, absolute measurements are of great interest for the
study of inner core anisotropy, and are the basis of most in-
ferences made using data collected from ISC bulletins (e.g.
Poupinet et al., 1983; Morelli et al., 1986; Shearer, 1988;
Su and Dziewonski, 1995). Moreover, global variations in
absolute DF (in particular differences between polar and
equatorial paths) are largely in excess of the measurement
error.

Figure 2 shows the variations, as a function of angle ξ,
of PKP(BC-DF), PKP(AB-DF) and PKP(DF) travel time
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Figure 4. Same as Figure 3 for the PKP(AB-DF) dataset.
Note that a slightly stronger anisotropy model is plotted in
B) for the eastern hemisphere.
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residuals, referenced to model AK135 (Kennett and Eng-
dahl, 1991), and corrected for ellipticity. The epicentral data
used in the computation of residuals are those from the EHB
catalog (Engdahl et al., 1998). We note the larger scatter
of the DF data, as expected, and the large spread of values
for ξ ≤ 35o. On average, residuals are several seconds larger
for polar paths than for equatorial paths, consistent with all
previous studies. The raw datasets, however, do not exhibit
a smooth variation with ξ as would be expected for simple
models of inner core anisotropy. Rather, the curves are L-
shaped and there is a sharp break around ξ = 30o, with
many residuals larger by 2-4 sec for the more polar paths.
Several events in the south Atlantic (south Sandwich Islands
in the BC-DF distance range and Bouvet Islands in the AB-
DF distance range) observed at stations of the Alaska net-
work contribute to the large concentration of data points for
20o

≤ ξ ≤ 30o and exhibit a large scatter, which has been
attributed to heterogeneity in the inner core (e.g. Creager,
1997; Song, 2000). We will discuss these data in detail. The
distinct ”line” of negative anomalies between 0 and -1 sec,
around ξ = 43o, in the BC-DF dataset, (also present in
the AB-DF dataset) corresponds to the 03/29/1993 South
Atlantic earthquake observed on the dense California short
period networks.

In Figure (3a), we show the variations with ξ of the
PKP(BC-DF) travel time residuals, after replacing the two
clusters mentioned above by summary rays, and distinguish-
ing the quasi-eastern and quasi-western hemispheres, ac-
cording to the definition of Tanaka and Hamaguchi (1997).
Indeed, we confirm the differences in trends for both hemi-
spheres, with practically no dependence with ξ in the quasi-
eastern hemisphere. As noted previously (Tanaka and Ham-
aguchi, 1997; Creager, 1999), there is also a difference of 1
sec on average, for non polar angles ξ, between BC-DF resid-
uals in the quasi-eastern and quasi-western hemispheres,
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Figure 5. Surface projections of PKP wavepaths from
sources in south Sandwich Islands to stations in Eura-
sia. Yellow thick lines correspond to the inner core legs
of PKPdf. We also plotted the points where PKPdf and
PKPab enter and exit the outer core (white and green trian-
gles). Model PAW24B16, obtained by converting S-velocity
model SAW24B16 [Mégnin and Romanowicz, 2000] into a P-
velocity model using the scaling relation dlnV s/dlnV p = 2,
is used as background.

with the former being faster. For comparison, we plot, in
Figure (3bc), the predictions of two inner core anisotropy
models that provide good fits to the average observed trends.
In Figure 3b, the predictions for each hemisphere are cal-
culated separately for two constant anisotropy models pro-
posed in the literature. The quasi-eastern hemisphere could
support anisotropy in the inner core of strength less than
1%, whereas the anisotropy required to explain data in the
quasi-western hemisphere is close to 3%. In Figure 3c, we
show the predictions of Creager’s (2000) 2-layer model of
the inner core. Some slight discrepancies in the location
of the boundary between the eastern and western parts of
the model are apparent, but on average this model fits the
trends in the data well to first order. However, in the western
hemisphere, both models (3b, 3c) overestimate the residuals
observed in the range ξ = 30−35o, and underestimate them
in the range ξ = 20 − 30o, indicating that significant fea-
tures in the data, namely the L shape rather than smooth
increase of residuals as a function of ξ, are not explained by
hemispherical anisotropy.

