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REVIEWER COMMENTS 
 
Reviewer #1 (Remarks to the Author): 
 

Summary 
The article explores the identification and a good usage of an intriguing set of PKIKP 
reverberations that sample the IC (inner core) multiple times approximately along its 
diameter. The deeper interior of the IC has attracted attention in the past two decades with 
a range of radii predicted for an innermost distinctive sphere. The exotic phases resolved by 
the authors provide a significant probing mechanism to investigate the central region of IC. 
They show a clear process of identifying these phases on global stacks via careful selection 

of event-station configurations. Then travel time residuals between pairs of these exotic 
reverberations are used to invert for an IC anisotropic model with noticeable weak 
anisotropy in the identified IMIC (innermost inner core). This introduces a new seismic 
approach for exploring inner core using a set of phases not used directly before. I 
recommend this article for publication after authors address some questions and suggested 

revisions to improve robustness of their presentation of the data and methods sections, 

some points in discussion, along with a few minor error corrections. The authors’ modeling 
approach for anisotropy in the bulk IC and IMIC is straightforward and robust. I would like 
to see the presentation of their approach in this paper more cleared up in their revisions. 
 
Questions/Suggestions to the Authors: 
 
Lines 247 – 249 : “Note that a hemispherical structure of the IMIC has recently been 

suggested, but such a structure cannot be resolved with our dataset that probes near the 
planetary center.” Can the authors explain a bit more in detail how previous predictions of 
hemispherical differences in the IC anisotropy may or may not be related to their result? 
Can there be possible tradeoffs? The phases considered in the time residual measurements 
seem to sample either side of the IC sphere. 
 
Lines 291 – 293 : “After correcting for the instrumental response, seismic records are later 

bandpass filtered between 10–100 seconds (zero phases, three corners), then grouped in 
1-degree distance bins.” Typo : word later seems redundant. Edit as “After correcting for 
the instrumental response, seismic records are bandpass filtered between …” 
 
Line 298 : Is there a particular reason for the threshold limit to be 5 times the median? Did 
the authors perhaps make this decision based on the distribution of max amplitudes 

observed per earthquake? 
 
Figure 5: The captioning of figure 5 seems to have a mix up in identifying the panels. From 
Lines 322 -328 it looks like 5-A,C,E must refer to aligned traces, stack and spectrogram of 
PKIKP2 while 5-B,D,F refer to those of PKIKP4. You might need to fix that either in the 
figure caption or in the text. 
 

Figure S5: Fix the panel reference errors, similar to Fig 5. 
 

Line 329: Is the predicted travel time difference in Eq 3, a ray theoretical prediction? Can 
the authors justify comparing that with the observed waveform travel time differences 
computed in a 7 – 13 s band? 
 
Line 341: “In Equation 4, t_PKIKP4 – t_PKIKP2 are the theoretical or observed differential 

travel times”. Doesn’t the ‘theoretical’ dtt refer to theoretical ‘prediction’? It is a bit 
confusing that the terms theoretical and observed are implied to be synonymous in this 
sentence. Perhaps clarify what the authors mean here. 
 
Figure S1: Why does this figure contain global stacks pertaining to some events not shown 
in the location maps of Figure S4? That is if Figure S4 panel titles refer to event origin 

dates. I suggest the authors show (in supplementary Figure S1 perhaps) the global stacks 
pertaining to the 16 events used in the study, with phase labels. That would help illustrate 



the visual recognition of the said exotic phases clearly in all used events. 
 
Figure S4: For completeness, add a legend or some mentioning to what red and blue 
symbols mean. Also what do authors’ mean by ‘16 high-events’? The caption of this figure I 

think can be made a more explanatory. 
 
Figure 1 : Is the delta Xi (uncertainty of sampling direction?) that is marked on panels B & 
C, quantitatively correlated to the standard deviation of cosine square of xi calculated 
according to lines 363 – 370? 
 
Lines 365 – 367 : “For mathematical convenience, later used in Equation 1, we calculate the 

mean and standard deviation of …. ” Should this line be re-written to imply that authors 
calculate delta cosine square of Xi, instead of delta Xi, since it is mathematically more 
convenient to be used with Equation 1 ? 
 
Is there a mentioning of how many traces were stacked in each direction before the time 

residual measurement? I suggest the authors mention information about the the number of 

traces(stations) used for stacking in each event, which would help validate the uniformity 
of all data points shown in Figure 3. 
 
 
 
Reviewer #2 (Remarks to the Author): 
 

This manuscript presents a nice observation of multiples of PKIKP (with n up to 5) and 
analysis of the differential times of PKIKP4-PKIKP2 as well as PKIKP3-PKIKP1, which are 
used the authors to constrain velocity and anisotropy structure of the inner most inner core 
(IMIC). The PKIKPn observation is quite sound with binned stacking and the travel time 
data is well analysed. Overall, the paper is well written, and the proposed model of IMIC is 
important for understanding the evolution history of the Earth's core. I would recommend 
publication of the paper in NC after some revisions. Here are some issues: 

(1) To demonstrate robustness of the observation, the same stacking procedures can be 
applied to synthetic seismograms with 1D Earth model containing different IMIC. This is the 
benchmark part of the study. 
(2) A frequency band 7-13 s is used. How about other frequency bands? 
(3). Measurement of slowness for PKIKP3 would confirm the ray path while the near 
constant arrivals of PKIKP2 and PKIKP4 at near podal distances imply small slowness. 

(4) Although PKIKP5 is observed, it is not used in constraining the IMIC. Thus, the title 
might be revised a little bit. 
(5) in caption of Figure S5. The PKIKP2 and PKIKP4 seem to be typo for PKIKP1 and 
PKIKP3. And in the last line, the PKIKP1 seems to be for PKIKP3. 
 
 
 

Reviewer #3 (Remarks to the Author): 
 

The manuscript presents an interesting study of using newly observed reverberating P 
wave core phases excited by large earthquakes to investigate the inner core anisotropy. 
The study convincingly demonstrated these weak phases can be revealed when data from 
global seismic stations are stacked at the podal and antipodal locations where the focusing 
effect is particularly strong. The result derived from dense arrays in North America and 

Europe shows that P wave core phases propagating ~50 degrees off from the earth's 
rotational axis are consistently slower. Based on this result, the authors infer the 
anisotropic structure of the innermost inner core. 
 
While I find the study quite interesting, I am not convinced that the new result significantly 
improves our understanding of the inner core structure. Here I list my concerns. 

 
1. The authors argue that the newly observed reverberating core phases complement and 



improve currently available information. However, in contrast to previous studies based on 
the direct PKP phases, these reverberating phases can only be observed when a large dense 
array is presented in the podal and antipodal locations of a large earthquake. That basically 
limited the measurements to be along three general ray paths (i.e. straight down below 

Alaska, the contiguous US, and Europe). It is unclear if the result from only the three ray 
paths can significantly improve what other measurements have constrained already. No 
discussion has been given on why the new measurements are expected to outperform the 
previous measurements and why the new inner core model should be more accurate than 
the previous models. What is the chance that the mantle and crust structure along these 
three ray paths are not fully accounted for and introduce systematic travel time biases? 
Does it make sense to jointly invert the new measurements with the existing 

measurements? While it could be argued that with more seismic arrays being deployed, 
more reverberating paths will become available. Realistically though, it will be extremely 
hard to further improve the ray path distribution considering the massive ocean area and 
the limited large earthquake locations. 
 

2. The reverberating phases observed are above 10 sec period. Considering the extremely 

long ray path, I would expect the finite frequency effect can play a significant role when 
considering the measurement sensitivity. Are the measurements only sensitive to the 
innermost inner core or the sensitivity kernels are quite broad, and the measurements are 
also sensitive to the outer inner core? The sensitivity of the measurements is critically 
important to evaluate the claim in the paper regarding the innermost inner core. I would 
assume the sensitivity kernel is quite broad not only because the finite frequency effect but 
also because stations in rather big areas contributed to the stacked waveforms (i.e. a 40 

and 20 degree area for podal and antipodal measurements, respectively). It seems the 
sensitivity kernels of the relative travel time measurements can be further complicated by 
the fact that each reverberating phase measured by each station can have a rather different 
ray path. It is also unclear if finite frequency sensitivity has been considered when correct 
for mantle heterogeneity and if the mantle velocity models used are accurate enough and 
do not cause any systematic biases. 
 

3. This is more of a style comment. There are many brief discussions related to coda 
interferometry scattered all over the manuscript. The readers might find some of the 
sentences out of place. As the authors have published many coda interferometry papers, 
these discussions might be natural to them but they might not be natural for the readers. 
As this paper doesn’t involve coda interferometry, I feel the authors should limit the 
discussion on coda interferometry and consider consolidating the discussion into one single 

section instead of spreading the discussion throughout. 
 
4. Line 185, it is unclear what are dependent and independent parameters. 
 
5. In Figure 3, it would be nice if the uncertainties of the sample angles are plotted in A and 
B. The uncertainties of the dv/v measurements presented seems to be extremely small. The 
fact the differences between measurements with similar angles seem to be much bigger 

than the uncertainties suggest the uncertainty is underestimated. What is the percentage of 
the stations being removed in the bootstrapping process when estimating uncertainties? 

 
6. It is unclear to me from the discussion if the new measurements can be used to 
distinguish whether the Bulk IC or IMIC model is more accurate. The fit looks identical for 
the two models in Figure 3. But the authors seem to prefer the IMIC model in the 
conclusion (line 271-273). 

 
7. The authors listed the advantages of using the reverberating phases in the first 
paragraph of the discussion section. It seems some discussion on the potential 
shortcomings (e.g. limited ray path, broad sensitivity, etc.) is also warranted. 
 
8. Line 231-233, I do not understand the argument regarding the minimal impact from 

slabs. 
 



9. In Figure 4, please clarify the meaning of orange and blue ray paths. 
 
10. Line 297, what is the N (i.e. width of the time window) used here? 
 

11. Figure 5, the order of A-F discussed in the figure caption is not consistent with what is 
shown in the plot. Is the result shown in A only corrected for the Earth’s ellipticity or also 
for mantle heterogeneity? 
 
12. Line 332-333, the mean and standard variation are shown on the top instead of the 
bottom left corners. 
 

13. Figure 6, what is the time window used for the cross-correlation? Should the correlation 
coefficient of the waveforms be used to evaluate the measurement quality somehow? 

