
1. Introduction and Motivation
1.1. Inner Core Anisotropy

The Earth's inner core (IC) is a solid ball with a radius of about 1,220 km (e.g., Kennett et al., 1995) located 
in the center of our planet. As the Earth cools, the IC grows over time through solidification of the liquid outer 
core (Buffett et al., 1992; Jacobs, 1953). The release of latent heat and light elements during solidification drives 
convection in the outer core, providing energy for the geodynamo and generating Earth's magnetic field (e.g., 
Gubbins et al., 2003; Labrosse & Macouin, 2003; Loper, 1984). In addition to the decay of radioactive isotopes 
and the Earth's long-term secular cooling, the heat loss from the Earth's core is one of the largest energy sources 
driving the mantle convection—the primary mechanism responsible for plate tectonics. Therefore, studies on 
the IC have the potential to unravel the history of the internal dynamic processes of our planet. Unfortunately, 
progress on seismic imaging of the Earth's IC is limited by the poor worldwide distribution of large sources and 
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seismic receivers; significant earthquakes are dominantly confined to the equatorial belt subduction zones, and 
seismic stations are deployed unevenly around the world. Advances in data processing techniques and new meth-
ods are required to place improved constraints on its structure.

Since its discovery in 1936 (Lehmann, 1936), the IC has remained one of the most challenging parts of the Earth's 
interior to be investigated (Tkalčić, 2017). This is because much of what is known about its structure originates 
from seismological studies of two main data types: seismic body waves and Earth's normal modes or free oscil-
lations. The first evidence of heterogeneity in the Earth's IC was found by Poupinet et al. (1983), who observed 
a shorter P-wave travel time in the polar direction than the equatorial. The concept of seismic anisotropy was 
subsequently proposed to explain the observation of compressional waves propagating through the IC faster in 
quasi-polar directions (Morelli et al., 1986) and anomalous splitting of core-sensitive free oscillations (Wood-
house et al., 1986).

Anisotropy in the IC is linked to the crystal organization of iron-nickel alloy at high pressure (e.g., Bergman, 1997; 
Bergman et al., 2018; Jeanloz & Wenk, 1988; Karato, 1993, 1999; Yoshida et al., 1996), which is the core's 
main mineral constituent. Hence, details of anisotropic properties inform regarding the IC growth and texturing 
processes over time. The preferred orientation of different iron phases (mostly hexagonal-closed-packed (hcp) 
and body-centered-cubic (bcc) iron crystals) have been proposed to explain the origin of anisotropy in the IC. 
However, the difficulty in computing the elastic properties of these iron phases at core pressure and temperature 
conditions results in debates for which iron phase best matches the seismological observations (e.g., Belonoshko 
et al., 2008; Jackson et al., 2000; Li et al., 2018; Mattesini et al., 2018; Ritterbex & Tsuchiya, 2020; Romanowicz 
et al., 2016; Stixrude & Cohen, 1995).

The increase of the anisotropy strength in the innermost 300 km of the IC was initially found by Su and Dzie-
wonski (1995). An innermost inner core (IMIC) with distinct anisotropy from the bulk IC was hypothesized to 
explain the pattern of travel time residuals at antipodal epicenter distances (Ishii & Dziewoński, 2002). Based on 
an analysis of PKIKP phases bottoming at different depths, Ishii and Dziewoński (2003) suggested that the IMIC 
can be modeled with a ball of a 300 km radius and the fast axis of anisotropy tilted from the ERA with 3.7% of 
strength. In their model, the slow axis of anisotropy in the IMIC is at an angle of 45° from the ERA, as opposed 
to the OIC's slow axis of anisotropy pronounced in the equatorial direction. A follow-up study based on splitting 
of normal modes (Beghein & Trampert, 2003) confirmed the IMIC with a radius of ∼400 km, compatible with 
none of the hcp iron models, thereby suggesting a phase of iron in the IMIC different from hcp.

Subsequent investigations using different datasets and methods led to a variety of IMIC anisotropy models that 
are inconsistent in several aspects, such as the strength of its anisotropy (from nearly isotropic up to 6%), IMIC 
boundary radius (ranging from 300 to 820 km), the slow and fast propagation directions (e.g., Calvet et al., 2006; 
Cao & Romanowicz, 2007; Cormier & Stroujkova, 2005; Niu & Chen, 2008, Romanowicz et al., 2016; Stephen-
son et al., 2020; Vinnik et al., 1994; T. Wang et al., 2015). Each proposed IC anisotropy model (with or without 
IMIC) has different implications for IC formation and its evolution. Hence, further investigation is critical to 
understand and reconcile the inconsistencies between the models. Travel time analysis of high-frequency body-
waves is typically performed to examine the fine structure of the IC. However, seismic coverage of high-quality 
data sensitive to the IMIC is insufficient to constrain IC physical properties further. Therefore, the exact nature 
of anisotropy is yet to be determined, and new methods must augment traditional seismological tools. One of the 
promising new tools is the exploration of the earthquake coda-correlation wavefield.

1.2. Coda-Correlation Wavefield

The cross-correlation of seismograms has emerged as a powerful tool to image the structure of the Earth's 
subsurface through the exploitation of diffusive regime of surface waves (e.g., Campillo & Paul, 2003; Ruigrok 
et al., 2008; Wapenaar & Fokkema, 2006; Wapenaar et al., 2010). Multiple studies have applied the concept of 
interferometry to ambient noise records to investigate the structure of the crust, mantle transition zone, and the 
lowermost mantle using dense arrays of receivers (e.g., Feng et al., 2017; Poli et al., 2012; Retailleau et al., 2020; 
Sabra et al., 2005; Shapiro & Campillo, 2004; Zhan et al., 2010). The global coda correlograms are obtained by 
stacking the cross-correlation functions of the coda of large events sorted in time and the angular-distance bins 
between receiver pairs (Figure 1a). The early understanding of how the features observed in global correlograms 
are formed led to extending the concept of interferometry from records of ambient noise to the coda of large 
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earthquakes (i.e., hours of records after a seismic event), with applications to the core-mantle boundary and IC 
(e.g., Boué et al., 2013, 2014; Huang et al., 2015; Lin & Tsai, 2013; Poli et al., 2015; T. Wang et al., 2015; Wu 
et al., 2018; Xia et al., 2016).

