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Abstract

The Earth’s crystalline inner core (IC) solidifies from the liquid Fe alloy of the outer core (OC), which releases latent heat

and light elements sustaining the geodynamo. Variability in solidification regime at the inner core boundary (ICB) may result

in compositional and thermal multi-scale mosaic of the IC surface and dissimilarity of its hemispheres. Both the mosaic and

hemisphericity are poorly constrained, not least due to a lack of available sampling by short-period reflected waves. Measured

amplitude ratio of seismic phases of PKiKP and PcP reflected, respectively, off the inner and outer boundary of the liquid core,

yields direct estimate of the ICB density jump. This parameter is capable of constraining the inner – outer core compositional

difference and latent energy release, but is not well known (0.2–1.2 g/cub cm), and its distribution is obscure. Travel time

measurements of PKiKP and PcP waveforms can be useful in terms of getting an insight into fine structure of ICB and its

topography. We analyse a new representative sample of pre-critical PKiKP/PcP differential travel times and amplitude ratios

that probes the core’s spots under Southeastern Asia and South America . We observe a statistically significant systematic

bias between the measurements collected in western and eastern hemispheres, and carefully examine its origin. Separating the

effects of core-mantle boundary (CMB) and ICB on the measured differentials is particularly challenging and we acknowledge

that a whole class of physically valid models involving D” heterogeneities and lateral variation in lower mantle attenuation can

be addressed to account for the observed hemisphericity. However, we find that variance in PKiKP-PcP differential travel times

measured above the epicentral distance of 16 degrees is essentially due to mantle heterogeneities. Analysis of data below this

distance indicates the ICB density jump under Southeastern Asia can be about 0.3 g/cub. cm, which is three times as small as

under South America where also the thickness of the liquid core can be by 1-3 km in excess of the one in the East. The findings

are interpretable as evidence for IC hemispherical asymmetry whereby crystallization dominates in the West and melting in the

East (and not vice versa) or in terms of two disconnected mosaic patches with contrasting properties.
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PKiKP is the wave re�ected o� the inner core boundary (ICB) and PcP - 
o� the core-mantle boundary (CMB). Di�erential measurements of PKiKP
and PcP give insight into the structure and properties of the Earth’s core. 
The PKiKP/PcP amplitude ratio yields the ICB density jump estimate 
[Bolt&Qamar, 1970] and PKiKP-PcP di�erential travel times are sensitive 
to the outer core thickness. The PKiKP-PcP di�erential measurements 
have provided lots of estimates of physical parameters of substances 
compounding the ICB and CMB as well as their topography. 
However, lack of amplitude ratios measured after the steepest 
re�ections (or at short epicentral distances) is still a challenge mostly 
because amplitudes of such narrow angle re�ections are tiny.
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I I I .  PKiKP/PcP amplitude ratio
A method for estimating inner core boundary density jump by using PKiKP/PcP amplitude ratio was 
proposed more than 40 years ago [Bolt & Qamar, 1970]. They used a system of three equations with three 
unknowns for the inner core boundary (Fig. 5 and Fig. 6). α1 and ρ1 are the compressional velocity and 
density of the liquid, while α2, β2 and ρ2 are the compressional and shear velocities and density of the 
solid core. A similar system can be written for the core-mantle boundary. The systems explicitly include 
density ratio ρ1/ρ2. The angles of incidence, re�ection and transmission coe�cients depend on the 
elastic parameters and the epicentral distance. At short epicentral distances PcP and PKiKP ray paths are 
nearly identical in mantle and an expression for PKiKP/PcP displacement ratio as a function of epicentral 
distance can be written as in Fig. 7,  where ηS(∆) and ηQ(∆) are geometrical spreading and attenuation correction factors, accordingly. Estimates of the density jump by
various authors resulted in a diversity values in the range of 0.45 ÷ 1.8 g/cm3 [Souriau & Souriau, 1989; Ovtchinnikov et al., 1997;  Koper & Pyle, 2004; etc.].

