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The inner core under Africa is thought to be a region where the nature of inner core texture changes: from
the strongly anisotropic ‘western’ part of the inner core to the weakly anisotropic, or isotropic ‘eastern’
part of the inner core. Additionally, observations of a difference in isotropic velocity between the two
hemispheres have been made. A very large new dataset of simultaneous PKPdf and PKPbc observations,
on which differential travel times have been measured, is used to examine the upper 360 km of the inner
core under Europe, Africa and the surrounding oceans. Inversion of the differential travel time data for
laterally varying inner core anisotropy reveals that inner core anisotropy is stronger under central
Africa and the Atlantic Ocean than under the western Indian Ocean. No hemispherical pattern is present
in Voigt isotropic velocities, indicating that the variation in anisotropy is due to differing degrees of crys-
tal alignment in the inner core, not material differences. When anisotropy is permitted to change with
depth, the upper east-most part of the study region shows weaker anisotropy than the central and west-
ern regions. When depth dependence in the inner core is neglected the hemisphere boundary is better
represented as a line at 40�E than one at 10�E, however, it is apparent that the variation of anisotropy
as a function of depth means that one line of longitude cannot truly separate the more and less anisotro-
pic regions of the inner core. The anisotropy observed in the part of the inner core under Africa which lies
in the ‘western’ hemisphere is much weaker than that under central America, showing that the western
hemisphere is not uniformly anisotropic. As the region of low anisotropy spans a significant depth extent,
it is likely that heterogeneous heat fluxes in the core, which may cause variations in inner core
anisotropy, have persisted for several hundred million years.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Seismic anisotropy in the inner core causes variation in body
wave travel times (Morelli et al., 1986; Shearer and Toy, 1991;
Creager, 1992; Song and Helmberger, 1995) and body wave atten-
uation (Souriau and Romanowicz, 1996; Cormier et al., 1998) as
well as normal mode splitting functions (Woodhouse et al., 1986;
Tromp, 1993; Ishii et al., 2002a; Beghein and Trampert, 2003)
and spectra (Durek and Romanowicz, 1999; Irving et al., 2008).
In addition to the presence of inner core anisotropy, a ‘hemispher-
ical pattern’ has been detected using body wave observations of
the inner core, where the ‘eastern’ and ‘western’ parts of the inner
core have differing isotropic velocities, strength of anisotropy and
attenuation (for example Tanaka and Hamaguchi, 1997; Creager,
1999; Garcia, 2002a; Oreshin and Vinnik, 2004; Yu and Wen,
2006b; Sun and Song, 2008; Lythgoe et al., 2014). The presence
of hemispherical structure in the inner core has not been sup-
ported by all investigations, with the influence of mantle structure
on travel time observations (Bréger et al., 1999; Bréger et al., 2000;
Ishii et al., 2002b), possible structure in the outer core’s tangent
cylinder (Romanowicz et al., 2003) and both a complex lower man-
tle and inner core (Tkalčić, 2010) all having been put forward as
alternative causes for the observed travel time anomalies. A sec-
ond, supporting line of evidence for hemispherical inner core struc-
ture comes from Earth’s normal mode oscillations. Normal modes
are sensitive hemispherical anisotropic structure in the inner core
(Irving et al., 2009) and observations of coupled normal modes
(Deuss et al., 2010) support the presence of distinct eastern and
western hemispheres in the inner core. In the western hemisphere,
possibly below an uppermost isotropic layer, the presence of aniso-
tropy causes polar rays, which travel close to parallel to Earth’s
rotational axis, to experience higher velocities than equatorial rays,
which travel close to parallel to Earth’s equatorial plane. Con-
versely below the uppermost isotropic layer the eastern hemi-
sphere continues to be isotropic (e.g. Tanaka and Hamaguchi,
1997; Garcia and Souriau, 2000) or displays only weak seismic ani-
sotropy (for example Creager (1999) and Leykam et al. (2010)).

Despite the growing consensus that anisotropy in the inner core
is laterally varying, the nature of the transition region between two
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Fig. 2. Raypaths for phases PKPdf and PKPbc (solid lines), which are used in this
study, as well as PKiKP and PKPab (dotted lines). Paths are shown those generated
by an earthquake at depth of 600 km (black star) traveling to a seismometer at an
epicentral distance of 150� (black box).
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hemispheres is poorly understood. A sharp boundary between two
regions with different isotropic velocities was imaged by Waszek
et al. (2011), which is not easy to reconcile with some models of
inner core dynamics and mineral physics (Geballe et al., 2013).
The inner core under Africa is likely to host one of the two bound-
ary region between the two hemispheres. Hemisphere boundaries
are normally modeled as a line of constant longitude, though there
is some evidence that approximation is too simplistic, at least for
the boundary under the Pacific Ocean (Miller et al., 2013; Irving
and Deuss, 2015).

A range of locations have been proposed for the boundary
between the two hemispheres under Africa (Fig. 1) using observa-
tions of several different core-sensitive seismic phases (Fig. 2).
Tanaka and Hamaguchi (1997), in the first study of the hemispher-
ical pattern of the inner core, defined the boundaries after expand-
ing the differential travel time residuals of equatorial paths using
spherical harmonics. Creager (1999) inspected PKPbc–PKPdf and
PKPab-PKPdf differential travel time residuals and found hemi-
sphere boundaries which separated small and large traveltime
anomalies for polar paths.

Best-fitting boundaries were located by Irving and Deuss (2011)
by systematically seeking the boundary locations which gave the
lowest residual error when fitting independent eastern and west-
ern hemisphere anisotropy curves to a global dataset of PKPbc–
PKPdf and PKPab–PKPdf differential travel times. In a similar
way, Lythgoe et al. (2014) used data from absolute PKPdf travel
times to find the hemisphere boundary location. As that study con-
tained many rays turning within 550 km of the center of the inner
core in addition to rays turning higher in the inner core, their loca-
tion should be regarded as an average across the entire inner core
radius. Modeling the inner core as an anisotropic central body
overlain by an isotropic layer of varying thickness, Garcia and
Souriau (2000) used absolute PKPdf and PKPbc–PKPdf differential
travel times to find the edges of a deeper isotropic region in the
inner core. In the resulting eastern hemisphere, an isotropic layer
may extend up to 400 km below the inner core boundary (ICB).
Miller et al. (2013) selected a preferred boundary location on the
basis of forward modeling of equatorial PKPbc–PKPdf seismic data.

