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Lateral heterogeneities at the top of the inner core are investigated using earthquakes that occurred in
Indonesia and southeast Asia and were recorded in the southeastern Caribbean. Using seismic observa-
tions of attenuation and seismic velocity, we were able to constrain the characteristics of the boundary
between the inner and outer core to further investigate the dynamics and evolution of the Earth’s core.
Our seismic observations from core phases confirm that the outermost inner core is asymmetrically het-
erogeneous and we are able to further constrain the morphology and physical properties of this layer.
Comparison of data from earthquakes with ray paths traversing from east to the west versus those with
ray paths from west to east allow us to map the aspherical heterogeneity of the boundary layer and spe-
cifically image the boundary between the proposed quasi-eastern and western hemispheres of the inner
core. The variation of differential travel times between PKPdf and PKPbc, attenuation in terms of Q factor,
and latitudinal changes for both of these observations, can be attributed to localized heterogeneity at the
quasi-hemispherical boundaries of the inner core. We constrain the change in the thickness of outermost
core boundary layer from 100 to 250 km within a distance of a few 10s of kilometers at 45�E ± 2�, for the
western boundary, with an overall P-wave velocity decrease in the western hemisphere of 0.5% and
increase of 0.5% in the eastern hemisphere. We constrain the eastern boundary at latitudes greater than
45�N to 173�E ± 4� with an overall P-wave velocity decrease in the western hemisphere of 1.0% in the
uppermost 200 km of the inner core. The eastern boundary at equatorial latitudes is constrained to a
region <170�E with a western hemisphere with a 0.5% drop in P-wave velocity in the uppermost 250 km.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction has been advancement in the understanding of the complex struc-
Evidence of aspherical structure of the inner core using body
wave data began with the investigation of travel times of PKPdf

(PKIKP) (Poupinet et al., 1983). Much of our knowledge of the inner
core is based on the observation of this phase, PKPdf, which travels
through the solid inner core, and the differential travel times be-
tween it and PKPbc, a P wave which travels through the deep por-
tion of the liquid outer core (Fig. 1A). Since these two
compressional waves have similar ray paths in the mantle and
much of the outer core, the differences in travel times and ampli-
tudes between PKPbc and PKPdf can be attributed to the vicinity
of the inner core boundary. However, the use of these phases have
been challenged for accurately interpreting structure in the inner
core (Ishii et al., 2002; Romanowicz et al., 2002). As seismic data
sets have dramatically improved due to a more extensive distribu-
tion of instruments across the Earth over the last 25 years, there
ture of the inner core.
From analysis of these enhanced data it has been found that the

inner core is not simply just a solid, but has distinct structure and
heterogeneity, which can be described in terms of attenuation (Q,
quality factor), anisotropy, and seismic velocity. Q, which is a
dimensionless quantity, is inversely related to strength of the
attenuation, so regions with a high Q are less attenuating and those
with a low Q are more attenuating. Unlike the outer core, which
has a Q-value that is almost infinite (Dziewonski and Anderson,
1981), the inner core Q-value has been constrained to values less
than 450 (Bhattacharyya et al., 1993). The dramatic change in Q oc-
curs at the inner core boundary and appears to happen within the
outermost inner core (Song, 1997). Furthermore, it has been sug-
gested that the inner core is separated into two quasi-hemispheres,
with boundaries at �40�E and �180�W (Tanaka and Hamaguchi,
1997; Niu and Wen, 2001; Garcia, 2002; Wen and Niu, 2002; Cao
and Romanowicz, 2004; Stroujkova and Cormier, 2004; Garcia
et al., 2006), and these differences are best observed from seismic
phases that sample the outermost inner core.
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Table 1
Earthquakes used in inner core boundary study.