Recently, Phạm et al. (2018) and Tkalčić and Phạm (2018) proposed and exploited a physical mechanism respon-
sible for generating features observed in the cross-correlation stacks including the non-causal “body-wave-like” 
arrivals (e.g., Boué et al., 2014; Ruigrok et al., 2008; Snieder et al., 2006) and the anomalous amplitudes on 
both synthetic and observed cross-correlograms (e.g., Boué et al., 2014; Lin & Tsai, 2013; Poli et al., 2017). 
Within the ray theory, the non-causal features can be explained by the interference among seismic phases with 
the same ray parameter, but only with a subset of propagation legs in common. Kennett and Phạm (2018a) used 
the generalized-rays formalism to corroborate the point on the same slowness, and S. Wang and Tkalčić (2020a) 
demonstrated that the correlogram features are indeed composed of the reverberating constituents. At the time 
it was proposed, this formation mechanism was inconsistent with the above-mentioned early understanding and 
the common belief that the body-wave part of the Green's function is reconstructed, but aligned with the idea 
that high-quality normal modes might be responsible (Poli et al., 2017). In summary, the correlation wavefield 
theory accounts for all correlation features that emerge in the global cross-correlation stacks (for a recent review, 
see Tkalčić et al., 2020).

More recently, S. Wang and Tkalčić (2020a, 2020b) proposed a new framework for coda-correlation tomography 
using an approach in which the correlation features' constituents are used to build the sensitivity kernels for the 
IC tomography. Their study quantitatively describes the relationship between the coda-correlation wavefield 
and the Earth structure, using a particular correlation feature sensitive to the IC: I2* (Figure 1). The asterisk 
is used to distinguish this feature from its counterpart in the seismic wavefield: I2 (a.k.a. PKIKPPKIKP; see 
Tkalčić et al. (2020) for a detailed description of the correlation field nomenclature). In this study, we develop 
a new method to probe the IMIC anisotropy based on the timing of the correlation feature I2*. The constituents 
of I2* are sensitive to the IC's center, which is poorly explored by antipodal PKP ray paths. We first propose 
and describe the new methodology. Subsequently, we analyze the I2* travel time observations to investigate the 
IC P-wave velocity anisotropy independently from the direct seismic wavefield. We then describe our findings, 

Figure 1. Formation mechanism of I2*. (a) Coda-correlogram calculated using recordings of the 30 November 2018, Mw = 8.2, Alaska, earthquake. Yellow dashed line 
represents the travel time of I2* predicted using ak135 (Kennett et al., 1995); (b) raypath of I2 (PKIKPPKIKP) at the referent epicenter distance of 10°; (c–g) Examples 
of I2* formation at a short inter-receiver distance from multiple correlation-feature constituents for different geometries of sources and receivers.
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most importantly, evidence for a distinct anisotropy in the IMIC, aligned 
with recent results from body-wave observations. We discuss our results and 
future work in the context of existing knowledge of the IC.

2. New Method Development
2.1. Correlation Feature I2* and Its Formation Mechanism

Among the correlation features observed in the global correlograms, we 
select I2* to probe the anisotropic structure of the IC. In a recently published 
catalog of the correlation features, I2* is particularly prominent (Tkalčić & 
Phạm, 2020). I2* is identified easily in nearly podal station pairs (i.e., small 
inter-receiver distances) of stacked correlation functions, and its constituents 
sample the IC's center multiple times. I2* is equally prominent as I* (coun-
terpart of PKIKP in the seismic wavefield) or even exceeds I*’s strength 
because it is formed by cross-correlating seismograms recorded on seismic 
stations in proximity. Many more such station pairs are globally distributed 
than those at antipodal distances (Figure S1 in Supporting Information S1). 
For a complete description of correlogram formation, we refer the reader to 
Tkalčić et al. (2020).

The counterpart of I2* in the seismic wavefield is the podal PKIKPPKIKP 
(a.k.a. P'P'df or sometimes, I2; Figure 1), which is rarely observed (e.g., Tkalčić 
et  al.,  2006). Despite the similarities in travel time and slowness between 
these two data types, I2* and I2 are fundamentally different (Figure 1). The 
formation of I2* can be understood intuitively as the result of differential 
travel times between any pair of seismic phases with the time difference 
equivalent to the I2's travel time. For instance, I6–I4, I9–I7, I12–I10, PcPI2–
PcP, etc., can all produce a peak in the correlation function with travel times 

similar but not exactly equal to the I2 seismic phase (Tkalčić et al., 2020; S. Wang & Tkalčić, 2020a, 2020b). 
Although a large number of possible combinations can arise from the late coda, the contribution of cross-terms 
with a high number of reverberations (e.g., PcPPcPI4–PcPPcPI2) is less significant than those with fewer rever-
berations (e.g., I4–I2) due to the attenuation effect (S. Wang & Tkalčić, 2020a, 2020b).

2.2. Data Processing and I2* Feature Selection From the Global Correlogram

We process records of earthquakes with Mw ≥ 6.8 at all depths listed in the global centroid moment tensor cata-
log (Ekström et al., 2012) from 1999 to 2019 (Figure 2). The seismograms recorded by broadband receivers of 
permanent and temporary networks were downloaded from the Incorporated Research Institutions for Seismology 
Data Management Center (IRIS DMC). The data processing follows the steps described in Tkalčić et al. (2020).

After downloading the vertical component seismograms, we systematically remove the mean, linear trends, 
correct the instrumental response, and resample the waveforms at a rate of 0.1 s. The waveforms are normalized 
twice to suppress energy derived from the earthquake and aftershocks. The first normalization is calculated in the 
time domain by the running-absolute-mean method (the details of the temporal normalization are described in 
Bensen et al., 2008). Subsequently, to reduce the contributions of any dominant frequency, we apply the Fourier 
transform and normalize the complex spectrum of the waveforms using a spectral whitening operation (Phạm & 
Tkalčić, 2018).

