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Shear Properties of Earth's Inner Core

Hrvoje Tkal¢i¢, Sheng Wang, Thanh-Son Pham

Research School of Earth Sciences, The Australian National University, 142 Mills Road, Canberra, 2601, ACT, Australia

Abstract

Understanding how the Earth’s inner core develops and evolves, including fine details of its structure
and energy exchange across the boundary with the liquid outer core, helps constrain its age,
relationship with the planetary differentiation, and other significant global events throughout Earth’s
history, as well as the changing magnetic field. Since its discovery in 1936 and solidity hypothesis in
1940, the Earth’s inner core has never ceased to inspire geoscientists. However, while there are many
seismological observations of compressional waves and normal modes sensitive to the inner core’s
compressional and shear structure, the shear waves that provide direct evidence for the inner core's
solidity have remained elusive and reported only in a few publications. Further advances in the
emerging correlation-wavefield paradigm, which explores waveform similarities, may hold the keys
to refined measurements of all inner-core shear properties, informing dynamical models and

strengthening interpretations of its anisotropic structure and viscosity.
= What are the shear properties of the inner core, such as the shear-wave speed, shear modulus, shear

attenuation, and shear-wave anisotropy? Can they be measured seismologically and confirmed

experimentally? This review is looking at the answers to these fundamental questions.
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1. INTRODUCTION

The Earth's inner core (IC) is a ball smaller than ~1% of the Earth's volume, discovered 85 years ago
(Lehmann 1936). Several years after its discovery, Birch (1940) proposed that the IC presented a phase
transformation of iron from liquid to solid. The overlaying physical process taking place at the inner-
core boundary (ICB) is a slow growth — solidification of the IC from a liquid iron-nickel alloy of the
outer core (OC). The IC is coupled with the OC’s shell through the transfer of material and heat, and
this coupling actively affects the generation and variations of the geomagnetic field (e.g., Braginsky
1963; Buffett et al. 1996; Hollerbach & Jones 1993; Roberts 2008), dynamics of the lowermost mantle
(e.g., Aubert et al. 2008; Gubbins et al. 2011), and even processes at the Earth’s free surface (e.g.,
Biggin et al. 2015). Indeed, investigating and understanding the IC has fascinated geoscientists for its
essential role in the evolution and dynamics of our planet (for a review of historical facts, see Tkal¢i¢
(2017)). For recent reviews on IC-related research topics from a perspective of different disciplines,

see Deguen (2012), Hirose et al. (2013), Deuss (2014), Souriau & Calvet (2015), and Tkalci¢ (2015).

The solidification process and the consequent solidity of the IC can be characterized by its shear
properties, the elastic and anelastic behaviors of a solid material to shear (transverse) deformation.
Seismic observations are the primary probes to investigate the shear properties of the IC via the
observations of Earth’s free oscillations or normal modes (Alterman et al. 1959; Benioff et al. 1961)
and seismic shear waves (Bullen, 1950; 1951). This is formally similar to seismological studies of
other regions of the Earth. However, given that the IC is buried beneath multiple Earth shells,
investigating its shear properties with seismology has been proven very challenging. Observations are
elusive or even unlikely (Shearer et al. 2011) for seismic waves sensitive to the IC’s shear properties.
Furthermore, in the view of constituting IC materials and their shear properties, it is uncertain which
type of iron crystal, hexagonal-close-packed (hcp) phase (e.g., Jeanloz and Wenk 1988; Steinle-

Neumann et al. 2001; Stixrude & Cohen 1995), body-centered-cubic (bcc) phase (e.g., Belonoshko et
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al. 2008; Calvet & Margerin 2008; Vocadlo et al. 2003) or their mixture (e.g., Mattesini et al. 2014),
is stabilized in the IC. This uncertainty contributes to the difficulties in investigating the shear

properties of the IC.

Despite these difficulties, recent studies have led to a clearer picture and kept researchers motivated in
finding new techniques and methods for advancements. Most recently, harnessing shear-wave energy
contained in the coda-correlation wavefield, Tkal¢i¢ & Pham (2018) devised a method and made new
observations that provided new opportunities and research directions. Here, we review historical and
contemporary studies for the shear properties of the IC. First, we focus on detections of a solid IC and
constraining shear-wave speed (Section 2). This is followed by presenting specific and detailed shear
properties of the IC, including attenuation in shear (Section 3) and shear-wave anisotropy (Section 4).
Finally, we discuss the existing challenges and new research directions (Section 5), especially method
developments available in modern global seismology using seismic and correlation wavefields. We
conclude with a discussion on future studies of shear attenuation and show two candidates for direct

observations of PKJKP waves utilizing array seismology.

2. SOLIDITY AND SHEAR-WAVE SPEED OF THE INNER CORE

2.1. A Brief History of the Inner Core Discovery and Solidity Hypothesis
At the time Lehmann analyzed the Buller, June 16, 1929, and the Hawke Bay, February 2, 1931,
earthquakes, the existence of the liquid core, and the core-mantle boundary (CMB) were well
established (Lehmann, 1936). The two travel-time branches of compressional (P) waves traversing the
core along the ray paths beyond about 155° of epicentral distance were well documented and labeled
P’1 and P’; (today referred to as PKIKP and PKPab, respectively). However, there was no adequate
explanation for the compressional (P) wave arrivals extending beyond about 100° epicentral distance,

forming the travel-time curve Lehmann labeled P’;. It became clear to her that P waves diffracted
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around the core-mantle boundary (CMB) on their way through the Earth’s interior from the New
Zealand earthquakes to northern Europe were too weak to explain relatively prominent arrivals of P’3
on vertical components. Therefore, another likely possibility was an Earth model with an “inner core”
with a discontinuous increase in compressional wave speed in the Earth’s center. In Lehmann’s model,
the inner core boundary (ICB) was embedded in the liquid core and placed at a radius of 0.2205 of the
Earth’s radius (1404.8 km). This model predicted the P’3 branch of seismic arrivals that consisted of
retrograde reflections from the ICB and prograde refractions through it, extending from about 119°
and merging with the P’; curve at about 155°. This prediction did not contradict the observations even

though the radius of the IC was larger than its present-day values.

INNER CORE SOLIDITY STUDIES

Dziewonski & Tkaldi¢ &
Gilbert 1971 Pham 2018
. o Wang &
Derr 1969 Dziewoiiski 1971 2 Tkalié 2021
Studies using tudies using
normal modes I F RiM akfs correlation wavefield T
1936 1940 1950 1951 1969 19711972 1998 2000 2005 2008 2011 2018 2021
IC IC 1 l
dlsc0\very*hsollctllllt)" Bullen Okal & Cao Shearer et
ypothesis B ) .
1950 Cansi 1998 et al. 2005 al. 2011 S iR s
Bullen Julian et Deuss et Wookey & body waves (PKJKP)
1951 al. 1972 al. 2000 Helffrich 2008

Figure 1

Timeline of the IC discovery (Lehmann 1936), its solidity hypothesis (Birch 1940), the two Earth
models pertinent to the modern-day IC investigations: PREM (Dziewonski & Anderson 1981) and
ak135 (Kennett et al. 1995), and significant publications investigating the IC solidity using three

seismological approaches: normal modes, shear body waves, and coda-correlation wavefield.