In Figure 4, we present the results of the same analysis
for the PKP(AB-DF) dataset. In this case, the constant
anisotropy required in the quasi-eastern hemisphere (Figure
4b) is stronger than for PKP(BC-DF). On the other hand,
the western hemisphere model with 2.83% anisotropy under-
estimates the dispersion of the residuals in the ξ = 20− 30o

range by a factor of two. A model with 3.5% anisotropy
would fit the data in this range better, but would overesti-
mate the residuals at smaller angles. Creager’s hemispheri-
cal model (Figure 4c) underestimates residuals in the range
ξ = 20 − 30o by 1-2 sec and overestimates the residuals at
ξ < 20o by up to 2.5 sec. Inspection of the data shows that,
unlike for BC-DF, there is no clear distinction in the data
between eastern and western hemispheres at ξ > 35o (non
polar paths).

3. Complex inner core anisotropy or strong
heterogeneity at the base of the mantle?

In the previous section, we discussed how hemispherical
models of inner core anisotropy can reproduce some of the
trends in the PKP travel time data, but fail to reproduce
the characteristic ”L-shape” of the variations of residuals
with angle ξ. Here we consider the possible contribution of
heterogeneity at the base of the mantle. As is now well es-
tablished, lateral heterogeneity increases and changes style
in the last few hundred kilometers above the core mantle
boundary (CMB), reaching rms variations in S velocity in
excess of 2% in D”. Although recent S tomographic models
differ from each other in their details, they all agree that
the spectrum of heterogeneity changes from white to red
at the bottom of the mantle, where degree 2 predominates
(e.g. Masters et al., 1996; ; Grand, 1997; Liu et al., 1998;
Mégnin and Romanowicz, 2000; Ritsema et al., 2000), with a
distinctive spatial pattern showing two large low velocity re-
gions under Africa and in the central Pacific, surrounded by
a ”ring” of fast velocities, as first shown in Dziewonski et al.
(1977). While S tomographic models successfully retrieve
the large scale patterns of heterogeneity, they underestimate
the strength of lateral variations, at least in some regions,
by a factor of 2 or 3, as has been shown by comparison
of observed and predicted differential travel time anomalies
of S-SKS and Sdiff-SKS waves, in the well sampled ”corri-
dor” across the Pacific Ocean (Bréger et al., 1998), as well
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Figure 6. Variations as a function of ξ (bottom) and Azimuth (top) of observed PKP(AB-DF) travel
time residuals for south Sandwich Island events. Comparisons with predictions are shown for A) mantle
model PAW12B16 shifted upward by 1sec; B) hemispherical inner core anisotropy model: Tromp (1995)
in the quasi eastern hemisphere and Creager (1992) in the quasi-western hemisphere; C) mantle model
combining a tomographic model (Karason and van der Hilst, 2001) down to 300km above the CMB and
the D” model TRH KC of Tkalčić et al. (2002).
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Figure 7. Same as Figure 6 for PKP(BC-DF) observations and predictions: A) TRH KC model
(Tkalčić et al., 2002); B) Hemispherical inner core anisotropy model; C) TRH KC plus constant inner
core anisotropy model of strength 1.5% (Romanowicz and Bréger, 2000).

as from measurements of diffracted P and S waves on the
global scale (e.g. Wysession, 1996).

Forward modeling studies of S, ScS, and Sdiff waves in re-
gions sampling the Pacific Plume (Bréger and Romanowicz,