The cross-correlation is then computed in the frequency domain, and an inverse Fourier Transform converts the 
traces back to the time domain. The waveform is folded in time 0, and the positive lag time is retained. Previous 
studies (e.g., Lin & Tsai, 2013; Phạm et al., 2018; Xia et al., 2016) show that the correlation features for the peri-
ods between 15 and 50 s arise from the energy recorded within the time window of 10,000–35,000 s (∼3–10 h) 
after their origin time. After the cross-correlations functions are calculated, the waveforms are linearly stacked in 
bins of inter-receiver distances and then filtered at an intermediate frequency band of 15–50 s.

Figure 2. (a) Global distribution of stations (triangles) and 105 events (stars) 
used in this study. (b) Histogram of station pairs (correlation functions) for the 
105 events with the inter-receiver distances binned in 1°.
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We select a subset of 105 events with high-quality I2* waveforms (Table S1 in Supporting Information S1). 
Most of these earthquakes are generated by normal and reverse focal mechanisms of short source-time function 
duration—shown to produce high-quality global coda-correlograms due to favorable energy radiation (Tkalčić & 
Phạm, 2020). In fact, only 10 of these events were used recently to produce a new spherically symmetric model 
of the Earth (Ma & Tkalčić, 2021). The epicentral distance of earthquakes relative to each receiver pair is selected 
based on the stationary principle and the details are described in Sections 2.4 and 2.5. Finally, we use the I2* 
waveform coherency as a quality criterion. Cross-correlation functions of records in the inter-receiver distance 
range between 4° and 9° show higher similarity and smaller variations in the timings of I2* when compared to 
other inter-receiver distance ranges (Figure S2 in Supporting Information S1). Consequently, we use the stacks of 
waveforms binned only at those inter-receiver distances to model the anisotropy.

2.3. Definition of ξ*

During the late-coda time window of 3–10 h after the event origin time, the theoretical PKIKP reverberates from 
nine to 30 times through the IC. Thus, the formation of I2* results from the similarity of seismic phases that rever-
berate at least nine times within the IC given the cross-correlation of seismic records is based on the podal-an-
tipodal source-receiver geometry. For each receiver pair, we represent the sampling direction of I2* in the IC as 
the same as a PKIKP raypath traveling steeply through its center and with a point of intersection with the Earth's 
surface at longitude θ and colatitude ξ*. Such definition of I2* raypath is a good approximation for the kernel of 
I2* because the most dominant cross-terms contributing to its generation stem from steeply traveling body waves 
such as I12–I10, I13–I11, and higher multiples (Kennett and Phạm, 2018b; S. Wang & Tkalčić, 2020a). More 
specifically, we define the colatitude ξ* (the angle between I2* raypath in the IC and the ERA) as:

cos 𝜉𝜉∗ =
𝑳𝑳 ⋅𝑲𝑲

|𝑳𝑳| |𝑲𝑲|
 (1)

where 𝐴𝐴 𝑳𝑳 is the vector representing the direction of I2 in the IC propagating from the receiver R1 to the receiver 
R2. The unit vector 𝐴𝐴 𝑲𝑲 represents the direction parallel to the ERA. The definitions of vectors 𝐴𝐴 𝑳𝑳 and 𝐴𝐴 𝑲𝑲 are the 
same as described in Tkalčić (2017), with the only difference that, here, vector 𝐴𝐴 𝑳𝑳 is the average direction between 
the PKIKP legs of I2 and the ERA at short angular distances between receivers (≤9°).

2.4. Testing the Sensitivity of I2* to IC Anisotropy

We explore the sensitivity of the timing of I2* to changes in P-wave velocity in the IC, and investigate the 
azimuthal variations of the source relative to the anisotropy's fast axis. Synthetic waveforms are produced using 
the axisymmetric spectral element method, AxiSEM v.1.3 (Nissen-Meyer et al., 2014). Due to computational 
expenses, the sources considered in the numerical simulation are relatively simple—explosive sources. We use 
a computational mesh of 5 s with stations distributed every 0.1° along a great-circle plane intersecting the north 
pole. After generating 10-h records of the synthetic seismograms, the processing steps to compute the synthetic 
correlogram are the same as those for the actual data (for details, refer to Section 2.5).

To simulate IC anisotropy with a fast axis parallel to ERA, we use ak135 (Kennett et  al.,  1995) as a back-
ground model and compare it to ak135 with an increased IC 𝐴𝐴 𝐴𝐴𝑝𝑝 of 3.2% along the polar direction (Van Driel & 
Nissen-Meyer, 2014), which is a similar strength of IC anisotropy inferred by pioneering studies (e.g., Morelli 
et  al., 1986; Tromp, 1993). The negative peak in the amplitude (white fringe) at 2,405 s on the correlogram 
(Figure  3a) followed by a positive peak in the amplitude (black fringe) corresponds to the energy arrival of 
I2*. For a source located at the equator and a fast axis of propagation parallel to the ERA, the travel time of 
I2* detected in the correlogram is similar to the travel time of I2* estimated using the 1D-isotropic 𝐴𝐴 𝐴𝐴𝑝𝑝 IC model 
(Figure 3b). However, with the source located at the north pole (Figure 3c), we observe a 13 s earlier arrival 
time of I2* compared to cases of both isotropic IC (Figure 3b) and anisotropic IC with the source at the equa-
tor (Figure 3a). This 13 s difference is the time predicted for a P-wave propagating twice along the fast axis of 
anisotropy in the IC with a 3.2% 𝐴𝐴 𝐴𝐴𝑝𝑝 increase. Hence, the numerical simulation demonstrates that I2*'s travel times 
are sensitive to 𝐴𝐴 𝐴𝐴𝑝𝑝 anisotropy in the IC, validating our proposed method. Furthermore, this synthetic experiment 
illustrates the dependency of the time observations on the earthquake location.
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Due to the constituents of I2* sampling the IC volume through its center, the travel times of I2* are integrations 
over the bulk IC, including the innermost IC. We demonstrate the sensitivity of I2* to the innermost 600 km 
radius of the IC via an additional synthetic test (Figure S3 in Supporting Information S1), proving that the travel 
times of I2* depend on the velocity of compressional waves in the first 600 km radius of the IC.