A number of other studies have used alternative phases or tech-
niques to seek the hemisphere boundary locations. Several studies
used the seismic phase pair of PKPdf and PKiKP to locate the
boundary (Niu and Wen, 2001; Wen and Niu, 2002; Garcia,
2002a). The same phase pair has also been used to find indepen-
dent hemisphere boundaries for three different depth layers in
the upper 106 km of the inner core (Waszek and Deuss, 2011).
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Fig. 1. Locations proposed for the boundary between the ‘western’ (left) and
‘eastern’ (right) hemispheres under Africa.
The hemisphere boundary locations shift eastwards as a function
of depth over this relatively small depth range. Differences in the
degree of attenuation of PKPdf between the two hemispheres
was investigated by Oreshin and Vinnik (2004), who sampled the
inner core to a depth of 850 km below the ICB. They found that
attenuation in the western hemisphere is anisotropic but isotropic
in the eastern hemisphere. As with Lythgoe et al. (2014) the large
range of inner core turning depths mean that this boundary should
be treated as an average over the upper two thirds of the inner
core’s radius.

It is likely then, based on multiple studies, that one of the two
inner core hemisphere boundaries is located somewhere under
Africa, with the modal reported location at 40�E. Some depth vari-
ation of the hemisphere boundary is possible, whether it is a true
shift in boundary location (Waszek et al., 2011), a change in isotro-
pic layer thickness (e.g. Garcia and Souriau, 2000) or a step-shaped
velocity anomaly for equatorial paths (Miller et al., 2013). The
inner core translation models of Alboussiere et al. (2010) and
Monnereau et al. (2010) would suggest a smooth change in isotro-
pic velocity between the two hemispheres, though the implications
of those models for inner core anisotropy are more difficult to pre-
dict. Here, a very large new dataset is used to image the isotropic
and anisotropic velocity structure under this region to better
understand the properties of the inner core close to the transition
between the two hemispheres.
2. Data and methods

2.1. Data

PKPbc–PKPdf differential travel times are used to investigate
velocity variations in the inner core. PKPdf is a compressional body
wave which travels from an earthquake, through the mantle, outer
core and inner core. PKPbc takes a similar path, but reaches its
deepest point in the outer core (Fig. 2) and arrives several seconds
after PKPdf. Using PKPbc–PKPdf differential travel times negates
much of the effect of upper mantle structure and earthquake
mis-location as PKPdf and PKPbc travel through very similar paths
in the shallow Earth, are generated by the same source and
recorded at the same station.

Seismograms recorded after selected earthquakes between the
beginning of January 1998 to the end of February 2015 were col-
lected from the IRIS DMC (Incorporated Research Institutions for
Seismology Data Management Center); for some events these were
supplemented by data from the ODC (Observatories and Research
Facilities for European Seismology Data Center). The inner core
under Africa and surrounding areas is the target of this study. Thus,
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Fig. 3. Waveforms used for event evt20070721 (8.110�S, 71.246�W,
depth = 635 km) recorded at stations in Asia shown as a function of epicentral
distance. Seismograms are aligned on the observed PKPbc maxima (green line) and
have been normalized to the same maximum amplitude in the window from 30 s
before the PKPdf arrival to 70 s after the PKPdf arrival for the purposes of display.
The blue curve indicates ak135 predictions for the PKPdf arrival times. Differential
travel time residuals for these seismograms vary from �0.47 s to +0.55 s after
ellipticity corrections. The arrival following PKPbc and moving out with increasing
epicentral distance is PKPab. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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only seismograms corresponding to PKPdf raypaths which turn in
the inner core between 30�W and 60�E are analyzed here. The
events used (Supplementary Table ST5) have source depths
ranging from 4–649 km.

Seismograms were de-trended and had their mean and instru-
ment responses removed, leaving the dependent variable as veloc-
ity, and were then filtered using a 0.5–1.5 Hz bandpass filter.
Suitable maxima or minima corresponding to the PKPdf and PKPbc
arrivals are hand-picked on each seismogram (using the Seismic
Analysis Code, SAC, Goldstein et al., 2003). All seismograms used
have a signal-to-noise level of two or more, where the signal
amplitude corresponds to the PKPdf arrival and the noise is the
highest amplitude in the time windowwhich starts 30.0 s and ends
2.0 s before the PKPdf pick. Waveforms where the PKPdf and PKPbc
arrivals could not be confidently selected were not used. Hand
picking of PKPdf and PKPbc (or PKiKP) maxima or minima has been
carried out by a range of studies (for example Isse and Nakanishi,
2002; Irving and Deuss, 2015; Miller et al., 2013; Ovtchinnikov
et al., 2012; Yu et al., 2005). A number of studies have shown that
hand picking gives results very similar to picking individual max-
ima (or minima in the case of PKiKP), whether for differential travel
times (Cao and Romanowicz, 2004; Creager, 1997; Yu and Wen,
2006a; Ohtaki et al., 2012), or for the differences between differen-
tial travel times (Mäkinen and Deuss, 2011; Yu, 2016). The sam-
pling rates of the seismograms used are nearly all 0.05 s or
below; 33 seismograms have sampling rates of 0.1 s�1. Thus the
errors on the differential travel times are expected to be roughly
0.1 s or less. Differential travel time errors, comprising picking
errors together with errors caused by source mis-location and
heterogeneous Earth structure are assumed to be randomly dis-
tributed when the data is inverted; each datum is assigned the
same weight in the inversion (Section 2.2).

Event move-out plots, showing all the seismograms for one
event, were created for each event to check for waveform similar-
ity and minimize the risk of cycle-skipping. Synthetics seismo-
grams were calculated for each event using the wkbj method
(Chapman, 1978; Chapman and Orcutt, 1985) and the CMT focal
mechanism for each event (see Dziewonski et al., 1981; Ekström
et al., 2012 and globalcmt.org); record sections of these synthetic
seismograms were treated in the same way as the data and visually
inspected for any potential changes in polarity between the PKPdf
and PKPbc arrivals given the strike, dip and slip of the reported
earthquake mechanism. To avoid oversampling one region of the
inner core with one event, the seismograms used in this study from
an individual earthquake (or same-day aftershocks) were not per-
mitted to have both the same epicentral distance and ray angle in
the inner core to one and two decimal places. The practical effect of
this requirement was that some records from very tightly clustered
arrays and temporary networks were not used. An example of the
waveform data used, corresponding to one earthquake, is shown in
Fig. 3.

Where possible the times and locations of the earthquakes were
gathered from the EHB catalog (Engdahl et al., 1998); where this
was not possible the PDE catalog [as distributed by globalcmt.
org] was used. Estimates of corrections due to ellipticity of the
Earth (Dziewonski and Gilbert, 1976) for both PKPbc and PKPdf
were calculated [using the ttimel software of Kennett and
Gudmundsson (1996) and the published version of Earth model
ak135, Kennett et al. (1995)] and used to calculate an ellipticity
correction for every seismogram. Ellipticity corrections for differ-
ential travel times are very small, ranging from �0.09 to 0.06 s.

