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S U M M A R Y
We measured inner core normal mode pair 10S2–11S2, which cross-couples strongly for 1-D
structure and is sensitive to shear wave velocity, and find that our measurements agree with a
strongly attenuating inner core. In the past, this mode pair has been used to try to resolve the
debate on whether the inner core is strongly or weakly attenuating. Its large spectral amplitude
in observed data, possible through the apparent low attenuation of 10S2, has been explained as
evidence of a weakly attenuating inner core. However, this contradicted body waves and other
normal modes studies, which resulted in this pair of modes being excluded from inner core
modelling. Modes 10S2 and 11S2 are difficult to measure and interpret because they depend
strongly on the underlying 1-D model used. This strong dependence makes these modes change
both their oscillation characteristics and attenuation values under a small 1-D perturbation to
the inner core model. Here, we include this effect by allowing the pair of modes to cross-couple
or resonate through 1-D structure and treat them as one hybrid mode. We find that, unlike
previously thought, the source of 10S2 visibility is its strong cross-coupling to 11S2 for both
1-D elastic and anelastic structure. We also observe that the required 1-D perturbation is much
smaller than the 2 per cent vs perturbation previously suggested, because we simultaneously
measure 3-D structure in addition to 1-D structure. Only a 0.5 per cent increase in inner core
vs or a 0.5 per cent decrease in inner core radius is required to explain 10S2–11S2 observations
and a weakly attenuating inner core is not needed. In addition, the 3-D structure measurements
of mode 10S2 and its cross-coupling to 11S2 show the typical strong zonal splitting pattern
attributed to inner core cylindrical anisotropy, allowing us to add further constrains to deeper
regions of the inner core.

Key words: Core; Seismic anisotropy; Seismic attenuation; Surface waves and free oscilla-
tions; Theoretical seismology.

1 I N T RO D U C T I O N

Inner core solidity was first observed using whole Earth oscilla-
tions or normal modes by Dziewonski & Gilbert (1971), although
it had already been predicted by a number of authors (i.e. Lehmann
1936; Birch 1940; Bullen 1946) before any direct observations were
available. Additional evidence came some three decades later from
inner core shear wave measurements, or PKJKP (Deuss et al. 2000;
Cao et al. 2005; Wookey & Helffrich 2008; Tkalčić & Pham 2018).
Currently, inner core solidity together with its shear wave velocity
of vs = 3.6 km s–1, are widely accepted.

However, inner core intrinsic attenuation, or absorption of energy
as waves travel through Earth, still remains an outstanding problem.
The main issue is the incompatibility between body waves and nor-
mal modes based models of shear attenuation Qμ. Early normal
modes studies proposed a weakly attenuating inner core with Qμ >

1000, based on modes sensitive to vs in the whole inner core, while

body waves studies inferred a strongly attenuating inner core with
Qμ ∼ 40, by assuming no significant bulk attenuation or frequency
dependence and mainly constraining the top 500 km of the inner
core (Romanowicz & Mitchell 2007). The Preliminary Reference
Earth Model (PREM, Dziewonski & Anderson 1981), which was
created using a combination of both normal mode and body wave
data, has a strongly attenuating inner core with Qμ = 84 and has
non-zero bulk attenuation with Qκ = 1328 mostly constrained using
radial modes. More recent normal modes studies, based on modes
sensitive to vp in the shallower and deeper inner core, are also in
favour of a strongly attenuating inner core (Widmer et al. 1991;
Durek & Ekström 1995; Resovsky et al. 2005; de Wit et al. 2014),
with Qμ = 90–110. Nevertheless, body waves still prefer an even
more strongly attenuating inner core than normal modes. Two possi-
bilities have been suggested to overcome the disagreement either (i)
non-zero inner core bulk attenuation Qκ in order to explain strong
compressional wave attenuation, or (ii) frequency dependent Qμ in

612

C© The Author(s) 2020. Published by Oxford University Press on behalf of The Royal Astronomical Society. This is an Open Access
article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/223/1/612/5863948 by guest on 26 February 2021

http://orcid.org/0000-0003-0947-917X
mailto:s.a.talaverasoza@uu.nl
http://creativecommons.org/licenses/by/4.0/


Constraining 1-D inner core attenuation 613

order to explain stronger attenuation at high body wave frequencies
than at low normal mode frequencies. Unfortunately, no consensus
has yet been reached, as even the widely used assumption of shear
attenuation dominating over bulk attenuation has now been ques-
tioned (Morozov 2015), since it leads to auxetic elastic materials,
which have a negative Poisson’s ratio and are extremely rare in
nature.