1998; Bréger et al., 2001) and the African Plume (Ritsema et



6 ROMANOWICZ ET AL.: COMPLEXITY IN PKP TRAVEL TIME DATA

al., 1998; Ni and Helmberger, 1999) have documented strong
gradients in the regions bordering these plumes in D”, with
lateral variations in excess of ±5% over distances of 200-
400km. While not necessarily completely correlated, similar
characteristics are expected in the P velocity distribution at
the base of the mantle. Indeed, PcP-P data at large dis-
tances confirm the presence of short wavelength variations
of at least ±2% in some well sampled regions (Tkalčić et al.,
2002). In addition, there is evidence for regions of localized
ultra low velocities (ulvz’s), with P velocity anomalies in ex-
cess of 10% (e.g. Garnero and Helmberger, 1996). Recently,
Bréger et al. (2001) showed that, by considering an existing
tomographic model of the mantle (Grand, 1997) increas-
ing the amplitude of lateral variations in D” and including
ulvz’s, a significant portion of the trend with ξ of PKP(AB-
DF) travel time residuals could be explained without even
accounting for anisotropy. Indeed, as shown in Figure 1, the
PKP(AB) wavepath grazes the core-mantle boundary and
thus interacts with structure in D” much more than the cor-
responding PKP(DF) path. We thus expect, as first pointed
out by Sacks et al. (1979) and further considered by Sylvan-
der and Souriau(1996), that PKP(AB-DF) differential travel
times may be strongly affected by heterogeneity in D”. A
major concern is that the distribution of PKP paths in the
distance range appropriate for PKP(AB) observations and
for angles ξ smaller than 40o is very non-uniform, with a
majority of paths originating in the south Atlantic, specifi-
cally in the seismically active region of the south Sandwich
Islands (e.g. Bréger et al., 2000a), located near the border
of the African superplume.

Figure 5 shows the geometry of paths from south Sand-
wich Islands to stations in Eurasia. Plotted in the back-
ground is a P velocity model (PAW24D) obtained by scaling
the tomographic S velocity model SAW24B16 (Mégnin and
Romanowicz, 2000) using a ratio dlnV s/dlnV p = 2. Indi-
cated are entry points of DF and AB into the core. We note
that for north to north-east trending paths, the AB phase
interacts with the low velocity ”African superplume” struc-
ture, whereas the DF phase stays largely outside of it. In
Figure 6, we present various attempts at modeling trends
in the PKP(AB-DF) travel time residuals, as a function of
azimuth or ξ, for events originating in the south-Sandwich
Island region, to stations in Eurasia and Alaska. In Fig-
ure 6ab, we compare the PKP(AB-DF) observations with
the predictions of tomographic model PAW24D, shifted up-
ward by 1sec (to account for an obvious baseline shift on
these paths) and of the hemispherical model of inner core
anisotropy, presented in Figure 4. The tomographic model
fails to predict the large spread of residuals at azimuths
greater than 270o, which correspond to South-Sandwich to
Alaska paths. The hemispherical anisotropy model improves
the average fit in these azimuths (as well as in the azimuth
range 0 − 40o), but still fails to explain the large scatter in
the Alaska data. Finally, in Figure 6c, we show the pre-
dictions of a D” model (TRHKC) constructed by Tkalčić
et al. (2002) using a combination of globally distributed
PKP(AB-DF) and PcP-P data, corrected for mantle struc-
ture using the Karason and vanderHilst (2000) mantle P
model to a depth of 300 km above the CMB. Model TRHKC

predicts the scatter in the Alaska data better, as well as the
longer wavelength trends with azimuth. In fact, Tkalčić et
al. (2002) have shown that over 80% of the variance in the
PKP(AB-DF) data can be explained by such a model, with-
out requiring hemispherical anisotropy in the inner core.

While it is not too surprising that PKP(AB-DF) travel
time residuals can be explained largely by mantle hetero-
geneity, especially since model TRHKC was constructed to

fit such data, additional insight can be gained from the
analysis of PKP(BC-DF) data, noting that PKP(BC) and
PKP(DF) travel on very close paths throughout the mantle.
Figure 7 shows the comparison of observed and predicted
PKP(BC-DF) travel time residuals for paths originating in
the south-Sandwich Islands, for model TRHKC (Figure 7a)
and the hemispherical inner core model (Figure 7b). We
note that the mantle model reproduces a large fraction of
the local scatter in the data, but fails to predict the 3 sec av-
erage BC-DF travel time anomaly for Alaska paths. On the
other hand, the hemispherical inner core anisotropy model
does predict 3 sec of BC-DF anomaly in Alaska, but fails to
produce the full observed scatter in these data. In Figure
7c, we show the predictions of a model which combines the
D” model of Tkalčić et al. (2002) with a constant inner core
anisotropy model of about 1.5%. The maximum strength of
anisotropy is constrained by the necessity to fit small residu-
als for azimuths between 70o and 160o. On the other hand,
the strength of lateral heterogeneity in D” derived in the
models of Tkalčić et al. (2002) is also constrained by the
scatter observed in PKP(BC-DF) data on non-polar paths.
We see that a model such as shown in Figure 7c fails to
predict the average 2.5-3 sec of PKP(BC-DF) residuals on
paths from south Sandwich Islands to Alaska.