 



Dear Reviewers,  

Thank you for your reviewing our manuscript. Your comments have significantly improved 

the manuscript and strengthened our conclusions.  

Please find responses to all points raised in our manuscript. For your convenience, we attach 

the change-tracked main manuscript and supplementary information at the end of this 

document. Reference to lines number in the responses corresponds to line numbers in the 

tracked files.  

Best regards,  

The Authors 

  



Reviewer #1 (Remarks to the Author): 

Summary 

The article explores the identification and a good usage of an intriguing set of PKIKP 

reverberations that sample the IC (inner core) multiple times approximately along its diameter. 

The deeper interior of the IC has attracted attention in the past two decades with a range of 

radii predicted for an innermost distinctive sphere. The exotic phases resolved by the authors 

provide a significant probing mechanism to investigate the central region of IC. They show a 

clear process of identifying these phases on global stacks via careful selection of event-station 

configurations. Then travel time residuals between pairs of these exotic reverberations are used 

to invert for an IC anisotropic model with noticeable weak anisotropy in the identified IMIC 

(innermost inner core). This introduces a new seismic approach for exploring inner core using 

a set of phases not used directly before. I recommend this article for publication after authors 

address some questions and suggested revisions to improve robustness of their presentation of 

the data and methods sections, some points in discussion, along with a few minor error 

corrections. The authors’ modeling approach for anisotropy in the bulk IC and IMIC is 

straightforward and robust. I would like to see the presentation of their approach in this paper 

more cleared up in their revisions. 

Thank you for your constructive review. We agree and try to convey that this new set of 

observations is not only intriguing, given that it has not been reported before, but it also 

provides a new tool to probe the centremost region of the Earth’s inner core. We attempt to 

further clarify the methods in the revised manuscript addressing your and other reviewers’ 

comments. 

 

Questions/Suggestions to the Authors: 

1. Lines 247 – 249 : “Note that a hemispherical structure of the IMIC has recently been 

suggested, but such a structure cannot be resolved with our dataset that probes near the 

planetary center.” Can the authors explain a bit more in detail how previous predictions of 

hemispherical differences in the IC anisotropy may or may not be related to their result? Can 

there be possible tradeoffs? The phases considered in the time residual measurements seem to 

sample either side of the IC sphere. 

Here, we referred to the most recent results on the innermost inner core (IMIC), which are 

somewhat controversial. Namely, Brett et al. (2022) and Frost et al. (2021) suggest 



hemispherical structures in the IMIC with the opposite polarity. In particular, Brett et al. (2022) 

reported a 3D tomographic image of the IC using a compilation of several PKIKP datasets. In 

their model, an IMIC with a slow direction at ~55±16° is confined to the eastern hemisphere. 

We find similar anisotropic parameters, but we use a spherically symmetric IMIC because our 

data, sampling near the IC center, is subjected to averaging both hemispheres. We have revised 

the text to add more details. Lines 289–293. 

 

2. Lines 291 – 293 : “After correcting for the instrumental response, seismic records are later 

bandpass filtered between 10–100 seconds (zero phases, three corners), then grouped in 1-

degree distance bins.” Typo : word later seems redundant. Edit as “After correcting for the 

instrumental response, seismic records are bandpass filtered between …” 

Edited. Thank you. Line 340. 

 

3. Line 298 : Is there a particular reason for the threshold limit to be 5 times the median? Did 

the authors perhaps make this decision based on the distribution of max amplitudes observed 

per earthquake? 

A factor of five was chosen empirically. When performing a visual inspection of rejected 

waveforms of a few events, we found they have apparent anomalies, such as instrumental 

glitches or artifacts due to data gaps.  Lines 347–349. 

 

4. Figure 5: The captioning of figure 5 seems to have a mix up in identifying the panels. From 

Lines 322 -328 it looks like 5-A,C,E must refer to aligned traces, stack, and spectrogram of 

PKIKP2 while 5-B,D,F refer to those of PKIKP4. You might need to fix that either in the figure 

caption or in the text. 

Thank you. The references to the labels are now correct. Line 361–364. 

 

5. Figure S5: Fix the panel reference errors, similar to Fig 5. 

Done. 

 



6. Line 329: Is the predicted travel time difference in Eq 3, a ray theoretical prediction? Can 

the authors justify comparing that with the observed waveform travel time differences 

computed in a 7 – 13 s band? 

We used the differential travel time prediction via the “taup” tool (Buland & Chapman, 1983), 

which is based on ray theory. Via a response to the suggestion made by Reviewer #2, we 

confirm that the differential travel times of band-limited waveforms agree with the ray theory 

calculation in Figures S11B and S12B.  

 

7. Line 341: “In Equation 4, t_PKIKP4 – t_PKIKP2 are the theoretical or observed differential 

travel times”. Doesn’t the ‘theoretical’ dtt refer to theoretical ‘prediction’? It is a bit confusing 

that the terms theoretical and observed are implied to be synonymous in this sentence. Perhaps 

clarify what the authors mean here. 

Thank you. You are right that the denominator is a ray-theoretically predicted quantity. Besides 

elaborating on the quantity, we also fixed an error in this equation. The observed differential 

travel time is normalized by the predicted times the multiple PKIKP spend only in the IC, now 

revised as 𝜏!"#"!(%&') and 𝜏!"#"!(%), to differentiate with 𝑡!"#"!(%&') and 𝑡!"#"!(%), which 

represent the travel times of the entire PKIKP multiples. As mentioned in the text, the relative 

P-wave speed deviation regarding the exotic multiples defined in Equation 4 is equivalent to 

similar quantities in many studies using single-passage PKIKP waves. Lines 388–392.  

 

8. Figure S1: Why does this figure contain global stacks pertaining to some events not shown 

in the location maps of Figure S4? That is if Figure S4 panel titles refer to event origin dates. I 

suggest the authors show (in supplementary Figure S1 perhaps) the global stacks pertaining to 

the 16 events used in the study, with phase labels. That would help illustrate the visual 

recognition of the said exotic phases clearly in all used events.  

Thanks for this suggestion. Some events in Figure S1 did not produce good individual 

observations of PKIKP exotic pairs for measuring differential travel times in the podal or 

antipodal distance ranges. Therefore, they were not shown in Figure S4. However, thanks to 

your suggestion, we now supplement figures similar to Figure 5 and Figure S5 for all 16 events 

producing the differential time measurements.  

 



9. Figure S4: For completeness, add a legend or some mentioning to what red and blue symbols 

mean. Also what do authors’ mean by ‘16 high-events’? The caption of this figure I think can 

be made a more explanatory. 

We meant the 16 events that produced sufficiently high-quality waveforms to measure the 

differential travel time of PKIKP multiple pairs. The caption has been revised, and we have 

added a description for the red and blue symbols.  (See new caption of Figure S4.) 

 

10. Figure 1 : Is the delta Xi (uncertainty of sampling direction?) that is marked on panels B & 

C, quantitatively correlated to the standard deviation of cosine square of xi calculated according 

to lines 363 – 370? 

As mentioned in the Methods section, we estimate uncertainty for cos' 𝜉) due to its 

mathematical convenience in Equation 1. The Δ𝜉) shown in Figure 1 is an equivalent quantity 

after converting from this counterpart, Δ cos' 𝜉′ (please see the new Figure 3A with the newly 

added error bars, Δ𝜉)).  

 

11. Lines 365 – 367 : “For mathematical convenience, later used in Equation 1, we calculate 

the mean and standard deviation of …. ” Should this line be re-written to imply that authors 

calculate delta cosine square of Xi, instead of delta Xi, since it is mathematically more 

convenient to be used with Equation 1? 

Thanks, you are right. This sentence has been revised to highlight our preference for cos' 𝜉′ 

rather than 𝜉′ due to the mathematical convenience. Lines 415–419.  

 

12. Is there a mentioning of how many traces were stacked in each direction before the time 

residual measurement? I suggest the authors mention information about the number of 

traces(stations) used for stacking in each event, which would help validate the uniformity of 

all data points shown in Figure 3. 

We provided the statistics in Figure S13C in the supporting information. 

 

  



Reviewer #2 (Remarks to the Author): 

This manuscript presents a nice observation of multiples of PKIKP (with n up to 5) and analysis 

of the differential times of PKIKP4-PKIKP2 as well as PKIKP3-PKIKP1, which are used the 

authors to constrain velocity and anisotropy structure of the inner most inner core (IMIC). The 

PKIKPn observation is quite sound with binned stacking and the travel time data is well 

analysed. Overall, the paper is well written, and the proposed model of IMIC is important for 

understanding the evolution history of the Earth's core. I would recommend publication of the 

paper in NC after some revisions. Here are some issues: 

Thank you for your comments, which help strengthen our manuscript. The suggestion of a 

numerical benchmarking experiment is particularly beneficial, and we used it to address the 

point about the measurement sensitivity raised by another reviewer.  

 

(1) To demonstrate robustness of the observation, the same stacking procedures can be applied 

to synthetic seismograms with 1D Earth model containing different IMIC. This is the 

benchmark part of the study. 

Thank you for the constructive comments. To benchmark our method, we have performed a 

series of full waveform simulations, whose details are presented in Text S1 in the Supporting 

Information. The finite frequency results are also beneficial in establishing the feasibility of 

using the PKIKP multiples to probe the ~650-km radius IMIC.  

 

(2) A frequency band 7-13 s is used. How about other frequency bands? 

When observing the PKIKP multiples at regional arrays, we endeavored to find the shortest 

period bands possible to resolve the IMIC. After many trials, the 7–13 s band was empirically 

the shortest period band that can be applied to retain 16 differential travel time measurements. 

This is mentioned in lines 169–175. 

 

(3). Measurement of slowness for PKIKP3 would confirm the ray path while the near constant 

arrivals of PKIKP2 and PKIKP4 at near podal distances imply small slowness. 

We think our implied ray paths (as shown in Figure 1C) for the PKIKP3 observations and 

synthetics (e.g., in Figure S5) can be corrected without requiring further precision of their 



slowness. As can be seen in Figures S5 and S12, the observed and synthesized PKIKP3 arrivals 

are well aligned against ray-theoretical predictions.  

 

(4) Although PKIKP5 is observed, it is not used in constraining the IMIC. Thus, the title might 

be revised a little bit. 