It is worth pointing out that in Lehmann’s hypothesis, the IC is merely a nucleus embedded in the
liquid OC without explicit characterization of its aggregate state. Lehmann’s assumed P-wave velocity

values for the core and the IC were 8.0 km/s and 8.6 km/s. Indeed, such a velocity discontinuity was
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sufficient in producing the observed travel-time curves without any assumptions on the IC’s aggregate
state. The IC was subsequently hypothesized to be solid in mineral physics studies of melting
temperature of iron (Birch 1940; 1952). Assuming that temperature in the Earth’s center reaches 4000°
C and that temperature gradient is probably small in the core, Birch (1940) speculated that the outer
part of the core might be molten, while an inner part could have remained frozen. This situation could
account for Lehmann’s seismologically observed velocity distribution in the core. In summary, while

Lehmann discovered the IC (Lehmann, 1936), Birch hypothesized that it was solid (Birch, 1940)

(Figure 1).
1850
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(2000) T~ | Julian et al.(1972)
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B Cuecoman S| Caoetal. (2005)
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J wave speed (km/s) Distance (°)

Figure 2

(left) Different values for J-wave speed, obtained in the IC-solidity studies. The colors depending on
the seismological methods match those used in Figure 1, with a mineral physics estimate shown in
grey. (right) According to the values given on the left, theoretical PKJKP travel-time curves are
calculated for a source on Earth’s surface. The PKJKP travel-time curve (thick black) for PREM is

added for comparison.

The compressional-wave speed, Vp , can be defined as:
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4u/3
Vp =[S (1)

where k is the bulk modulus (incompressibility), p is the density, and u is the shear modulus. If the IC
is solid and embedded within the liquid OC, then u will change from zero in the OC to a non-zero
value in the IC. Such change can explain the increased Vp in the IC if assuming that the bulk modulus
and density exhibit smooth variations with depth (Bullen 1946). With these assumptions, u of the IC
can be inferred from prior knowledge of p, k and V, according to Equation (1). The J wave speed, V;

can then be estimated as:

V= |5 )

A Seismic body waves B Coda-correlation 12-J C Coda-correlation 12-J

—— pPKJKP

SKJKS
—— SKJKP
— PKIIKP

—— xPKIKPPKIKP
— xPKJKP

—— xPKIKPPKIKPPKIKP
—— xPKJKPPKIKP

Figure 3

(A) Selected seismic body waves sensitive to shear properties of the solid IC. Dashed lines show shear
waves in the IC (J waves). (B) Illustration of earthquake coda-correlation feature 12-PKJKP (hereafter
called 12-J). The 12-J can be formed due to the similarity between two seismic waves: xPKIKPPKIKP
(xI12) and xPKJKP (xJ), where “x” represents the common propagation legs for the two waves. Wave
propagations corresponding to the “x” are not unique and are not shown, but they are discussed in the
main text. (C) The I12-J, formed by another pair of waves: xPKIKPPKIKPPKIKP (xI3) and
xPKJKPPKIKP (xJI). The J waves in (B) and (C) sample the IC in different directions, while they

contribute to the same correlation feature, 12-J.
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Using similar assumptions, Birch (1952) inferred that the IC is a crystalline iron with V;=3.4 km/s. A
grey symbol shows this estimate in Figure 2. Furthermore, Bullen (1950; 1951) calculated the
theoretical travel times and amplitudes for the IC shear waves — a.k.a. PKJKP waves — as a function
of epicentral distance. For the definition and a diagram of PKJKP waves through the Earth’s interior,
see Section 2.3. and Figure 3A. For the theoretical PKJKP travel-time curves for various estimates of
IC shear-wave speed, see Figure 2. Therefore, at the beginning of the 1950s, it was established that
seismological observations of IC shear waves would represent direct evidence of the IC’s solidity, and

the search for PKJKP could begin.

2.2. Normal Mode Studies
Indeed, the shear modulus and shear wave speed can be inferred from the observations of seismic body
waves traversing different parts of the Earth, including the IC. However, the decades immediately
following Birch’s hypothesis did not yield reliable observations of those waves, despite numerous
man-made explosions and expansion of seismic stations (Figure 1). What shifted the odds of the first
observations from body waves to normal modes were the great earthquakes that occurred during the
1950s and the 1960s of the 20" century: the Kamchatka, My=9.0 earthquake of 1952, the Chile,
M,=9.5 earthquake of 1960, and the Alaska, My=9.2 earthquake of 1964. Those decades marked the
time when the World Wide Standard Seismograph Network (WWSSN) analog data were digitized,
and more sophisticated measurements of eigenfrequencies of normal modes became possible

(Alterman et al. 1959; Benioff et al. 1961).

Normal modes of the Earth present a pattern of motion that samples the entire volume of the Earth,
including the IC. They can take two forms: spheroidal (,.S;), in which a particle undergoes both radial
and tangential motion, and toroidal (,77), where a particle undergoes a motion on a spherical surface.

n is the radial order, and / is the angular order (e.g., Dahlen and Tromp, 1998). When n=0, the mode
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is referred to as the fundamental mode, and if #>0, these modes are referred to as overtones. To observe
most IC-sensitive modes, the first 10 to 15 hours after the origin time of large earthquakes must be
discarded, and the time series must be converted to complex spectra in the frequency domain. A
frequency perturbation of a normal mode, dw due to a perturbation in bulk (x) and shear modulus (u)

of elasticity and density (p) is given by
a
ow = f (6K, + 6uK, + 6pK,)dr, 3)
0

where a is the normalized Earth’s radius, and Ky, K, and K, are the sensitivity kernels for k, p, and p
(defined in Section 2.1) as functions of radius r. Figures 2.15-2.17 in Tkal¢i¢ (2017) illustrate the
sensitivity of Earth’s normal modes to IC structure. Although most normal modes have significant
energy in the Earth’s mantle and the OC, several fundamental modes and overtones have substantial

sensitivity to shear-wave speed in the IC (e.g., ;0S2and ;35>).

Derr (1969) observed and identified a set of normal modes sensitive to the IC shear-wave speed:
fundamental modes 4S5, oS>, and ¢S3, and their overtones 1Sy, 151, 152, 250, 252, 253, and 3Sy. By analyzing
these observations and comparing them with the theoretical predictions (albeit without the corrections
for Earth’s rotation and ellipticity), he concluded that the IC rigidity is plausible if the measurements

of some of the overtones were disregarded.

However, slightly later, Dziewonski (1971) and Dziewonski and Gilbert (1971) identified and utilized
more normal modes, noting that some of the modes listed in Derr (1969) were incorrectly identified.
Dziewonski (1971) combined normal mode data with the travel time data of PcP, ScS, and PKIKP
waves. He concluded that the IC must be rigid to satisfy the observed normal mode eigenfrequencies

and travel times simultaneously. Dziewonski and Gilbert (1971) found the theoretically predicted
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behavior of eigenfrequencies by either increasing the IC rigidity or modeling IC as a liquid. An
increase in rigidity caused the bulk modulus to increase, enhancing compressional energy while
diminishing the shear energy of the IC sensitive modes. An introduction of the liquid IC, however,
implied a physically implausible, denser OC. Therefore, when comparing predictions and observations,
the existence of a solid IC was favored. The authors suggested that the non-zero shear modulus in the
IC represented a logical and the simplest explanation for the observations among many models. They
obtained V;=3.517 km/s for the averaged J-wave speed. Subsequently, normal modes were also used
to invert the rigidity of the IC when forming the Preliminary Reference Earth Model (PREM)
(Dziewonski and Anderson 1981). They determined V;=3.5 km/s at the ICB with a slight increase to
3.67 km/s at the IC’s center. They were later reviewed by Masters and Shearer (1990), who found the
mean V;=3.45+0.1 km/s. In conclusion, it is astonishing that normal modes can be used to probe the

IC, given that this region is less than 1% of Earth’s interior and mode amplitudes vanish at the center.

2.3. Body Wave Studies
Unlike normal modes, whose motions sample the entire volume of the Earth simultaneously, body
wave motion can be visualized in a high-frequency approximation using rays (Figure 3A). The simplest
manifestation of the IC shear-wave energy would come in the form of PKJKP waves. In PKJKP,
converted compressional- to shear-wave energy is labeled with the central letter "J" to be distinct from
the purely compressional body waves labeled PKIKP, with the letter “I” standing for the IC
compressional waves. Other examples of body waves traversing the IC as shear waves are pPKJKP,

SKJKS, and SKJKP (Figure 3A).