2.5. Podal-Antipodal Receiver Stacking

In addition to the location of the source, the angular distance between receivers and their distances from the 
events also influence the I2* timing. I2* is generated by contributions of multiple cross-terms that sample the IC 

Figure 3. Comparison of synthetic correlograms calculated using isotropic and anisotropic IC models and varying source-receiver geometry, and graphical 
representation of the I2* constituents raypaths. (a) Correlogram calculated using the spherically symmetric model ak135 (Kennett et al., 1995); (b) correlogram 
calculated using an anisotropic model of IC and an explosive source located at the equator (c) same as (b) but with an explosive source located at the north pole. For 
reference, the dashed yellow lines in (a and b) indicate the theoretical times of I2 seismic phase predicted using ak135; the dashed yellow line in (c) is the predicted I2 
arrival time for ak135 with 3.2% anisotropy; (d–f) illustrate seismic ray constituents contributing to the formation of I2* for each configuration of source, receivers, 
and P-wave velocity used to estimate the correlograms in (a–c), respectively. The red arrows indicate the direction of the fast axis of cylindrical anisotropy in the IC 
with a strength of 3.2% (indicated by the blue arrows). Note that the correlograms in (a and b) are identical, whereas I2* (centered on the positive peak of correlation 
represented by the black fringe) arrives earlier by approximately 13 s in (c).
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exhibiting complex geometries and mixed directions (S. Wang & Tkalčić, 2020a), thus leading to an observed 
travel time that is an average of raypaths propagating along multiple orientations. Here, we constrain the direction 
of propagation of I2* cross-terms by selecting receiver pairs of inter-receiver distance ≤9°, located nearly podal 
(defined as Δ ≤ 20°) and antipodal (defined as Δ ≥ 160°) to each earthquake; hence, the events and receivers are 
grouped similarly to geographical spherical bins of 10° radius. The stacks of cross-correlation functions calcu-
lated using this optimal geometry of source-receiver pairs are hereafter called the podal-antipodal receiver stacks. 
We calculate these stacks for individual earthquakes. This means that the records from station pairs near or antip-
odal to an event are cross-correlated with each other and then those correlograms are stacked. Thus, the formation 
of I2* associated with each event results from constituents traveling steeply through the central part of the IC. A 
notable difference in the timing of I2* calculated with the careful selection of podal-antipodal source-receivers 
stacks and without it can be observed in Figure S4 of Supporting Information S1.

2.6. IC Anisotropy Measurements and Corrections for Earth's Ellipticity and Mantle Heterogeneities

Conventionally, IC anisotropy is estimated by analyzing directional dependence in the travel times of raypaths 
propagating at different directions and depths in the IC (e.g., Creager,  1992; Souriau & Romanowicz,  1996; 
Vinnik et al., 1994). The direction of propagation is typically defined by an angle ξ between the PKIKP ray 
path in the IC and the ERA. Here, we analyze the directional dependence of I2* correlogram times on the angle 
ξ* using the podal-antipodal receiver stacks. Then, we present our observations in two different ways: (1) the 
correlogram times of I2* as a function of ξ* of the raypaths (Figure 4), and (2) the correlogram times of I2* 
as a function of both longitude θ and the angle ξ* of the raypaths (Figure 5). In the latter, the cross-correlation 
functions are stacked within geographical bins of 10° (latitudinally) × 45° (longitudinally) because individual 
cross-correlation functions are noisy. Thus, the cross-correlation functions calculated from records of inter-re-
ceiver distances from 4° to 9° are summed together to enhance the signal-to-noise ratio of I2* (Figure 6). We 
discard bins that are sampled by fewer than 100 raypaths since we find that only stacks of at least 100 waveforms 
show a clear arrival of I2*. After linearly stacking the cross-correlations functions into bins, we end up with 21 
stacked waveforms of high-quality I2* (Figure 6) which are used for the modeling. Prior to stacking, we do not 
align the waveforms on the arrivals of I2* because the move-out effect is expected to be equal amongst all bins 
(as we average the times), and not influence the relative measurements of I2*. Finally, we use cross-correlation to 
measure the delay time between the stacked waveform of each bin and a reference waveform, obtained as the stack 
of cross-correlation functions (from 4° to 9° of interstation distances) of correlogram ‘‘g’’ in Figure 4, sensitive 
to equatorial paths only.

In order to study the data trend caused by the IC anisotropy, we must remove contributions to the travel times by 
Earth's ellipticity and 3D mantle heterogeneity. Due to the computational expenses in estimating the ellipticity 
correction for all possible constituents of each I2*, we apply the Earth's ellipticity corrections similarly to correct-
ing regular seismic phases (Kennett & Gudmundsson, 1996). We first calculate the raypaths of the seismic phase 
I2 propagating between each receiver pair. The time correction for ellipticity is estimated for both legs of PKIKP: 
the first one travels from a receiver in Point A through the IC, reflecting from the Earth's surface, and the second 
one travels back through the IC to Point B (the other receiver).

We correct travel times for 3D mantle heterogeneities by estimating the cumulative travel time of an I2 wave 
traveling steeply four times through the mantle: twice on the podal side, and twice on the antipodal side. For 
each leg, we calculate mantle delay times for every 50 km depth from Earth's surface to the core-mantle bound-
ary, using the recent DETOX-P3 tomography model (Hosseini et al., 2020). In order to account for the size of 
the I2* Fresnel zone, we calculate average delay times for a cylinder of 10° lateral radius around each mantle 
ray path. This radius is chosen because it corresponds to the size of our spherical bins, and is equivalent to the 
distance between the receiver-pairs we use in this study—reasonable for a long period nature of I2* (Figure S5 
in Supporting Information S1). We then sum across the four mantle legs to obtain the total mantle correction. 
Corrections via ray-tracing for different models of mantle heterogeneities do not vary significantly (Table S2 
in Supporting Information S1). Since our data travel through the IC approximately as a PKIKP raypath at 180° 
epicentral distance, I2* travel-time observations are only dependent on the radial variations of heterogeneities in 
the mantle or ICB.