We acknowledge your suggestion. However, we think that our unprecedented observation of 

PKIKP5 waves in the direct seismic wavefield is as exciting as the implication on the IMIC 

using the new sets of differential travel time measurements. Hopefully, this justifies our 

intention to retain the title as is.  

 

(5) in caption of Figure S5. The PKIKP2 and PKIKP4 seem to be typo for PKIKP1 and 

PKIKP3. And in the last line, the PKIKP1 seems to be for PKIKP3. 

Thank you, this was indeed our omission. Another reviewer also raised it. It has been fixed.  

 

  



Reviewer #3 (Remarks to the Author): 

The manuscript presents an interesting study of using newly observed reverberating P wave 

core phases excited by large earthquakes to investigate the inner core anisotropy. The study 

convincingly demonstrated these weak phases can be revealed when data from global seismic 

stations are stacked at the podal and antipodal locations where the focusing effect is particularly 

strong. The result derived from dense arrays in North America and Europe shows that P wave 

core phases propagating ~50 degrees off from the earth's rotational axis are consistently slower. 

Based on this result, the authors infer the anisotropic structure of the innermost inner core.  

While I find the study quite interesting, I am not convinced that the new result significantly 

improves our understanding of the inner core structure. Here I list my concerns.  

We appreciate your comments that our study is interesting, and we use the opportunity to turn 

your constructive criticism into improvements of our manuscript, in particular, to emphasize 

better how this new dataset differs from the previous studies and why it improves our 

understanding of the inner core. 

 

1. The authors argue that the newly observed reverberating core phases complement and 

improve currently available information. However, in contrast to previous studies based on the 

direct PKP phases, these reverberating phases can only be observed when a large dense array 

is presented in the podal and antipodal locations of a large earthquake. That basically limited 

the measurements to be along three general ray paths (i.e. straight down below Alaska, the 

contiguous US, and Europe). It is unclear if the result from only the three ray paths can 

significantly improve what other measurements have constrained already. No discussion has 

been given on why the new measurements are expected to outperform the previous 

measurements and why the new inner core model should be more accurate than the previous 

models. What is the chance that the mantle and crust structure along these three ray paths are 

not fully accounted for and introduce systematic travel time biases? Does it make sense to 

jointly invert the new measurements with the existing measurements? While it could be argued 

that with more seismic arrays being deployed, more reverberating paths will become available. 

Realistically though, it will be extremely hard to further improve the ray path distribution 

considering the massive ocean area and the limited large earthquake locations.  

Thank you for the thoughtful comments. Below we respond to your questions in three groups.  

 



It is unclear if the result from only the three ray paths can significantly improve what other 

measurements have constrained already. No discussion has been given on why the new 

measurements are expected to outperform the previous measurements. 

Due to the familiar event and station locations, it could be misunderstood that the sampling 

volumes of the deep Earth are the same as in the previous studies. However, because we now 

use the *podal* paths connecting the sources with the nearly antipodal points and back to the 

nearby receivers, the new paths through the Earth’s inner core are unique and different from 

most paths used before. Let us take an example of an excellent observation of PKIKP4 from 

the Anchorage event (Southern Alaska), which samples the center of the IC. This sampling 

direction is unique. In theory, it would only be possible to achieve a direct PKIKP wave if an 

earthquake occurred near the antipode of Anchorage, which is below the southern tip of South 

Africa. This location is in the middle of an oceanic plate and thus is void of large earthquakes.  

Not less significant is an additional novelty. Although we used three SSI events (Figure S4), 

the residual travel times of their PKIKP3-PKIKP pairs have substantially reduced likely strong 

slab effects from both sides at both source and receivers due to their ray path proximity (Figure 

S9).  

In conclusion, the exotic PKIKP multiples bring fresh insights into the IC studies even though 

the current distributions of earthquakes and seismograph networks are used. The new 

observations take the existing source-receiver configuration to a new level. 

You correctly point out that the new observations are tied to regional, dense seismic networks. 

We use the sampling along the north-south direction (a.k.a. the polar direction), which was 

previously extensively sampled along the anomalous South-Sandwich Islands-Alaska paths, to 

demonstrate our arguments. We have revised the first two paragraphs in the Discussion (Lines 

234–263) to clarify the advantages of the new observations. 

 

Why the new inner core model should be more accurate than the previous models? Does it 

make sense to jointly invert the new measurements with the existing measurements? 

As the mathematician G. Box famously pointed out, all models are wrong, but some are useful. 

Perhaps it has not been clearly conveyed, but we do not argue that our inferred IC models have 

higher accuracy than the previously proposed models. In Figure 3, we interpret this study’s 

findings in the context of the most recent results of our research group (Costa de Lima et al., 

2022; Stephenson et al., 2021; Tkalčić et al., 2022)  (Lines 274–278) and the work of Brett et 



al. (2022) (Lines 289–293). All recent attempts using independent data converge in the sense 

that they infer the existence of an anisotropically distinct IMIC. Perhaps a future effort to jointly 

invert all possible datasets (including free oscillations) for the 3D structure of the IC would be 

feasible, likely using a similar method to Brett et al. (2022).  

 

What is the chance that the mantle and crust structure along these three ray paths are not fully 

accounted for and introduce systematic travel time biases? 

Indeed, some influence of heterogeneities from upper layers on our travel time measurements 

is inevitable, like in all geophysical studies, where previous and more established knowledge 

is used. The rationale in all state-of-the-art inner core studies is that we must rely on the mantle 

models, given that they are better sampled by the seismic data and better documented than the 

inner core. We account for mantle heterogeneity using several representative mantle P-wave 

models (Lines 205–209). To avoid the influence of a particular mantle model, we repeated the 

analysis for four P-wave mantle models. As the text mentions, the general IC anisotropic trend 

in Figures 3, S6–58, is preserved. We hope that the rigorous practice in treating mantle 

heterogeneities mitigates the chance of our travel time measurements being systematically 

biased.  

 

2. The reverberating phases observed are above 10 sec period. Considering the extremely long 

ray path, I would expect the finite frequency effect can play a significant role when considering 

the measurement sensitivity. Are the measurements only sensitive to the innermost inner core 

or the sensitivity kernels are quite broad, and the measurements are also sensitive to the outer 

inner core? The sensitivity of the measurements is critically important to evaluate the claim in 

the paper regarding the innermost inner core. I would assume the sensitivity kernel is quite 

broad not only because the finite frequency effect but also because stations in rather big areas 

contributed to the stacked waveforms (i.e. a 40 and 20 degree area for podal and antipodal 

measurements, respectively). It seems the sensitivity kernels of the relative travel time 

measurements can be further complicated by the fact that each reverberating phase measured 

by each station can have a rather different ray path. 

Thanks for the thoughtful comment. To respond to the point raised here, we conducted a new 

series of numerical experiments, which also helped to respond to another reviewer. The details 



of the experiments are presented in Text S1 of the supplementary information. Here, we 

summarise the main arguments relevant to the point you raised, 

- The benchmark experiment demonstrates that the relatively long-period signals are 

exclusively sensitive in sampling a 650-km-in-radius IMIC.  

- The sensitivity of the measurement method is benchmarked for measurements 

performed on the synthetic waveforms filtered in the same broadband as the data. Even 

though the measurement sensitivity of PKIKP4-PKIKP2 could degrade beyond 30° 

epicentral distances, we only have two (out of 16) measurements in these ranges, which 

are in the region where the potential errors are sufficiently small.  

In addition, we found an error in reported epicentral distance ranges for the podal and antipodal 

settings: >155° instead of >160° for the PKIKP3-PKIKP pair and <50° instead of <40° for the 

PKIKP4-PKIKP2 pair. The numerical experiments (Text S1) have confirmed the measurement 

sensitivity of the pairs for these expanded distance ranges, as mentioned above.  

 

It is also unclear if finite frequency sensitivity has been considered when correct for mantle 

heterogeneity and if the mantle velocity models used are accurate enough and do not cause any 

systematic biases.  

The finite frequency effects in correcting for mantle heterogeneities is not an issue because the 

possible discrepancy between corrections using finite-frequency and ray-theoretical 

predictions would be almost constant regardless of sampling directions. Thus, it might only 

result in a possible baseline shift for all measurements, which is already accounted for by the 

𝛾 parameter in Equation 1. 

 

3. This is more of a style comment. There are many brief discussions related to coda 

interferometry scattered all over the manuscript. The readers might find some of the sentences 

out of place. As the authors have published many coda interferometry papers, these discussions 

might be natural to them but they might not be natural for the readers. As this paper doesn’t 

involve coda interferometry, I feel the authors should limit the discussion on coda 

interferometry and consider consolidating the discussion into one single section instead of 

spreading the discussion throughout.  



Thanks for pointing this out; we agree. We would like to make it clear from the manuscript that 

the observations of the exotic PKIKP multiples were inspired by our previous and ongoing 

work on the coda correlation wavefield. However, we identified some sentences referring to 

the correlation wavefield that is ‘out of place’. Consequently, we have revised the manuscript 

to minimize the references and restrict extensive discussion related to the correlation wavefield. 

This is now limited to two paragraphs, one in the introduction and another in the discussion 

section. Lines 138–139, 145–147, 148–156. 

 

4. Line 185, it is unclear what are dependent and independent parameters. 

In Equation 1, cos' 𝜉′ is the explanatory (a.k.a. independent) variable and Δ𝑣/𝑣 is the response 

(a.k.a. dependent) variable. We have revised the text (Lines 197–199 and 427) to clarify the 

confusion.  

 

5. In Figure 3, it would be nice if the uncertainties of the sample angles are plotted in A and B. 

The uncertainties of the dv/v measurements presented seems to be extremely small. The fact 

the differences between measurements with similar angles seem to be much bigger than the 

uncertainties suggest the uncertainty is underestimated. What is the percentage of the stations 

being removed in the bootstrapping process when estimating uncertainties? 

We have added the error bar for the angle 𝜉) in Figure 3. In the bootstrapping process, we 

randomly resampled the original waveform set with replacement and did not control the 

number of waveforms to be removed or repeated in a re-sample.  

 

6. It is unclear to me from the discussion if the new measurements can be used to distinguish 

whether the Bulk IC or IMIC model is more accurate. The fit looks identical for the two models 

in Figure 3. But the authors seem to prefer the IMIC model in the conclusion (line 271-273).  