Event ID Latitude Longitude Depth (km) Magnitude (Mw)

20040107_1845 20.053 122.185 42 5.6
20040410_0735 8.043 137.215 40 5.8
20040701_1928 �5.91 148.662 56 5.6
20040729_0144 12.455 94.997 22 5.9
20040915_1910 14.22 120.411 115 6.0
20041008_1436 13.925 120.534 105 6.5
20041029_1928 15.643 119.11 21 5.5
20041105_0518 �4.361 143.925 125 6.0

M.S. Miller et al. / Physics of the Earth and Planetary Interiors 223 (2013) 8–20 9
Here we further investigate the aspherical heterogeneity of the
inner core structure by observing differences in the travel time
residuals and quality factor (Q) averages for earthquakes sampling
the western hemisphere boundary of the inner core from events
occurring in Indonesia recorded at a temporary array in the south-
east Caribbean in comparison to earthquakes occurring at the Sun-
da and Banda arcs which travel in the opposite direction and
sample the boundary of the opposite inner core hemisphere. This
dataset provides us with a description and understanding of the
nature of the boundaries of the inner core hemispheres, and also
20041128_0736 �3.638 135.445 23 6.2
20041210_0942 10.874 141.781 32 5.5
20041211_0155 �4.613 149.779 541 5.5
20041226_0222 8.868 92.467 15 5.7
20041226_0308 13.745 93.009 30 5.9
20041226_0324 4.473 94.068 26 5.8
20041226_1019 13.462 92.738 26 6.3
20041227_0032 5.476 94.467 33 5.8
20041227_0049 12.982 92.395 23 5.8
20041227_0939 5.348 94.65 35 6.1
20041227_1446 12.35 92.469 19 5.6
20041227_1913 11.586 92.499 25 5.5
20041229_0150 9.109 93.756 8 6.1
20041229_1850 5.531 94.277 47 5.7
20041229_2112 5.23 94.625 29 5.6
20041230_1758 12.237 92.515 30 5.7
20041231_1204 6.204 92.913 11 6.0
20050101_0403 5.465 94.398 36 5.7
20050101_0625 5.099 92.304 11 6.6
20050104_1914 10.556 91.727 10 5.7
20050106_0056 5.323 94.835 49 5.7
20050116_2017 10.934 140.842 24 6.6
20050124_0416 7.33 92.482 30 6.3
20050127_0656 7.944 94.059 38 5.7
20050127_2009 5.511 94.306 30 5.5
20050313_2212 5.486 94.595 52 5.5
20050325_0104 5.489 94.374 39 5.9

(A)

(B)

Fig. 1. (A) Ray paths of PKP phases PKPdf and PKPbc. These two core phases have
nearly identical paths through the mantle. (B) Example of a record section for a Mw

5.8 earthquake on 10 April 2002 recorded at the southeastern Caribbean stations.
The vertical component seismograms are aligned on PKPbc with station names
shown on the right. The red squares are our picks of the PKPdf arrival and the blue
squares indicate the picked PKPbc arrival. The lines represent the estimated arrival
times of the different phases according to PREM (Dziewonski and Anderson, 1981).
The horizontal axis (time) is normalized to PKPbc. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
provides support for the idea that the inner core solidifies from
the outer core (Jacobs, 1953), which could be explained by the
existence of a mushy zone at the top of the inner core. It has been
suggested that as the inner core formed by freezing iron as the li-
quid outer core gradually cooled, some of the lighter elements in
the outer core and may have become concentrated in a mushy or
slurry layer at the top of the inner core (Birch, 1964; Gubbins,
1977; Gubbins et al., 2003; Loper, 1978). Using seismic observa-
tions of core phases, we are able to constrain the characteristic
morphology and properties of the outermost inner core where this
layer exists, and from these data learn more about the dynamics
and evolution of the Earth.
2. Data

A total of 35 events along the length of the Indonesian archipel-
ago, Papua New Guinea, Mariana arc, and the Philippines recorded
by 86 temporary broadband stations in the southeastern Caribbean
were used to investigate lateral heterogeneities at the top of the in-
ner core and constrain the physical nature of the boundaries be-
tween the eastern and the western quasi-hemispheres (Table 1
and Figs. 1 and 2). Eleven of the events from the Philippines, Papua
New Guinea, and the Mariana arc had ray paths that traveled east
to the southeastern Caribbean through the core beneath the east-
ern Pacific and arctic region and the remaining 24 had paths that
traveled westward through the core beneath southern Europe
and Africa. This dataset contains ray paths that sample the inner
core down to 286 km beneath the outer core-inner core boundary
providing an excellent dataset to explore this region of the deep
Earth. We analyzed events in 2004–2005 with magnitude (Mw)



(A)

(B)

