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Earth’s outer core is generally thought to be a well-mixed liquid consisting mostly of iron and a small
amount of lighter elements. Recent seismic studies using SmKS waves show that the top a few hundred
kilometers of the outer core possess a P-wave velocity slightly lower than the PREM model, which cannot
be explained by self-compression of a chemically homogeneous outer core. We investigated the SmKS
waveforms of a deep earthquake occurring beneath South America recorded by a large and dense seismic
array in China, and measured the differential arrival times of the SmKS pairs. We found significant wave-
form distortion of the SmKS caused by postcritical refraction and reflection at the core-mantle boundary.
This waveform distortion can introduce significant bias to the measured differential times, leading to
incorrect estimate of P-wave velocity of the outer core. Whether stable stratification is occurring in outer
core or not requires further seismic investigations.

© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

The Earth’s outer core is known to be composed primarily of lig-
uid iron with a small amount of light elements, which are well
mixed due to its vigorous convection. Hence, it is generally consid-
ered to be compositionally homogeneous [1]. The exact concentra-
tion of light elements and its depth variation are, however, still not
well constrained [2-4]. A recent study on the equation of state and
thermodynamic properties of liquid iron using ab initio molecular
dynamics simulations [5] suggested that the calculated pressure
gradient of the P-wave velocity inside the outer core is significantly
different from that of the PREM (preliminary reference Earth
model) [6], suggesting that concentration of light elements might
vary with depth. Thus, accurate knowledge of the 1-D P-wave
velocity structure of Earth’s outer core is of great importance for
understanding its composition, dynamics and evolution.

The series core-reflection phases, SKS, SKKS (S2KS), S3KS (here-
after referred as to SmKS, m =1, 2, 3- - .), are widely used in studying
the P-wave velocity of the outermost outer core [7-9]. The SmKS
waves travel across the mantle as shear waves and the outer core
as compressional waves (Fig. 1a). They are reflected (m — 1) times
from the lower side of the core-mantle boundary (CMB) and can be
observed at a wide range of epicentral distances, i.e., ~85°-180°
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(Fig. 1a). Differential traveltimes between SmKS pairs, such as
S3KS and S2KS, S4KS and S3KS, are usually employed in constrain-
ing the P-wave velocity structure in the top part of the outer core
as these pairs have very similar propagating paths in the mantle.
Since there is a 7t/2 phase shift between two consecutive SmKS arri-
vals due to the internal caustic surface for underside reflection
[10], measuring the differential times between the two arrivals
using waveform cross-correlation requires an operation of Hilbert
transform of the first arrival before taking the regular cross-
correlation of the two phases.

Many seismic studies found that the SmKS differential travel-
times are slightly larger that the PREM predictions, which was
interpreted to mean that the top few hundred kilometers of the
outer core possess a P-wave velocity slightly lower than that of
the PREM [11-17]. Based on the slower-than-PREM P-wave veloc-
ity profile in the topmost ~ 300 km of the outer core, Helffrich and
Kaneshima [15] argued that this outermost layer might be compo-
sitionally distinct from the rest of the outer core, with a higher con-
centration of light elements that leads to the observed low P-wave
velocity. On the other hand, Alexandrakis and Eaton [18] employed
an empirical transfer function (ETF) technique and measured the
differential traveltimes from the stacked data and found that dif-
ferential traveltime residuals with respect to the PREM are
insignificant. Therefore, the PREM provides the best fit to the
observed traveltime residuals. Tanaka [14] found that S-wave
velocity structures in the lowermost mantle could also affect the
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Fig. 1. SmKS raypaths and the phase-I CHINArray. (a) Ray paths of the SmKS waves
(S2KS, S3KS and S4KS) at epicentral distances of 140°-170°. SmKS waves travel
across the mantle as shear waves (blue dashed lines) and the outer core as
compressional waves (red solid lines). Their ray paths in the mantle are very close
to each other; therefore their differential traveltimes have been used to investigate
the P-wave velocity structure in the outermost outer core. (b) Geographic locations
of the broadband seismic stations deployed in the first phase of the CHINArray
project. Seismometers were deployed for a period of 2 years with a spacing of
~30 km.