The ellipticity and mantle-corrected travel-time residuals of I2*, 𝐴𝐴 𝐴𝐴I2*, are then obtained by
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Figure 4. The stacked correlograms for 1° binned inter-receiver distance calculated from the waveforms of 105 earthquakes, and graphical representation of the angle 
ξ* between the ERA and I2* raypaths. (a–g) Podal-antipodal receiver stack correlograms focusing on I2* for different angles of I2* kernel in the IC with respect to 
ERA. Panels on top of each correlogram are histograms of all station pairs on the global scale with inter-receiver distance binned in 1°. The time range displayed from 
2,350 to 2,500 s. The angle ξ* of the waveforms used to calculate the correlograms is indicated on the top of the histograms. For reference, the prediction of the seismic 
phase I2 (corrected for the Earth's ellipticity) is plotted by yellow dashed lines. Note the variation in the arrival time of I2* for different ξ*: in the black fringe near 
2,425 s arrives earlier relative to I2 predictions for raypaths traveling near to polar and equatorial directions, panels (a and g), respectively. (h) The geometry of I2* 
constituents traveling in the IC along ERA (red arrow) used to calculate correlogram in (a).
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𝑡𝑡I2∗ = 𝛿𝛿𝑡𝑡obsI2∗ −

(
𝑡𝑡ellipt + 𝑡𝑡mantle

)
 (2)

where δtobsI2* is the differential travel time between observed I2* and a reference waveform (obtained as the stack 
of all the equatorial paths only), and 𝐴𝐴 𝐴𝐴ellipt and tmantle are the correction times for the Earth's ellipticity and mantle 
heterogeneities, respectively.

Figure 5. Distribution of I2* binned into 72 spatial bins delineated latitudinally and longitudinally (see the main text for more detail) and I2* linear stacks. (a) The 
number of cross-correlation functions within each bin on a logarithmic scale. Unsampled bins or bins sampled by waveforms of low quality are left uncolored. (b) 
Travel time difference of the observed I2* from the theoretically predicted times. The times of the I2* constituents are corrected for the Earth's ellipticity (Kennett & 
Gudmundsson, 1996) and mantle heterogeneity (Hosseini et al., 2020). To facilitate comparison to PKIKP studies, we convert the travel times of I2* to the single pass 
through the IC time equivalent dividing the residuals by two. (c) Stacks of coda-correlation waveforms per bin shown in (a). The y-axis indicates the coordinates of the 
center of each bin.
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3. Results
3.1. Cylindrical Anisotropy in the IC

Figure 5 shows the global distribution of I2* residuals sampling the IC and their corresponding stacked wave-
forms. The data points sampling moderate and low latitudes are more abundant than those sampling the core 
parallel to ERA. These quasi-polar directions (ξ ≤ 35°) are poorly represented in differential PKP travel time 
studies. Large earthquakes mainly sample these directions from events in the South Sandwich Islands (SSI) 
recorded by stations in Alaska, and occasional northern latitude events recorded in Antarctica. The scarcity in 
azimuthal coverage of high-quality quasi-polar paths imposes a limitation on anisotropy investigations of the 
central part of the IC.

Conversely, I2* quasi-polar paths can be estimated from any records of high-latitude earthquakes recorded by 
any station pair deployed at short inter-receiver distances, adding to the antipodal source-station geometry. Also, 
distinct from PKPbc-PKIKP and PKPab-PKIKP differential travel times, the bottoming depth of our selected 
I2* in the IC does not depend on the epicenter distance: they sample the central part of the IC, with turning radii 
from about 80 to 170 km. Thus, our dataset uniquely provides information regarding the IMIC seismic properties.

We model IC anisotropy by first converting the travel times of I2* to the time equivalent to a single pass through 
the IC. We divide the residuals by two to facilitate comparison with models derived from PKIKP studies. Then, 
we estimate the uncertainty in the travel times and ξ* of raypaths caused by a biased sampling of the stacked 
waveforms. We use bootstrap resampling to evaluate the confidence intervals of the data, and we used these 
uncertainties as weight parameters in the least-square anisotropy modeling.

For a transversely isotropic medium, the seismic velocity of body waves depends on its propagation direction 
relative to the fast-axis. Residuals of compressional waves in the IC have been modeled using different models 
of cylindrical anisotropy (a type of transverse isotropy), including the parametrization of radial and azimuthal 
variations of anisotropy strength. Here, we estimate the parameters of a cylindrically anisotropic bulk IC with 

Figure 6. Individual cross-correlation functions ranging between 2,200 and 2,600 s after the correlation-origin time, and I2* waveforms sampling two different 
geographical bins (indicated in Figure 5). In each panel, thin waveforms are cross-correlation functions calculated for records of each station-pair from 4° to 9° inter-
receiver distances. The total numbers of waveforms in each bin are indicated in the top right, and the thick waveforms are linear stacks. The top and bottom panel 
indicate the waveforms of the bin in latitude 15° and longitude 292.5°, and latitude 45° and longitude 112.5° (Figure 5c), respectively. I2* arrival is denoted by a red dot 
near 2,420 s.
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constant anisotropy with depth, and we also model the IMIC after correcting for the OIC anisotropy. For cylindri-
cal anisotropy, the P-wave velocity perturbation to an isotropic velocity can be expressed as a function of 𝐴𝐴 𝐴𝐴 , the 
angle of the raypath with the rotation axis as:

𝛿𝛿𝛿𝛿𝑝𝑝

𝛿𝛿𝑝𝑝
= 𝜀𝜀 cos 2 𝜉𝜉 + 𝜎𝜎 sin

2
𝜉𝜉 cos 2 𝜉𝜉 + 𝛾𝛾0 (3)

𝐴𝐴 where 𝜀𝜀 and 𝐴𝐴 𝐴𝐴 are parameters related to the Love's parameters (e.g., Ishii & Dziewoński, 2003; Morelli et al., 1986), 
and 𝐴𝐴 𝐴𝐴0 is a baseline shift. The perturbation in the compressional wave speed 𝐴𝐴 𝐴𝐴𝐴𝐴𝑝𝑝∕𝐴𝐴𝑝𝑝 can be converted to the trav-
el-time residuals 𝐴𝐴 𝐴𝐴𝐴𝐴 by an integration of the velocity perturbation along the raypath 𝐴𝐴 𝐴𝐴 in the IC:

𝛿𝛿𝛿𝛿 = −∫
𝑆𝑆

1

𝑣𝑣𝑝𝑝

𝛿𝛿𝑣𝑣𝑝𝑝

𝑣𝑣𝑝𝑝
𝑑𝑑𝑑𝑑 (4)

By combining Equations 3 and 4, we estimate the solutions 𝐴𝐴 𝐴𝐴𝐴 𝐴𝐴 𝐴𝐴 , and 𝐴𝐴 𝐴𝐴0 of anisotropy using a weighted least-
square method. We fit the observations to the model predictions of a bulk IC (Equation S1 in Supporting Informa-
tion S1) and IMIC anisotropy (Equation S2 in Supporting Information S1). The misfit criteria are quantified by  

the variance VR =
(
∑

(obs − pred)2∕
∑

(obs)2
)

 , and �2 = 1 −
(

∑
(

obs − pred
)2∕

∑

(

obs − obs
)2
)

 , where obs is  

the mean of the observations, displayed in Table S2 of Supporting Information S1.