Fig. 2. Map of the turning points of the core phases within the inner core with the ray paths within the inner core plotted in grey. The station locations are plotted as orange
triangles and the earthquakes as green stars. The dashed vertical lines indicate the apparent hemispherical boundaries within the inner core. The short, thick dashes mark the
western boundary and the long, thin dashes mark the eastern boundary. (A) Red circles represent the delayed arrival of the PKPdf phases and blue squares represent the early
arrivals, both are scaled by the magnitude of the residuals. (B) Red circles represent the calculated Q values and are scaled according to magnitude. (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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Fig. 3. Plots of the average PKPdf arrival time perturbations from the PREM model (Dziewonski and Anderson, 1981) versus distance of the ray path traversed within the inner
core (with error bars showing the total range for data within each of the 0.2 degree bins) for events sampling (A) the ‘‘western’’ boundary and (B) the ‘‘eastern’’ boundary of
the inner core. (C and D) Plots of the average Q factor values within 0.2 degree bins, with error bars showing the total range for each bin, against distance traversed by the ray
path within the inner core for the western and eastern boundaries respectively. Horizontal lines represent a Q factor of 200.
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greater than 5.7 and that had a distance range of 135–160� from
the PDE catalog. The location of these events resulted in a dense
sampling of either the western or eastern boundaries of the inner
core in the northern hemisphere.

We first converted the raw broadband velocity records to dis-
placement data by deconvolving the instrument response. We then
convolved the displacement data with the WWSSN (WorldWide
Standardized Seismograph Network) short-period instrument re-
sponse as the WWSSN short-period pass band appears to possess
the best signal-to-noise ratio (SNR) for the core phases. The data
were further filtered with a 2 s low-pass filter and we only selected
events that had clear PKP phases with high signal-to-noise ratios
(SNR). A typical example of a record section from these events is
shown in Fig. 1 with arrivals of PKPdf and PKPbc aligned on the peak
of the PKPbc arrival. Although PKPbc can be seen up to �157�, the
maximum distance that PKPbc can reach is �153.07� based on
ray theory using the PREM model (Dziewonski and Anderson,
1981) for a 40 km deep source. Beyond this distance the observed
PKPbc arrival is the diffracted wave traveling along the ICB due to
the finite-frequency nature of seismic waves, therefore its ampli-
tude cannot be approximated by ray theory. The travel time of
the diffraction can also be severely affected by 3D structure near
the ICB, making the diffracted PKPbc phases not suitable for use
as a reference phase. Therefore, in our analysis, we only use PKPbc

data up to 152.3�, which is the diffraction distance for a 500 km
deep source. We corrected the depths of all the earthquakes to
an equivalent depth of 500 km.

To remove the unsuitable diffractions for each earthquake sta-
tion pair we projected (or corrected) the source depth to 500 km.
Then we recalculated the epicentral distances to ensure we do
not include unsuitable arrivals in our analyses.
3. Results

3.1. Travel time delays

The differential travel times between PKPbc and PKPdf phases
are determined by measuring the relative timing between their
maximal amplitudes in the WWSSN short-period seismograms.
This time picking method has been proven to be very accurate,
as the uncertainty in picking the maximal amplitudes is ex-
pected to be less than ±0.10 s (Niu and Wen, 2001). We found
that almost all of the residuals are negative with respect to PREM
(Figs. 3 and 4). There are variations in the magnitude of the neg-
ative residuals both with distance (and therefore depth of sam-
pling the inner core) and in longitude and latitude (Figs. 3 and
4). For data sampling the western boundary, the observed resid-
ual amplitude seems to decrease with increasing epicentral dis-
tance (Fig. 4A), while for those bottoming beneath the eastern
boundary, the residual amplitude stays more or less the same
over the entire distance range. The negative residuals suggest a
negative velocity anomaly at the uppermost inner core with
some lateral variability in the anomaly amplitude (Fig. 3). This
observation is different than other studies (Kazama et al.,
2008; Souriau et al., 2003) which do not sample the boundary
of the western hemisphere directly, and observe the opposite
trend for distances larger than 150�.
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For the ray paths that traverse from the eastern to the western
hemisphere the residuals have an average of �0.4 s and the ray
paths that traverse from east to west have residuals with an aver-
age of �0.5 s, but the number of observations are slightly smaller
(Fig. 3). The range of latitudes sampled at the western boundary
is less than that of the eastern boundary, yet it illustrates the local-
ized heterogeneity in the inner core beneath Europe and northern
Africa (Fig. 2).
3.2. Attenuation