Generally speaking, the shear waves in the IC (J waves) suffer from the ineffective conversion between

the shear and compressional energy at the ICB, thus significantly decreasing J waves' amplitudes for

a range of epicentral distances. For example, theoretical studies suggest that the PKJKP may only be
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visible in the range 130°-155°, and even in this range, the PKJKP amplitude is about one-fifth of the
PKIKP amplitude (Bullen 1951), which falls under the observational threshold. Furthermore, the
relatively small PKJKP amplitude can be even weaker due to the high attenuation structure in the IC
(Doornbos 1974). Last but not least, IC anisotropy can split the J waves, thereby spreading the energy
out in time and reducing the amplitude, as energy is shared across two interfering quasi-S waves on
any component of mooring. Combined, these effects make PKJKP extremely faint. Another difficulty
in searching for PKJKP is the unknown shear-wave speed in the IC. Theoretical travel-time curves can

vary quite significantly for different assumptions of IC shear-wave speed, as Figure 2 demonstrates.

Nevertheless, a few J-wave observations have been reported starting from the early 1970s (Figure 1).
Julian et al. (1972) identified PKJKP phases for five earthquakes (Mp>6.0) by vespagram analysis
using records of the Large Aperture Seismic Array (LASA). They inferred V= 2.95+0.1 km/s in the
IC. This low value disagrees with normal-mode estimates and later estimates from J-wave
observations (Figure 2). Okal and Cansi (1998) identified PKJKP in linearly stacked seismograms in
periods of 2-10 s using records at eight stations in France for June 17, 1996, deep Flores Sea earthquake
(H=584 km, Mw=7.9). Based on these observations, they estimated ;=3.65 km/s. They also suggested
that the disagreement can be reconciled if the observations by Julian et al. (1972) are re-interpreted as
pPKJKP. Deuss et al. (2000) observed pPKJKP and SKJKP in stacked seismograms at periods 10-100
s for the same event with 47 global stations and the phase-weighted stacking (PWS) method. They

estimated V;= 3.6 km/s.

Cao et al. (2005) observed PKJKP in stacked seismic recordings in 10-17 s from the Grafenberg
Seismic Array in Germany for 1999, Melanesia (H=76 km, Mw=7.3), earthquake using the PWS
method. They obtained similar V; from PKJKP observations, however, they suggested a ~1.5%

increase of V; in the IC relative to PREM. They argued that the increase is due to different depth-
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dependent sensitivities of normal modes and PKJKP to V;, where the modes mainly sample the shallow
parts of the IC while the PKJKP traverse the IC near its center. Using short-period records at the Hi-
Net array for a 2006 earthquake in Mozambique (11 km deep, M7.0), Wookey and Helffrich (2008)
detected PKJKP in periods of 2-20 s. Waszek and Deuss (2015) also present unconfirmed observations

of J waves by examining a few earthquakes.

It is worth noting that apart from shear waves directly sensitive to the IC shear modulus (and shear-
wave speed), compressional waves are also susceptible to the shear modulus at the top of the IC, near
the ICB. A good example is the seismic phase PKIIKP (Cormier 2015; Krasnoshchekov et al. 2019),
reflecting from the lower side of the ICB. Figure 3A shows these seismic body waves and their ray
paths in high-frequency approximation. Krasnoshchekov et al. (2019) suggested relatively low I, in
the range of 1.5-3 km/s, at the top of the IC by analyzing the PKIIKP amplitude. They proposed that a
mosaic-like surface of the IC could explain the observed V; reduction and significant V; variations in

their study.
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Synthetic wavefields for seismic body waves sensitive to the solid IC. (A) Synthetic wavefield from
the PREM reference model. (B) Synthetic wavefield from an Earth model with 10% increase in IC
shear wave (J-wave) speed relative to PREM. (C) Synthetic wavefield from an Earth model with the
IC’s Q,, increased by ten times relative to PREM. (D) Theoretical travel-time curves (solid lines) for
some relevant seismic phases sensitive to the IC based on (A). Dashed line for PKIKP waves
corresponds to the updated PREM model in the IC for shear-wave speed according to Tkal¢i¢ & Pham
(2018). (E) Wavefield difference between (B) and (A). (F) Wavefield difference between (C) and (A).

Yspec simulation software (Al-Attar & Woodhouse 2008) was used to produce synthetic wavefields.

Shearer et al. (2011) investigated possible causes behind the difficulties associated with observing
reliable PKJKP waves and demonstrated that routine observations are extremely unlikely at periods
longer than 10 s. As shown in Figure 4, we produce the synthetic seismic wavefield by revisiting the
analysis of Shearer et al. (2011). The synthetic wavefield, calculated using the PREM model (Figure
4A), and the synthetic wavefields calculated by increasing the IC’s Vs by 10% (Figure 4B) and
multiplying @, by 10 (Figure 4C), remain visually invariant. PKJKP is not visible as more prominent
mantle waves dominate it. Thus, considering the results of Shearer et al. (2011), the only way to make
PKJKP visible is by taking the difference between synthetic wavefields generated using different IC
shear properties (Figures 4D and 4E). Sections 3 and 5 contain more discussion on shear attenuation.
To explain most published J-wave observations, Shearer et al. (2011) argued that they must result from
exceptional focusing effects or a less-attenuative IC than current models predict. Thus, due to the
challenging observing conditions, but because J waves would provide invaluable constraints on IC

property puzzles, they are referred to as “The Holy Grail” of modern global seismology (Shearer 2009).
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Figure 5

Observed and synthetic correlograms and the 12-J cusp. A comparison between (A) the observed
Earth’s cross-correlogram and (B) the best-fit simulated Earth’s cross-correlogram for the central
period of 23.1 s. The best-fit simulation uses the PREM model with the IC shear-wave speed reduced
by 2.5%. (C) Enlargements of windows O (observed) and T (theoretical), focused on the 12-J cusp. (D)
The observed and simulated (theoretical) slant-stacks with the yellow circle corresponding to the lower
branch of the 12-J cusp in the slowness-time domain and the yellow dotted line corresponding to the
same in the travel-time domain. The red star and red dotted line are the values based on the best-fit
Earth model with the 2.5% reduction of shear-wave speed in the inner core. Reproduced from Tkal¢i¢

& Pham (2018).

2.4. Coda-Correlation Studies
A new method to observe IC shear wave energy has recently come to light from the earthquake coda-
correlation studies (for a recent review, see Tkal¢i¢ et al. 2020). Notably, the similarity between the
two weak signals in the late earthquake coda becomes more prominent than the weak signals

themselves. J waves manifested themselves via their similarity with other seismic core phases in the
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coda-correlation wavefield (Tkal¢i¢ & Pham 2018). Specifically, a pair of seismic phases
(xPKIKPPKIKP-xPKJKP), with similar slowness, and hence, waveforms, can result in a cross-
correlation peak and the feature named 12-J. The “x” represents any seismic phase (Figure 3B and 3C).
For example, “x” can be replaced with PcP, and as a result, the pair that contributes to the formation
of 12-] becomes (PcPPKIKPPKIKP-PcPPKIJKP). Similarly, for x=PKIKP, the pair of phases
contributing to the formation of 12-J becomes (PKIKPPKIKPPKIKP-PKIKPPKJKP). In reality, for
the late earthquake coda, i.e., 3—10 hours after origin time (Pham et al., 2018), the prefix “x” can

correspond to a complicated combination of ray multiples because of a diverse propagation of seismic

waves possible in such a long time. All of them can contribute to 12-J.