Figure 7 shows the I2* time residuals as a function of ξ* and the comparison between our model and predictions 
of IC anisotropy proposed by several previous studies. After correcting the residuals for multiple models of mantle 
heterogeneities, we find the best fit for the bulk IC anisotropy with 𝐴𝐴 𝐴𝐴 = 0.020 (±0.003) , 𝐴𝐴 𝐴𝐴 = −0.071 (±0.014) , 
and 𝐴𝐴 𝐴𝐴0 = −0.019 (±0.004) . Next, we correct the residuals for anisotropy in the OIC, and model the observa-
tion for the best fitting IMIC. We find an IMIC anisotropy with 𝐴𝐴 𝐴𝐴2 = 0.033 (±0.008) , 𝐴𝐴 𝐴𝐴2 = −0.129 (±0.03) , 

𝐴𝐴 𝐴𝐴0 = −0.013 (±0.004) , and a radius of 650 km fits the data equally well to a model of anisotropic bulk IC. We esti-
mate the solutions of 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴 parameters using a weighted least-square method (see Supporting Information S1 
for an explanation of these parameters). The preferred IMIC model is chosen based on the R 2 and VR misfit 
(Table S2 in Supporting Information S1; OIC model of Stephenson et al., 2020) for several values of the IMIC 
radii. Notably, a prominent slower propagation of compressional waves near ξ* = 55° is observed consistently 
for all azimuths (red sectors in Figure 5). In the sections below, we provide a discussion of a possible origin of 
this pattern of residuals.

3.2. Uncertainty Estimation of the I2* Travel-Times and ξ*

The uncertainty in the travel-time observations and the angle ξ* of I2* raypaths is estimated via bootstrap resa-
mpling analysis. Firstly, we randomly resample the waveforms 1,000 times within each bin. For many uses, such 
as estimation of confidence intervals, calculating the average and standard deviation of 1,000 random resamples 
provides adequate approximations of statistical uncertainties (Hesterberg, 2011). This value represents a trade-off 
between computational expense and improved accuracy of estimation of confidence levels.

For the bth set of resamples, we obtain a bth stacked waveform and calculate its ξ* as the median. We then use 
cross-correlation to obtain the travel-time difference between the I2* waveform of the bth stacked trace and 
the reference waveform, where the reference waveform is the stacked cross-correlation function of the original 
set of waveforms. We allow for repetitions and variation in the size of samples for every degree of interstation 
distance. This provides 1,000 estimates of travel-time and angle, each utilizing a statistical resample of the data, 
representing the variation in our measurements given slightly different sampling geometries or data coverage. 
Our observed invariability of the I2* correlogram times and the angles ξ* in differently sampled data indicates 
that our observations are highly stable and insensitive to potential sampling variations in the input dataset (Table 
S3 in Supporting Information S1).

 21699356, 2022, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2021JB

023540 by E
ddie K

oiki M
abo L

ibrary, W
iley O

nline L
ibrary on [12/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Solid Earth

COSTA DE LIMA ET AL.

10.1029/2021JB023540

12 of 18

4. Discussion
We explore the medium-range period correlation feature I2* (15–50  s), whose constituents traverse the IC 
through its innermost part. For short inter-receiver distances, the I2*’s constituents' sample equal lengths through 
the OIC and IMIC and thus the travel time residuals of I2* we observe results from the wave propagation through 
both volumes of the IC. Although this trade-off limits our radial resolution of anisotropy and limits our ability 
to determine whether there is a sharp transition to the IMIC, we test the influence of the OIC by correcting the 

Figure 7. Modeling of IC cylindrical anisotropy and comparison with previously published models. (a) Travel-time residuals of I2* (diamonds) as a function of 𝐴𝐴 𝐴𝐴 * 
(equivalent to the angle 𝐴𝐴 𝐴𝐴 used in PKP studies; panel to the left) and as a function of 𝐴𝐴 cos 2 𝜉𝜉 *(panel to the right). The error bars are 95% confidence intervals (too small 
to be seen along the x-axis). The uncertainty estimation is described in Table S3 of Supporting Information S1. The thick gray dashed curve is the optimal model 
of cylindrical anisotropy for the bulk IC obtained by the least-square method. The misfit is the normalized L2-norm between observation and prediction. Shades of 
gray show the ensemble of the 10% lowest misfit models according to the misfit bar shown on the right. Dashed curves in red, and yellow are the bulk IC cylindrical 
anisotropy models by Morelli et al. (1986), and Creager (1992). The travel time anomaly is related to the velocity perturbation along the 180° (antipodal) raypath for a 
source at the depth of 0 km (we consider the time of I2* in the IC equivalent to double the PKIKP time). (b) Travel-time residuals of I2* (diamonds) corrected for the 
OIC (the top 570 km of the IC) anisotropy model of Stephenson et al. (2020) as a function of 𝐴𝐴 𝐴𝐴 * (panel to the left) and 𝐴𝐴 cos 2 𝜉𝜉 *(panel to the right). Note the two data 
points between 20 and 30° are shifted toward 0 by about 1 s in comparison with the data in (a). Dark yellow dashed curve is the optimal model of cylindrical anisotropy 
for the IMIC (the innermost 650 km of the IC) obtained by the least-square method. Shades of gray show the ensemble of the 10% lowest misfit models. Dashed curves 
in blue, yellow, and red are the IMIC cylindrical anisotropy models of Ishii and Dziewoński (2003), Frost and Romanowicz (2019), and Stephenson et al. (2020). For 
the 𝐴𝐴 𝐴𝐴2, 𝐴𝐴 𝐴𝐴2, 𝐴𝐴 𝐴𝐴0, and IMIC radius information, see Supporting Information S1.
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travel times for multiple anisotropy models obtained from the selected PKP studies (Frost & Romanowicz, 2019; 
Ishii & Dziewoński, 2003; Stephenson et al., 2020). After the corrections, a highly prominent slow propagation 
is present at ξ* = 55° regardless of the OIC model, which has been observed for the IMIC but not for the OIC. 
Thus, we interpret that the prominent slow direction at ξ* = 55° that we observe stems from the IMIC, with an 
anisotropic structure fundamentally different from the OIC.