We first computed the amplitude ratio of PKPdf/PKPbc by divid-
ing the maximum amplitudes of the two phases. We then used the
observed amplitude ratio to obtain the attenuation structure of the
outermost inner core. Since the attenuation of outer core is negli-
gible, the amplitude ratio can be written as:

rdf=bc ¼
Adf

Abc
exp �pf

Q
tic

� �
:

Q ¼ �fpfticg ln rdf=bc

ð1Þ

here Adf, Abc and rdf/bc are the amplitude of the PKPdf, PKPbc and
their ratio, respectively. Q is the average quality factor of the inner
core, f is the dominant frequency (taken as 1 Hz), and tic is the tra-
vel time of the PKPdf ray segment within the inner core. The calcu-
lated Q of all the ray paths are shown as a function of epicentral
distance and turning point longitude in Figs. 3 and 4, respectively.

At both boundaries, the Q factor shows a gradual increase start-
ing at a distance of �151�. We compute synthetic seismograms
with the generalized ray theory (Helmberger, 1983) using the
PREM model, and found that the amplitude of the PKPbc arrivals
starts to decrease at around the same distance due to the diffrac-
tion at the ICB. As mentioned above, although the diffraction dis-
tance based on ray theory under infinite frequency
approximation is around 152.3�, it is expected to occur at closer
distance for waves with finite frequency. On the other hand, our
synthetics show that the differential traveltime is barely affected
by this finite-frequency diffraction.

The average Q factor is approximately 335 ± 50 for the ray paths
that sample the eastern boundary but is much lower than those
that sample the western hemisphere (�600 ± 50), as shown in
Figs. 3 and 4. This value of Q is a bit lower, but is similar to the
western hemisphere values estimated by the study by Cao and
Romanowicz (2004) and others (Ivan et al., 2006; Tseng et al.,
2001), and higher than the average value (130) that Helffrich
et al. (2002) observed. The Cao and Romanowicz (2004) study
focuses only on events with distance ranges between 135� and
144�, but we examine events with distance ranges up to 153�
due to the nature of the PKPdf and PKPbc phases. These authors
observe that Q decreases in the western hemisphere as a function
of distance, yet we observe that Q increases as a function of
distance beyond 146�, although this is greater than the distances
they were examining (Fig. 3A and C).

With the two sets of ray paths that sample the eastern and wes-
tern boundaries we can also investigate the variation in latitude.
Latitudinal variations in differential traveltime and Q at the wes-
tern boundary are shown in Fig. 5A and B. The Q factor is roughly
200 at latitudes between 38�N and 60�N, but significantly increases
(�500) at lower latitudes (25–38�N). The dataset we present sam-
ples a similar portion of the inner core compared to the Helffrich
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et al. (2002) study, but with opposite direction of ray paths. In the
eastern boundary we have fewer sampling points (Fig. 2), but we
observe a lower average Q factor value (Fig. 5D) than the western
boundary.

3.3. Correlations

We found a positive correlation between the residual times and
the Q factor in the eastern hemisphere beneath northern Africa and
Europe (Fig. 6), which is opposite to what has been observed for
beneath southern and western Africa (Souriau and Romanowicz,
1996). This positive correlation is, however, similar to other studies
that sample the western hemisphere (Kazama et al., 2008; Souriau
et al., 2003; Wen and Niu, 2002). Souriau and Romanowicz (1996)
focused on differences in Q for differing ray azimuths at the inner
core turning point in comparison to differential travel times, and
they observed that the direction of strong attenuation correlated
with that of fast velocity, which is opposite to what we observe
for ray paths approximately parallel to the equator. Kazama et al.
(2008) observed a positive increase in velocity for events at greater
distances than 150�, which they attribute to negative velocity
anomaly at the uppermost inner core. Their source-receiver config-
uration samples a similar portion of the inner core near the west
coast of North America (our mid-latitude west to east traversing



Table 2
Parameter space for each of the variables used in the forward modeling process. For
each border location we test all possible combinations of D1-V1 and D2-V2. See Fig. 7
for a graphical view of each variable’s meaning.