Ray angle, f, describes the angle between a ray in the inner core
and Earth’s rotation axis (e.g. Eq. (2) of Irving and Deuss (2011)); a
single, constant, value for f is used for each ray. Inner core aniso-
tropy causes rays with small f to travel through the inner core
more quickly than those with large f. The fractional velocity per-
turbation, dv=v due to inner core anisotropy is represented by:

dv
v ðfÞ ¼ aþ e cosð2fÞ þ f cosð4fÞ ð1Þ

where a; e and f are dimensionless parameters. This form of the
anisotropy equation (used by, for example Shearer et al. (1988)
and Song and Helmberger (1993)) is equivalent to versions used
by other authors (e.g. Creager, 1999; Garcia and Souriau, 2000;
Sun and Song, 2008; Lythgoe et al., 2014); this version is chosen
so that the f dependent terms, by which a; e and f are multiplied,
are orthogonal over the range 0 6 f 6 90. The values of a; e and f
may vary radially and laterally if the inner core is not homogeneous.

The strength of inner core anisotropy is normally described as
the difference between rays with f ¼ 0 and f ¼ 90; this value is
given by 2e. Parameter a has the same effect on all ray angles
and therefore does not cause any change in velocity with changing
ray angle. Parameter f describes how rays with intermediate ray
angles are different to those with equatorial or polar angles, as
such it does not provide a contribution to the differences between
polar and equatorial paths. Here, variation in a or f is not individ-
ually examined; this may be considered in future work. In particu-
lar, the strength of coefficient f relative to e will determine the
angle of the slowest velocity anomaly, which may prove to be
important when comparing results from seismology with data
from mineral physics (Lythgoe et al., 2014).

The Voigt isotropic velocity, which is the velocity averaged over
all spherical angles, can then be written as:

dv
v

� �
voigt

¼ a� e
3
� f
15

ð2Þ
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Fig. 5. Differential travel time residuals in cross-section and map view. Turning
points of PKPdf in the inner core are projected onto a cross-section from 35�W, 0�N
to 65�E, 0�N for (a) polar and (b) equatorial paths. Entire inner core paths of PKPdf
are shown as colored lines in (c), with stations indicated by squares and
earthquakes by stars. Tick marks are shown every five degrees from 35�W to from
65�E in the cross sections (a) and (b), tick marks shown on the cross section line
correspond to longitudes 10�E and 40�E. A map view of the polar data alone is
shown as Supplementary Fig. S4. Note that the color scale used is saturated at the
higher end. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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using the same dimensionless parameters (this can be obtained
from rewriting equation A3 of Creager (1999)).

Differential travel time predictions for the ak135 model (resam-
pled every 25 km in the inner core Kennett et al. (1995)) were cal-
culated for each seismogram. Differential travel time residuals are
then the difference between observed and predicted differential
travel times; in this work are always relative to resampled ak135
and corrected for ellipticity. In Section 3.1 the data are analyzed
as a function of f, position and turning depth in the inner core.

2.2. Inversion method

Travel time perturbations in the inner core caused by velocity
anomalies are calculated by dividing each ray in the inner core
up into ‘legs’ which each cover 25 km in depth. Each leg is assigned
to the correct region of the inner core using the geometrical mid-
point along the leg, and the relevant values of the coefficients
a; e and f of Eq. (1) are then used to determine the anisotropy that
each leg of the raypath experiences. Dividing the ray path up into
up to 30 legs in the inner core allows a much better resolution of
the true effect of inner core boundaries than previous studies
which simply used the turning point of a ray to assign it to a hemi-
sphere of the inner core. Using a layer thickness of 25 km, the long-
est leg in the inner core is 227 km and the median leg length is
54 km. When the data are inverted, values of the parameters a; e
and f are sought for all of the required sub-regions of the study area
using an iterated least-squares inversion; with 2471 datapoints
and fewer than 25 variables sought in the inversion, no damping
is used. The leg-binning method described above is used to find
contributions to the derivatives of coefficients a; e and f in the
inversion. Ray-paths used in each case are those in the isotropic
starting model. Data variance reduction is used to indicate how
much an anisotropy model improves the fit between the predic-
tions and observations. Data variance is given by the sum of the
squared difference between the predicted and observed differen-
tial travel times, divided by the number of data points. When no
anisotropy model is used, the data variance is 0.13 s2; all variance
reductions caused by the introduction of inner core anisotropy
models are relative to this value.

3. Results

3.1. Differential travel time residuals

The dataset created consists of 2471 differential travel times.
When the differential travel time residuals are plotted as a function
of f, anisotropy in the inner core is apparent – paths with smaller f
generally have more positive differential travel time residuals than
paths with larger f. The amount of anisotropy present is quantified
in Sections 3.2 and 3.3.

The geographical distributions of the PKPdf turning points as a
function of depth and ray paths in the inner core is shown in Fig. 5.
The ray angle used to define polar paths varies between different
studies. Polar data, defined here as paths with f < 40 (Fig. 5a),
are sparser than the equatorial data (Fig. 5b). There are 223 polar
data, 35 of which have f < 30 and one of which has f < 24. Differ-
ential travel time residuals for the polar data are�0.6–3.3 s; for the
equatorial data they range from �1.3 s to 1.2 s. Both the highest
and lowest polar differential travel time residuals are close to the
western-most end of the cross-section. While all of the rays turn
between 30�W and 60�E, it can be seen that they sample the inner
core beyond both of these boundaries (Fig. 5c).

A strong trend in differential travel time as a function of PKPdf
turning depth in the inner core would indicate that the underlying
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1D velocity model used was inappropriate; either in terms of the
velocity profile of the inner core, affecting calculations of PKPdf
travel time, or in the lowermost outer core where PKPbc turns.
Here, velocity model ak135 is used to represent 1D Earth structure,
and the differential travel time residuals relative to this model as a
function of turning depth are shown in Fig. 6. Scatter in differential
travel time residuals is present at all turning depths, with more
positive differential travel time residuals often corresponding to
paths with lower f. No large scale linear trend is evident in this
data, suggesting that the 1D reference model used is reasonable.
To confirm this, a linear fit to the data shown in Fig. 6 was calcu-
lated. The best fit line has a differential travel time residual of
0.0 s for a turning depth of 150 km, meaning that the observed
and predicted differential travel times are equal, and has a gradient
of only �0.08 s/100 km. A simple fit of differential travel time
residual to turning depth cannot, however, take into account the
range of ray angles present at different depths, and therefore
should not be used to investigate isotropic velocity. Inner core
Voigt velocity anomalies are investigated in Sections 3.2 and 3.3
below.