I I .  Data & D i�erential  travel  t ime measurements
We revisit heterogeneities of ICB using the database of a total of more than 1300 new 
di�erential travel times and amplitude ratios of PKiKP and PcP measured at 3.2°–35.2° and 
re�ected o� two spots in the western and eastern hemispheres of the Earth’s core. Pre-critical 
PKiKP and PcP waveforms were successfully detected on broadband and short-period records 
of four deep earthquakes. The re�ection points of the analysed dataset provide good sampling 
of two IC spots of about 125 x 240 km2 under Bolivia and to the southeast of Sakhalin Island 
(Fig. 2). Each spot is probed by hundreds of ray traces with incident angles from 2° to 20°. 
To uniform the analysed dataset and increase signal-to-noise ratio of PKiKP and PcP 
waveforms, raw digital traces were frequency-�ltered between 1.1 and 7 Hz. The �ltering 
removed intensive crust and mantle reverberations and accentuated the detected pulse-
shaped waveforms of PcP and PKiKP on vertical components. The revealed PKiKP and PcP 
waveforms build hyperbolic travel time curves, characteristic for the re�ected phases (Fig. 3).
 After �ltering, both PKiKP and PcP waveforms dominate on the time interval tens of seconds 
long around the predicted arrival time and exhibit signal-to-noise ratios well above 2.5.

IV.  Results  & D iscussion
Theoretical curves of various ICB density jump 
models are not far apart (especially above 10°), 
whereas the scatter of measurements is large 
(Fig. 8). In addition, as argued above, it’s 
reasonable to include only data under 16.5° 
(since above this limit the ratios may su�er from 
in�uence of heterogeneities outside the Earth's 
core). Figure 9 shows that eastern and western 
measurements up to epicentral distances of 
about 16° are consistently divided by a gap 
equivalent to the ICB density jump of about 0.6 
g/cm-3. Given the notorious trade-o� between 
variation of acoustic impedance contrast at ICB 
and CMB, and the resulting ICB density jump 
estimate, an alternative interpretation in terms 
of CMB density jump has to be examined too. 
The interpretation would assume 10 to 15 
percent density variation between the probed 
western and eastern spots of the mantle bottom (Fig. 9). However, such variation can be 
controversial in geodynamical context because the sampled mantle sides of CMB feature 
essentially similar shear velocities (Fig. 10) and material properties speci�c to regions outside 
the Paci�c large low-shear-velocity province. Strong density variations on the core side of CMB 
are hardly possible too. Essentially similar considerations are valid for interpretations of CMB/ICB 
trade-o� in terms of velocity. If we appeal to CMB variation only, we should suggest strong 
lateral changes in velocity contrast between about 4.8 and 5.5 km/s under Southeastern Asia 
and almost constant velocity jump of about 5.75 km/s in South America (Fig. 11). However, such 
pattern is not supported by global P-wave models including LLNL-Earth3D that, as shown above, secures good prediction of measured PKiKP-PcP di�erential travel times. For both spots (Fig. 12) they 
suggest almost equal P-wave velocities few tenths of percent below the ones in standard models that envisage the negative velocity jump from mantle to core of about 5.65 km/s in absolute value.

V.  Conclusions

The analysed re�ec ted data indicate diss imilar it y  of  t wo spots  of  the Ear th’s  core 
sampled in  i ts  eastern and western hemispheres.  B eyond concoc tions connec ting 
the obser vations to  mult i fac torial  contr ibutions of  out- of- core inhomogeneit ies,  
we are  motivated to consider  a  model  with variable  ICB densit y  jump.  We est imate 
i t  to  be about  0.3  g/cm3 under  S outheastern Asia,  and about  0.9  g/cm3 under  
S outh America.  Finding out  whether  i t  is  a  s ign of  IC  dichotomy or  mosaic  
charac ter  of  the IC  sur face is  not  possible  by means of  the presented dataset.  
Neither  mosaic  nor  dichotomy is  preferred,  but  a  s imple degree - one global  ICB 
densit y  jump distr ibution would go in  l ine with previously  establ ished 
hemispherical  di�erences  in  the bulk  IC.  Together  with variable  OC thick ness  
inferred from di�erential  travel  t imes,  the distr ibution would comply with 
cr ystal l isat ion in  the denser  cold western hemisphere and melt ing on the opposite  
hot  eastern s ide (Alboussièr  et  a l . ,  2010;  M onnereau et  a l . ,  2010) ,  and not  vice  
versa as  argued by Auber t  et  a l .  (2008) .
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Fig. 2. Map with epicentres of analysed earthquakes (beach balls) 
and daylight surface projections of PKiKP re�ection points (circles). 
Right panel shows 1074 points sampling the IC surface in its eastern 
hemisphere, left – 256 bounce points in the western.

Fig. 3. Record section plot of 18 frequency-
�ltered vertical components (station names 
are on the right). Left pane: passage 
corresponding to arrival of PcP; right pane: 
to PKiKP. Standard travel time 
curves of PcP and PKiKP are computed 
for ak135.