In the past, the mode pair 10S2–11S2 has been used to try to
resolve the debate on inner core attenuation. In PREM, both modes
are mainly inner core confined and have such a low Q (i.e. strong
attenuation) that their synthetic spectral amplitudes are more than
100 times smaller than observed earthquake data, rendering them
invisible in synthetic normal mode spectra. This does not agree
with the real data, where a large peak is visible (see Fig. 1). Modes

10S2 and 11S2 depend strongly on the underlying 1-D model used,
changing their oscillation characteristics under small changes to
inner core 1-D structure (Andrews et al. 2006). Because of this,
the discussion about these modes concentrates on what their large
amplitudes and their corresponding Q values indicate for inner core
attenuation structure.

The centre frequencies fc and Q values, which describe attenua-
tion, of 10S2 and 11S2 were first measured by Dziewonski & Gilbert
(1973). They identified two peaks in the data and proposed two
possible explanations for them: (i) either only 10S2 is visible and
strongly split or (ii) both modes have visible peaks in the data with-
out significant splitting. They preferred the latter explanation, as at
the time no other strongly split inner core sensitive modes had been
measured. They also concluded that to make 11S2 visible, the inner
core had to be weakly attenuating.

Later, after numerous strongly split inner core sensitive modes
were identified, Masters & Gilbert (1981) proposed instead that the
source of both peaks was the strong splitting of 10S2, and interpreted
the large amplitude peak of 10S2 again as proof of a weakly attenu-
ating inner core (Q = 1079, Masters & Gilbert 1983). This contra-
dicted short period body wave observations, suggesting a frequency
dependent Qμ (Cormier 1981; Doornbos 1983; Li & Cormier 2002).
Ritzwoller et al. (1986) confirmed that 10S2 is strongly split, by com-
paring non-polar stations, where they observed two peaks, and polar
stations, where they only identified one peak corresponding to 10S2.
Shortly after, Giardini et al. (1988) measured a Q value of 800 for

10S2, and highlighted the importance of its 1-D cross-coupling to

11S2 when measuring its splitting, in order to include the strong 1-D
model dependance of 10S2 and 11S2. Later papers questioned again
the observation of 11S2 and other inner core confined modes (Mas-
ters & Shearer 1990), which prompted the exclusion of these modes
in further Qμ modelling (i.e. Widmer et al. 1991). As a consequence,
modes 10S2–11S2 have been excluded in the last few decades from
other comprehensive normal mode measurements (i.e. He & Tromp
1996; Resovsky & Ritzwoller 1998; Deuss et al. 2013).

More recently, synthetic tests performed by Andrews et al. (2006)
confirmed that, in order to take into account the strong 1-D model
dependance of 10S2–11S2, 1-D cross-coupling must be included when
using perturbation theory to calculate synthetic spectra. They found
that indeed the source of 10S2 high Q is its strong cross-coupling to

11S2 for 1-D structure. Just like Giardini et al. (1988), they point
out that in PREM both modes are a mix of PKIKP equivalent mode
and inner core confined oscillation, but that a small perturbation
to the 1-D model will change 10S2 and 11S2 mode identities. To
include this effect in their synthetics, they combined a 2 per cent
vs perturbation to the inner core with 1-D Q cross-coupling. Their
results had the same effect as recalculating the mode catalogue with
a 2 per cent vs change in the 1-D model: one of the modes increased

its Q value more than five times to become PKIKP equivalent, while
the other mode decreased its Q to become almost completely inner
core confined. As a consequence, their synthetic spectra of 10S2–

11S2 now had amplitudes comparable to the real data. The Q values
changes in these modes are entirely due to the variations in inner
core vs, while keeping the inner core strongly attenuating (Qμ =
84). They showed that their results for 10S2 and 11S2 can be obtained
using either (i) perturbation theory, including higher order 1-D Q
coupling or (ii) by recalculating the mode catalogue (Woodhouse
1988), with both methods giving identical results. While Andrews
et al. (2006) only explored the effect of vs on modes 10S2–11S2, 1-D
variations to the inner core radius have also been proposed to have
a similar effect (Widmer 2002). Here, we will explore the effect of
both parameters.

In this paper, we measure 10S2–11S2 and confirm that 10S2 indeed
becomes visible through higher order 1-D Q cross-coupling. Like
in previous studies, we also observe two peaks, which we confirm
is due to strong splitting of 10S2 and is not 11S2, which we agree is
invisible. In addition, we show that the source of the visibility of

10S2 in real data is indeed due a 1-D perturbation in inner core vs or
radius, and not a weakly attenuating inner core. We also apply the
same analysis to mode pair 8S2–9S2, which cross-couples for 1-D
vp structure. Finally, we use our new measurements for the centre
frequency and Q values to determine the amount of change in inner
core vs or radius required to explain our observations.