We infer from Figures 6 and 7 that we cannot completely
explain both the local scatter and the large scale variations
in the south Sandwich events subset of PKP(BC-DF) by a
model of heterogeneity in D” combined with a simple model
of constant weak anisotropy in the inner core as might be
compatible with normal mode splitting data. For this sub-
set of data, it is necessary to combine D” heterogeneity with
inner core anisotropy of at least 3.5%.

4. Different global projections of the PKP
travel time residuals

In Figure 8abc, we compare the global distribution of
PKP(DF), PKP(DF-AB) and PKP(DF-BC) travel time
residuals plotted at the location of the bottoming point of
DF in the inner core on the one hand, and on the other,
at the entry point of DF into the outer core, in the north-
ern hemisphere. When plotted at the DF bottoming point,
(only polar paths, for ξ < 400 are shown for clarity),
all three datasets show the same, well documented quasi-
hemispherical pattern. It is important to note that the abso-
lute PKP(DF) residuals also show the hemispherical trend,
which, on the other hand, is not clearly present in absolute
PKP(BC) times, implying that it likely originates at least
partly in the core. There are however notable outliers, in
particular for paths to stations in Europe, bottoming at lon-
gitudes near 310oE (both in PKP(DF) and PKP(DF-AB)).
Also, the cluster of well sampled paths from the south At-
lantic to Alaska ”hides” many points with small residuals in
the western hemisphere (those that account for the spread in
residuals for 20o < ξ < 30o in figure 1). The transition from
fast to slow in the middle of the Pacific occurs very rapidly,
although somewhat further east (by over 40o in longitude)
in the PKP(DF-AB) dataset than in the absolute PKP(DF)
one.

On the other hand, the projections at the DF entry point
into the core for these two subsets show a very similar pat-
tern: except for a few isolated outliers, all the very anoma-
lously fast paths concentrate in the polar region, which is
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Figure 8. Travel time residuals for quasi-polar paths (ξ < 40o) plotted at the position of the bottoming
point of the path in the inner core (top) and at the entry point into the core in the northern hemi-
sphere (bottom). Left: absolute PKP(DF) residuals; The color code is centered at δt = −3.0sec; Middle:
PKP(DF-AB) residuals. The color code is centered at δt = −2.5sec; Right: PKP(DF-BC) residuals.
The color code is centered at δt = −1.0sec.

unfortunately not well sampled in its center. In particular,
in this projection, the cluster of mild residuals (blue) from
an event in the central Pacific to stations in Europe is now
compatible with other less polar and not anomalous paths
to stations in Europe. Not visible at this scale, the cluster of
points from south Atlantic to Alaska indicates that the more
anomalous paths are on the north pole side, delineating a
transition from ”normal” to anomalous structure. We will
return to this in more detail in Figure 9. The PKP(DF-BC)
polar plot (Figure 8c) is compatible with the two previous
ones: if heterogeneity located in a polar region is responsi-
ble for the observed patterns, one would expect to observe
anomalous PKP(DF-BC) only at the border of this region:
in its center, both PKP(DF) and PKP(BC) would sense the
anomaly, resulting in a small differential residual. Unfortu-
nately, the current sampling of the polar regions is insuffi-
cient, due in particular to very noisy data combined with
highly attenuated PKP(DF) on polar paths (e.g. Souriau
and Romanowicz, 1996). Whether or not the anomalous
structure involves the entire ”polar cap” is not clear at this
point, but we note that, in any case, it requires much less
departure from axial symmetry in the core, than the hemi-
spherical inner core anisotropy model.