Variable Range Interval

Depth of the eastern hemisphere
layer beneath the ICB (D1)

0–300 km 50 km

Depth of the western hemisphere
layer beneath the ICB (D2)

0–300 km 50 km

Velocity of the layer in the eastern
hemisphere (V1)

�1%Vp–1%Vp 0.5 %Vp

Velocity of the layer in the western
hemisphere (V2)

�1%Vp–1%Vp 0.5 %Vp

Location of the eastern boundary (B) 160�E–170�W 1�
Location of the western boundary (B) 35–50�E 1�
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rays) using earthquakes from South America recorded in Japan. We
do not have the density, nor number of earthquakes they use, but
find a similar correlation between the decrease in travel time resid-
uals and distance, which reflects the increase in velocity within the
intermediate depth of the inner core.

3.4. Forward modeling

The variation in thickness and structure of the outermost inner
core has been identified by other studies, but we have been able to
refine the model of morphology and position of the boundary be-
tween the hemispheres from these unique event-station pairs.
The data in this study encounters the eastern and western border
regions at a near perpendicular incidence angle with a limited azi-
muth range making it ideal for modeling the boundaries. We mod-
el the data using a grid search of forward models where free
parameters are limited to the border location in longitude (B; also
referred to as B1/B2 in Fig. 7), eastern hemisphere layer depth (D1),
eastern hemisphere velocity perturbation from PREM (V1), wes-
tern hemisphere layer depth (D2), and western hemisphere veloc-
ity perturbation from PREM (V2). Consequently, the specific
geometry of the border is assumed to be an instantaneous step
and therefore gradual velocity gradients or more complex geome-
tries are not permitted in the modeling scheme. The forward mod-
eling uses an 2.5D method where the 2D velocity model is
projected across all latitudes, but the ray paths travel through
the model in a 3D sense (Fig. 7). As usual, we assume a homoge-
nous outer-core and place the travel-time anomaly along the PKPdf

ray path within the inner core. To calculate the model PKPbc–PKPdf

travel-time residuals, the method borrows from tomographic tech-
niques whereby we walk along the ray path, determine the node
location in the model, and use the model velocity perturbations
in slowness and walk step length to calculate the associated tra-
vel-time anomaly (e.g. Sambridge and Faletic, 2003). The cumula-
tive travel-time anomaly for each step along the PKPdf path
through the model is the calculated PKPbc–PKPdf travel-time resid-
ual. In practice the two sampled borders are modeled and analyzed
separately. Furthermore, the eastern boundary is modeled in three
separate runs based upon the latitude groupings into the near high
latitude (>60�N turning point), mid latitude (25–45�N turning
point), an equatorial (<25�N turning point) group to avoid possible
contamination due to probable latitudinal variability (Fig. 2).

The uppermost inner core layer depth (D1 and D2) variables are
permitted to vary between 50 and 300 km depth below the ICB
with 50 km intervals for both the western and eastern hemi-
spheres. This permits modeling down to 300 km beneath the ICB,
which is the maximum depth for this study. We limit the velocity
space to anomalies (V1 and V2) with ±0%, ±0.5%, ±1% P-wave veloc-
ity perturbations from the PREM velocity model. Preliminary mod-
els allowing velocity perturbations of up to 1.5% run for the eastern
boundary result in significantly larger residual sum-of-squares er-
ror (RSS) values that are at a minimum twice as large as the RSS va-
lue of acceptable forward models. For each proposed border
location in the forward modeling process, we perturb through all
possible combinations of D1, V1, D2, and V2 (see Table 2 for range
of values). We calculate the residual sum of squares error between
the observed and calculated PKPbc–PKPdf travel-time residual for
each model such that RSS ¼

P
ðobs� calcÞ2. Forward models with

the lowest residual sum of squares error are retained for further
analysis.

Most previous studies place the western boundary of the inner
core hemispheres between 40�E and 60�E and the eastern bound-
ary between 160�E and 180�E (Tanaka and Hamaguchi, 1997;
Creager, 1999; Garcia and Souriau, 2000; Niu and Wen, 2001;
Garcia, 2002; Oreshin and Vinnik, 2004; Waszek et al., 2011).
One notable exception to this is the recent study of Irving and
Duess (2011) that place the western border at 14�E and the eastern
border at 151�E. In order to limit the model space to reasonable
level and based on our ray path coverage we constrain the border
location to 1� intervals between 35–50�E for the western boundary
and 160�E–170�W. Additionally, a small-scale test of selected mod-
els with a border between 10�E and 20�E for fewer velocity models
is conducted to test the viability of the new western border loca-
tion proposed by Irving and Duess (2011), but testing the 151�E
location of the eastern border of the same study is not viable with
the data coverage available.