This dataset can be compared to two earlier published studies
using PKPbc–PKPdf data, both of which were considering the evi-
dence for inner core differential rotation. Souriau and Poupinet
(2003) used data which sampled the inner core under western
and central Africa. Polar paths had differential travel time residuals
of over four seconds for the smallest ray angles, while paths with
f > 40 all had differential travel time residuals within �1 s of
ak135 predictions, a slightly smaller range than that found here.
That study used 81 points, and sampled a much smaller geograph-
ical region, so that this slightly tighter clustering is not surprising.
The anisotropy model of Souriau and Poupinet (2003) is compared
to the models retrieved in this study in Section 4.1. PKPbc–PKPdf
differential travel time measurements corresponding to nuclear
explosions in Novaya Zemlya, detected at stations SNA (9 data-
points) and NVL (21 datapoints), are published in Li and Richards
(2003). The ray angles of these paths are 9.0� and 6.9� for the
two stations and show travel time anomalies of 3.0% and 3.1% rel-
ative to iasp91 (Kennett and Engdahl, 1991). These travel time
anomalies are slightly larger than the 2.2% fractional travel time
anomaly experienced by the most polar of the paths in this dataset,
but given the lower f and different reference model for these data,
they are broadly consistent.
3.2. Inversion of all data

As a first step, the whole dataset is inverted for uniform aniso-
tropy across the study region in one or two layers (Fig. 7). When
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Fig. 6. Differential travel time residuals plotted as a function of turning depth
below the ICB. The dotted line indicate the layers used when the data are inverted
for inner core anisotropy with two layers.
two layers are used, they are divided 250 km below the ICB. The
division at 250 km both reflects a depth where several authors
have suggested a change in inner core properties (Song and Xu,
2002; Tanaka, 2012; Miller et al., 2013) and also means that
roughly half of the data turns in each layer.

Inverting the whole dataset together reveals 1.6% anisotropy
under African and the surrounding regions. When two-layered
structure is permitted, the anisotropy present is higher at greater
depths (1.9%), and slightly lower in shallower regions (1.5%). A test
inversion of hemispherical data (see Section 3.4.1 below) suggests
that this kind of layered structure may be retrieved in an
undamped inversion of hemispherical, un-layered data, so that
the two-layer result cannot be treated as robust. If a laterally vary-
ing structure is present, both layers and lateral variation must be
inverted for in order to prevent the misattribution of lateral
structure to radial variation.

Depth dependence of anisotropy has been observed by a num-
ber of previous studies, here it is shown that on average the study
region has increasing anisotropy with increasing depth below the
ICB. When anisotropy is permitted in the inner core, variance is
reduced by 52%, and 54% for the one and two layer models respec-
tively. Permitting anisotropy in the inner core clearly represents
the data better than using ak135, however the improvement in
variance is small when a second layer is permitted, showing that
radial variation in anisotropy is not a prominent feature when lat-
eral variation of anisotropy is ignored.

Differential travel time predictions made using the best fitting
one layer anisotropy model are shown in Fig. 4. These predictions
have been made using a representative source depth of 100 km and
the median epicentral distance of the data used (151.29�). The line
corresponds to a PKPdf wave which spends 131 s in the inner core
and turns 250 km below the ICB. The line appears to fit the overall
trend of the data well; it underestimates the data with f < 30,
which is to be expected, because 80% of these data correspond to
paths with larger epicentral distances and one would therefore
expect them to accrue larger differential travel times residuals
than for the path shown. The very polar path with f ¼ 12:77 is sig-
nificantly underestimated by this model; the effect of this data-
point is discussed in more detail in Section 3.4.2 and in Section 2
of the Supplementary materials.



1000
1200

(b)

(a)

EW

J.C.E. Irving / Physics of the Earth and Planetary Interiors 254 (2016) 12–24 17
The Voigt isotropic velocities for the models are close to zero,
with slightly higher velocities in the shallower layers. For the one
layer model ðdv=vÞvoigt ¼ 0:1%. When two layers are permitted,
the upper layer has a Voigt anomaly of 0.1% while the lower layer
anomaly is 0.0%. As suggested by analyzing differential travel times
as a function of turning depth (Fig. 6), the results of the inversion
make it evident that: (i) ak135 is a suiTable 1D reference model
and (ii) when lateral variation is not considered data are better fit-
ted when the upper parts of the inner core have slightly higher
velocity perturbation than the region immediately beneath them.
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Fig. 8. Inner core anisotropy when considering three lateral blocks and (a) one or
(b) two layers, and four lateral blocks and (c) one or (d) two layers. The uppermost
arcs in each image correspond to the ICB, the lower arcs divide the inner core into
the relevant layers.The letters W and E correspond to the ends of the cross-section
shown in Fig. 5.

Table 1
Anisotropy either side of the African hemisphere boundary. Results from Creager
(1999), Leykam et al. (2010) and Irving and Deuss (2011) are those obtained using
PKPdf–PKPbc data. The value for Lythgoe et al. (2014) corresponds to the uppermost
467.5 km of the inner core, that of Sun and Song (2008) is an estimate of the
anisotropy in the two hemispheres at 300 km below the ICB (from their Fig. 17). In the
one block model, the easternmost block is considered to be in the eastern hemisphere,
however for the two layer model, only the upper easternmost block is representative
of the eastern hemisphere and the lower easternmost block is considered to be part of
the western hemisphere.

Study East. H. Ani (%) West. H. Ani (%)

Creager (1999) 0.5 4.0
Sun and Song (2008) 0.8 2.9
Leykam et al. (2010) 0.4 –
Irving and Deuss (2011) 0.5 4.8
Lythgoe et al. (2014) 1.4 3.5

This study (3 block model)
One layer model 0.8 1.7–1.8
Two layer model 0.4 1.4–2.9
3.3. Inversion for longitudinally varying structure

After ascertaining that anisotropy is present in the study region,
models where anisotropy is permitted to vary as a function of lon-
gitude are sought. The parameterization used is one of constant
anisotropy in blocks, with the blocks divided by lines of longitude
at either 10�E and 40�E, or at 10�E, 30�E and 50�E. While all of the
data with f < 30 turn west of 20�E, there are more than 30 paths
with f < 40 and 10 paths with f < 35 which turn in each of the lon-
gitudinal blocks used; the range of turning depths present in each
block varies (Fig. 5a and Supplementary Tables ST3 and ST4). The
west-most block is larger than the other two blocks but is not
divided further as this would result in a very low number of polar
legs present in the newly-created blocks (see Fig. 5).