In Figure 9, we show in more detail the distribution of ab-
solute DF and absolute BC travel time anomalies, plotted
at the entry point of the rays into the core, for 5 south-
Sandwich events, and two events located further east in the
south Atlantic (90/04/30 Bouvet Island event: latitude =
−54.34o; longitude = 1.341o, depth = 7.7 km and 96/09/20
event south of Africa: latitude = −53.01o; longitude =
9.8550, depth = 6.7 km), recorded on the Alaska network,

from which we were able to obtain waveforms with clear on-
sets of PKP(DF) and PKP(BC) or PKP(AB) (courtesy of R.
Hansen). Figure 9 illustrates the rapid transition from nor-
mal to strongly anomalous paths from south-east to north-
west under northwestern Canada and Alaska. Except for
one point around lat = 49o, lon = −143o (where the DF
measurement is for an Alaska event observed at SPA and
the BF measurement for a south Sandwich Island event ob-
served in Alaska), both DF and BC (and AB) absolute times
are compatible with a structure trending SW-NE, located
near the CMB, with a strong gradient from fast to slow in
the NW to SE direction. This structure could be a quasi-
vertical ”slab” of high velocity in the deep mantle, which
would need to be very thin to be as yet undetected by stan-
dard mantle tomographic approaches. However, it could also
be on the core side, which would in particular make the DF
and BC observations even more compatible. Thus, the non-
incompatibility of the BC data (crosses) and the DF data
(circles) suggests that an origin outside of the inner core,
for these anomalies, is not inconceivable, in contrast to in-
ferences made by Creager (1997) and Song (2000) based on
the analysis of differential BC-DF and AB-DF travel times
from these events.

Figure 10 shows a closer view of the trends of absolute
DF (diamonds) and absolute BC (triangles) as a function
of ξ, azimuth and epicentral distance, for the 5 south Sand-
wich Island events which we measured. The patterns seen
in Figure 10 confirm that the BC residuals track the DF
residuals, when plotted on the station side, although spatial
variations have smaller amplitudes, and the trend is clearest
in the plots as a function of epicentral distance. This can-
not be explained by structure on the source side, where the
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Figure 9. Absolute PKP(DF) (diamonds) and absolute PKP(BC) (triangles) travel time residuals mea-
sured across the Alaska network for five of the south Sandwich Islands events discussed in the text,
plotted as a function of ξ (left), azimuth (middle) and epicentral distance (right). Note that for the
91/12/27 event, all absolute measurements have to be shifted by +3 sec, probably due to an error in the
relocated epicentral parameters.

azimuthal spans of these events partially overlap, as shown

in Figure 11. On the other hand, because the variation with

epicentral distance is smaller for BC than for DF, a residual

trend is observed in the DF-BC data (Figure 12). When

considering differential travel times, uncertainties in source

location or depth, as well as near source and near station

effects are eliminated. Because a similar trend is observed

in absolute BC, the structure responsible for the variations

with epicentral distance in PKP(DF-BC) should be outside

of the inner core.

Figures 8-12 thus indicate that the transition from normal

to anomalous paths happens over very short spatial scales. If

the anomalous region is in the inner core, then a hemispher-

ical model is necessary, and a physical explanation needs to
be found for such an improbable structure. On the other
hand, heterogeneity outside of the inner-core remains a pos-
sibility. We cannot rule out the possible contribution to
observations in Alaska from a thin quasi-vertical slab in the
lower mantle.

5. Possible alternative models to the
hemispherical inner core anisotropy

In previous sections we have seen that it is difficult to
explain PKP(BC-DF) travel time residuals with a realistic
global mantle model that would not violate constraints from
splitting of modes sensitive to mantle structure (e.g. Ro-



ROMANOWICZ ET AL.: COMPLEXITY IN PKP TRAVEL TIME DATA 9

45

50

55

60

65

70

75

la
t (

de
g)

-160 -140 -120
long (deg)

45

50

55

60

65

70

75

la
t (

de
g)

-160 -140 -120
long (deg)

45

50

55

60

65

70

75

la
t (

de
g)

45

50

55

60

65

70

75

la
t (

de
g)