When all contributions described above are stacked, the 12-J amplitude is enhanced and becomes
visible in a global correlogram. As shown in Figure 5, the 12-J is identified as a cusp of energy in the
synthetic correlogram whose timing was shown as dependent on IC shear-wave speed (shown in Figure
2 in Tkal¢i¢ & Pham (2018)) and could be compared with the observed correlogram. This dependency
presents a novel type of observation of the J] wave and a new method to investigate shear wave
properties in the IC. Tkal¢i¢ & Pham (2018) obtained evidence for a solid, but a “soft” (high Poisson
ratio) Earth’s inner core, with shear-wave speeds and shear moduli of 3.4240.02 km/s and 149.0+1.6
GPa near the inner core boundary and 3.58+0.02 km/s and 167.4+1.6 GPa in the Earth’s center, the

values that are 2.5% lower than those reported in PREM (Dziewonski & Anderson 1981).

Interestingly, all the J-wave speed estimates from seismological observations, as summarized above,
are overall lower than I estimates from mineralogical experiments (e.g., Antonangeli et al. 2004; Mao
et al. 1998; Vocadlo 2007). The iron or its alloy at the IC pressure and temperature conditions exhibits
much larger V; than the values estimated from the seismological observations. To explain such a
significant discrepancy, different IC models have been suggested. Among the proposed models are:

the presence of low-velocity components or anelastic effects in the IC (Mao et al. 1998), partial melting
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that results in liquid in the IC (Singh et al. 2000; Antonangeli et al. 2004; Vocadlo 2007), the presence
of different solid iron phase or existence of light elements or anharmonic high-temperature effects

(Antonangeli et al. 2004), and imperfect iron crystals including the grain boundaries and defects

(Belonoshko et al. 2007).

3. SHEAR ATTENUATION IN THE INNER CORE

Intrinsic attenuation in shear is a property that measures energy loss per cycle of the shear wave
propagating through Earth’s inner core (for a recent review on attenuation, see Cormier, 2020). This
quantity provides critical constraints on the thermal states, viscosity, and stable crystallographic
structure of iron in the IC (e.g., Belonoshko et al., 2019). Similar to the shear-wave speed counterpart,
early constraints on shear attenuation came from normal modes, which were later followed by a few
claimed observations of PKJKP body waves. However, the level of disagreement among reported
attenuation estimates in shear is significantly greater than for shear-wave speeds presented in Section
2. Recently, the advancement in the theoretical understanding of the correlation wavefield holds great
potential to provide independent constraint on the shear attenuation properties and is worth exploring

in near future research.
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Figure 6

Graphical illustration for the relation of compressional-wave quality factor (Q,) as a function of bulk
(Qx) and shear quality factors (Q,) according to Equation (4). The diamonds mark the set of values

used to compute synthetic waveforms shown in Figure 10 and Figure 11 in the last section. The thick

line represents the IC Q, value from the PREM model (Dziewonski & Anderson 1981).

Q is a quality factor defined as the average energy W divided by the loss of energy per cycle AW, Q =
W /AW . Note that Q is inversely proportional to the energy loss, so higher Q means the material is less
attenuative. In a solid material, elastic energy is dissipated in bulk and shear oscillations, denoted by

Qy and Q. Attenuation of compressional (Qp 1) and shear waves (Qg 1) can then be expressed as

(Anderson & Hart, 1978):

Qrl=LQ;" +(1-L)Q:t; 051 = Q.
4)

where L = 4V?/3VZ. This relation is graphically illustrated in Figure 6. It is worth noting that

attenuation in shear, Q, 1, is identical to shear-wave attenuation, Qg, while compressional-wave
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attenuation, Qp*, depends on both bulk and shear attenuation. For each value of the shear quality-
factor, @, (indicated on the right column), Qp increases monotonously as a function of Q... When Q,
approaches infinity, @p approaches its upper limit, Q,,/L. Thus, compressional-wave attenuation can
be used as a proxy to constrain attenuation in shear. The observed Q might be different at normal

mode than body-wave frequencies and spatial scales. The readers are referred to other review texts

(e.g., Romanowicz and Mitchell, 2015; Souriau and Calvet, 2015; Tkalci¢, 2017).

Normal-mode studies rely on amplitudes of IC modes sensitive to attenuation in shear at periods of
~100 s and longer. Some studies suggested large values, namely Q,>1000 (Masters and Gilbert, 1981;
Suda and Fukao, 1990) based on anomalously high amplitudes of some modes, e.g., 55>, 753. However,
those modes were later found to be possibly misidentified (Widmer et al., 1991), and normal-mode
studies settled to more attenuative IC models (i.e., smaller @, values) later. In PREM (Dziewonski and
Anderson, 1981) Q, was set to 84, and Widmer et al. (1991) found Q,=110 when the possibly
misidentified modes were excluded. The shear-quality factors similar to PREM (Q,, = 84) were later

confirmed by Resovsky et al. (2005) and de Wit et al. (2014) when they employed inversion schemes
with robust accounts for uncertainty. Most recently, Talavera-Soza and Deuss (2020) investigated the
spherical mode couple ;0S2— ;152 and considered the trade-off between attenuation in shear and shear-
wave speed, as well as the mode-coupling effect (Andrews et al., 2006). They found a similar value
for shear attenuation quality-factor as in PREM (i.e., @, = 84) with either a reduction of 0.5% in the
IC shear-wave speed or an increase of IC radius by 0.5%. The accepted values for shear attenuation
quality-factor (~84—110) suggests that the Earth’s IC is possibly the most attenuative volume in the

Earth.

However, strong attenuation in shear (i.e., low Q) is not favorable for any observations of body waves

propagating as shear waves in the IC (Doornbos, 1974). Thus, a few claimed observations of J waves,

Article for Annual Review of Earth and Planetary Sciences (Draft) 18



380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

made using the waveforms bandpass-filtered at relatively short periods, concluded possible higher Q,,,

at least along specific corridors through the IC. In the period ranges 10—100 seconds, Deuss et al. (2000)

estimated @, = 120 from the observation of pPKJKP and SKJKP waves. Cao and Romanowicz (2009)

extended their observation of PKJKP made earlier (Cao et al. 2005) for a similar period range and

estimated @, = 315 from the observed PKJKP waves. Both studies noted significant challenges in

observing J waves, even in the synthetic waveforms. Cao and Romanowicz (2009) compared the
observed with the synthetic waveforms where the solid-IC synthetics were subtracted from the liquid-
IC synthetics (an operation somewhat similar to the one shown in Figure 4). Wookey and Helffrich

(2008) observed PKJKP at shorter periods, 2-20 s, and indicated that their observation required @, =

200 at the top 400 km of the IC but had no sensitivity to constrain shear attenuation at greater depths.

A simple explanation for different values of attenuation quality-factors obtained from normal-mode
and body-wave studies is due to the frequency-dependent nature of attenuation. Alternately, it could
be due to the variation of attenuation as a function of depth in the IC, since normal modes are mainly
sensitive to the IC top, while the J waves penetrate deeper in the IC. However, due to the sparsity of
reliable observations, a reconciliation of the two types of studies is still at the forefront of research in

this field.

Recently, Tkal¢i¢ and Pham (2018) presented an initial attempt to constrain the shear attenuation with
the detection of J waves’ footprint in the global correlation wavefield. Their fit of the 12-J amplitudes
to the synthetized features requires a 75% reduction relative to the PREM value. This significant
reduction would indicate an even more substantial attenuation in shear than current values inferred
from the normal-mode studies indicate. However, the authors acknowledged that the method of

estimating Q, was possibly over-simplified as many factors that could impact the resultant amplitudes
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in the correlation wavefield were excluded from consideration. A further extension of that experiment

is presented in Section 5, hoping to provide useful directions for future research.