4.1. Implications for the IC Structure and Dynamics

The transition in the anisotropic pattern from the OIC to the IMIC is marked by a change in the direction of 
the slow axis of propagation, with a poor resolution on the exact radius where this occurs. A few geodynamical 
models have been proposed to explain the presence of a distinct anisotropy in the innermost region of the IC: (1) 
Diminishing strength of thermal convection over time (Cottaar & Buffett, 2012). Combined convective cooling 
episodes and compositional buoyancy could have occurred at the early stages of the IC growth and terminated 
before the present day. Consequently, a distinct anisotropy pattern would be expected in the portion of the IC 
subjected to convection, that is, the IMIC. (2) Preferential crystallization due to the transition in the deformation 
pattern over time coupled with density stratification (Deguen & Cardin, 2009). The variation of IC anisotropy 
with depth could be induced during IC solidification or post-solidification deformation regimes. In the model by 
Deguen and Cardin (2009), a strain variation over time was proposed as a mechanism in which the IC gradually 
evolves from a deformation regime penetrating the whole IC at early stages to confined to the upper part only; 
in other words, this dynamical model corresponds to multiple stages of different IC growth patterns resulting 
in radial transitions. Thus, the IMIC would represent a fossil anisotropy linked to Maxwell stresses recorded at 
the early stages of IC formation. (3) The IC's growth could have been conditioned by the sedimentation of light 
elements at the ICB, which is linked to chemical variations in the outer core (Alfè et al., 2002; Badro et al., 2007). 
In this scenario, the increase in light elements in the outer core as the IC solidified would generate radial transi-
tions in density, and consequently different solidification and texturing patterns over time. The presence of the 
IMIC would thus represent a period of transition in the geodynamical and compositional properties of the IC 
(Labrosse, 2014).

4.2. Novelty and Limitations of This Study

I2* waveforms carry seismic information of the central part of the core, leading to an unprecedented volumetric 
coverage of the IMIC. Also, it overcomes the shortage of strictly antipodal source-receiver ray paths required in 
studies utilizing the direct wavefield. Because I2* is observed at cross-correlation functions of records at any pair 
of receivers deployed within near inter-receiver distances, it offers a new range of tools for the exploration of 
the Earth's deep interior. Its prominent expression in the coda correlograms facilitates the geometrical sampling 
of the IC in multiple directions. However, the sensitivity of its constituents to both OIC and IMIC structure 
also leads to uncertainties on the radial constraint of anisotropy. This uncertainty can be minimized when our 
results are complemented by data sensitive to the OIC used in PKP studies. Finally, the main disadvantage of our 
method is its computational cost. There is a significant amount of time associated with processing the waveforms 
and calculating the correlograms, and an extensive virtual space is required to store the data. Furthermore, the 
sampling coverage we propose depends on stacks of correlation functions in each bin, which can be uneven and 
lead to poorly sampled or empty bins.

4.3. A Tilt of the Symmetry Axis of Anisotropy

Different studies have investigated a possibility that the fast axis of IC cylindrical anisotropy (also its symmetry 
axis) could be misaligned with the ERA (e.g., Creager, 1992; Irving & Deuss, 2011; McSweeney et al., 1997; 
Souriau & Romanowicz,  1996; Su & Dziewonski,  1995). We conduct a grid search to estimate the optimal 
orientation of the symmetry axis using the equations of transverse isotropy (Equation 3). We measure the misfit 
between the observations and the theoretical prediction as we change the coordinates of the reference axis. For 
every change in the coordinate system, the angle ξ* of all raypaths is recalculated, and the parameters of anisot-
ropy are estimated using a weighted least square. The test of symmetry axis is performed by fitting the bulk IC, 
and also for the IC containing IMIC after various corrections of OIC anisotropy. Mathematically, both models 
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of bulk IC and IMIC result in nearly equal fit with the optimal symmetry axis near the north pole (Figure S6 in 
Supporting Information S1), located at 85°N and 10°E (±5°). However, we cannot establish that this result is 
significantly better than the fast axis aligned with ERA. Namely, the considerable uncertainty is due to the size of 
our bins and the long period nature of I2*.

4.4. Comparison Between Body-Wave and Coda-Correlation Studies

Tkalčić and Phạm (2018) directly compare the shear-waves velocity in the IC from models estimated by body 
waves, normal modes, and earthquake coda-correlation using the formulation of Dziewoński and Anderson (1981). 
Moreover, Ma and Tkalčić (2021) showed that the time difference between the seismic phases observed in models 
constructed by body-waves and the model constructed using the coda-correlation wavefield (CCREM) is small: 
that is, for I2*, the residual time is around 0.8 s between CCREM and ek137 or CCREM and ak135. In conclu-
sion, the velocity variations for different periods (1, 15, and 50 s) are not significant.

Here, we compare our observations to recent and independent IC studies using body wave travel times. I2* time 
propagation in the IC is an integration over its entire depth, and the trade-off between anisotropy strength and 
IMIC radius imposes a limitation on the interpretation of anisotropy models: I2* lacks radial resolution because 
it is traverses both OIC and IMIC. We observe the slow direction of propagation near 55° from the ERA, which 
has not been detected by PKP data sensitive to the upper 600 km below ICB. Thus, when our observations are 
combined with the current constraints on the IC structure, there is a strong agreement between on the IMIC's 
slow direction and parameters of anisotropy. We interpret our observations as evidence for a distinct anisotropic 
structure in the innermost part of the IC.