Alaska: CMB entry points 

-2 0 2
dt + 3.5 sec

Figure 10. Absolute PKP(DF) residuals (full symbols) and
PKP(BC) and PKP(AB) residuals (crosses) as a function of
position of the DF entry point into the core on the Alaska
side, for different events in the south Sandwich Islands
and south Atlantic. 90/04/30 Bouvet Island event DF data
are indicated by squares. Also shown are DF entry points
for events in Alaska observed at south pole station SPA.
The colors indicate relative values of the residual around
the mean for each event and the color code is centered at
δt = −3.5 sec.

manowicz and Bréger, 2000), that a hemispherical model of
inner core anisotropy is the simplest explanation for strongly
anomalous PKP data on polar paths, but shows some incon-
sistencies, and that there are indications from the data, in
particular from the dense recordings of south-Atlantic events
in Alaska that at least part of the anomaly could originate
in the vicinity of the core-mantle boundary. We have pre-
viously argued that models that allow outer core hetero-
geneity, as first proposed by Ritzwoller et al. (1986) and
Widmer et al. (1992) could provide an alternative explana-
tion for the strongly anomalous PKP travel time data, as
well as splitting data for most normal modes sensitive to
core structure. Here we further argue that a hypothetical
structure bounded approximately by the cylinder tangent to
the inner core, with axis parallel to the earth’s rotation axis,
a region singled out in models of core dynamics (e.g. Holler-
bach and Jones, 1995; Olson et al., 1999) could create the
types of trends observed in the data (e.g. Romanowicz and
Bréger, 2001). Within the anomalous region, bounded by
the tangent cylinder, P velocity would be about 1% faster
than outside.

Figure 13 shows a comparison of the global PKP(BC-DF)
dataset, plotted as a function of ξ (Figure 13a), with predic-
tions from two simple models of outer core heterogeneity of
the type described above (Figure 13 bc). Both models are
able to reproduce the characteristic L shape of the BC-DF
trend as a function of angle ξ. The fit to individual data
points depends on the details of the model, which we do not
attempt to quantify any further here. Fits appear slightly

better if the cylinder is tilted about 15o with respect to the
earth’s rotation axis (Figure 13c). However, this may be an
artefact due to uneven sampling, and to the fact that the
real structure may be more complex than can be accounted
for by such a simple model. Indeed, some models of the
dynamics of the outercore indicate the presence of irregular
vorteces around the periphery of the tangent cylinder (e.g.
J. Arnou, personal communication; Hulot et al., 2002), so
that the detailed shape of the borders of the region of fast
velocity may not be exactly cylindrical. Because the sam-
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South Sandwich events to Alaska

Figure 11. Location of the 6 south Sandwich Island earth-
quakes discussed in the text. Ray paths to the Alaska net-
work are plotted, as well as the location of core entry points
of PKP(DF) (diamonds), and PKP(BC) (triangles). Differ-
ent colors are used to distinguish paths from different source
locations. Only differential travel times were available for the
event of 91/06/15.
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at stations COL and INK of the global seismic network; c)
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pling of polar paths largely misses the central part of the
tangent cylinder, it is not possible to determine if the whole
volume of the latter would contain faster than average P ve-
locity. The main point here is to illustrate that such a class
of models is geometrically plausible. This is further empha-
sized in Figure 14, where we only show polar paths, sepa-
rated according to whether the station or an event located in
southern polar regions. One feature of the data is that both
subsets thus obtained show an L shaped trend (as a function
of ξ), but the vertical portion of the L occurs in different ξ
ranges (possibly due to uneven sampling). With slightly dif-
ferent cylindrical models, the trends in each of the subsets
can be well reproduced. We note, in particular, that a simple
model appears to also provide an explanation for the neg-
ative PKP(BC-DF) travel time anomalies around ξ ∼ 45o

that correspond to a south Atlantic earthquake (93/03/29,
lat = −52.96o; lon = 27.37o; depth 24.1km) observed on
the dense short period California networks, as measured by
McSweeney et al. (1997).