This is a valid point; we presented our thoughts in the original manuscript in the paragraph just 

before the discussion section (Lines 210–218). Indeed, the differential travel time data fitting 

itself cannot distinguish between the two as most sampling paths are near the Earth’s center. 

However, the new data confirm the existence of IMIC because the OIC has been broadly 

studied with differential travel time measurements, and no such anisotropy results have been 

obtained. Thus, a distinct inner shell is required to explain the tilted slow axis of propagation.  



 

7. The authors listed the advantages of using the reverberating phases in the first paragraph of 

the discussion section. It seems some discussion on the potential shortcomings (e.g. limited ray 

path, broad sensitivity, etc.) is also warranted.  

Thanks. We have added a new paragraph in the Discussion on the limitations with thoughts on 

the way forward. Lines 265–273. 

 

8. Line 231-233, I do not understand the argument regarding the minimal impact from slabs.  

Thank you. As this point was not evident in the original manuscript, in the revision (Line2 234–

246), we explain that for the PKIKP3-PKIKP pair of an SSI earthquake recorded by the 

Alaskan array, due to their ray path proximity (Figure 1C), the effect of slabs on both sides will 

be reduced substantially.    

 

9. In Figure 4, please clarify the meaning of orange and blue ray paths. 

In panel C, blue and orange lines are ray paths of PKIKP2 and PKIKP4 arrivals. In panel D, 

blue lines are the ray path of the correlated I2* features resulting from highly multiple I-waves 

plotted in orange. The figure caption has been modified accordingly. Lines 308–313. 

 

10. Line 297, what is the N (i.e. width of the time window) used here?  

𝑁 = 72,000 points corresponding to 120-minute-long seismograms having 10 samples per 

second. Line 336. 

 

11. Figure 5, the order of A-F discussed in the figure caption is not consistent with what is 

shown in the plot. Is the result shown in A only corrected for the Earth’s ellipticity or also for 

mantle heterogeneity? 

Thank you. We have fixed the label order.  

In Figures 5 and S5, ray-theoretical predictions are corrected for the Earth’s ellipticity and 

mantle heterogeneity using the DETOX-P3 mantle model, which was mentioned in the original 

main text. We have added it to the captions of Figures 5 and S5. 



 

12. Line 332-333, the mean and standard variation are shown on the top instead of the bottom 

left corners. 

Fixed. Lines 380–381. 

 

13. Figure 6, what is the time window used for the cross-correlation? Should the correlation 

coefficient of the waveforms be used to evaluate the measurement quality somehow? 

We generally use around 120 seconds surrounding the predicted arrivals to measure differential 

travel times. The exact windows used for the correlation measurements have been provided in 

a new set of supplementary figures. Due to the relatively small number of earthquakes to be 

examined, we manually inspect the measurement quality with cross-correlation methods. The 

correlation coefficient would be helpful in a more extensive search for PKIKP multiples in 

future studies.  
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Abstract 7 

Probing the Earth’s center is critical for understanding planetary formation and evolution. 8 

However, geophysical inferences have been challenging due to the lack of seismological 9 

probes sensitive to the Earth’s center. Here, by stacking waveforms recorded by a growing 10 

number of global seismic stations, we observe up-to-fivefold reverberating waves from 11 

selected earthquakes along the Earth's diameter. Differential travel times of these “exotic” 12 

arrival pairs, hitherto unreported in seismological literature, complement and improve 13 

currently available information. The inferred transversely isotropic inner-core model contains 14 

a ~650-km thick innermost ball with P-wave speeds ~4% slower at ~50° from the Earth’s 15 

rotation axis. In contrast, the inner core’s outer shell displays much weaker anisotropy with the 16 

slowest direction in the equatorial plane. Our findings strengthen the evidence for an 17 

anisotropically-distinctive innermost inner core and its transition to a weakly anisotropic outer 18 

shell, which could be a fossilized record of a significant global event from the past. 19 

  20 
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Introduction 21 

Earth’s inner core (IC), which accounts for less than 1% of the Earth’s volume, is a “time 22 

capsule” of our planet’s history1,2. As the IC grows, the latent heat and light elements released 23 

by the solidification process drive the convection of the liquid outer core3,4, which, in turn, 24 

maintains the geodynamo. Although the geomagnetic field might have preceded the IC’s birth5, 25 

detectable changes in the IC’s structures with depth could signify shifts in the geomagnetic 26 

field’s operation, which could have profoundly influenced the Earth’s evolution and its eco-27 

system1,6. Therefore, probing the innermost part of the IC is critical to further disentangling the 28 

“time capsule” and understanding Earth's evolution in the distant past.  29 

In the first several decades after its discovery7, seismological investigations of the IC focused 30 

mainly on the characterization of its isotropic structure and boundary with the liquid outer 31 

core8,9. However, since the 1980s, the studies of its anisotropic structures have complemented 32 

the existing knowledge. P-wave transverse isotropy, specifically the IC bulk’s depth-33 

independent cylindrical anisotropy, was the first proposed conjecture to explain the travel times 34 

of compressional body waves traversing the IC (PKIKP waves)10,11 and Earth’s normal-mode 35 

splitting functions12. However, that conjecture was soon updated by the discoveries of 36 

anisotropy’s hemispherical dichotomy13 and radial variations1,14,15. Recent studies tend to 37 

introduce more complex structures, including variations in P-wave anisotropy16,17 and 38 

attenuation18. Additionally, S-wave anisotropy has also been recently observed19,20. The 39 

seismological observations have provided essential constraints on the mineralogical properties 40 

of stable crystallographic structures of iron in the IC. However, it remains an open debate 41 

whether the hexagonal close-packed (hcp)21,22 or body-centered cubic (bcc)23 phase of iron 42 

stabilizes at the IC temperature-pressure conditions.   43 
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Despite the expanding number of studies, the IC remains enigmatic, particularly its innermost 44 

part. That is because of the inherent limitation in a volumetric sampling of the existing 45 

seismological probes and the fact that this Earth’s volume is buried beneath other layers. On 46 

the one hand, travel times and amplitudes of PKIKP waves have been the primary short-period 47 

tools to obtain inferences on spatially-distributed properties such as anisotropy and 48 

attenuation24–26. However, to probe the centermost ball of the IC, seismic stations and 49 

earthquakes must be positioned at near antipodal distances, which is challenging in practice 50 

due to the confinement of large subduction-zone earthquakes in the quasi-equatorial belt and 51 

the limited seismic deployments in the oceans and remote areas. On the other hand, normal 52 

modes have limited lateral and radial resolution because of their long-period nature, and their 53 

sensitivity approaches zero in the Earth’s center. 54 

To improve the spatial sampling of the Earth’s deep interior, coda correlation studies27–29, 55 

which exploit correlated features lasting in long earthquake recordings, have emerged as 56 

promising tools to probe the Earth’s interiors. The correlation wavefield that exploits the 57 

similarity of weak signals samples the IC differently from the previous techniques19,30 (for a 58 

recent review, see ref.31). Most recently, the correlation feature I2* has been suggested as a 59 

new class of observations to probe the P-wave anisotropy of the IC32. The challenges in 60 

proceeding with this correlation approach include the overwhelmingly complex correlation-61 

features kernels and require future investigation. 62 

The innermost inner core (IMIC) was initially hypothesized as a central ball within the Earth's 63 

IC characterized by distinctive anisotropic properties from the outer shell1,33. The original 64 

studies1,33 suggested the 300-km-radius IMIC with a slow direction at ~45° from the fast axis, 65 

aligning with the Earth’s rotation axis. This hypothesis has been corroborated by subsequent 66 

studies using the International Seismological Center (ISC) datasets via robust non-linear 67 

searches34, dedicated picking of the antipodal PKIKP waves35–37, and normal mode analysis15. 68 
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However, there are still significant unknowns related to the IMIC radius, the nature of the 69 

transition to the outer IC, and its precise anisotropic properties, such as the strength and the 70 

fast and slow directions. These topics keep inspiring new investigations.  71 

This study reports a new class of seismological observations of reverberating waves through 72 

the bulk of the Earth along its diameter up to five times, later referred to as PKIKP multiples. 73 

To our knowledge, reverberations from more than two passages are hitherto unreported in the 74 

seismological literature. Simultaneous observations of these “exotic” arrivals at regionally 75 

dense seismic networks opportunistically provide tools to constrain the IMIC properties 76 

because they sample the IMIC in an unprecedented fashion. This new independent information, 77 

in agreement with recent independent findings32,34,37,38, confirms an anisotropically distinctive 78 

IMIC from the less anisotropic outer shell.  79 

Observations and results 80 

PKIKP multiples 81 

Stacking seismic waveforms from multiple seismic stations can enhance weak but coherent 82 

seismic signals while suppressing incoherent noise. The stacked waveforms can be gathered in 83 

a two-dimensional image of lapse time and epicentral distance to represent the seismic 84 

wavefield with spatial coherency. In the 1990s, due to the sparsity of global seismic stations, 85 

waveforms from many earthquakes were gathered to produce a global stack covering a 86 

complete range of epicentral distances39,40, 0–180°. The stacks have served as a reliable tool 87 

for identifying many weak seismic arrivals, for example, those relating to the mantle 88 

discontinuities40 and in the sound fixing and ranging (SOFAR) channel41 due to the variation 89 

of temperature and salinity of seawater with depths in the ocean. 90 

This study uses the ever-growing global seismograph network to produce global stacks for 91 

some significant seismic events individually. We retrieve seismic waveforms from several 92 
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international data centers (i.e., IRIS, ORFEUS, GFZ, ETHZ, and INGV) to construct global 93 

seismic stacks with 1-degree distance bins for all large earthquakes (Mw 6.0+) in the last 94 

decade (see Methods section). To avoid possible misalignment of phases due to heterogeneities 95 

of the Earth, all waveforms are bandpass filtered at long periods between 10–100 seconds. For 96 

example, Figure 2 shows a global stack of a thrust-faulting earthquake (22 Jan 2017, Mw 7.9) 97 

in the Solomon Islands (see Figure 1A for a location map). In the stack, the horizontal axis 98 

spans epicentral distances from 0°, meaning earthquake and station are nearly collocated, to 99 

180°, meaning they are antipodal.  100 

Perhaps the most eye-catching features observed in the global stack of the 2017 Solomon 101 