2 T H E O RY

Normal modes are standing waves along the radius and surface of
our planet, that only exist for discrete frequencies. In this study,
we will concentrate on spheroidal modes, which consist of P−SV
motion. Spheroidal modes nSl are characterized by two numbers,
the angular order l and the overtone number n. Each mode with
a given l is a multiplet consisting of 2l + 1 singlets. In a spheri-
cal, non-rotating, elastic, isotropic Earth, these 2l + 1 singlets are
degenerate, meaning they all have the same frequency. The degen-
eracy is removed by the effects of rotation, ellipticity, anisotropy
and lateral heterogeneities, which we call splitting. We calculate
splitting through perturbation theory (Dahlen 1968; Woodhouse &
Dahlen 1978; Woodhouse 1980). This calculation can either be in
the self-coupling approximation, where modes are treated as iso-
lated; group-coupling, which includes the cross-coupling between
a pair or small group of modes close in frequency; or full-coupling,
were cross-coupling between all modes in a certain frequency band
is included (e.g. Deuss & Woodhouse 2001). In self-coupling, a
mode is sensitive to structure of degree s = 2l. In cross-coupling,
two spheroidal modes, with angular orders l and l

′
, are sensitive to

|l − l
′ | ≤ s ≤ |l + l

′ | structure.
We concentrate on mode pairs nSl-n′ Sl ′ with l = l

′
and n = n

′ ±
1. These rare occurring pairs are sensitive to 1-D structure (i.e. s
= 0), with modes n ± 1S2-nS2 coupling for degrees s = 0, 2, 4. For
these mode pairs, degree-zero or 1-D cross-coupling is significantly
strong, and by fully including it we obtain the same results using
perturbation theory as recalculating the normal mode catalogue.
For details, see (Andrews et al. 2006). Here, full-coupling with
additional modes is considered a second order effect.

We use the generalized splitting function approach (Resovsky
& Ritzwoller 1998) to measure normal mode splitting for a pair
of strongly coupled modes. Splitting functions are depth-averaged
models of how one particular mode ‘sees’ the Earth (Woodhouse &
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614 S. Talavera-Soza and A. Deuss

Figure 1. Observed data (solid black line) and synthetics for 10S2–11S2: (a) station PAYG located in the Galapagos Islands, and (b) station KBS located in
Svalbard, Norway. Both stations are from the 2013 Okhotsk event. Synthetics are calculated for PREM (black dashed line), a 2 % inner core vs increase (grey
dashed line) and using our measurements of their splitting function coefficients (red dashed line). Also shown are (c) all observed spectra used for the 1994
Bolivia event. Although not shown, a 2 % inner core radius decrease has a similar behaviour on the spectra as a 2 % vs increase.

Giardini 1985), their coefficients are written as

ckk′
st =

∫ a

0
δmst (r ) · K kk′

s (r ) dr +
∑

d

δhd
st H d, kk′

s , (1)

where s is the angular order and t the azimuthal order of the Earth’s
structure, and the integral is calculated over a, the radius of the Earth.
K kk′

s and H d, kk′
s are known kernels (Woodhouse 1980), with k = (l,

m) for mode 1 and k = (l
′
, m

′
) for mode 2; δmst are the coefficients of

the Earth’s structure (compressional and shear wave velocity vp, vs;
density ρ) and δhd

st are the coefficients of discontinuity topography.
For a pair of cross-coupling modes, three splitting functions will be
measured jointly: self-coupling for mode 1 with kk, self-coupling
for mode 2 with k

′
k

′
, and cross-coupling for modes 1 and 2 with kk

′
.

Splitting function coefficients can be visualized in a map F(θ , φ),
that shows the regional frequency variations for a specific normal
mode, that is,

F(θ, φ) =
2l∑

s=2

s∑
t=−s

Y t
s (θ, φ) cst , (2)

where Y t
s (θ, φ) are the fully normalized complex spherical harmon-

ics and (θ , φ) indicate the surface position (Edmonds 1960). The
degree-zero (c00) elastic and anelastic coefficients of a self-coupled
splitting function allow us to calculate the observed fc and Q of a
mode with respect to PREM.

fc = f0 + (4π )−1/2 Re(c00) (3)

Q = fc

2
(

f0
2Q0

+ (4π )−1/2 Im(c00)
) . (4)

Here, we exclusively study mode pairs n ± 1S2–nS2 that cross-
couple strongly for 1-D structure (Andrews et al. 2006). These
pairs become a hybrid multiplet, as their apparent fc and Q values
are greatly influenced by the degree-zero elastic and anelastic co-
efficients of their associated cross-coupled splitting function. This
effect is excluded when fc and Q are calculated using eqs (3) and
(4). Thus, we report two different fc and Q values for these modes:
(i) the fc and Q with respect to PREM, calculated using eqs (3) and

(4), which can be interpreted with PREM’s sensitivity kernels and
used to model inner core structure and (ii) the hybrid multiplet f h

c

and Qh values calculated directly from their splitting matrix with
the diagonal sum rule (Gilbert 1971), which should not be used to
model inner core structure with PREM’s sensitivity kernels.