4. SHEAR-WAVE ANISOTROPY IN THE INNER CORE

Anisotropy in shear-wave speed has been hypothesized to exist in conjunction with the observed
anisotropy in compressional-wave speed, but the observations to confirm this hypothesis have been
elusive. It was noticed that the compressional waves traverse the IC faster in directions quasi-parallel
to the Earth’s rotation axis than in directions quasi-parallel to the equator (e.g., Poupinet et al. 1983;
Morelli et al., 1986; Woodhouse et al., 1986). The anisotropy for both compressional and shear waves
reflects preferred alignments of iron crystal formed either during the formation of the IC (Karato 1993;
Bergman 1997) or its post-formation dynamics. i.e., recrystallization and plastic deformation (Yoshida
et al. 1996; Karato 1999; Wenk et al. 2000a; Buffett et al. 2001) or the convection in the viscous IC
(Jeanloz & Wenk 1988; Wenk et al. 2000b). Regarding the crystallographic structure of iron-nickel
alloy stable under the IC conditions, it is uncertain whether it is hexagonal-close-packed (hcp) (e.g.,
Stixrude & Cohen, 1995; Mao et al. 2006; Fischer & Campbell 2015; Steinle-Neumann et al., 2001)
or body-centered-cubic (bcc) structure (Vocadlo et al., 2003; Belonoshko et al., 2008; Calvet &
Margerin, 2008). For this reason, the constraints on IC shear-wave anisotropy can complement studies
of IC compressional-wave anisotropy and further improve our understanding of the IC material

rheology (e.g., Karato, 2008) and its dynamics (e.g., Sumita & Bergman 2015).

We can expect two phenomena for shear-wave anisotropy in theory: direction-dependent speed
variations and shear-wave splitting into two polarized shear waves propagating at a different speed.
For a cylindrically anisotropic (or transversely isotropic) medium such as the one hypothesized for the

IC, its elasticity tensor C;; can be described by five independent constants: Cyq, Cs3, Cy4, C12, Cy3:
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Based on low-order harmonics approximations (Backus 1965; Crampin 1977), we can derive the

seismic-wave speed:

pVSzl == C44(Sin4€ + COS4€) + (Cll + C33 - 2C44 - 2C13)Sinzfcoszf, (6)
pVE = @sinzf + Cyqc08?E, (7)
pVE = Cy1Sin*E + C33c05*E + (4C44 + 2Cy3)sin?Ecos?é, (8)

where Vg, and Vs, are the speeds for split shear waves with polarization parallel to meridians and the
equator, respectively, Vp the compressional wave speed, p the density, and ¢ the angle between J-
wave ray paths and the Earth’s rotation axis. Figure 7 showcases Vg, and Vs, for the two split shear
waves and their variations with the ¢ by taking elastic constants for simple IC models made of hep- or
bce-iron following Mattesini et al. (2010). If observed for J waves, such phenomena would be direct

evidence for shear-wave anisotropy in the IC.
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Figure 7

Theoretical predictions for anisotropy in shear- and compressional-wave velocity for simple IC models
made of hep- (blue lines) or bee-iron (black lines). (A) Velocity variations for compressional wave
relative to the angle ¢, the angle between a seismic wave ray-path and the Earth’s rotation axis. (B, C)
Velocity variations for shear waves with polarization parallel to meridians and the equator,
respectively. (D, E, F) Variations for relative velocities corresponding to A, B, and C, respectively.
The velocities are calculated based on Equations (5-8) with elastic constants taken from Mattesini et
al. (2010).
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Figure 8

Observations of PKJKP waves and IC shear-wave anisotropy. (A) Time-slowness “slant stacks” for
detecting PKJKP. The crosses indicate the theoretical predictions for PKJKP and pPKJKP arrivals.
The energy maxima close to the predictions are identified as PKJKP and pPKJKP arrivals. The
observed time of PKJKP is ~1.5 s before the prediction and at the correct slowness within the array's
resolution (~0.05 s/°). The pPKJKP’s amplitude is near the noise level (denoted by the question mark).
(B) Azimuthal slant stack at a fixed slowness of 2.6 s/°. The energy maximum identified as PKJKP

arrival is within 0.2° of the (major arc) great-circle path (this means that the observed energy arrives

from the earthquake as predicted, along the great-circle). The second energy peak is close to the
pPKJKP prediction (denoted by the question mark). (C, D) The observed and synthetic waveforms,
respectively. The waveforms are phase-weighted slant stacks at the peak slowness for PKKPab and
PKJKP. The shaded area is the waveform envelope. The observations and synthetics are matched well
for PKKPab, pPKKPab, PKJKP, and pPKJKP arrivals, as labeled. The arrival denoted by the question

mark is possibly the split J-wave due to IC anisotropy. The scale bar shows the time-lag predictions
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for an IC anisotropy model, implying that a 1% shear-wave anisotropy can explain the split.

Reproduced from Wookey and Helffrich (2008).

If the J waves are characterized as elusive due to rare observations, evidence for shear-wave anisotropy
is even more elusive. The first evidence for shear-wave anisotropy was reported by Wookey and
Helffrich (2008). The authors observed a seismic arrival ~7 s after the main PKJKP arrival (or ~3 s
after pPKJKP) using the Hi-net array data (Figure 8). They eliminated the possibility of the arrival
being the source-side converted phase, such as sSPKJKP, as the accompanying phases do not exist for
more pronounced PKKPab and PKiKP waves arrivals. The newly observed conspicuous arrival was
then interpreted as the result of shear-wave splitting in the IC and evidence for J-wave anisotropy. The
anisotropy strength was estimated at ~1% for the waveforms in the period range 220 s averaged for

the whole J-wave ray path from the time difference between two split J waves.

Furthermore, based on the quantitative evaluation of J-wave anisotropy, Wookey and Helffrich (2008)
explored a range of iron structure models that represent a series of orientations and rotational averages
of hep and bee iron. Multiple models yield similar J-wave anisotropy that is comparable to the
observation. Among those models, Wookey and Helffrich (2008) preferred an hcp model with its ¢
axis (the axisymmetric axis) parallel to Earth’s equator, based on the IC compressional-wave
anisotropy constraints. The model exhibits faster P-waves in the directions perpendicular to the ¢ axis
as predicted in mineralogical experiments (e.g., Steinle-Neumann et al. 2001). However, for the same
model, different experiments (e.g., Stixrude & Cohen 1995; Antonangeli et al., 2006; Vocadlo et al.,
2009) reported quite the opposite sense of compressional-wave anisotropy, i.e., that the P-waves are

faster along the c axis (e.g., Antonangeli et al., 2006; Vocadlo et al., 2009).
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Figure 9

IC shear-wave anisotropy observations from earthquake coda-correlation. (A) Geometry settings for
the coda-correlation feature 12-J for two receivers (black balls) close to the equator. Red lines represent
Jwaves, and black and grey lines represent compressional waves. The constituents of [2-J are multiples
that consist of a set of common rays, as shown in Figures 3B and 3C. All the J waves (shown in red)
are in directions parallel to the equator. (B) Similar to (A) but for receivers in a plane oblique to the
equator. The J-wave directions are now parallel or oblique to the equator. (C, D) Coda-correlograms
corresponding to (A) and (B), respectively. Yellow ellipses and black arrows indicate 12-J. The dash
lines indicate the referent feature PcP*. (E, F) Slant stacks of 12-J for the two correlograms in (C) and

(D), respectively. The yellow dots correspond to the lower branch of the 12-J cusp. Each slant stack is
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normalized relative to the maximal amplitude. The 12-J waveform stacks are shown alongside the slant

stacks and the correlograms. Reproduced from Wang and Tkalci¢ (2021).