Islands event (Figure 2) are relatively “flat” arrivals indicating that the associated seismic 102 

phases arrive steeply to the Earth's surface. Their arrival times and slowness properties suggest 103 

they are seismic phases reverberating along the entire Earth's diameter, including the inner 104 

core, multiple times. Thus, we adopt an abbreviated nomenclature, similar to previous 105 

counterparts in the correlation wavefield29: PKIKP (I), PKIKP2 (I2), PKIKP3 (I3), PKIKP4 106 

(I4), and PKIKP5 (I5), in which the last digits represent the number of passages reverberating 107 

the entire Earth’s diameter as compressional waves (see their schematic ray paths Figures 1B 108 

and 1C). Observations of such exotic arrivals in several other single-event stacks are included 109 

in the supplementary material (Figure S1). They present similar quality exotic phases of three- 110 

or fourfold reverberations that can be routinely observed. Fivefold reverberations (as in Figure 111 

2) are seen clearly on only a few global stacks.  112 

Apart from many routine antipodal single-passage I-wavePKIKP observations, the podal I2 113 

PKIKP2 waves have been observed on individual and array elements42. THowever, to our 114 

knowledge, I3PKIKP3, I4PKIKP4, and I5 PKIKP5 waves have not been reported. It is worth 115 

mentioning that the observation of multiple podal and antipodal reverberations had been absent 116 

in the past global stacks, possibly because data from many events must have been employed43 117 
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to construct a stack of similar quality to Figure 2 due to the limited numbers of seismic stations 118 

existing in the past. The events were often confined to depths shallower than 50 km to avoid 119 

the mismatch due to the timing variation of earthquake depths39. However, the mixture of many 120 

events adversely impacted the expression of the multiple reverberations because they exist in 121 

only a tiny fraction of all events. Therefore, stacking all events resulted in destructive 122 

interference leading to the absence of the exotic reverberations.  123 

 124 
Figure 1. Location map and schematic ray paths of PKIKP multiples. (A) The location 125 

map of the 22 Jan 2017, Mw 7.9 Solomon Islands earthquake and stations that contribute to 126 

the global stack (see Figure 2). Black inverted triangles denote the seismic stations, and 127 

beachball marks the location and mechanism of the earthquake. The contours show the 128 

epicentral distances from the event. (B) Schematic ray paths of PKIKP2 and PKIKP4 multiples 129 

reverberating along the Earth’s diameter twice and four times. 𝜉! ± Δ𝜉′ is the representative 130 
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sampling direction angle relative to the Earth’s rotation axis (ERA). The red dashed-dotted 131 

circle denotes the tentative innermost inner core (IMIC) boundary with a radius of 650 km. (C) 132 

Similar to panel B) but for PKIKP and PKIKP3 multiples. 133 

The unambiguous expressions of the multiple podal and antipodal reverberations can be 134 

attributed to two factors. Firstly, events inducing the multiple reverberations have relatively 135 

large magnitudes (Mw > 6.0) but a simple energy release in either thrust or normal faulting 136 

mechanisms. The properties were favorable to emitting significant seismic energy vertically 137 

downward and efficiently illuminating the Earth’s interior, similar to the late coda correlation 138 

wavefield44. Secondly, the corridors traversing through the Earth’s inner core are nearly 139 

transparent for P-wave propagation at the steep incidence because reflection coefficients45 at 140 

major internal interfaces, such as the core-mantle and the inner-core boundaries, are small for 141 

near-vertical incidence (Figure S2). Additionally, the attenuation effect for ~10-second periods 142 

is weak in the IC’s upper part (Figure S3), which is believed to be the most attenuative region 143 

in the Earth’s interior24. The combination of these favorable conditions helps sustain significant 144 

energy for the PKIKP multiple passages through the Earth’s bulk., which is best demonstrated 145 

by the pronounced expression of PKIKP multiple counterparts in the correlation wavefield29 146 

utilizing coda records several hours after the origin time. 147 

There are features in the global coda correlograms that looked similar to PKIKP multiples and 148 

were explained to arise due to the similarity of seismic phases late, weak arrivals after large 149 

earthquakes rather than “reconstructed” body waves29. The emergence of the core-sensitive 150 

signals in the coda-correlation wavefield thus inspired us to search for exotic reverberations in 151 

the direct seismic wavefield that results in the correlation features’ formation. Unlike the exotic 152 

correlation features, whose complex geometrical sensitivity kernels to Earth’s internal 153 

structures must yet be fully understood46, the observed multiple PKIKP waves are practical 154 
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because their sensitivity can be mapped along their ray paths. Here, we applied these new 155 

observations to constrain the IMIC.  156 

 157 

Figure 2. Global stack for the 22 Jan 2017, Mw=7.9 Solomon Islands earthquake. (A) 158 

Histogram of seismic waveforms as a function of epicentral distance in 1-degree bins. (B) and 159 
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(C) Global stacks spanning 0–55 minutes and 55–110 minutes. Exotic podal and antipodal 160 

reverberations up to five multiples (with near-horizontal slope) are labeled by red fonts. 161 

New Constraint of Distinct Anisotropy in the Innermost Inner Core 162 

As the podal (receivers near the source) and antipodal (receivers on the antipodal side from the 163 

source) waves spend multiple passages through Earth’s inner core, their travel times can 164 

provide constraints on the IC structures once they are corrected for contributions of source 165 

location errors, the Earth’s ellipticity, and mantle heterogeneities. In the Methods section, we 166 

describe a procedure to measure the travel time residuals for pairs of exotic arrivals, such as 167 

PKIKP4-PKIKP2 and PKIKP3-PKIKP1, on the stacked waveforms over dense regional 168 

seismic networks. In our regional observations, we can use a slightly shorter period band (i.e., 169 

7–13 s in Figures 5 and S5) than in the global stacks (i.e., 10–100 s in Figures 2 and S1), as the 170 

propagation paths to array elements are likely to experience fewer heterogeneities in the 171 

mantle. Occasionally, even shorter period observations could be made (e.g., 1–10 s for the 2018 172 

Anchorage earthquake). However, the 7–13 s period band was found to be suitable for 173 

obtaining as many as 16 differential travel time measurements of the PKIKP multiple pairs (see 174 

Figures 6 and S4). Thus, we proceed with this period band in the subsequent analysis. 175 

Supplementary Text S1 presents finite-frequency numerical experiments using the spectral 176 

element method47 in a 2D Earth section to demonstrate the feasibility and measurement 177 

sensitivity of the 7–13 s PKIKP multiples in probing a 650-km-radius IMIC.  178 

We consider the cylindrically anisotropic model of the Earth’s inner core to fit the residual 179 

travel time residuals relative to the ak135 reference model48. In a cylindrical model, the 180 

relatively small perturbation from the background velocity of the Earth’s IC is expressed as a 181 

function of a single dependent parameter, the sampling angle, 𝜉′; specifically49,  182 
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Δ𝑣
𝑣 = 𝛾 + 𝜀 cos" 𝜉′ + 𝜎 sin" 𝜉′ cos" 𝜉′. (1) 

In Equation 1, 𝜀 and 𝜎 are the controlling parameters of the model, and the baseline shift 𝛾 183 

accounts for the uncertainty of the 1D reference model. Equation 1 is thus a quadratic function 184 

of cos" 𝜉′. In this equation, a representative sampling angle, 𝜉!, is defined to represent the 185 

sampling direction of the exotic arrival pairs relative to the Earth’s rotation axis (see more 186 

details in the Methods section). We estimate the parameters for two anisotropic models of the 187 

Earth’s IC, including (i) the bulk IC model assuming the directional dependence of seismic 188 

wave speed does not change with depths and (ii) the model with an IMIC, consisting of two 189 

anisotropically different domains, a concentric outer shell, and an innermost ball, i.e., IMIC. 190 

In the model with an IMIC, the anisotropic strength and depth extent, 𝐻, of the outer layer from 191 

the inner core boundary are fixed to the recent model proposed by ref.34, in which 𝐻 = 650 192 

km, 𝜀 = 1.45%, 𝜎 = −1.07%, and 𝛾 = 0, as our data cannot independently constrain the outer 193 

layer’s parameters.  194 

In this study, we use the orthogonal distance regression method50 to estimate the anisotropic 195 

parameters (see the Methods section) because this method can account for the measurement 196 

uncertainties of both dependent explanatory variable (i.e., cos" 𝜉′ cos ) and independent 197 

response parametersvariable (i.e., Δ𝑣/𝑣) of Equation 1, which are both significant in our 198 

observed data. The mean anisotropy models are plotted in Figure 3 in dark solid lines. Light 199 

blue lines represent the models’ uncertainty by simulating the parameters with correlated 200 

uncertainty using the Monte Carlo method. The bulk IC models indicate that P-wave travels 201 

through the IC at the lowest speed at around 𝜉′ ≈ 48°, while the speed is ~2.8% faster along 202 

the polar direction and 1.7% faster along the equatorial plane (Figure 3A). In the two-layer IC 203 

model, the slow direction in the IMIC remains almost unchanged, but P-waves are ~4.0% and 204 

3.4% faster when traveling along the polar direction and equatorial plane (Figure 3B). Similar 205 
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models with the slow direction offset significantly from the ERA are also observed when other 206 

mantle models are used to correct for mantle heterogeneities, i.e., MIT-P0851 in Figure S6, 207 

LLNL-G3Dv352 in Figure S7, and no mantle correction applied in Figure S8. Thus, we consider 208 

that the changing in patterns of P-wave anisotropy with depths in the IC is robustly observed. 209 

Note that our measurements sample near the Earth’s center and have minimal depth sensitivity, 210 

so we cannot directly favor the bulk IC model (Figures 3A and 3B) or the IC model with an 211 

IMIC (Figures 3C and 3D) based on the data fits alone. Instead, the centermost-sensitive 212 

observations demonstrate a prominent anisotropic pattern in the IMIC (Figure 3B) with slow 213 

directions residing at mid-range latitudes. This property, in line with pioneering 214 

observations1,33 drives the anisotropic pattern in the bulk IC models (Figure 3A) because the 215 

anisotropy in the outer IC (OIC) is weaker than the IMIC with slow directions around the 216 

equatorial plane2 (a representative anisotropic model of OIC from ref.34 is plotted in Figure 217 