We use two criteria, RSS and visual inspection of best-fit, to ac-
cess the final models. Models with large RSS values are immedi-
ately eliminated and then only the best 20–30 models in terms
of epicentral distance, PKPdf turning point, PKPdf turning longitude,
and PKPdf turning latitude are further analyzed. Selected model
parameters and resulting RSS values for each of the four geographic
modeling sections are summarized in the supplementary data ta-
bles in the Appendix (A1). Figs. 8–11 show the preferred models
for the western boundary (Fig. 8), the equatorial eastern boundary
(Fig. 9), the mid-latitude eastern boundary (Fig. 10), and the high
latitude eastern boundary (Fig. 11).

The preferred model of the outermost inner core of the western
boundary with a RSS of 10.89 is a boundary at 45�E with a western
hemisphere thickness of 250 km and a eastern hemisphere thick-
ness of 150 km (Fig. 8). The velocity of the western hemisphere
has a P wave velocity anomaly of �0.5% and the eastern hemi-
sphere has a 0.5% P-wave velocity anomaly. To generate a rough
estimate of error on the selected border location for a given veloc-
ity model, we hold the velocity model constant to our best-fit case
and examine the RSS distribution due to variation of the border
location. A plot of the RSS with respect to the border location
shows a highly skewed non-Gaussian distribution indicating that
estimating the error using typical standard deviations is not appro-
priate for the data set (Fig. 12). Alternatively, we select an RSS va-
lue cutoff using the slope of the RSS curve such that the model
range does not encompass the visible strong excursion into high
RSS values as the boundary location heads towards 50�E
(Fig. 12). A rough estimate of error based upon this process is
placed at ±2� where the slope of the RSS model curve reaches
�0.2 RSS/� (Fig. 12A). This value is selected as it demarks where
the RSS values and subsequently the absolute value of the curve
slope begins to increase dramatically for longitudes heading to-
wards 50�E. Models with the same velocity structure but with a
border near 14�E result in a RSS that is double the RSS of our pre-
ferred model. The best-fitting model for the hemispherical border
near the 14�E proposed by Irving and Duess (2011) with a RSS of
10.97 consists of a boundary location near 18�E with a western
hemisphere thickness of 250 km and P-wave velocity drop of
1.0%. The eastern hemisphere has a 0.5% P-wave anomaly in a
100 km thick layer beneath the ICB. Here we prefer the 45�E model
for two primary reasons. One, though the RSS value is similar, the
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18�E generates a strong structure in the travel time residual plot-
ted with respect to epicentral distance and PKPdf turning depth
that is not observed in the data (see Fig. A4 in the Appendix).
Two, we expect that the modeling is much more sensitive to the
structure approximately 200 km below the inner core boundary
where the PKPdf ray paths turn and have the most lateral resolu-
tion. Recent work by Waszek et al. (2011) suggest that this bound-
ary appears to shift eastward with depth below the inner core
boundary from �10�E for depths of 39–52 km below the ICB to
35–41�E for depths between 69 and 89 km. The 45�E model of this
would be consistent with such a migrating boundary given our
model sensitivity.

The mid and equatorial latitude data and models do not show
evidence of a major excursion in PKPbc–PKPdf residuals (Figs. 9
and 10). Additionally, the lowest RSS values are associated models
where the ray paths only sample the eastern hemisphere. The most
westward inner core entry point of the PKPdf ray paths is at
�170�E; the border location is therefore constrained to a region
<170�E. While the boundary location is ill constrained by the data,
the velocity structure of the eastern hemisphere can still be mod-
eled. Here our preferred model based on fit to the data is a eastern
hemisphere layer at the top of the inner core 200 km thick with a
�0.5% P-wave velocity anomaly. In contrast to the low latitude
paths, the high latitude data set does appear to sample the eastern
boundary (Fig. 11). Our preferred model with a RSS value of
�2.1 consists of a border location of 173�E ± 4� with a western
hemisphere thickness of 250 km and P-wave velocity drop of
1.0%. We find that at this boundary location and western
hemisphere velocity structure, the eastern hemisphere velocity
cannot be well constrained. Models with no anomalous layer in
the eastern hemisphere and models with a 50 km thick layer with
P-wave high velocity perturbations of up to 1.0% fit the data
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equally well. The variation between the low latitude and high lat-
itude models indicate that not only is path direction significant in
interpreting inner core data but also path location is a factor in
modeling the inner core.
4. Discussion