3 M E T H O D A N D DATA

We invert for the splitting function coefficients for mode pairs us-
ing iterated least-squares (Tarantola & Valette 1982), following the
same methodology as Deuss et al. (2013). As a large 1-D pertur-
bation is necessary to make modes 10S2–11S2 visible in the spectra,
we test a range of c00 coefficients for the starting model of these
modes and their cross-coupling, which encompass any potential 1-
D perturbation (i.e. vs, vp, ρ, radius) as seen in eq. (1). The reported
uncertainties of the c00 coefficients of 10S2–11S2 were calculated
based on the range of starting models that generated similar results.

Modes 10S2–11S2 and 8S2–9S2 are inner core sensitive modes, so
we also need to take inner core anisotropy into account (e.g. Wood-
house et al. 1986). Inner core anisotropy with cylindrical symmetry
leads to anomalously large values of the zonal coefficients, c20 and
c40. Current inner core anisotropy models overpredict these val-
ues or have contradictory predictions for 10S2 and 11S2. We try a
range of c20 values to test the best starting models, as it is usu-
ally not possible for inner core sensitive modes to converge to
a solution by just starting from PREM, while all our c40 coeffi-
cients are started from PREM. We also include mantle predictions
for comparison to our observations, which are computed using vs

model S20RTS (Ritsema et al. 1999), with scaling of the form
δvp/vp = 0.5 δvs/vs and δρ/ρ = 0.3 δvs/vs , together with crustal
structure model CRUST5.1 (Mooney et al. 1998).

We use Deuss et al. (2013) and Koelemeijer et al. (2013) cata-
logue of events, and add the 2013 Mw 8.3 Sea of Okhotsk earthquake
at 611 km depth. The starting catalogue contains 93 events, but we
use a smaller subset which mainly includes deep earthquakes, as
they are better at exciting inner core sensitive modes (Table 1).
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Table 1. fc and Q measurements with respect to PREM and apparent f h
c and Qh values of the hybrid multiplet, compared to PREM’s. Misfits for: PREM (mP),

S20RTS with CRUST5.1 (mS20) and our measurements (mcst ). Nev number of events, Ns number of stations used.

f0 fc f h
c Q0 Q Qh mP mS20 mcst Nev Ns

8S2 3214.23 3213.83+0.10
−0.02 3214.46 339 270+5

−3 267
0.70 0.91 0.34 57 740

9S2 3231.75 3230.72+0.18
−0.08 3230.78 407 432+15

−5 431

10S2 4032.33 4043.62+2.82
−2.82 4040.09 192 211+31

−1 670
0.97 0.98 0.35 58 1320

11S2 4058.47 4069.49+2.82
−2.82 4073.11 131 135+1

−5 95

4 R E S U LT S

We have measured splitting functions and corresponding fc and
Q values for mode pairs 10S2–11S2 and 8S2–9S2, taking all cross-
coupling within each mode pair into account. Modes 10S2 and 11S2

are strongly dependent on the 1-D model used and are mostly sen-
sitive to vs in the inner core. Their frequencies are very similar in
PREM, 4.032 mHz for 10S2 and 4.058 mHz for 11S2, making them
appear almost on top of each other and therefore cross-coupling
strongly. They are isolated from nearby modes and thus can be
measured as a pair ignoring further cross-coupling. PREM also
predicts similar sensitivity kernels and Q values, that is 192 for

10S2 and 131 for 11S2. In PREM, both modes are almost inner core
confined and their extremely low Q values make them nearly invis-
ible in its calculated synthetic spectra, however a small change to
PREM’s 1-D inner core structure can change the modes oscillation
characteristics (Figs 1a and b).

Other mode pairs, of the type n ± 1Sl-nSl, have very different Q
values, with one mode always being completely inner core confined
and with a much lower Q than the other mode. The modes in these
other pairs are more separated in frequency and usually overlaid by
additional modes, which makes it more complicated to measure their
splitting functions. Only 8S2 and 9S2 are close enough in frequency
to be also measured as a pair. Like 10S2–11S2, the pair is sensitive to
the inner core and couples for 1-D structure. Contrary to 10S2–11S2,

8S2–9S2 is also sensitive to the mantle and mostly to vp instead of
vs.