3B). This enables us to infer a distinctively anisotropic IMIC from the new datasets.   218 
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 220 
Figure 3. Cylindrically anisotropic model of Earth’s IC inferred from exotic PKIKP 221 

multiples’ travel times. Fractional velocity (see the Methods section) and fitting curves are 222 

plotted as a function of 𝜉′, the representative sampling direction of the ray (left) (see Figure 1), 223 

and cos" 𝜉 ′ (right). All measured differential travel times are corrected for mantle 224 

heterogeneities using the DETOX_P3 model53. Associated uncertainties are plotted by error 225 

bars. Dark solid lines are the optimal anisotropic models parameterized in Equation 1, and light 226 

blue opaque lines represent the uncertainty surrounding the optimal model. Various broken 227 

lines show models from previous studies (see the legend). The top row (A) compares our 228 

inferred bulk IC model with other models, while the bottom row (B) compares our inferred 229 
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IMIC model with other models. Yellow lines in B) show a representative anisotropy model of 230 

the outer inner core (OIC) taken from ref.34, which is used to account for the OIC structure and 231 

obtain our IMIC models.  232 

Discussion 233 

Despite much more effort required to obtain the differential travel time measurements between 234 

pairs of exotic arrivals than the widely used PKP wave differential travel times, this approach 235 

has clear advantages for sampling the Earth’s IC. The direct observations of PKIKP multiples 236 

using regional seismic arrays equip seismologists with new seismic phases to sample the center 237 

of the Earth’s IC. This new approach has clear advantages even with the existing distribution 238 

of earthquakes and seismograph networks. Firstly, the observed reverberations provide a 239 

unique sampling style of the Earth’s IC along the north-south direction. Although this direction 240 

has been sampled with the South Sandwich Islands (SSI) events recorded in Alaska54–57, due 241 

to the epicentral distance range, only the outer parts of the IC were sampled. However, our 242 

observation of the exotic phases from the 2018 Anchorage event, recorded by the elements by 243 

the Alaskan branch of the US Transportable Array (Figure 5) within the 10° epicentral distance 244 

range now sample the very center of the IC due to their unique podal geometry (see ray paths 245 

in Figure S9).  246 

Firstly, uncertainties due to earthquake location errors are mitigated by differentiating the 247 

arrival times of two exotic arrivals in stacked records. Secondly, the uncertainties due to 248 

earthquake location errors are mitigated by measuring the differential travel times of a pair of 249 

exotic phases. The impacts both Alaskan and SSI slabs might have on the travel times are 250 

mitigated for the measurements associated with the three SSI events in 2018 (see their location 251 

in Figure S4) thanks to the proximity of PKIKP and PKIKP3 ray paths at both source and 252 

receiver sides (see Figure 1C).  Secondly, wWhen the stations and events are restricted to the 253 
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podal and antipodal configurations (i.e., <540° for PKIKP4-PKIKP2 and >16055° for PKIKP3-254 

PKIKP), the exotic PKIKP reverberating arrivals sample the centermost 650 km of the IC 255 

several times (see Figures 1B and 1C), which amplifies the evidence for any travel-time 256 

anomalies. Thirdly, the observed reverberations provide complimentary sampling to the 257 

Earth’s IC, particularly along the north-south direction, mainly sampled with the anomalous 258 

South Sandwich Islands (SSI) to Alaska paths53–56. The present study’s observation of the 259 

exotic arrivals from the 2018 Anchorage event, recorded by elements by the Alaskan branch 260 

of the US Transportable Array (Figure 5) within 10°, uniquely complements the SSI-Alaska 261 

polar paths. It is because the ray path sampling the center of the IC steeply beneath the Alaskan 262 

peninsula with minimal impact from the SSI and Alaskan slabs along their ray paths.  263 

 264 

One of the challenges in expanding the use of the exotic PKIKP multiples is the involvement 265 

of large, dense seismic arrays such as USArray or AlpArray. The Earth’s heterogeneous 266 

structures beneath large arrays require observations at longer periods, leading to broad 267 

sensitivity to the IC. Due to limited data access, the large-scale ChinArray has not been 268 

explored in this study. Overall, it will be challenging to introduce brand new sampling 269 

directions to the IC unless other large-array projects get underway in the next several decades. 270 

Thus, future attempts in this direction should focus on identifying higher-frequency 271 

observations using smaller aperture networks, e.g., down to national-scale and/or local 272 

seismograph networks, which are more available worldwide.  273 

As shown in Figure 3, this study’s main findings of IC’s cylindrically anisotropic models with 274 

the slowest direction at 𝜉′ ≈ 48° (Figure 3B) are consistent with previous studies concerning 275 

the IMIC, such as the comprehensive absolute PKIKP datasets released by the International 276 

Seismological CentreISC1,34,  dedicated handpicked datasets35–37 (Figure 4B), and new 277 

constraints from the global correlation wavefield32 (Figure 4C). Both the bcc crystallographic 278 
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structure of iron23 and hcp iron36,58 can have slow directions at oblique angles relative to the 279 

ERA, depending on the orientation of iron crystals, which agrees with our results. Although 280 

the hcp iron enables more approachable studies, recent ab initio calculations at the IC 281 

temperature and pressure conditions suggest that bcc crystals59,60 could inherently explain the 282 

reduced shear modulus of the Earth's IC, high anisotropy, high Poisson’s ratio, and high 283 

attenuation.  284 

The properties in the innermost 650-km shell of the IC are significantly different from the outer 285 

shell (Figure 3A), characterized by weak anisotropy with the fast axis along the Earth’s rotation 286 

axis and a slow direction residing in the equatorial plane54,61 (see the schematic representation 287 

of this anisotropic pattern in Figure 4A). Note that a hemispherical structure of the IMIC has 288 

recently been suggested by 38,6238, but such a structure cannot be resolved with our dataset that 289 

probes near the planetary center. been suggested in two recent studies38,62. When inverting for 290 

the 3D structures of the IC using single-passage PKIKP probes, the former study38 found an 291 

IMIC confined in the eastern hemisphere with a slow direction at ~55±16°.  Our data sampling 292 

near the planetary center yields a similar value for the slow propagation direction. Several 293 

geodynamical models have been invoked to explain the changes in the anisotropic properties 294 

with depth, including (1) diminishing strength of thermal convection over time63; (2) 295 

preferential crystallization due to the transition in the deformation pattern over time coupled 296 

with density stratification64; and (3) the IC's growth could have been conditioned by the 297 

sedimentation of light elements at the ICB, which is linked to chemical variations in the outer 298 

core65,66.  299 
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 300 
 301 

Figure 4. Schematic model of IC containing IMIC and various body-wave probing 302 

methods to the Earth’s center. (A) On the left panel, the IC model contains IMIC with two 303 

distinct P-wave transversely isotropic patterns in OIC and IMIC; black and red bars represent 304 

the fast and slow anisotropic direction; the Earth’s rotation axis (ERA) is represented by a 305 

vertical gray linea vertical gray line represents the Earth’s rotation axis (ERA). On the right 306 

panel, cylindrically anisotropic models of OIC (black dashed line) and IMIC (gray line). 307 
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Schematic views of IMIC-sampling methods using (B) absolute PKIKP waves, (C) PKIKP 308 

multiples (this study) – blue and orange ray lines represent PKIKP2, and PKIKP4 ray paths, 309 

and (D) correlation feature I2* at the two receivers (blue ray paths) results from cross-310 

correlating high-multiples of PKIKP (orange ray paths). The cross-sections of the Earth in the 311 

right column contain ray path segments sampling the OIC and IMIC. SYellow stars are sources, 312 

and blue inverted triangles are receivers. 313 

In conclusion, we have employed the modern global network to compute stacks of seismic 314 

wavefields induced by individual earthquakes. We report unprecedented robust observations 315 

of podal and antipodal reverberations of compressional waves through the Earth’s bulk. 316 

Opportunistically, dense networks at continental scales such as the USArray, including 317 

mainland and Alaska deployments, or the AlpArray in Europe are exploited to sample the 318 

Earth’s center by measuring the differential residual between pairs of exotic arrivals. The 319 

inferred model supports the existence of the anisotropically-distinctive IMIC from its outer 320 

shell, which might indicate a fundamental shift in the IC’s growth regime in the Earth’s past. 321 

We now have enough seismological evidence from several different lines of investigation about 322 

the existence of IMIC. Future efforts should be directed toward characterizing the IMIC-OIC 323 

transition (its depth and nature). The findings reported here are a consequence of the 324 

unprecedentedly growing volume of digital waveform data and will hopefully inspire further 325 

scrutiny of existing seismic records for revealing hidden signals that shed light on the Earth’s 326 

deep interior.  327 

Methods  328 

Data retrieval and pre-processing 329 

Seismic waveforms are gathered from multiple data centers, including IRIS, ORFEUS, ETH, 330 

INGV, and GFZ. Data from four later centers improve coverage in Europe, mainly used in the 331 
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detection pair of PKIKP3-PKIKP1 for events in the Kermadec Islands region. We only use 332 

data from stations that continuously record for 120 minutes from the event origin time. All 333 

retrieved seismic waveforms are corrected for instrumental responses to obtain velocity 334 

seismograms and resampled to 10 samples per second (sps) in the preparation stage. Thus 𝑁 = 335 

72,000 (7,200 s × 10 sps) is the number of points in each waveform. All data management and 336 

processing tasks are performed using the obspyDMT67 and ObsPy68 packages. 337 

Construction of global stack 338 

Here, we describe the procedure to construct the global stack of the direct wavefield. After 339 

correcting for the instrumental response, seismic records are later bandpass filtered between 340 

10–100 seconds (zero phases, three corners), then grouped in 1-degree distance bins. Next, we 341 

deployed a median filter to remove seismic traces with anomalous amplitudes due to possible 342 

instrument malfunctions or glitches. Particularly, the median value of maximum absolute 343 

amplitudes for a distance bin is obtained, 344 

𝑣#$% = 𝑚𝑒𝑑&'(,* 	Dmax+'(,,
|𝑣-&|I (2) 

where 𝑀 is the number of traces in a bin and 𝑁 = 72,000 is the number of samples in time. Any 345 

waveform trace having its maximum absolute amplitude, max
-'(,.

|𝑣-&|, larger than five times the 346 

median value, 𝑣#$%, is discarded from the further processing. The factor of five was chosen 347 

empirically because anomalous records were efficiently rejected during a visual inspection for 348 

some events. There are no other measurements applied for quality control.  The remaining 349 

traces in the bin are summed (i.e., linearly stacked) to render one vertical stripe in the 2D global 350 

stacks (e.g., Figures 2 and S1). Because all waveforms are from a common earthquake, we do 351 

not apply any amplitude normalization, which alters the relative amplitudes of the waveforms. 352 