In the one layer inversions, (Fig. 8a and c) anisotropy is stronger
in thewest and center than in the east-most block. Thismatches the
globally observed pattern of hemispherical variation (Table 1), but
the amplitudes are more similar than in several global studies
– 1.7–1.8% in the west and 0.5–0.8% in the east. This shows that
the western hemisphere under Africa is less anisotropic than under
Central America. In the two layer inversions, it is evident that the
anisotropy in the eastern end of the study area increaseswith depth,
thus there is depth dependent anisotropy in the study region. In
both the three and four block models the anisotropy is higher in
the lower layer than in the upper layer at all longitudes. Robustness
tests (Section 3.4) suggest that anisotropy is better constrained in
the upper layers where there is more data. The variance reduction
for the three block, two layer, model (Fig. 8b), 59%, is the same as
for the four block, two layermodel (Fig. 8d), so that slightly increas-
ing the permitted model complexity cannot fit the data better.
Statistical tests (see Supplementary materials) show that the four
block one and two layer models do not improve the fit, either at
all, or sufficiently to justify their use over the three block one layer
and three block two layer models respectively. The anisotropy,
Voigt velocity anomaly and variance reduction ranges for all of
the models are given in Table 2. The African hemisphere boundary
location varies as a function of depth in the study region, and cannot
be represented by one line of longitude. The region of highest aniso-
tropy is in the lower center of the model but the anisotropy
retrieved there is lower than under Central America. Overall, the
pattern of anisotropy seen in the inner core shows weak anisotropy
in the east of the study region, especially in the upper part of the
inner core, and intermediate strength anisotropy in the ‘western’
parts of the study region with some variability present.

In the one layer inversions (Fig. 8a and c), Voigt anomalies are
small and 0.1% to 1 decimal place in all cases, with a range of
0.1%; no hemispherical Voigt variation is apparent. In the two layer
inversions (Fig. 9b and d), negative Voigt velocities mostly corre-
spond to regions with stronger anisotropy. Anomalous recovery
of Voigt velocities in the presence of strong anisotropy was evident
in the synthetic tests, so that the signals cannot be considered
robust. Despite this, no strong isotropic hemispherical pattern is
apparent in these two layered models either; the Voigt isotropic
anomaly in the parts of the model which are identified as being
in the eastern hemisphere (using the anisotropic model) are not
different to the anomalies in the parts of the model identified as
being in the western hemisphere (Table 2). In the one and two
layer inversions, it is apparent that Voigt isotropic and anisotropic
structures cannot be considered to have the same geographical



Table 2
Anisotropy, Voigt isotropic velocity anomaly and variance reduction for each model. Eastern and western hemisphere are defined as in Table 1 for the two layered models. The
four block models, indicated by ⁄, do not provide a significant (or any) improvement in fit over the three block models despite their increased level of complexity.

Parameterization East. H. Ani. (%) West. H. Ani. (%) East. H. Iso. (%) West. H. Iso. (%) Variance Red. (%)

One block One layer 1.6 0.1 52
Two layers 1.5–1.9 0.0–0.1 54

Three blocks One layer 0.8 1.7–1.8 0.1 0.1 54
Two layers 0.4 1.4–2.9 0.2 �0.4–0.2 59

Four blocks One layer⁄ 0.5 1.7–1.8 0.1 0.1 54
Two layers⁄ 0.2 1.0–2.8 0.2 �0.4–0.2 59
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Fig. 9. Inner core Voigt isotropic velocity when considering three lateral blocks and
(a) one or (b) two layers, and four lateral blocks and (c) one or (d) two layers. The
uppermost arcs in each image correspond to the ICB, the lower arcs divide the inner
core into the relevant layers. The letters W and E correspond to the ends of the
cross-section shown in Fig. 5.
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distribution. Several previous studies have found that Voigt veloc-
ities in the eastern and western hemisphere are the same (Creager,
2000; Garcia and Souriau, 2000, 2001; Sun and Song, 2008); the
one layer results support this finding on a regional scale. The
absence of variation in Voigt velocities in the one layer inversions
suggests strongly that the anisotropy observed is due to differing
alignments of anisotropic grains and not to intrinsically different
materials (Garcia, 2002b).

3.4. Robustness of results

The data coverage in the inner core is not ideal – the polar
paths, which are more strongly affected by cylindrical inner core
anisotropy, are not uniformly distributed (Fig. 5a and Supplemen-
tary Fig. SF4). This is primarily due to the combination of the
uneven distribution of earthquakes with suitable size and focal
mechanisms to provide clear PKPdf and PKPbc signals and the
uneven distribution of broadband seismic stations (respectively
shown by stars and squares in Fig. 5c and Supplementary
Fig. SF4). The imperfect distribution of paths means that the sam-
pling of the inner core is uneven. The requirement that data from
the same event cannot have both the same epicentral distance
and f (Section 2.1) prevents raypaths from one event completely
overlapping. Here two tests are carried out to investigate (i) how
well the data coverage can recover an input model with different
parameterization and (ii) how the inversion results change as a
result of removing the most extreme datapoint.
3.4.1. Inversion of synthetic data
To investigate whether the dataset used would be able to

retrieve hemispherical anisotropy in the inner core, synthetic data
was inverted for (i) layered anisotropy with no lateral variation
and (ii) laterally varying anisotropy. The synthetic data was cre-
ated using the PKPbc–PKPdf anisotropy model of Irving and
Deuss (2011), with 4.8% anisotropy in the western hemisphere
and 0.54% in the eastern hemisphere (Fig. 10a). The hemisphere
boundary was placed at 40�E, the modal boundary locations of pre-
viously reported results shown in Fig. 1. When input anisotropy
has the same boundaries as used in the inversion, the input model
is retrieved.