4.1 10S2–11S2

The presence of 10S2–11S2 in the real data (Fig. 1) provides con-
straints on inner core shear wave velocity, radius and Q. PREM
predicts such low Q values for both modes that they are invisible
in synthetic spectra when compared to real data. Andrews et al.
(2006) showed that mode pair 10S2–11S2 is strongly dependent on
small changes in the underlying 1-D model used. A peak becomes
visible and comparable to the real data only by changing PREM’s
inner core vs by 2 per cent and keeping inner core Qμ at PREM val-
ues of 84 (Figs 1a and b). Unlike mode pairs dominated by rotation
cross-coupling, which result in the Q values of the two modes to
become more similar, a 2 per cent vs increase leads 10S2 to become a
PKIKP equivalent mode with Q = 706, sensitive to both the mantle
and the inner core, and 11S2 to become an inner core confined mode
with Q = 91 (Fig. 2). The opposite happens when vs decreases by 2
per cent. Similarly, decreasing the inner core radius R by 2 per cent
has the same effect as a 2 per cent vs increase and vice versa. The
same outcome can be obtained by either recalculating the mode
catalogue using MINEOS, or by using perturbation theory including
1-D cross-coupling between these modes (Fig. 2b). Excluding 1-D
cross-coupling prompts the Q of both modes to remain quite similar
and close to PREM (Fig. 2a). For example, if no vs perturbation is
present, and only cross-coupling due to rotation and ellipticity is

Figure 2. Normal mode singlet Q values versus frequencies for: PREM, a
2 % inner core vs increase, and our measurements. All include the effects
of rotation and ellipticity. Values are shown for modes 10S2–11S2 and 8S2–

9S2: (a, c) without 1-D cross-coupling and (b, d) with 1-D cross-coupling.
Although not shown, a 2 % inner core radius decrease has a similar behaviour
on the modes singlets as a 2 % vs increase. The measured singlets of 10 S 2

and 11 S 2 are listed in Table 2.

Table 2 Singlet frequencies and Q values for our measurement of modes

10S2–11S2 in Fig 2(b).

f Q

10S2

4049.05 671
4035.81 667
4036.37 794
4038.59 612
4040.56 596

11S2

4067.79 94
4076.15 95
4074.96 93
4072.64 97
4073.98 95

included, then only one of the singlets of 10S2 increases its Q value
to 800 (Fig. 2b), which is not enough to produce an amplitude peak
comparable to the observed spectra (Figs 1a and b).
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It is important to note that these changes are due to the c00

values varying, which can also be due to changes in vp and density,
instead of vs or inner core radius. Thus, we measured 10S2–11S2

starting from a range of positive and a negative c00 values, and
obtained stable results in both cases. Starting from a positive c00

perturbation results in a lower misfit (0.35) and requires a much
smaller deviation from PREM, with 10S2 becoming the observable
mode. Alternatively, starting from a negative c00 perturbation leads
to a larger misfit (0.46), and the need for a much larger deviation
from PREM to make 11S2 observable. This larger deviation from
PREM stems from 11S2 being predicted to appear further away from
the peak seen in the real data. Based on our measurements and
synthetics calculations, we conclude that the best possible solution
is that starting from a positive c00 value for 10S2 and 11S2. Positive c00

values could be due to either an increase in vs or a decrease in radius;
Andrews et al. (2006) arrived to a similar conclusion by comparing
their predictions of fc and Q to real data. The added difficulty in
measuring these modes stems from 11S2 becoming an inner core
confined mode through its 1-D cross-coupling to 10S2, making it
effectively unobservable and therefore providing insufficient data
constraints to make a robust measurement of 11S2. However, we do
need to include 11S2 in our measurements to accurately measure 10S2

and their cross-coupling. So, mode 11S2 is measured indirectly by its
influence on mode 10S2 and their cross-coupling. Table 1 shows our
measured fc and Q values calculated both with respect to PREM and
the hybrid multiplet, together with the amount of data and misfits
in the inversion.

Mode 10S2 and its cross-coupling to 11S2 exhibit anomalous zonal
splitting, with strong zonal degree-two (c20) and degree-four (c40)
values (Table 3). The typical zonal splitting is visible, with positive
splitting anomalies located in the polar areas, and negative values
around the equator (Fig. 3). The observed zonal splitting cannot
be matched by mantle and crustal predictions, and is most easily
explained by inner core cylindrical anisotropy with the fast axis
aligned with the Earth’s rotation axis (e.g. Woodhouse et al. 1986).
However, none of the current inner core models can properly explain
the observed anomalous splitting, they either overpredict the c20 and
c40 values or even have the opposite expected sign (Table 3). 10S2

is sensitive to the innermost inner core, which is not very well
constrained by current anisotropy models. In addition, the fact that
we observe anomalous zonal splitting in mode 10S2, and specially in
its cross-coupling to 11S2, shows that cylindrical anisotropy needs to
be present in the inner core, as these modes have little outer core and
mantle sensitivity. Our 10S2–11S2 results contradict the suggestion
that the origin of the anomalous zonal splitting is as likely to be
present in the outer core as in the inner core (Romanowicz & Bréger
2000).