Instead, to improve the visibility of arrivals at significant lapse times like PKIKP4 and PKIKP5 353 
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in Figure 2, we multiply all binned stacks by a common polynomial of elapsed time, 𝑓(𝑡) =354 

(𝑡 ∗ 10)/. We use linear interpolation in visualizing global stacks in Figures 2 and S1.   355 

Measuring residual travel times of exotic multiples 356 

 357 

Figure 55. Observations of PKIKP2 and PKIKP4 phases in the seismic wavefield from the 358 

30/11/2018, Mw 7.1 Anchorage earthquake. (A) Seismic records from the Alaskan network 359 

are aligned with the predictions of PKIKP2 arrivals, corrected by the Earth’s ellipticity69. The 360 

waveforms are bandpass filtered in the period band of 7–13 seconds. (CB) Linear stack of 361 

individual waveforms. (EC) The spectrograms of stacked waveforms before filtering show the 362 

frequency content variation as a function of time. (BD, DE, F) Similar to A), CB), and EC) but 363 

for the PKIKP4 arrivals. 364 Commented [SP19]: Correction for panel mislabels. 
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To measure the residual times for the exotic pair, we initially align individual waveforms 365 

according to theoretical predictions of PKIKP(n) and PKIKP(n+2) (n = 1, 2) according to the 366 

ak135 reference model48 and corrected for the Earth’s ellipticity69 and mantle heterogeneities 367 

using several P-wave 3D mantle models51–53,70. It is worth noting that in the measuring 368 

procedure, stacking is necessary because the arrivals on individual waveforms have low signal-369 

to-noise ratios, especially for the third and higher multiples. Figure 5 shows data from ~350 370 

vertical seismograms in the Alaskan branch of the US Array recording the 30 Nov 2018 Mw 371 

7.1 Anchorage earthquake, where the DETOX-P3 model53 is used to correct for mantle 372 

heterogeneities. The time corrections are applied to shift the waveforms accordingly (Figures 373 

5A and 5B), and they are then stacked to enhance signal-to-noise ratios (Figures 5C and 5D). 374 

The stacked waveforms over the entire array show prominent signals of remarkable similarity 375 

for the two late arrivals, so the residual of the differential travel time of the arrival pair to the 376 

reference model can be determined using the cross-correlation:  377 

Δ𝑡 = (𝑡01210/ − 𝑡01210")345 −	(𝑡01210/ − 𝑡01210")67$% . (3) 

We use the bootstrap method (Figure S9) to estimate the uncertainty of the residual 378 

measurements for the network configuration with 5000 shuffles of the stations in the stacked 379 

waveforms with replacements, whose mean and standard variation are measured (shown in the 380 

bottom left corners inon top of all panels of Figure 6).   381 
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 382 
Figure 6. Measurements of travel time residuals by cross-correlating stacked waveforms. 383 

In each panel, solid lines are linearly stacked waveforms of the exotic pairs of PKIKP multiples. 384 

Dashed lines show cross-correlated and shifted original waveforms. Panel titles show the origin 385 

times and the measured residuals with bootstrapped uncertainties.  386 
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The measured travel time residuals are then converted into relative perturbations from the 387 

background velocity, 388 

Δ𝑣
𝑣 = −

Δ𝑡

P𝜏𝑡01210/(9:") − 𝜏𝑡01210"(9)R67$%
. (4) 

In Equation 4, 𝑡01210/ − 𝑡01210" (or 𝑡01210< − 𝑡01210() are the theoretical or observed 389 

differential travel times𝜏01210(9:") − 𝜏01210(9) are the theoretically predicted differences of 390 

propagating times, 𝜏01210(=) (1 ≤ 𝑛 ≤ 4), of the IC segments in the PKIKP multiple ray paths, 391 

and Δ𝑡 is the measured residual. Thus, the velocity perturbation, Δ𝑣/𝑣, defined in this fashion, 392 

is compatible with similar quantities inferred for PKP waves traditionally used in other inner 393 

core studies.  394 

To retain the slight variation in the direction dependence of velocity perturbation, we only 395 

collect measurements of the PKIKP4-PKIKP2 residuals for the podal configuration, where 396 

epicentral distances are smaller than 540°, and the PKIKP3-PKIKP1 residuals for the antipodal 397 

configuration, where epicentral distances are larger than 16055°. These distance criteria help 398 

reduce the variety of 𝜉-angles for individual sampling legs of higher multiple arrivals (see 399 

Figures 1B and 1C). This is somewhat similar to the approach implemented by Costa de Lima 400 

et al.32, where they used the travel times of the I2* correlation feature, manifested in the 401 

correlation of much higher-order reverberating PKIKP waves in late earthquake coda, to 402 

constrain the Earth’s inner core anisotropy. Because of these criteria, we retain differential 403 

residual measurements for 16 events recorded by regional seismic networks in Alaska, the 404 

mainland United States, and Europe (see Figure 6 for their stacked waveforms and residual 405 

measurements and Figure S4 for their location maps). 406 

We use a representative angle, 𝜉′, to represent the sampling direction of an exotic pair to the 407 

Earth’s rotation axis (ERA). For the PKIKP4-PKIKP2 pair, 𝜉! = >!:>"
"

, where 𝜉( and 𝜉" are the 408 
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angles to the ERA of the forward and backward PKIKP2’s legs (see Figure 1B). Similarly, for 409 

the PKIKP3-PKIKP, the 𝜉! is the angle relative to the ERA of PKIKP (see Figure 1C).  The 410 

distance criteria mentioned above ensure that the most significant deviation of the 411 

representative angle 𝜉′ to any of the individual PKIKP legs in the multiples is less than 20° for 412 

PKIKP or PKIKP2 and less than 10° for PKIKP3 and PKIKP4. Furthermore, because the 413 

residuals are measured on stacked waveforms over a seismic array, the variation of 𝜉! for all 414 

elements must be considered as the uncertainty of the sampling direction. For mathematical 415 

convenience, later used in Equation 1, we calculate the mean and standard deviation of cos" 𝜉′ 416 

rather than 𝜉′, We calculate the mean and standard deviation of cos" 𝜉′ instead of angle 𝜉′, 417 

because Equation 1 is a quadratic function of cos" 𝜉′ and it is mathematically convenient when 418 

estimating its parameters, 419 

cos" 𝜉′UUUUUUUUU = (
.∑ cos" 𝜉-!.

-'(  ;    

Δ cos" 𝜉′ = W
(

.?(∑ Pcos" 𝜉-
! − cos" 𝜉!UUUUUUUUUR

".
-'( . 

(5) 

The subscript 𝑖 denotes individual array elements. The measured velocity perturbations (Δ𝑣/𝑣), 420 

sampling direction (cos" 𝜉′), and their associated uncertainties are plotted as dark squares with 421 

error bars in Figure 3. Note that the representative uncertainty of the sampling direction, Δ𝜉′, 422 

corresponds to the estimated uncertainty, Δ cos" 𝜉′. 423 

Estimate of anisotropic model 424 

In this study, we use the orthogonal distance regression method50 to estimate the anisotropic 425 

parameters (Equation 1) because this method can account for the measurement uncertainties of 426 

both dependent and independent parametersexplanatory, cos" 𝜉′, and response, Δ𝑣/𝑣, values, 427 

which are significant in our observed data. The outputs consist of the three anisotropic 428 

parameters’ mean values and their correlated uncertainty in the form of a 3x3 symmetric 429 
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covariance matrix. When mantle heterogeneities are corrected for using the DETOX-P3 430 

model53, estimated values for the bulk inner core model parameters are: 431 

𝜀
𝜎
𝛾
=

1.0
−8.3
1.7

     and   𝐶 =
0.036 −0.018 −0.009
−0.018 0.576 −0.118
−0.009 −0.118 0.029

.	 (6) 

Similarly, the estimated values for the 650-km-radius IMIC, given the outer IC is accounted 432 

for using Stephenson et al.’s model34, are:  433 

𝜀
𝜎
𝛾
=

0.5
−15.6
3.4

     and   𝐶 =
0.036 −0.018 −0.009
−0.018 0.576 −0.118
−0.009 −0.118 0.029

.	 (7) 

In Equations 6 and 7, the parameter 𝜎	in both cases has large negative values indicating that 434 

the slow directions deviate from the equatorial plane.  435 

Code Availability 436 

The codes used in this study to construct global stacks of the direct wavefield, measuring 437 

residual travel times between pairs of PKIKP multiples and modeling IC cylindrical anisotropy 438 

can be accessed publicly at DOI: 10.5281/zenodo.7317680. 439 

Data Availability  440 

We use  Obspy and obspyDMT packages67,68 to retrieve and process waveform data in this 441 

study. Waveforms data and related metadata were accessed through the following data centers, 442 

IRIS Data Management Center (http://service.iris.edu), ETHZ (http://eida.ethz.ch/fdsnws), 443 

INGV (http://webservices.ingv.it), ORFEUS Data Center (http://www.orfeus-eu.org) and 444 

GEOFON Program, GFZ (http://geofon.gfz-potsdam.de).  445 
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Introduction  

Text S1 present numerical experiments demonstrating the sensitivities of the long-

period signals.  

Supplementary figures S1 to S89 support the points from the main text. 

Supplementary figures S10 to S13 are mentioned in Text S1. 

In addition, we supplement figures featuring 16 sets of differential travel time 

measurements for the pairs of PKIKP multiples (similar to Figures 5 and S9) in a 

separate zip file. 

All references mentioned in this text are already cited in the main text.  
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Finite-frequency simulations  

We perform full-waveform experiments to (i) benchmark the sensitivity of the exotic 

reverberating arrivals to the IMIC, (ii) demonstrate the theoretical accuracy, and (iii) 

identify limitations of the differential travel time measurements between pairs of exotic 

PKIKP multiples in probing the anisotropic strength of the IMIC.  