Our seismic observations confirm that the inner core is asym-
metrically heterogeneous, specifically the eastern hemisphere has
a lower Q-factor and the western hemisphere has a higher Q-fac-
tor, which is similar to results from previous studies (Niu and
Wen, 2001; Garcia, 2002; Cao and Romanowicz, 2004; Garcia
et al., 2006). This is in agreement with the anomalous layer that
Stroujkova and Cormier (2004) observed in the equatorial region
between 20�W and 140�E, and in a similar observation for the
mid-Atlantic that Song and Helmberger (1998) noted from analysis
of only one event. Although these studies sample different areas of
the eastern hemisphere, it appears that the equatorial anomaly
may be a larger feature that we observed beneath eastern Africa
(western hemisphere boundary), despite the use of different 1D
reference models for some of the studies (Cao and Romanowicz,
2004; Garcia, 2002; Garcia et al., 2006).

With our unique event-station distribution we were able to
sample both boundaries and infer the structural morphology of
outermost inner core asymmetric quasi-hemispheres (Figs. 2 and
13). Forward modeling of the differential time residuals of the
ray paths sampling the western hemisphere boundary indicate
that the boundary is located at approximately 45�E, not 40�E as
previously suggested (Niu and Wen, 2001), and has a distinct
shape. Our forward modeling of the differential time residuals
illustrates a possible structure at this hemispherical boundary
(Figs. 8–11), which appears to be a ‘‘step’’ type boundary within
the outermost inner core at 45�E ± 2�. From the forward modeling
and observations of PKPbc–PKPdf delay times we suggest that the
lower velocity layer of the outermost inner core in the western



146 147 148 149 150 151 152 153
−1

−0.5

0

0.5

PK
Pb

c−
PK

Pd
f (

s)

Epicentral Distance (º)

Border <170º: D1=xxx,V1=x.x;D2=200km,V2=−0.5%

 

 

5300 5320 5340 5360 5380 5400 5420 5440
−1

−0.5

0

0.5

PK
Pb

c−
PK

Pd
f (

s)

Turning Depth (km)

 

 

208 210 212 214 216 218 220 222 224
−1

−0.5

0

0.5

PK
Pb

c−
PK

Pd
f (

s)

Turning Longitude (º)

 

 

−5 0 5 10 15 20
−1

−0.5

0

0.5

PK
Pb

c−
PK

Pd
f (

s)

Observed
Calculated

(A)

(D)

(C)

(B)

Turning Latitude (º)

 

 

Fig. 10. Same as Fig. 8 but for the equatorial latitude (<25�N) turning point dataset along the eastern boundary. Note that the scaling of the axes has been varied from those
used in Fig. 8 to fit this independent dataset.

M.S. Miller et al. / Physics of the Earth and Planetary Interiors 223 (2013) 8–20 17
hemisphere must be thicker than the high velocity layer in the
eastern hemisphere. Our best fit model, out of �1000 tested, has
a western hemisphere layer of 250 km thick and a eastern hemi-
sphere layer that is 150 km thick. We also observe lateral varia-
tions in attenuation along the western boundary, in which we
infer to not only be a distinct boundary between the hemispheres,
but one that varies in latitude.