Recently, Wang and Tkal¢i¢ (2021) have reported, for the first time, J-wave anisotropy from
earthquake coda-correlation observations. The rationale behind the study is that the coda-correlation
feature 12-J, sensitive to J-wave speed (Tkalc¢i¢ & Pham 2018), exhibits time and amplitude variations
when the contributing J waves sample the IC in different directions (Figure 9A, B). It was concluded
that J-wave anisotropy in the IC is the simplest and a plausible explanation for the observed time
variation. Furthermore, the reduced amplitude of 12-J formed by J waves sampling the IC in diverse
directions relative to the Earth’s rotation axis point to J-wave anisotropy. Those J waves can have a
significant time difference (up to tens of seconds) as predicted for cylindrical anisotropy in the IC (e.g.,
Stixrude & Cohen, 1995; Song, 1997; Vocadlo et al., 2009). Such time difference can result in
destructive stacking and hence decrease the amplitude of 12-J (Wang and Tkal¢i¢ 2020). From the new
class of observations, Wang and Tkalci¢ (2021) estimated that shear waves traversing the IC near its
center travel faster for the oblique than for the equatorial angles relative to the Earth’s rotation axis by

at least ~5 s (Figure 9C, D, E. F) in the period range 15-50 s. This time difference corresponds to a

cylindrical anisotropy strength of at least ~0.8%. The current state-of-the-art correlation-wavefield
data processing does not allow us to isolate individual J waves for 12-J. Hence, the anisotropy strength
cannot be quantified with better accuracy. For the same reason, J-wave splitting cannot be observed
from coda-correlation stacks, and the derived J-wave observations correspond to an average of two

split J waves.

Based on the J-wave anisotropy observations, Wang and Tkalci¢ (2021) took a step further to verify
the compatibility of various iron crystallographic models. They were able to rule out one incompatible
model of crystallographic state of iron for the IC. They examined different hcp- and bece-iron models

with varying crystal alignments, assuming a single crystal for the whole IC. Among the candidate
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models, a becc model with <001> axis (the cube edge) parallel to the Earth’s rotation axis predicts
opposite anisotropy to the observation. Hence, it can be excluded from candidate IC iron models. In
contrast, predictions for other hcp and bcc models agree with the observation, but they are

indistinguishable because they exhibit similar anisotropy.

Both the analyses by Wookey and Helffrich (2008) and Wang and Tkal¢i¢ (2021) rely on elastic
properties for different iron models. The elastic properties can be simulated for hcp- and bee-iron at
the IC’s high-pressure and high-temperature conditions (e.g., Mao et al. 2006; Belonoshko et al. 2008;
Vocadlo et al., 2009; Fischer & Campbell 2015). The shear-wave anisotropy can be computed based
on Equations (5-7) with the simulated elastic moduli. Apart from that, the shear-wave anisotropy can
be obtained for iron crystals in high-pressure and high-temperature experiments. Lin et al. (2010)
inferred shear-wave anisotropy for hcp-iron at high pressures and room temperature using nuclear
resonant inelastic X-ray scattering technique. The results show that the shear waves are 2-4% faster in
directions parallel to the ¢ axis than directions perpendicular to the ¢ axis at 158 GPa and 172 GPa.
However, technical difficulties remain in measuring reliable shear-wave speed for iron crystals related
to finite-strain theory and iso-stress assumptions used in the modeling, and the strong influence of

plastic deformation of the crystals (Antonangeli et al.; 2006 Lin et al. 2010).

5. CHALLENGES, FUTURE DIRECTIONS AND NEW OBSERVATIONS

The biggest challenges in studying the shear properties of the IC have been in observing the I1C-
sensitive shear waves (J waves) and correctly identifying and quantifying Earth’s normal modes
sensitive to the IC shear structure. In the former case, the J waves are sufficiently weak to lie under
the observational threshold of noise. The uncertain travel-time prediction makes their observations
highly challenging and quite a different kind of exercise from routine observations of other seismic

phases. In the latter case, advances in normal-mode theory and deep Earth-imaging gradually enabled
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a better command of the observed IC shear structure-sensitive normal modes. In both cases, the
technological advances in seismometer construction increased the quality of data. Their proliferation
worldwide, including remote areas and the ocean floor, enable unprecedented accumulation of digital
data. Last but not least, most recent new approaches to data analyses, considering the information
contained in the data that once was considered noise, enabled considerable progress. Here, we will
consider two research directions that hold the potential of increasing our observational constraints on

IC attenuation in shear and IC shear-wave speed.

5.1. Characterizing IC’s attenuation in shear using the global correlation wavefield
To complement constraints from body waves and normal modes to look into the shear properties of
the IC, global seismologists have recently explored the late earthquake-coda correlation that exploits
the similarity of seismic waveforms. This review has featured the work in which J waves were
observed due to their similarity with PKIKPPKIKP (I2) waves in Earth’s correlogram (Tkal¢i¢ and
Pham, 2018). The correlation feature associated with J waves was dubbed 12-J in the original paper,
which also discussed the potential for full-waveform modeling and measuring attenuation. Here, as an
illustration of the way forward, we consider amplitudes of several other prominent features in Earth’s
correlogram to constrain IC attenuation. The considered IC-sensitive features include (i) /* — which
can be compared to PKIKP waves in the direct seismic wavefield, traversing the bulk of the IC, (ii)
12* — the double of /*, traversing the bulk of Earth’s IC twice, (iii) (1])2* — equivalent to the first
multiple of PKIIKP, an underside ICB reflection, and (iv) /2-J — formed due to the similarity of /2 and

PKJKP waveforms.
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Ray-path geometry for IC-sensitive features under consideration, showing the common set of legs that
constitute each feature. A) PKIKPPKIKP* (abbreviated as 12*) and PKIIKPPKIIKP* (abbreviated as
(IT)2*) at small inter-receiver distances. B) PKIKP* (abbreviated as [*) at near antipodal inter-receiver
distances. C) 12 and PKJKP (abbreviated as J) contributing to the correlation feature 12-J at small inter-
receiver distances. Comparison of the observed and synthetic correlation waveforms as a function of
two different inter-receiver distance ranges: D) 0—10° and E) 170-180°. Shaded areas highlight inner-
core sensitive features considered in this study. 12-J, 12*, (I[)2* are observed at inter-receiver distances

approaching zero, while I* are observed at near-antipodal distances.

Figures 10A-C show the ray-path geometry for the common set of legs of the considered IC-sensitive
features. All features involve compressional waves traversing the IC; thus, they are sensitive to the
attenuation of compressional waves, Q5 (see Equation (4)). The amplitude of the ICB underside
reflection, (I1)2*, could also have a weak sensitivity to shear-wave speed near the IC top as it is
influenced by the reflection/refraction of S waves interacting with the boundary (this effect for PKIIKP
is shown in Figure 4E). However, the fourth feature involves a shear leg in the IC; thus, it can help
constrain the attenuation of shear waves in the IC. Note that [*, 12*, and PKJKP sample the central
region of the IC, while the underside reflection II(2)* are sensitive to the uppermost part of the IC.
Simultaneous utilization of these four correlation features’ amplitudes in a common period-band, 15—

50 seconds, is expected to constrain both compressional and shear-wave attenuations jointly.

In particular, we use numerical simulations (AxiSEM: Nissen-Myer et al., 2014) to generate synthetic
seismograms and construct the synthetic correlation wavefield (see Pham et al., 2018 and Tkal¢i¢ et
al., 2020 for details on the computation of the correlation wavefield). In the synthetic experiments, we
employ a realistic source-receiver configuration, the published focal mechanism, and source time
functions from the SCARDEC catalog (Vallée and Douet, 2016) to minimize their effect on the
correlation amplitudes. A dozen events in the last decade were identified to show high-quality single-

event correlograms (Tkal¢i¢ and Pham, 2020). Furthermore, to rule out the possible impact due to
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numerical dispersion in the AxiSEM waveform simulation method, we compared the resultant
correlation wavefield with results obtained by the Yspec method (Al-Attar and Woodhouse, 2008) that
was employed to generate direct seismograms using the mode-summation method. We found almost
identical correlograms produced by the two independent methods, which ensures confidence in

utilizing the amplitudes of correlation features to infer Earth’s interior properties.
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Figure 11

Comparison of waveforms for three attenuation models for the IC marked by diamonds in Figure 6. In
each panel, the synthetic correlations are shown in black, while the observed correlations are gray. Left
panels (A, D, G) focus on the I* correlation feature at near-antipodal inter-receiver distances, middle
panels (B, E, H) focus on the I2* and (I1)2* features at small inter-receiver distances, and right panels
(C, F, 1) focus on the 12-] feature. Three different IC attenuation models indicated on the right are used
to produce synthetic waveforms. See Figure 6 for the illustration of compressional-wave quality factor

(Qg) as a function of bulk (Q,) and shear quality factors (Q,,) for these 3 cases.