4.2 8S2–9S2

We also measure the mode pair 8S2–9S2 (Table 1). The average Q
values of the mode pair 8S2–9S2 are also affected by 1-D coupling
(Figs 2c and d). However, unlike 10S2–11S2, this mode pair is not
significantly affected by a small change in the 1-D model; their
radial oscillations are invariant to these changes. Modes 8S2–9S2 are
mostly sensitive to vp (Fig. 2d), and our Q value measurements of

8S2 and 9S2 are much more similar to PREM predictions.
The splitting functions for modes 8S2 and 9S2 and their cross-

coupling also show anomalous zonal splitting due to inner core
cylindrical anisotropy (Figs 3d–f). These modes agree much better
with current inner core model predictions than 10S2–11S2, because

they sample the upper part of the inner core and are mainly sensi-
tive to vp, which is much better constrained by current inner core
anisotropy models (Table 4).

5 D I S C U S S I O N

5.1 Inner core radius and shear wave velocity

We compare our measured c00 splitting function coefficients for

10S2 and 11S2 with predictions for a range of inner core radius R
and shear wave velocity vs variations. We find that both a 2 per cent
decrease in inner core radius R and a 2 per cent increase in vs, like
the one suggested by Andrews et al. (2006), are too great (Fig. 4).
Because we include 3-D variations in our measurements due to
inner core anisotropy, we need a smaller R decrease or vs increase
of only around 0.5 per cent. The c00 coefficients of both 10S2 and the
cross-coupling of 10S2–11S2 fall within a range of 0.5–0.75 per cent
inner core R decrease or vs increase, while the measurement of the
less well constrained 11S2, falls between 0.35 and 0.5 per cent R
decrease or vs increase.

To investigate if a small decrease in inner core radius or a small
increase in inner core vs would indeed be feasible, we tested the
influence of increasing and decreasing R and vs on other inner core
sensitive modes. We restrict our comparison to modes dominated
by inner core vs using measurements of Deuss et al. (2013). We
generate c00 predictions by varying PREM’s inner core radius R
and shear wave velocity vs independently by up to 1 per cent; we
have also applied a mantle and crust correction to the coefficients.
Fig. 5 shows that most other vs sensitive modes also agree with
either a decrease in inner core radius or an increase in inner core vs,
in agreement with our observations for 10S2–11S2. It is not possible
to distinguish between either a change in radius or inner core vs,
both fit the normal mode frequencies equally well.

Although in theory, our measured c00 splitting function coeffi-
cients can be due to a perturbation in any of the elastic parameters
described in the 1-D model used (eq. 2), we consider the effect of
1-D changes in compressional velocity vp and density ρ negligible.
We find that neither an increase or a decrease in vp can explain mode

10S2 being visible, and only a disproportionate 40 per cent increase
in inner core density is able to explain it.

If we assume that all contributions to the c00 coefficients come
from an increase in inner core shear velocity, then our results do not
agree with Tkalčić & Pham (2018), who measured an inner core
vs 2.5 per cent lower than PREM, using body wave observations
of inner core shear waves travelling through the whole inner core.
We would also disagree with Robson & Romanowicz (2019), who
created a model that prefers an average inner core vs 1 per cent lower
than PREM. In their modelling they allowed vs, vp and ρ to change
simultaneously and used 40 spheroidal modes mostly sensitive to the
shallower inner core. However, we would agree with mineral physics
studies of iron at high pressure and temperature, which usually find
a vs value 10–20 per cent larger than PREM (Vočadlo et al. 2003;
Vočadlo 2007). Nonetheless, our proposed increase in vs is still too
small to explain the higher values from mineral physics. This effect
was also explored by Deuss (2008), who showed through a synthetic
normal mode study that the large vs found in mineral physics cannot
be reconciled with observations of inner core sensitive modes.

On the other hand, if we assume all contributions to the c00

coefficients come from an decrease in inner core radius, we would
agree with de Wit et al. (2014), who found the inner core radius 0.1–
0.3 per cent smaller than PREM. Like the studies mentioned in the
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Table 3. Modes 10S2–11S2 predicted splitting function coefficients Re(c00), Im(c00), c20 and c40 for inner core and mantle models compared to our measurements,
all in μHz. (∗) Indicates results are not well constrained. Numbers have been rounded-up for an easier comparison.