Our models of PKPbc–PKPdf traveltime residuals along the east-
ern boundary is less constrained when compared to the western
boundary models, but the determination of a boundary at
173�E ± 4� at high latitudes and less than �170�E at more equato-
rial latitudes is consistent with previous estimates (e.g. Tanaka and
Hamaguchi, 1997; Creager, 1999; Garcia and Souriau, 2000; Niu
and Wen, 2001; Garcia, 2002; Oreshin and Vinnik, 2004; Waszek
et al., 2011). As with the western boundary modeling we find that
the lower velocity western hemisphere requires a thicker layer
compared to a thinner or non-existent high velocity layer conse-
quently indicating the existence of a step-like structure between
the two quasi-hemispheres. We observe that at different latitudes
the data requires different velocity structure in the western hemi-
sphere. The structure appears to transition from a 200 km thick
layer with a �0.5% P-wave velocity decrease at equatorial latitudes
to a 250 km thick layer with a �1.0% P-wave velocity decrease at
high northern latitudes. It has previously been observed by a num-
ber of studies that polar paths of PKIKP traveling roughly N–S are
anisotropic likely due to alignment of hcp iron (see review by
Tromp (2001) for an overview). In this study, however, all the
ray paths despite the latitude variation travel quasi perpendicular
to the Earth’s rotation axis. This indicates that the velocity varia-
tion inferred along the eastern boundary is not due to an aniso-
tropic signal but is rather indicative of latitudinal variation along
the outermost inner core. Our modeling is based upon ray theory,
which of course has its limitations, but modeling of 3D synthetics
and numerical simulations is beyond the scope of this study, as are
incorporating finite-frequency Fréchet derivatives of body wave
travel times (Dahlen et al., 2000). However, Garcia et al. (2006)
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did use a more sophisticated methodology based on Garcia et al.
(2004), where their approach utilizes determining seismological
observables to be used in finite-frequency tomography based on
3D sensitivity kernels, and their results generally agree with ours.
We also want to point out that our models may not be unique. The
ray theory based traveltime analysis essentially has no constraint
on the lateral extent of the two boundaries: i.e., whether they
are sharp or gradually changing boundaries.

A model that may explain the both the latitudinal Q variations
along the hemispherical boundaries in the inner core, as well as
the change in residual travel times of PKIKP is not simple. As in
previous studies of inner core attenuation, it appears that some,
if not most of attenuation may be due to scattering (Cormier,
2007; Koper et al., 2004; Leyton and Koper, 2007; Poupinet and
Kennett, 2004; Tkalcic and Kennett, 2008). Koper et al. (2004)
and Leyton and Koper (2007) suggest that coda shapes of PKiKP
are due to volumetric scattering from the small (1–10 km) length
scale heterogeneities in the uppermost inner core. These variations
could be due to multiple sources, but are all related to the lateral
variations in outer core flow near the inner core boundary and
solidification of the inner core from the outer core. Cormier
(2007) propose a qualitative model that suggests lateral variations
in flow near the inner-core boundary could be the result of texture,
which is due to more active solidification and efficient attenuation
in the eastern hemisphere and agrees with the model of thermo-
chemical wind couple to the mantle and outer core proposed by
Aubert et al. (2008). Another model speculates that more vigorous
outer core convection in the eastern hemisphere (Gubbins and
Gibbons, 2004) could explain the distinct differences in the seismic
observations between the two hemispheres. Yet another slightly
different model by Monnereau et al. (2010) suggests that growth
of the solid inner core implies an eastward drift of material driven
by crystallization in the western hemisphere and melting the east-
ern hemisphere. Furthermore, it is interesting to note that the lat-
itudinal variations along the hemisphere boundary may be related
to the effects of a tangent cylinder region as predicted in computer
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simulations (Glatzmaier and Roberts, 1995). And finally, recent
geodynamo simulations suggest that the seismic anomaly observa-
tions of variable composition and thickness of the outermost inner
core may be the result of heat flux variations (Gubbins et al., 2011).
The authors suggest that these regions of flux variations would
have areas of melting consisting of exposed, precompressed mate-
rial and the freezing regions may have layers of unconsolidated
mush. As suggested by Aubert et al. (2008), the variations in heat
flux could explain seismic anomalies we observe within the inner
core but regions of melting would produce even stronger effects
and could be very localized.

Therefore, we suggest that the heterogeneity in seismic velocity
and attenuation within the outermost inner core is due to differ-
ences between convection, heat flux, and solidification and melting
rates in each hemisphere, producing different geometric distribu-
tion and alignment of iron crystals within the inner core. The
boundaries of these two physically distinct regions are now found
to be at 45�E and 173�E which is the result of both observations of
attenuation and travel time differences of core phases that pass
through the quasi-hemisphere boundaries within the outermost
inner core.
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