When hemispherical anisotropy was present in the study region
and an inversion for uniform lateral structure and two radial layers
was carried out, the inversion resulted in an anisotropy model with
lower anisotropy in the upper layer, and higher anisotropy in the
lower layer (Fig. 10b). This mis-attribution of the lateral input
structure into radial output structure means that a two-layer uni-
form anisotropy model retrieved should not be considered robust,
as discussed in Section 3.2. When the boxes used in this inversion
do not mirror the input hemisphere boundary, as expected the ani-
sotropy retrieved shows smearing across the true boundary
(Fig. 10c). The anisotropy in the easternmost panels is slightly
underestimated (retrieved anisotropy is 0.0% and �0.1%) and that
anisotropy in the lower center-left block is slightly higher than
the input anisotropy (5.1% instead of 4.8%). Nonetheless, the over-
all pattern of anisotropy input is retrieved, providing confidence in
the results of the inversion. In the same inversions, input isotropic
Voigt velocities (Fig. 11a) are mostly well recovered (Fig. 11b), but
the lower center blocks see anomalous signals (Fig. 11c), so Voigt
velocities should not be regarded as robust there. The same
problem is not evident in the un-layered inversion, so these Voigt
velocities are more likely to be robust.
3.4.2. Removing the most polar path
Only one datapoint has f < 24. This corresponds to an earth-

quake in central Iceland in October 2014 which was recorded at
station SPOLE (89.93�S, 144.44�E; f ¼ 12:77). Though this is only
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Fig. 10. Inner core anisotropy (a) input to create synthetic data, (b) retrieved in a
two layer inversion with no lateral variation permitted and (c) retrieved in a two
layer inversion with four lateral blocks used. The uppermost arcs in each subfigure
correspond to the ICB, the lower arcs divide the inner core into the relevant layers.
The letters W and E correspond to the ends of the cross-section shown in Fig. 5.
Note that the color scheme used here is not the same as that in Figs. 7 or 8.
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Fig. 11. Inner core Voigt isotropic anomalies (a) input to create synthetic data, and
retrieved in a (b) one layer and (c) two layer inversion with four lateral blocks used.
The uppermost arcs in each subfigure correspond to the ICB, the lower arcs divide
the inner core into the relevant layers.The letters W and E correspond to the ends of
the cross-section shown in Fig. 5.
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one datapoint in 2471 it is prudent to examine the effect that this
extreme datapoint has on the results of this study. No other events
produced usable records at SPOLE; one similar earthquake pro-
duced waveforms which could not be satisfactorily picked. Inver-
sions were therefore carried out without the SPOLE datum. This
datum is discussed further in the Supplementary materials; the
seismogram corresponding to this event, as well as the earthquake
moment tensor are shown in Supplementary Figs. S3 and S2
respectively. When the whole dataset is inverted, inner core aniso-
tropy remains at 1.6% (the decrease in anisotropy is �0.03%). When
lateral variation in the inner core is permitted, removing this seis-
mogram has limited effects on the anisotropy retrieved, with
changes less than 0.1%. Changes are larger in the models with both
depth and lateral variation of anisotropy; in both the six and eight
block parameterizations the lower model block in which the SPOLE
ray turns has 0.6% less anisotropy when that seismogram is not
included; other changes are of the order of 0.1% or less. The Voigt
isotropic anomalies change by 0.1% or less in all blocks when this
data point is removed. From this test it can be concluded that ani-
sotropy in the lower layer may be less robustly resolved than in the
upper layer.

4. Discussion & analysis

4.1. Comparison with previous studies

Several previous studies concentrate on the inner core around
the African hemisphere boundary; two studies estimate the aniso-
tropy under the whole of Africa. Eighty-six PKPbc–PKPdf differen-
tial travel times corresponding to paths turning under equatorial
Africa were used by Souriau and Poupinet (2003), to find the aniso-
tropy in that region. The authors assumed that the uppermost
100 km of the inner core were isotropic, and found that the aniso-
tropy below this layer was 3.2%. At an epicentral distance of 150�
for an earthquake at a depth of 100 km, this anisotropy model
would predict a travel time anomaly of 1.0 s for a path with
f ¼ 30�, which is comparable to measurements in the dataset used
here. Using a similar assumption of a 100 km thick isotropic layer,
Ovtchinnikov et al. (2012) found that below 100 km the anisotropy
was 4.33%; this model would produce a travel time anomaly
greater than the anomalies present in this dataset for similar ray
angles. Both of these studies report higher anisotropy than that
detected here, but that is because they required the upper
100 km to be isotropic, as suggested by Song and Richards
(1996), following Shearer (1994). However, Yu and Wen (2007)
found that under some parts of Africa the isotropic layer is thin
or absent, and the isotropic western hemisphere layer of Waszek
and Deuss (2011), which includes much of the region under Africa
has an isotropic layer thickness of 57.5 km, close to half the size of
that assumed by Souriau and Poupinet (2003) and Ovtchinnikov
et al. (2012). The PKPdf waves travel at a steep angle through this
thin layer; a ray which turns 250 km below the ICB spends only
15.3 s of its 131.5 s transit of the inner core in the uppermost
50 km. An uppermost isotropic layer would therefore have only a
small effect on the travel time of PKPdf in the inner core, and such
a layer is therefore not explicitly modeled in this study, though it is
a topic for future investigation. The absence of such a layer may
cause a slight underestimate in the anisotropy in the remainder
of the top layer of the models produced here.

One of the most detailed studies of the inner core under Africa is
that of Yu and Wen (2007), which uses 308 records of polar PKPdf
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and PKiKP waveforms which turn in the uppermost 80 km of the
inner core under Africa. The data, generated by earthquakes in
the South Sandwich Islands, are split into six bins; each polar PKPdf
path is entirely within one bin. The study estimates both the thick-
ness of any isotropic layer and the anisotropy present below any
isotropic region. An isotropic layer is found in the western bins,
but is not present in the two easternmost bins beyond roughly
30�E. Anisotropy below a 40–50 km thick isotopic layer varies from
1.6% to 2.2%. The anisotropy is generally higher towards the east-
ern part of the region sampled, but there is not a consistent trend
in anisotropy strength as a function of longitude. This anisotropy is
of a similar strength to that found here, and suggests that there is
nor a significant amount of depth dependent variation in inner core
anisotropy from 80 km (the deepest part of the inner core sampled
in that study) to the deeper regions probed in this study. This is in
contrast to the inner core under Central America, where an
increase in anisotropy 100–250 km below the ICB is inferred from
an increase in velocity for polar paths (Song and Helmberger, 1998;
Blom et al., 2015).

Miller et al. (2013) sampled the inner core using waveforms
from 24 Indonesian archipelago events recorded in the southeast-
ern Caribbean, turning up to roughly 300 km below the ICB. Their
model has a +0.5% velocity anomaly in the eastern hemisphere (rel-
ative to PREM Dziewonski and Anderson, 1981) whilst the western
hemisphere has a �0:5% anomaly. These travel time anomalies
persist down to 150 km and 250 km below the ICB for the eastern
and western hemispheres respectively. This study also reveals a
‘step-like’ change in inner core Properties 5� from that imaged by
Miller et al. (2013), though the parameterization used here is rela-
tively coarse.