10S2 10S2–11S2 11S2

Model prediction Re(c00) Im(c00) c20 c40 Re(c00) Im(c00) c20 c40 Re(c00) Im(c00) c20 c40

Woodhouse et al. (1986) – – 71 −44 – – −83 53 – – 125 −67
Tromp (1993) – – 225 71 – – −283 −83 – – 381 102

Durek & Romanowicz (1999) – – 1 −122 – – −21 138 – – 63 −160
Beghein & Trampert (2003) – – −28 23 – – −22 −25 – – 121 24

S20RTS and CRUST5.1 −3 – 0.3 −0.2 −2 – 0.2 −0.2 −2 – 0.2 −0.1
+2 % IC vs 112 – – – −142 – – – 183 – – –
–2 % IC R 122 – – – −148 – – – 175 – – –

Our measurements 40 −3 7 16 −40 −2 5 5 39∗ –1∗ 8∗ –2∗

Figure 3. Self- and cross-coupling splitting functions measurements (left-hand panel) compared to a combined inner core, mantle and crustal model (middle
panel) and a combined mantle and crustal model (right-hand panel). Corresponding sensitivity kernels and structural degree s are shown. Inner core model:
Beghein & Trampert (2003), mantle model: S20RTS (Ritsema et al. 1999), crustal structure model: CRUST5.1 (Mooney et al. 1998).

previous paragraph, they also found the vs of the shallow inner core
∼1 per cent smaller than PREM, although much less constrained
than other parameters to be significant. They used 184 spheroidal

modes to explore the trade-offs between vp, vs, ρ, Qμ, Qκ and depth
discontinuities along the whole Earth radius.
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Table 4. Modes 8S2–9S2 predicted splitting function coefficients Re(c00), Im(c00), c20 and c40 for inner core and mantle models compared to our measurements,
all in μHz. Numbers have been rounded-up for an easier comparison.

8S2 8S2–9S2 9S2

Model prediction Re(c00) Im(c00) c20 c40 Re(c00) Im(c00) c20 c40 Re(c00) Im(c00) c20 c40

Woodhouse et al. (1986) – – 3 −1 – – 2 −1 – – 2 −0.5
Tromp (1993) – – 7 2 – – 5 1 – – 3 1

Durek & Romanowicz (1999) – – 5 −0.5 – – 3 −0.4 – – 2 −0.3
Beghein & Trampert (2003) – – 9 2 – – 6 1 – – 4 1

S20RTS and CRUST5.1 −8 – 2 −0.5 4 – −2 0 −8 – 0 0
+2% IC vs 1 – – – 1 – – – 0.5 – – –
–2% IC R −0.2 – – – −0.1 – – – −0.1 – – –

Our measurements −1 4 9 2 −1 8 4 1 −3 −1 7 2

Figure 4. c00 coefficients as a function of (a) inner core radius δR/R and (b)
shear wave velocity δvs/vs, together with our measurements for modes 10S2,

11S2 and their cross-coupling. Blue area: (a) − 0.75% <δ R/R < − 0.3%
and (b) 0.35 % <δ vs/vs < 0.75%.

Here, for simplicity, we assume that our measured c00 values are
affected either by inner core radius R or shear wave velocity vs and
not a combination. However, to be able to discern between the differ-
ent contributions of these parameters, our 10S2–11S2 measurements
should be used together with other inner core observations to create
a model that is able to explain all of them. This has not been done
yet, because mode 10S2 has long been considered to be an outlier
(Li et al. 1991; Widmer et al. 1991; Durek & Ekström 1996), both
because of its high sensitivity to the underlying 1-D model used
and the past measurements of its Q value. Here, we show that the
source of 10S2–11S2 behaviour is the result of a perturbation to the
1-D elastic structure of the inner core, and not the 1-D anelastic
structure.

5.2 Attenuation

We have shown that the high Q measured for 10S2 is purely due to its
strong 1-D Q cross-coupling to 11S2, and not the result of a weakly
attenuating inner core. The Q of 10S2 is strongly dependent on
changes to 1-D inner core shear wave velocity vs and radius R, as well
as cross-coupling due to inner core anisotropy and 1-D structure.
Since 1-D coupling transforms these modes into a hybrid multiplet,
we can no longer analyse their fc and Q values with respect to PREM,
as their sensitivity kernels and eigenfunctions have also changed.
The hybrid multiplet generated has its own apparent f h

c and Qh,
which we interpret as 10S2 becoming more PKIKP equivalent and

11S2 more inner core confined. However, these apparent values do
not change the underlying Qμ = 84 of PREM, and should not be
interpreted as evidence of a weakly attenuating inner core. Thus,
our 10S2–11S2 measurements agree with the strongly attenuating
inner core of PREM and suggests that strong inner core attenuation

continues from body wave frequencies (e.g. Li & Cormier 2002),
to the lower normal mode frequencies. Moreover, they are now in
agreement with the other tested vs sensitive inner core modes which
also favour a strongly attenuating inner core.