After careful consideration of the factors that can influence the correlation features’ amplitudes, we
attempt to use their amplitudes to constrain the IC’s intrinsic attenuation. Firstly, the amplitudes of

synthetic features calculated using ak135f (Montagner & Kennett, 1996) as an input model (Figure

10D, E) are benchmarked with their observed counterparts. We observe a reasonably good match for
most features in the correlograms (proving the accuracy of the spherically symmetric models of the
Earth at these frequencies) except for the four above-mentioned IC-sensitive features. Interestingly, in
those figures, the binned correlation waveforms are compared in absolute amplitudes without any
amplitude scaling. This is a good indication that the mantle and OC structure profiles are well
constrained (Tkal¢i¢ and Pham, 2018). However, the unmatched amplitudes of IC-related correlation

features suggest that the IC properties require adjustments.

A closer look reveals that the synthetics computed in numerical simulations underestimate the

amplitudes of the observed I*, 12* and (11)2* (Figures 11A. B), suggesting that ak135f has too high IC

P-wave attenuation, Q;, i.e., too low P-wave quality factor, Qp (the ak135f’s Q, =~ 324 given that
Q, ~ 600 and Q, = 85; marked as Case 1 in Figures 6 and 11). Note that Q,. in the ak135f model is
mistakenly copied from PREM’s Qp profile in the IC, which were inferred using Equation (4)
assuming PREM wave speeds, as Montagner & Kennett (1996) were not attempting to constrain the

cores’ properties (Kennett, personal communication). By increasing Q, in the IC to 600, which is done
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via Equation (4) by setting @, > 10,000 and keeping @, unchanged (marked as Case 2 in Figures 6
and 11), we can improve the fit for these features (Figure 11D. E). Indeed, Case 2 is equivalent to

having the IC attenuation properties original incorporated in PREM. However, for Q,, = 85 (Figure
11F), the amplitude of shear-sensitive feature 12-J is significantly overpredicted. If @, is lowered

relative to PREM, a reasonable amplitude fit for 12-J can be obtained (Figure 11G, H), albeit at the

expense of underpredicting the amplitudes of the other three features (Figure 111). In Case 3, @, =40,

which is approximately half of the PREM value.

Although we could not achieve satisfactory waveform fits for all four considered features
simultaneously in this extended experiment, we are optimistic that the correlation wavefield method
has great potential in the future research of Earth’s IC (Tkali¢ et al., 2020). As preliminarily
demonstrated in Tkal¢i¢ and Pham (2018) and further in Figure 11, the correlation feature /2—/ and its
remarkable sensitivity to IC’s shear properties can be robustly synthesized and observed. This is in
stark contrast to previous attempts to search for the J-wave footprint in the direct seismic wavefield
(Figure 4), where the amplitudes of PKJKP waves lie under the observational threshold defined by the
noise (Shearer et al. 2011). Namely, in the correlation wavefield, 12-J amplitudes are just an order of

magnitude smaller than the mantle-sensitive features.

As we cannot model all IC-sensitive correlation features by forward-modeling IC compressional and
shear properties simultaneously, this likely means that we have to rule out the simplified models for
IC’s shear properties. As presented above, a strongly attenuative, homogeneous, and isotropic inner
core in shear cannot provide good simultaneous fits for the examined four features. The existence of
heterogeneities in anisotropic velocity structure (e.g., Creager 1999; Frost et al. 2021; Tkalci¢ 2010),
attenuation (e.g., Li and Cormier 2002; Attanayake et al. 2014, Iritani et al. 2014, Peji¢ et al., 2019,

2017), and compressional- and shear-wave anisotropy (Section 4) could reduce the amplitudes of 12-J
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666  correlation features significantly. Therefore, with this in mind, the current full-waveform attempts to
667 simulate the IC’s shear structure must be intensified using both direct seismic and correlation

668  wavefields.

669
670 5.2. Detecting J waves using modern seismic arrays
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672  Figure 12
673  An attempt to observe PKJKP waves in a global seismic travel-time stack using large seismic arrays.

674  A) A linear stack of vertical waveforms in 1-degree epicentral distance bins from the My=7.2 West of
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Sumatra earthquake (10 Jan 2012). Yellow labels denote prominent seismic phases in this window.
Dashed orange line and label indicate the travel time curve of PKJKP waves predicted by the Earth
reference model ek137 (Kennett, 2020), which incorporates the updated IC’s Vs profile proposed by
Tkalci¢ and Pham (2018). The black rectangle boxes show the time and epicentral distance range of
waveforms used to compute the slant stack in panels C and E. The visible jump near the epicentral
distance of 150° is due to a sharp reduction in receiver numbers at the southern end of the US Array.
B) Map of stations and the earthquake used to construct the global stack in panel A. A black star
denotes the earthquake, while orange triangles mark stations. C) Second-order phase-weighted slant
stack is constructed from seismograms in epicentral distance range 120-150° surrounding the
predicted travel time curve of PKJKP (see the black box in panel A). Times are relative to an epicentral
distance of 140°. The dashed oval marks the PKJKP prediction by the reference model ek137. D) The
black line shows the linear waveform-stack in epicentral distance range 120—150° aligned relative to
PKJKP prediction. Light grey strip shows the uncertainty — two standard deviations — of the stacked
waveform estimated using the bootstrap sampling method (Efron and Tibshirani, 1991). E) and F) are

similar to C) and D) but for the window surrounding predicted PKIKP.

The global seismic network has expanded significantly in the last decades, including the initiation of
large dense seismic networks at regional and continental scales such as the Hi-net array covering Japan,
USArray covering the mainland US and Alaska, the ChinArray covering China, and multi-national
deployment of seismometers across Europe. Nowadays, an earthquake can be simultaneously observed
by thousands of seismic stations distributed globally (see Tkal¢i¢ and Pham (2020) for an example of
a recent advance in the global correlation-wavefield theory and methodology using a single event). A
full-range seismic wavefield can be constructed by many seismic records from a single event instead
of stacking over multiple events as previously demonstrated by Shearer et al. (2011). Here, we are
inspired by Shearer et al. (2011) to scrutinize the possibility of detecting a footprint of J waves in the
direct seismic wavefield by taking advantage of an unprecedented number of receivers in the global

seismic networks.
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We exploit more than 1500 broadband seismograms of the My=7.2 West of Sumatra earthquake of 10
January 2012 to produce a global waveform stack (Figure 12A). The selected earthquake location is
in the southern hemisphere to maximize the benefits of dense seismic arrays in the northern hemisphere
at the epicentral distance range suitable for J-wave observation (Figure 12B). The majority of the
seismograms were recorded by the USArray, which provides good coverage in the epicentral distance
range 120-150°, in which we expect the maximum amplitude for PKIKP waves (Doornbos, 1974). To
ensure the highest quality results, we retained only continuous 30-minute records since the event's
origin time. The data were then corrected for instrumental responses to obtain ground-velocity
seismograms and bandpass-filtered in the range 1550 s. In Figure 12A, the processed seismograms
are grouped in 1-degree bins, and we use a median filter to remove unwanted seismograms with
possible glitches or other instrumental issues. Specifically, for each bin, the median of the maximum
absolute values of all seismograms is determined, and a seismogram in the bin is rejected if its

maximum absolute value is five times larger than the pre-determined median.