Such a heterogeneous model of the outer core, related to
structure in and/or around the tangent cylinder, is com-
patible with free oscillation splitting data (Romanowicz and
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Figure 13. Observed (Bottom) and predicted (middle,top)
PKP(BC-DF) travel time anomalies as a function of ξ, for
two models involving cylindrical heterogeneity in the outer
core. The P velocity is higher by 1% inside a cylinder of ra-
dius 1400 km surrounding the inner core, with, in b), axis
parallel to the rotation axis, and in c) axis inclined towards
lat =75oN , lon = −110oE. Both models explain over 50%
of the variance in the data.

Bréger, 2000). An associated negative density anomaly of
the order of −0.5% inside the tangent cylinder has been sug-
gested from normal mode data analysis (Widmer et al., 1992;
Romanowicz and Bréger 2000), although it may be possible
to fit normal mode data without any density anomaly in the
outer core (Widmer et al., 1992). The physical plausibility
of sustained lateral heterogeneity in the outer core is gener-
ally rejected on the basis of simple dynamical arguments in
the vigorously convecting outer core (e.g. Stevenson, 1987).
However, because the circulation within the tangent cylin-
der appears to be largely isolated from that outside of it
(Hollerbach and Jones, 1995; Olson et al., 1999), one could
imagine that light elements expelled from the inner core dur-
ing crystallization might concentrate inside vortices in and
around the tangent cylinder, giving rise to higher velocities.
Whether or not the actual balance of forces allows a higher
concentration of light elements in a region of the outercore,
remains to be determined. At this point, both models pro-
posed to explain first order features in the PKP travel time
data: complex inner core anisotropy or outer core structure,
present challenges for interpretation in terms of physical pro-
cesses.

6. Conclusions

Our analysis of absolute and relative PKP travel time
residuals on the global scale indicates that the hemispher-
ical pattern previously documented in PKP(BC-DF) data
is also present in PKP(AB-DF), and more significantly, in
PKP(DF), a priori favoring an interpretation in terms of
hemispherical anisotropy in the inner core, as has previously
been proposed.
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Figure 14. PKP(BC-DF) travel time residuals observed for
polar paths. Left panels: paths corresponding to stations at
latitudes < −50oS; right panels: paths corresponding to
events at latitudes < −50oS. Stations include SPA, SYO ,
PMSA , SNA and SBA. Events include earthquakes in the
south Atlantic, southern Indian and south Pacific ocean.
Bottom: observations; top: predictions for outercore mod-
els with 1% higher velocity inside a cylinder surrounding
the inner core, of radius 1250 km, of axis pointing towards
lat =75oN , lon =−110oE (top left) and lat = 75oN , lon =
−170oE (top right). The inclination of the cylinder may be
an artifact due to the simplicity of the model. There are also
no strong constraints on the structure in the central part of
the cylinder.
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It is not possible to explain this hemispherical pattern
and its amplitude by a combination of realistic heterogene-
ity in the deep mantle and constant inner core anisotropy.
The hemispherical anisotropy model is however difficult to
explain physically, and also fails to explain the L-shaped
pattern of PKP(BC-DF) residuals as a function of ξ, as well
as the details of the distribution of residuals on south Sand-
wich to Alaska paths. The latter could indicate the presence
of a thin, quasi-vertical fast velocity slab in the deep man-
tle. An alternative interpretation of the trends observed, in
particular the L-shape in the trend of PKP(BC-DF) travel
times as a function of ξ, could involve outer core structure
in the vicinity of the inner core ”tangent cylinder”, an im-
portant feature in outer core dynamical models, which, in
particular, exhibit separate circulation within and outside
the tangent cylinder. Faster than average P velocity (by
0.8 to 1%) could arise inside the tangent cylinder and/or in
vortices surrounding it (e.g. Hulot et al., 2002), and could
be related to stronger concentration of light elements, as
they are expelled from the inner core during crystallization.
This interpretation also does not require the major depar-
ture from axial symmetry implied by the hemispherical in-
ner core model. However, it is generally assumed that the
outer core is well mixed, which does not allow any detectable
heterogeneity in the outer core. Yet, such models do not ac-
count for effects of turbulence. As long as a valid physical
explanation for strong non axial symmetry in the inner core,
as implied by the hemispherical models, has not been found,
such an alternative model may be of interest.
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