Further tests were run using MINEOS (not shown) on the effect of
the outer core’s low attenuation on the fc and Q of modes 10S2 and

11S2. We find that changing the Qκ of the outer core has no significant
effect on these modes, which means the resulting Q values must be
attributed to the inner core. Unfortunately, we cannot specify a
particular inner core depth range for our Q measurements, because
of the very nature of splitting functions, which are depth weighted
averages of how a mode ‘sees’ the Earth. We also do not distinguish
between the inner core Qμ and Qκ observed by modes 10S2 and

11S2 because Q depends on both; although, like previous studies, we
do expect both modes to be mostly influenced by Qμ. In order to
properly parametrize these variables, an inner core model inversion,
that includes our 10S2–11S2 measurements and other normal mode
data for a much larger number of inner core sensitive modes, should
be performed.

In addition, to the 10S2–11S2 measurements reported in this study,
we have also attempted to measure the 3-D elastic and anelastic
structure of mode 10S2 (Mäkinen & Deuss 2013). For this we per-
formed four types of inversions (not shown): (i) measuring elastic
and anelastic structure for 10S2 on its own (ii) measuring elastic and
anelastic structure only for 10S2 with 11S2 as predicted by PREM,
and including cross-coupling through rotation and ellipticity, but no
1-D Q cross-coupling (iii) measuring elastic structure for 10S2 and

11S2 and all their cross-coupling, and measuring anelastic structure
only for 10S2 (iv) measuring elastic structure for 10S2 and 11S2 and
all their cross-coupling, and measuring anelastic structure for 10S2

and 11S2. Cases (i) and (ii) produced large misfits (>0.9), even when
using the measured elastic and anelastic splitting functions of Pach-
hai et al. (2020), who measured 10S2 on its own, as a starting model.
Cases (iii) and (iv) give similar results for the centre frequency and
Q to the ones we obtain without including 3-D anelastic structure.
Inversions (iii) and (iv) become unstable because of the larger num-
ber of parameters that are measured, and we don’t consider them
well constrained for publication. From these inversions we conclude
1-D Q coupling plays an essential role in fitting mode pair 10S2–11S2

to the real data. However, in the future, with the inclusion additional
data, inversions for 3-D anelastic structure should be performed in
combination with 1-D Q coupling.

5.3 Innermost inner core anisotropy

Current inner core models based on normal mode data (Woodhouse
et al. 1986; Tromp 1993; Durek & Romanowicz 1999; Beghein &
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Figure 5. Predicted c00 coefficients for increasing and decreasing (a) inner core radius R and (b) shear velocity vs, compared to Deuss et al. (2013) and our
measurements.

Trampert 2003) predict contradictory c20 and c40 splitting function
values for modes 10S2, 11S2 and their cross-coupling (Table 3). These
models were built using modes mostly sensitive to the uppermost
inner core with few exceptions (e.g. 3S2). As a consequence, the
seismic anisotropy parameters of these models differ significantly
in the innermost 800 km of the inner core (Irving et al. 2008).
Our measurements of 10S2 and its cross-coupling to 11S2 (Figs 3a

and b) provide new constrains on anisotropy in the innermost inner
core, which can be easily included in future inner core anisotropy
modelling.

The predicted c20 and c40 values of the models are all much larger
than our observed values, suggesting that current models overesti-
mate the amount of anisotropy in the innermost inner core. One
of the models, Beghein & Trampert (2003), predicts a negative c20
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value for 10S2. We find that starting our inversions from negative c20

coefficients always leads to higher misfits (>0.42). This implies that
our results contradict a flipping in the sign of inner core anisotropy
in the lowermost inner core, as the one suggested by Beghein &
Trampert (2003). In addition, although all inner core models pre-
dict a negative sign for the cross-coupling c20 coefficient, we find
that the data is best fitted by a positive c20, matching the sign of the
mantle prediction.

6 C O N C LU S I O N S

We have measured modes 10S2 and 11S2 using perturbation theory
including 1-D Q cross-coupling. We found that 10S2 is the visible
mode and that it is strongly split, while mode 11S2 becomes com-
pletely inner core confined. Our observations are explained by either
a 0.5 per cent increase in inner core vs or a 0.5 per cent decrease
in inner core radius, with respect to PREM, and the presence of
inner core anisotropy. No change in Qμ is needed, and our 10S2–11S2

observations are consistent with a strongly attenuating inner core
with PREM values of Qμ = 84. Thus, unlike previously thought, a
weakly attenuating inner core is not needed to explain observations
of 10S2–11S2, in agreement with past measurements of other inner
core sensitive modes.
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