Figure 12A shows a waveform stack produced from a single earthquake with a prominent presence of
seismic phases at near-antipodal distances, such as PP, PPP, PKIKP, and PKP. We can observe a
suspected candidate for PKJKP signals around the theoretical prediction in the slant stack (Figure 12C),
although not so confidently in the waveform stack (Figure 12D). The theoretical prediction is based
on the reference model ek137 (Kennett, 2020), which employed the 2.5% reduction in the IC’s shear-
wave speed relative to PREM proposed by Tkal¢i¢ and Pham (2018). The PKIKP waves are shown

for comparison with PKJKP waves in Figures 12E and 12F. At present, we cannot provide further

evidence for the reliability of the observation of this PKJKP signal. Instead, we would like to encourage

other quests for PKJKP signals thanks to the availability of dense seismic networks.
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Figure 13

An attempt to observe PKJKP waves using a specially designed short-aperture, spiral-arm array. (A)
Geographical locations of SQspa array and the M,=6.8, 2014-08-24 central Peru event. (B) Vertical
component seismograms in the time window around theoretical PKJKP arrival for the SQspa stations.
The orange waveform at the bottom is the linear stack of all seismograms. The shaded area indicates
the time window used for f-k analysis. The dashed ellipse indicates weak but coherent phases around
the theoretical PKJKP arrival time. The phase is much clearer in the waveform stack. (C) The f-k
diagram using the waveforms in (B). The light blue and white triangles indicate the predicted and the
observed PKJKP arrivals, respectively. (D) The theoretical array response function for SQspa for a
monochromatic 4 s PKJKP wave given the theoretical back azimuth and slowness for the 2014-08-24
event. (E) The local-scale map of the SQspa array. (F) Vertical component seismograms in the time
window around theoretical PKIKP arrival time. The shadowed area indicates the time window used
for f-k analysis. (G) The f-k diagram using the waveforms in (F). The light blue and white triangles
indicate the predicted and the observed PKIKP arrivals, respectively. (H) The theoretical array
response function for SQspa for a monochromatic 2 s PKIKP wave given the theoretical back azimuth

and slowness for the 2014-08-24 event.

Finally, we present another likely PKJKP observation, this time using a short-aperture spiral-arm array
in southern Queensland (SQspa; operated by RSES, ANU), designed to be compared with and to
complement linear short-aperture arrays such as WRA in Northern Territory, a primary seismic station

of the International Monitoring System. Spiral-arm arrays have a valuable property to suppress the
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array response functions’ side-lobes due to the versatility of inter-receiver vectors (Kennett et al. 2015;
Tkalc¢i¢ 2017). SQspa has been utilized simultaneously with other arrays to enhance both signal quality
and resolution (Stipcevi¢ et al. 2017). Five such spiral arrays have already been deployed in Australia
(four by RSES, ANU, and one by Geoscience Australia), with a plan for another deployment in
Antarctica. Therefore, we can take advantage of a unique location in the southern hemisphere to

analyze the northern events in the epicentral distance range suitable for observing PKJKP waves.

In searching for PKJKP arrivals, we select global My>6.5 events in the time interval 2014-2015 when

SQspa was in operation, from the epicentral distance range 120°-160°. We choose vertical component

seismograms and filter them using the 2-20 bandpass filter following Wookey and Helffrich (2008).
We first pre-process seismograms centered in a time window around the theoretical PKJKP arrival
time based on Tkalci¢ and Pham (2018). After cutting the waveforms (see shaded areas in Figures 13B,
F), we compute the slowness diagrams using a frequency-domain f-k method (for a review of array
seismology, see Rost and Thomas 2002; also see Figures 2.8-2.12 in Tkalci¢ (2017), which illustrate
various arrays’ response functions). In the back azimuth-slowness contour diagrams, seismic arrivals
manifest as energy peaks at the position quantified by slowness and back-azimuth measurements.
Hence, we can search for possible PKJKP arrivals based on the direction of the incoming seismic

energy.

Figure 13 shows an example of a possible PKJKP observation for August 24, 2014, My=6.8 event in
central Peru. A weak but coherent phase close to the theoretical PKJKP arrival time appears in the
waveforms on most of the stations, and it is much clearer and prominent in the linear stack (the bottom
waveform in Figure 13B). An energy peak close to theoretical PKJKP arrivals can also be seen in the
f-k diagram (Figure 13C). The slowness and back azimuth for the energy peak is close to theoretical

predictions. We compare the observational with the theoretical array response function for a
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monochromatic 4 s plane wave for the 2014-08-24 event (Figure 13D). Notably, the obtained f-k
diagram is similar to the theoretical array response function for PKJKP. The observed energy peak
corresponding to PKJKP waves appears in approximately the same location of the f-k diagram as the
theoretical prediction. Furthermore, to check the reliability of our analysis, we conduct the same
analysis for PKIKP waves, a prominent seismic phase in raw seismograms (Figure 13F-H). The
comparison shows that our analysis can effectively record deep-earth seismic arrivals. However,
currently, we cannot provide more evidence for the captured PKJKP arrivals. Careful examination of

other seismograms in different locations is necessary to confirm this observation.

As the last section demonstrates, with the expansion of seismic networks, innovative methods, and

computing power, we enter a new era to discover and characterize IC’s shear properties.

6. SUMMARY

The current understanding of the IC shear properties from seismological observations can be

summarized as follows:

1. TheIC s solid, which has been demonstrated through the seismological observations of Earth’s
normal modes (T>100 s) and the existence of IC shear waves in both the seismic (down to T=2
s) and correlation wavefield (T=15-50 s).

2. The most recent observation points to shear-wave speeds and shear moduli of 3.42+0.02 km/s
and 149.0+1.6 GPa near the ICB and 3.58+0.02 km/s and 167.4+1.6 GPa in the Earth’s center,
but further refinements are expected soon due to theoretical and methodological advances in
earthquake coda-correlation methods. In particular, one of the future goals is to constrain radial
dependence of IC shear-wave speed, e.g., in the uppermost IC where there is more sensitivity

of seismic probes and near the transition to the innermost IC.
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Estimates of IC attenuation in shear have proven particularly challenging. The range of values
for Q, from about 80 to 1000 has been proposed, and there is currently no consensus among
seismological studies based on different frequency-band and depth sensitivities or between the
seismological and mineral physics studies. In general, normal-mode observations require lower
Q,, than the body-wave observations and mineral-physics studies, and with the current sparsity
of seismological observation and significant uncertainties in the IC mineral state, the
reconciliation of these measurements is difficult. Coda-correlation has shown the potential to
improve IC shear-attenuation estimates, and the ongoing research should refine estimates on
its radial dependence.

There are only a couple of seismological observations of shear-wave anisotropy, one from the
shear waves in the direct seismic wavefield and another from a coda-correlation study based
on similarity of IC-sensitive seismic phases. Both agree on the inferred value of anisotropy
strength of ~1%, but they cannot distinguish between the models for the stable phase of iron.
Further advances in this field will come from more high-quality data due to the expansion of
seismic arrays and the proliferation of seismometers in remote areas of the planet and the ocean
floor. This will improve our knowledge of the Earth’s outer shells and enable further IC-
sensitive seismological observations in all frequency bands by multiple methods, some of
which were discussed in this review paper. Finally, it is expected that mineral physics will
advance in the coming decade to the point that high-pressure/high-temperature experiments
will become more common for the IC conditions. This will help remove large uncertainties on
multiple physical parameters, including shear properties and the stable mineralogical phase of

iron.
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