Our findings support an anisotropic IMIC previously hypothesized based on the PKIKP travel time observa-
tions (Ishii & Dziewoński, 2002) and confirmed in subsequent studies (e.g., Beghein & Trampert, 2003; Cao & 
Romanowicz, 2007; Ishii & Dziewoński, 2003; Niu & Chen, 2008). Despite the model of IMIC proposed by these 
studies being inconsistent in regards to the radius of the IMIC and direction of the slow axis of anisotropy, their 
common denominator is that the innermost part of the IC shows a fundamentally different pattern of anisotropy 
from the bulk IC. Using a cylindrical model of anisotropy, our observations require a slow axis of propagation 
directed at ξ = 55° from ERA. Our results agree with the most recent model of Stephenson et al. (2020), which 
characterized the IMIC as a significant change in the strength of the slow axis of anisotropy (a pronounced nega-
tive 𝐴𝐴 𝐴𝐴 parameter), rather than defining its properties according to the fast direction.

Additionally, our observations provide further support for a fast axis of anisotropy in the IMIC oriented near the 
polar direction, from a distinct and different type of data. This is in contrast to the IMIC structure proposed by 
T. Wang et al. (2015) and T. Wang and Song (2018). In these studies, the authors use autocorrelation to “extract 
body wave signals” and investigate IC anisotropy through the principle of Green's function's reconstruction (i.e., 
assumption that I2* is equivalent to the I2), suggesting a fast axis of anisotropy aligned in the equatorial plane. 
However, due to the time errors associated with the seismic propagation of the I2* constituents (as shown by 
Tkalčić et al., 2020; S. Wang & Tkalčić, 2020a, 2020b), the utilization of Green's functions leads to a misinterpre-
tation of anisotropy in the IC (Figure S4 in Supporting Information S1). Here, we carefully select the constituents 
of I2* by utilizing the podal-antipodal source-receiver configuration; the energy distribution of I2* is confined 
to the great circle plane, where the energy of strong reverberation is dominant (Sens-Schönfelder et al., 2015). 
Consequently, we suppress the travel time influence of the I2* cross-terms raised by stations deployed away from 
the stationary point (i.e., the point of the same slowness for the I2* constituents; S. Wang & Tkalčić, 2020a). 
The source-receiver geometry then satisfies the stationary phase principle, and the ray theory can approximately 
predict the timing of I2*.

The lack of evidence for a fast anisotropy axis in the equatorial direction in the IMIC was also corroborated in 
PKIKP studies of Romanowicz et al. (2016) and Frost and Romanowicz (2019). Most recently, Frost et al. (2021) 
have proposed a single geodynamic model of IC evolution that fits multiple seismic observations coupled with 
parameters of outer core dynamics and mineral phase predictions. Their findings are based on PKIKP travel-time 
analysis and indicate the anisotropy in the IC is stronger with depth and offset from ERA. Significantly, their 
study also shows no evidence for a fast equatorial anisotropy in the IMIC. Despite a different resolution band of 
our dataset, our studies converge in concluding that the fast anisotropy axis in the IMIC is in the polar, not the 
equatorial direction.
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5. Conclusions
We present a new method based on the correlation wavefield, which enables retrieval of IC-sensitive signals 
from the records of large events' late-coda cross-correlation. Unlike the PKIKP travel-time studies based on the 
antipodal configuration of sources and receivers, our method benefits from the many station pairs deployed in 
small inter-receiver distances. We use time measurements of I2*, a correlation feature sensitive to the whole IC, 
including its innermost 600 km. Given that I2*’s formation depends on the source-receiver geometry, we use 
this as a guiding principle for our strict selection of podal-antipodal source-station orientation. The choice of the 
optimal location of the earthquakes and receivers before calculating the cross-correlations and stacking is crucial 
to avoid unwanted constituents biasing the I2* correlogram times.

A model of IMIC anisotropy with the following parameters: σ = −12.9% and ε = 3.3%, can optimally fit our 
observations. Our results indicate that the cylindrical anisotropy strength has a pronounced dip ∼55° from ERA, 
agreeing with the most recent robust parameter search using PKIKP travel times (Stephenson et al., 2020). Inter-
estingly, the difference between the slow (the cube's side) and the fast (the cube's main diagonal) axes in the bcc 
iron is 54.73° (Belonoshko et al., 2008, 2021), while pure hcp iron ranges between 40° and 55° in previous studies 
(e.g., Romanowicz et al., 2016; Vočadlo et al., 2009). This match might suggest that the IMIC consists of either a 
set of oriented bcc or hcp crystals. Recently, S. Wang and Tkalčić (2021) observed IC anisotropy in shear through 
the analysis of the correlation feature I2–J. They demonstrated that, while the bcc001 structure could be ruled out, 
the other two bcc structures and hcp are not distinguishable.

The travel-time variation of I2* favors a faster P-wave propagation along the polar direction than along the equa-
tor, which agrees with other IMIC studies using body-wave travel times (e.g., Frost & Romanowicz, 2019; Ishii 
& Dziewoński, 2002; Romanowicz et al., 2016). We furthermore show that a potential tilt of the symmetry axis 
of anisotropy by 5° (85°N and 10°E) from ERA fits the observed data reasonably well. However, our resolution is 
limited by the long-period nature of our dataset, and we cannot establish it as a significantly better solution than 
the ERA-aligned anisotropy.

Although our data do not allow us to resolve the radius of the IMIC, we conclude that our observations are 
consistent with a distinct anisotropy in the deepest part of the IC. The transition from OIC to IMIC possibly 
signifies a dynamic event from the early stage of IC formation. Multiple correlation features emerging in the 
coda-correlation wavefield provide opportunities for investigations of the Earth's deep interior. Undoubtedly, the 
development of alternative seismological tools is at the forefront of efforts to overcome the limitation of the IC 
volumetric sampling, and improve our understanding of its structure and evolution.

Data Availability Statement
Raw seismic data are downloaded from Incorporated Research Institution for Seismology Data Management 
Center (IRIS DMC, https://ds.iris.edu/ds/nodes/dmc/) using ObsPy software package (Beyreuther et al., 2010). 
The information of 105 events and stations used in this study is available at https://figshare.com/articles/dataset/
Events-stations_zip/19069463. All the figures are made with Matplotlib (Hunter, 2007).
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