To summarize, this study samples the inner core under Africa
with many more waveforms than has previously been used. Previ-
ous studies are mostly in agreement with the new results; travel-
time anomalies are similar to predictions by Souriau and Poupinet
(2003) and anisotropy observed is similar to that found by Yu and
Wen (2007), but lower than that reported by Ovtchinnikov et al.
(2012); changes in inner core anisotropy are seen in a similar place
to the equatorial results of Miller et al. (2013) but the depth extent
of the variations is different.

4.2. Interpretation

The inner core under Africa is anisotropic, but on average it is
much less anisotropic than the western hemisphere is often found
to be (Table 1). While some studies raise concerns about the dom-
inance of South Sandwich Islands – Alaska paths on the estimation
of western hemisphere anisotropy (e.g. Romanowicz et al., 2003;
Tkalčić, 2010), the observation of large scale odd degree structure
in normal mode splitting functions provide evidence of quasi-
hemispherical structure in the inner core which is difficult to
refute. It therefore appears that the inner core under most of Africa
exhibits anisotropy which is smaller in amplitude than in the west-
ern hemisphere under central America, but stronger than in the
eastern hemisphere. The anisotropy is 1.4–2.9% throughout much
of the study region, but is lower in the east-most upper block of
the inversion when a layered inversion is carried out. Anisotropy
is therefore laterally and radially varying in the upper 360 km of
the inner core.

To create seismic anisotropy, lattice preferred orientation of
inner core crystals is likely to be required. Shape preferred orienta-
tion of ellipsoidal fluid inclusions in the inner core has been sug-
gested (Singh et al., 2000), but it is difficult to see how such fluid
inclusions would be maintained at substantial depth in the inner
core, where anisotropy is known to persist (see, for example, Sun
and Song (2008) and Lythgoe et al. (2014)) and so this anisotropy
mechanism is not considered further. Anisotropy mechanisms
which could align the inner core crystals primarily use either mag-
netic or thermal deviations from spherical symmetry in the core
either to align crystals as they grow, or to align already existing
crystals [see Sumita (2007) and Alboussière and Deguen (2012),
for reviews of these mechanisms].

A good understanding of the thermal evolution of the core will
allow us to understand the age of crystals in our study region. For
more than a decade an inner core age of about 1000 Myrs (Labrosse
et al., 2001) was considered to be a reasonable estimate, though
significant uncertainty was attached to this number. Experimental
and theoretical estimates of the conductivity of iron under core
conditions have since increased by a factor of two or more (de
Koker et al., 2012; Pozzo et al., 2012; Gomi et al., 2013). The altered
estimates of the conductivity of iron have also led to the conclusion
that previous inner core ages estimates are likely to be too large,
though the high conductivity estimates have lead to concerns
about how to power the early dynamo (for a summary, see Olson
(2013)), and two recent computational and paleomagnetic studies
have cast some doubt on these very high values of conductivity
(Zhang et al., 2015) and low inner core age (Biggin et al., 2015)
respectively. The new conductivity measurements, combined with
a model of the core’s thermal evolution lead to the proposal that
the inner core must be younger than 700 Myr (Labrosse, 2015).
Using this age and Eq. (41) of Labrosse (2015), the top 360 km of
the inner core grew in the past �410 Myr or less, and the upper-
most 250 km in the past �310 Myr or more recently. Even lower
inner core ages (as summarized in Davies et al. (2015)) will clearly
reduce the age of the study region.

Paleomagnetic studies indicate the presence of a dynamo for
most of Earth’s history (Tarduno et al., 2015), with a dipolar signa-
ture present since before the inner core nucleated (Smirnov and
Tarduno, 2004). Anisotropy mechanisms invoking the magnetic
field (Karato, 1993; Karato, 1999; Buffett and Wenk, 2001) would
be see the dominant dipole and it is difficult to see how they could
create laterally varying anisotropy in the inner core under such
conditions. Magnetic texturing of the inner core is therefore unli-
kely to cause the observed variability in anisotropy.

The remaining plausible anisotropy mechanisms therefore
depend on variations in the thermal environment of the core caus-
ing variations in anisotropy either via a post growth deformation
mechanism or during inner core growth. Thermal mechanisms
can also be divided (following Lasbleis and Deguen (2015)) into
those caused by influences external to the inner core – especially
inhomogeneous heat fluxes imposed upon the core – and those
intrinsic to the inner core – for example inner core convection.

Gross convection in the inner core has been invoked to explain
anisotropy (e.g. in Jeanloz and Wenk (1988) and Romanowicz et al.
(1996)) whereby the convective processing of the inner core
results in crystal alignment. An inner core with a supercritical Ray-
leigh number (Jeanloz andWenk, 1988) and a suitable deformation
behavior (Wenk et al., 1988) could create a cylindrical anisotropic
texture. For convection to be possible, inner core viscosity would
have to be sufficiently low for this mode of heat transport to occur,
the inner core would need to be superadiabatic for thermal convec-
tion to occur, and any compositional stratification which may be
present must be overcome. Buffett (2009) found that convection
was possible early in the inner core’s history, in a mode which
could align inner core crystals, but would be suppressed as the
inner core grew; this cessation of convection as the inner core grew
was also possible in the modeling of Deguen and Cardin (2011),
who emphasized that the convection regime in the inner core
depends on parameters which are poorly known, including inner
core viscosity. In a similar vein, Cottaar and Buffett (2012) showed
that thermochemical convection is possible for some combinations
of geophysical parameters (specifically low conductivity of iron
and high CMB heat flux). Using new values of iron’s conductivity,
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Lasbleis and Deguen (2015) show that the inner core may be con-
vecting or stably stratified, and that one of several different defor-
mation and texturing mechanisms could be at dominant in the
inner core. Gross convection could therefore exist in the inner core,
but it is not apparent how convection could vary laterally to cause
the observed variation in inner core anisotropy.

A relatively viscid inner core could instead favor inner core
translation (Alboussiere et al., 2010; Monnereau et al., 2010) as a
convective mechanism, where individual crystals are transported
from the inner core under the Americas to under Asia, where they
melt and become part of the fluid outer core. Initial studies of inner
core translation were unable to explain inner core anisotropy,
though Mizzon and Monnereau (2013) subsequently suggested
that flows in the growing uppermost western hemisphere could
be responsible for texture which was removed by annealing as
translation proceeded. However, if a texture has been created dur-
ing solidification, whether it is erased or can persist is not certain
(as shown in analog material studies by Bergman et al. (2010)
and Al-Khatatbeh et al. (2013)). Material which has been partially
melted from above may also produce a different density signature,
and therefore isotropic velocity, to material which has directionally
solidified (Yu et al., 2015). As the one layer Voigt isotopic velocity
model found here shown no lateral variation if some of the study
are has undergone melting this effect, if present, must produce
very small changes in inner core properties. Further studies of
the consequences of directional solidification and melting, such
as these experimental ones, will no doubt cast further light on
the processes which may be at work in the inner core.