Fig. 4. Di�erential travel time residuals for 1016 records collected 
in Japan. Green dots with standard deviation bars are 0.5° binned 
averages of measured residuals. Blue line – alpha-shape 
reconstructed distance dependence of measured residuals.

Fig. 6. Re�ection and
transmission of seismic
waves on the inner-outer
core boundary. 

Fig. 5. A system for liquid-solid interface and waves shown in Figure
6, that is build on the base of boundary conditions: (i) normal 
displacements are continuous, (ii) tangential stresses vanish and
(iii) normal stresses are continuous.

Fig. 8. Measured PKiKP/PcP amplitude ratios and 
their theoretical estimates for ak135. Red and blue 
dots – measured ratios in eastern and western 
hemispheres, respectively. Theoretical curves 
are for ICB density jumps of 0.3 g/cm3 (lower dash), 
0.6 g/cm3 (lower solid), 0.9 g/cm3 (upper dash), 
1.8 g/cm3 (upper solid).

Fig. 10. Shear velocity distribution on the mantle 
side of CMB in conformity with S40RTS20. Black 
boxes delineate the areas sampled by re�ected 
waves from our dataset.

Fig. 11. Theoretical and observed 
dependencies of PKiKP/PcP 
amplitude ratio on distance. 
Theoretical curves on the base 
of PREM are for varying ICB and 
CMB velocity jumps given in 
the legends in km/s. Thick red 
and blue lines are the α-shape 
distance dependencies 
reconstructed from the eastern 
and western subsets, respectively.

Fig. 7. Dependence of PKiKP/PcP amplitude ratio
on epicentral distance. T and R are upward (-U) and 
downward (-D) transmission and re�ection 
coe�cients of primary waves on inner-outer core 
(ICB) and core-mantle (CMB) boundaries.

Fig. 9. Theoretical and observed 
dependencies of PKiKP/PcP 
amplitude ratio on distance. 
Theoretical curves on the base 
of ak135 are for varying ICB and 
CMB density jumps given in the 
legends in g/cm3. Thick red and 
blue lines are the k-order α-shape 
distance dependencies 
reconstructed from the eastern 
and western subsets, respectively.
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We �nd that PKiKP–PcP di�erential travel time residual with respect to a standard Earth model
measured in the eastern hemisphere are by 0.72 s below the ones in the West, which can mean 
(Shen et al., 2016) the OC under the Americas is about 3 km thicker than under Southeastern 
Asia. Concretely, the mean PKiKP–PcP di�erential travel time residuals calculated with respect 
to ak135 and PREM over 1016 Japanese records were, respectively, –1.79 s and –0.41 s with 
s.d. of 0.51; same estimates for the western hemisphere made –1.07 ± 0.45 s and 0.31 ± 0.45 s. 
This estimate of OC thickness variability is rather an upper bound subject to allowance for 
ellipticity and possible in�uence of strongly heterogeneous lower mantle. Here we address 
3-D high-resolution tomographic model of LLNL-Earth3D that takes into account Earth’s 
ellipticity, undulating discontinuity surfaces and heterogeneities in mantle and crust. The 
qualitative analysis predicts that crust and mantle heterogeneities have essentially similar 
in�uence on almost vertically propagated PKiKP and PcP (e.g. at 3.2°, where the respective 
Fresnel zones are larger than separation between the PcP and PKiKP pierce/re�ection points), 
but act di�erently a little farther, where PKiKP and PcP paths start to diverge in lower mantle. It 
is this pattern that we observe in Fig. 4. Above the epicentral distance of 16.5°, the measured 
residuals didactically follow the behaviour predicted by LLNL-Earth3D  and therefore mostly 
contain information on heterogeneities outside the Earth’s core. To decrease data contamination 
with non-core e�ects, we examined the statistics on residuals obtained only under 16.5° and the 
mean of residuals calculated over 330 re�ections in the East and 181 in the West were –0.45 ± 0.55 s and 0.27 ± 0.44 s, accordingly, while the modelled 
residuals made –0.27 ± 0.07 s and 0.12 ± 0.10 s. These averages indicate that up to a half of the systematic bias between PKiKP–PcP di�erential travel 
time residuals measured in eastern and western hemispheres can be accounted for by out-of-core structures, still the rest of the bias is induced by the 
Earth’s core, statistically signi�cant and equivalent to hemispherical disparity in OC thickness of about 1–3 km.

Fig. 12. P-wave velocity distribution on the mantle 
side of CMB in conformity with LLNL-Earth3D. Black 
boxes delineate the areas sampled by re�ected 
waves from our dataset. The velocity unit of the 
colour scale bar is in km/s.