Experiment setup 

We use the spectral element method in 2D (e.g., Komatitsch et al., 2002) to synthesize 

waveforms in an Earth’s cross-section, described by the ak135 model’s elastic 

properties. In the specfem2d package, a built-in mesh generator for an Earth’s cross-

section is provided as an example (global_Earth_ak135), and we determine mesh 

sizes to achieve the minimum period of ~7.3 seconds. An isotropic source is located 

at 200 km depth, and two receiver arrays are equally spaced to span 0–50° and 155–

180° epicentral distance ranges. In each range, there are 101 receivers, so the inter-

receiver intervals are 0.5° and 0.25°, respectively.  

An innermost inner core (IMIC) in the Earth model is introduced by a relative increase 

of P-wave speed within the centermost 650-km radius from the background model (see 

a simulation snapshot in Figure S10). We use different isotropic IMICs to simulate the 

IC probes from different angles with respect to the Earth’s rotation axis. Synthetized 

waveforms, the output of the finite-frequency simulations, are filtered in the same way 

as the real waveforms, more specifically, bandpass-filtered between 7–13 seconds 

using a Butterworth filter, two passes, and three corners. In Figures S11 and S12, the 

waveforms are windowed around the predictions of the PKIKP multiples. 

 

Sensitivity to a 650-km-radius IMIC  

Firstly, we examine synthetic waveforms from the original ak135 model (Kennett et al., 

1995) to warrant the use of ray-theoretical predictions as a reference for residual travel 

time measured at 7–13 s (Equation 3 in the main text). Synthetic waveforms of the 

original ak135 model align well with the ray-theoretical predictions (Figures S11A and 

S12A). Also, their stacked waveforms of both PKIKP3-PKIKP and PKIKP4-PKIKP2 

pairs overlap (Figures S11B and S12B). Thus, we confirm the agreement between 

finite-frequency and ray-theoretical results.  
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To prove the sensitivity of the podal and antipodal PKIKP multiples to a 650-km-radius 

IMIC, we compare the synthetic waveform of the original ak135 model with a model 

with the IMIC’s P-wave speed increased by 3%. In Figures S11C and S12C, there are 

gradual discontinuities at ~16° and 32° in the plots corresponding to epicentral 

distances at which PKIKP and PKIKP2 ray paths graze the IMIC boundary. Such 

discontinuities for PKIKP3 and PKIKP4 are beyond the observed distance range, but 

due to the faster IMIC, their stacked waveforms arrive early compared to their PKIKP 

and PKIKP2 counterparts (see Figures S11D and S12D). This experiment benchmarks 

the exclusive sensitivity of the PKIKP multiples to the IMIC in the 7–13 s period band.  

 

Measurement robustness and limitation 

We qualitatively assess the accuracy of the residual measurements by cross-

correlating PKIKP multiple waveforms in several epicentral brackets. The IMIC 

strength varies from 0% (the original model) to 5% in a series of waveform simulations. 

Because the IMIC radius is around 50% of the IC, the observed P-wave speed increase 

averaged for the entire IC (Equation 3 in the main text) is ~50% of the input IMIC 

strength (see the prediction lines in Figures S13A and S13B). Each observed value is 

measured by the time shift with respect to prediction using synthetic waveforms 

stacked in corresponding brackets, which is then converted to relative speed 

perturbation, Δ𝑣/𝑣, using Equation 4.  

As can be seen in Figures S13A and S13B, we have a robust recovery of the input 

IMIC strength using the PKIKP4-PKIKP2 pair in the podal setting (<50°) and the 

PKIKP3-PKIKP pair in the antipodal setting (>155°) for almost all epicentral- distance 

brackets. However, the observed Δ𝑣/𝑣 markedly over-estimate the theoretical 

prediction in the two epicentral distance brackets of 30–40° and 40–50° for PKIKP4-

PKIKP2, which is due to large discrepancy of PKIKP2 and PKIKP4 ray paths (see 

Figure 1B). The worst-case scenarios apply to two analyzed events, 20100812 and 

20120930 (see Figure S13C). However, it is noted that when the actual observed value 

of Δ𝑣/𝑣 < ~1.5% (see Figure 3A), the observation is sufficiently close to the theoretical 

prediction (see Figure S13A).  

Thus, overall, the sensitivity numerical simulations attest to the robustness of the 

differential travel time measurements presented in this study.  
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Supplementary figures 

 Figure S1. G
lobal stack exam

ples express clear exotic podal and antipodal reverberations. Panel titles note event origin 

tim
es.  
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Figure S2. Theoretical reflection coefficients at major Earth’s internal interfaces as 

function of epicentral distances: upper reflection at CMB (PcP), upper reflection at ICB 

(PKiKP), under-side reflection at ICB (PKIIKP), under-side reflection at the CMB 

(PKIKKIKP), under-side reflection at the Earth’s surface (PKIKPPKIKP).  
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Figure S3. Attenuation operators using the absorption band method (Li & Cormier, 

2002) convolved with a given wavelet having 10 s central period. The travel distance 

is comparable to the diameter of the inner core. Amplitudes are normalized to the 

incident wavelet. 𝜏! represents the lower end of the absorption band, while 𝑞! is the 

inverted value of the quality factor 𝑄! corresponding to 𝜏!. (Readers are referred to the 

original reference for the complete mathematical representation). Unless the extreme 

value is used for 𝜏!, the long-period signal (10 s) only weakly attenuates while 

propagating in the inner core.  
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Figure S4. Location maps for 16 high-events satisfying the epicentral conditionshigh-

quality events producing measurements of differential travel times for arrays in the 

podal and antipodal distance ranges (<540° for PKIKP4-PKIKP2 pairs, and >15560° 

for PKIKP3-PKIKP1 pairs). Events are denoted by red stars. Seismic stations are 

shown by blue triangles.  
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Reviewer 3, point … 
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Figure S5. Observations of PKIKP2 and PKIKP34 phases in the seismic wavefield from 

Mw 6.9 Tonga region, 19/06/2019. (A) Seismic records from the Alaskan network are 

aligned predictions of PKIKP1 arrivals, corrected by the Earth’s ellipticity (Kennett & 

Gudmundsson, 1996). The waveforms are bandpass filtered in the period band of 7–

13 seconds. (CB) Linear stack of individual waveforms. (EC) The spectrograms of 

stacked waveforms prior tobefore filtering show the frequency content variation as a 

function of time. (BD, DE, F) Similar to A), CB), EC) but for the PKIKP1 arrivals.  Commented [SP2]: Fixing label errors of sub-panels. 
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Figure S6. Cylindrically anisotropic model of Earth’s inner core inferred from exotic 

PKIKP multiples. In the left-hand-side panel, measurements and anisotropic models 

are plotted as a function of 𝜉, the angle of the ray path to the rotation axis. The 

mathematically convenient dependent variable, cos" 𝜉, is used on horizontal axes in 

the right-hand-side panels. In all panels, differential residual measurements, where 

mantle heterogeneities are corrected for using the LLNL_G3Dv3 model (Simmons et 

al., 2012), with associated uncertainties, are plotted by dark squares with error bars. 

Dark solid lines are the optimal anisotropic models parameterized in Equation 4, and 

light blue opaque lines represent the uncertainty surrounding the optimal model. 

Various broken lines show models from previous studies (see the legends). The top 

Commented [SP3]: Adding error bars on the sampling 
directions (left panels). 
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row (A) compares our inferred bulk IC model, while the bottom row (B) compares our 

inferred IMIC model with its predecessors. 
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Figure S7. Similar to Figure S6, mantle heterogeneities are corrected for using the 

MIT-P08 model (C. Li et al., 2008). 
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Figure S8. Similar to Figure S6, but mantle heterogeneities are not considered in this 

case. 



 

 

17 

 

 

Figure S9. Measuring residual travel times of PKIKP4-PKIKP2 observation for the Mw 

7.1 Anchorage earthquake 30/11/2018 by stacked waveform cross-correlation. A) The 

histogram shows the bootstrapping result comprising of residual travel times for 5000 

resampled station sets with replacement. The estimated mean and standard deviation 

are written on the top left. B) The Earth cross-section compares how the IC is sampled 

by the exotic PKIKP multiples with ‘traditional’ PKP waves along the SSI-Alaska path. 

C) The stacked PKIKP2 and PKIKP4 waveforms are plotted using their actual times 

with respect to the theoretical predictions. D) Similar to C) but the stacked PKIKP4 

waveform is aligned to PKIKP2 by the estimated mean residual.  
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Figure S10. A snapshot at 650 seconds of the specfem2d (e.g., Komatitsch et al., 

2002) simulation in an Earth’s cross-section. A 200-km-deep seismic source is marked 

by an orange cross; podal and antipodal seismic arrays are denoted by green triangles. 

Negative and positive z-velocity components are plotted in blue and red colors. A 650-

km-radius IMIC is characterized by an increase from the ak135 background model.  
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Figure S11. A) Individual synthetic waveforms of PKIKP and PKIKP3 (bandpass-

filtered in the band 7–13 s) are aligned with respect to their ray-theoretical predictions. 

The main arrivals are located near 0 s, while the depth reflections are seen ~43 s 

corresponding to a 200-km-deep source. We use the ak135 model (Kennett et al., 

1995) for both the computational domain and travel time prediction. B) Black (PKIKP) 

and gray (PKIKP3) waveforms are stacked from the individual waveforms in A). 

Stacked PKIKP3 waveform (gray) is plotted in both left and right panel. C) and D) are 

similar to A) and B) but for the model with an IMIC P-wave speed increased by 3%. 
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The stacked PKIKP3 waveform (gray dashed line) in the left panel of D) is identical to 

that in E) but shifted to align with the stacked PKIKP1 waveform (black line), because 

PKIKP3 waves arrive earlier than predicted due to the faster IMIC in this model.  

 

Figure S12. Similar to Figure S11, but for the PKIKP2 and PKIKP4 phases.  
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Figure S13. Method sensitivity test to recover the increased P-wave speed confined in 

a 650-km-radius IMIC using PKIKP4-PKIKP2 pair (panel A) and PKIKP3-PKIKP1 pair 

(panel B). The horizontal axes represent a synthetic input increase in the IMIC’s P-

wave speed, Δ𝑣/𝑣. Vertical axes represent the IC-average P-wave speed increases 

obtained by cross-correlating synthetic waveforms in five distance brackets (see the 

legends) in the same way the observations are made. The black solid lines show the 

predicted (theoretical) values corresponding to the inputs. C) Sub-panels show the 

distribution of epicentral distances corresponding to 16 residual measurements (see 
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Figure S4). The histograms are colored by distance brackets in the same convention 

as the above panels.  
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