There have recently been a number of studies which consider
the impact of inhomogeneous heat flow at the core-mantle bound-
ary (CMB), caused by the heterogeneous lower mantle, on the heat
flux at the ICB. An early laboratory model (Sumita and Olson, 1999)
found that a high heat flux at the CMB would produce rapid solid-
ification at the opposite side of the inner core. This experiment
used a very high contrast between the highest and lowest heat
fluxes, with the peak flux 95 times the mean. It is not clear how
physically realistic such a heat flux range is. The benefit of labora-
tory modeling is that small scale features can be captured, unlike in
computational studies where the scale is limited by the number of
grid points used.

More recent computational studies using more sophisticated
models of CMB heat flux heterogeneity (Aubert et al., 2008;
Gubbins et al., 2011; Sreenivasan and Gubbins, 2011; Driscoll,
2015) have found that the relationship between the CMB and ICB
heat fluxes is more complex, with thermal winds in the outer core
communicating imperfectly between the two interfaces. All four
studies use mantle tomography shear wave velocity models to
simulate variation in heat flux at the CMB; these models represent
the long wavelength velocity structure of the lower mantle, but do
not distinguish between thermal and chemical causes of mantle
velocity perturbations, and do not capture small scale but strong
heterogeneities such as ultra low velocity zones (ULVZs). Two of
these studies find that the heat flux variation at the ICB may be suf-
ficiently large that the parts of the ICB are the location of inner core
melting, and not growth: Gubbins et al. (2011) and Sreenivasan
and Gubbins (2011) find that, depending on the strength of lateral
CMB heat flux variation, the ICB may be either growing or melting
under Africa. Aubert et al. (2008) predicts similar heat fluxes, and
therefore inner core growth rates under both Africa and Central
America. The recent work of Driscoll (2015) reports complex vari-
ations in ICB heat flux; the heat flux under the eastern North and
Central Atlantic and Western Africa is lower than that under the
rest of Africa and the western Indian Ocean. Driscoll (2015) reports
that the differences between that work and Aubert et al. (2008)
may be due to different ways of treating compositional variation.
CMB heat flux lateral variations imposed in calculations were
much smaller than in the laboratory experiments of Sumita and
Olson (1999), ranging from a peak-to-peak amplitude difference
of 15% of the mean heat flow (the lower value used by Gubbins
et al. (2011) and Sreenivasan and Gubbins (2011)) to spherical har-
monic contributions of more that 140% of the average flux (Driscoll
(2015)). Driscoll (2015) finds that smaller scale CMB structures,
represented by higher order spherical harmonics (in this case order
5–8 spherical harmonics), can have an effect on the heat flux at the
ICB. As the laboratory modeling (Sumita and Olson, 1999) also
found the presence of small scale feature, future, higher resolution
experiments and computations of heat flux at the ICB are desirable
to better understand dynamical processes occurring at and below
the ICB. The laboratory and computational studies provide evi-
dence that anticipated heat flux variations at the CMB will cause
changes in the heat flux at the ICB, though the relationship
between CMB and ICB flux is not a 1:1 correspondence.

If the variation in inner core anisotropy is indeed caused by
heterogeneous CMB heat flux, then either solidification texturing
(Bergman, 1997) may cause the anisotropy (as favored by Aubert
et al. (2008)), or alternatively post-crystallization deformation
(Yoshida et al., 1996) may be the anisotropy mechanism. The for-
mer mechanism would require that the growth of inner core crys-
tals is faster in the upper east of the study region; it would require
that the texture imprinted at solidification is not destroyed by any
solid-state flow in the inner core (Bergman, 2003). The latter
mechanism would instead indicate that the inner core is growing
less quickly under this region, and there is therefore less deforma-
tion of the region, resulting in a lower degree of alignment of crys-
tals which were initially isotropically oriented. The main limitation
of this theory is that it may act too slowly to create the texture
observed in the inner core (Yoshida et al., 1998).

A good test of some of these anisotropy-forming mechanisms
would be to investigate the latitudinal variation of inner core ani-
sotropy, as well as the longitudinal changes. Changes in anisotropy
most strongly affect polar paths, which are not present near the
poles due to geometrical restrictions. With an ideal distribution
of data across the inner core it might be possible to probe latitudi-
nal anisotropy variations. However, due to the locations of suitable
events and seismic stations, the polar paths present in the data
(Supplementary Fig. S4), especially those with f < 35, have similar
latitudinal profiles are therefore poorly suited to investigating lat-
itudinal variations in anisotropy. Such variations in anisotropy
should be the targets of future seismological investigations of inner
core structure.

If the assumption is made that the low anisotropy region under
the eastern Indian Ocean is caused by a heat flux anomaly at the
CMB, then two interpretations are possible. The first is that the
degree of solidification texturing at the ICB in this region must
have been different while the top 250 km of the inner core were
formed. The second is that the post-solidification deformation tak-
ing place must have been stronger in the inner core under Africa
than in the inner core under the eastern Indian Ocean over a period
of time long enough to affect the top 250 km. As post-solidification
deformation is a slow process, the thermal conditions must have
been different for an extended period of time, with an upper limit
of the age of the uppermost 250 km. Both interpretations therefore
favor a heterogeneous heat flux at the CMB for a period of time
reaching up to 310 Myrs, as suggested by some reconstructions
of mantle behavior (Torsvik et al., 2010).
5. Conclusions

The inner core under Africa and surrounding regions has been
sampled with an unprecedentedly large dataset comprising almost
2500 differential travel time residuals. Anisotropy present is
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weaker than in the inner core under Central America. Most of the
study region shows intermediate levels of anisotropy, varying from
1.4% to 2.9%, however the upper inner core under the western
Indian Ocean shows weaker anisotropy, leading to the conclusion
that anisotropy varies both laterally and radially under the study
region. If one line of longitude is needed to represent the hemi-
sphere boundary, then 40�E is a better boundary location than
10�E, however the depth variations in the inner core mean the
boundary therefore cannot be truly represented by one line of lon-
gitude. Voigt isotropic velocities for a one-layer laterally varying
model show no evidence of hemispherical variation indicating that
the hemispherical signal is present only in inner core anisotropy,
and is therefore due to a difference in crystal alignment and not
due to the presence of different material. The most likely cause
of the observed lateral variation of anisotropy in the inner core is
a heterogeneous CMB heat flux which has remained stationary
with respect to the inner core for hundreds of millions of years.
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