SmKS waveforms, leading to anomalies in differential traveltime
residuals.

We observed clear S2KS, S3KS, and S4KS with high signal-to-
noise ratio (SNR) from individual seismograms of a deep earth-
quake occurring in South America recorded by a large and dense
seismic array in China. We noticed that waveforms of S2KS and
S3KS arrivals from the major arc direction are almost identical,
instead of showing a m/2 phase shift. Numerical modeling sug-
gested that the lack of the anticipated Hilbert transform is likely
caused by a postcritical-reflection induced phase shift of the S2KS
arrivals that are reflected at the CMB beneath the Pacific large
low velocity province (LLVP). Measuring S3KS—S2KS differential
times using the regular cross-correlation method after performing
the Hilbert transform can introduce a ~0.6s positive residual,
therefore, it is important to take into account anomalous structures
in the lowermost mantle while interpreting the SmKS differential
traveltime data for outer core P-wave velocity structure.

2. SmKS recorded by the CHINArray

The large and dense broadband array we used in this study is the
first phase deployment of the CHINArray project that covered the
southeast margin of the Tibetan Plateau (Fig. 1b). The temporal
array consisted of ~350 stations, and was deployed between 2011
and 2013 with a station spacing of ~30-40 km. Each seismograph
is equipped with a Guralp CMG-3ESP seismometer and a Reftek-

130 data logger. Owing to a favorable mechanism, the Mw 6.7 deep
earthquake that occurred on May 28 of 2012 (PDE: 05/28/2012
05:07:23.45, 28.043°S, 63.094°E, 586.9 km deep, Mw 6.7) generated
strong SmKS waves that are clearly recorded by the CHINArray. In
particular, S2KS and S3KS recorded in the epicentral distance range
of ~166°-172° from the major arc direction (hereafter referred to as
S2KS2 and S3KS2, respectively) possess the highest SNR on the
radial component (Fig. 2a), which allows for precise measurements
of the S3KS2-S2KS2 differential times. S2KS and S3KS from the minor
arc direction were also observed, but were not used because of their
generally low amplitudes. The underside reflection points of S2KS2
shown in Fig. 2b are located within the Pacific LLVP [19,20], where
Cottaar and Romanowicz [21] found an ultra-low-velocity-zone
(ULVZ) at the base of the mantle.

The seismograms shown in Fig. 2a are aligned by the arrival
times of S2KS2, which are set to zero. The red and green solid
squares indicate the arrival times of S3KS2 and S4KS2 calculated
by the PREM. We noticed that the S2KS2 and S3KS2 waveforms
are similar to each other, which is unpredicted by 1D reference
models such as the PREM. To show this, we first aligned the
S2KS2 and S3KS2 waveforms along their peaks and then stacked
them separately. The stacked S2KS2 and S3KS2 are shown in the
top and bottom panels of Fig. 2c, respectively. For comparison,
we also showed the Hilbert-transformed S2KS2 in the middle. It
is clear that the S3KS2 waveform shown in the bottom of Fig. 2¢
matches the S2KS2 better than its Hilbert transform, suggesting
that one or both of the two phases experienced some distortion
along their propagating paths.

3. Analyses and results
3.1. Postcritical phase shifts

The ray paths of SmKS (from either the minor or major arcs)
shown in Fig. 1a indicate that the entry S-to-P refraction, the
underside P-to-P reflection, and the exiting P-to-S refraction at
the CMB all could potentially introduce phase shifts if the incident
angles are larger than their corresponding critical reflection/refrac-
tion angles, which are 31.99°, 36.06°, and 36.06°, respectively,
based on the PREM. Indeed, 1-D ray tracing with the PREM sug-
gests that S2KS and S3KS waves recorded at epicentral distances
of 120°-170° traverse across the CMB in postcritical reflection/
refraction angles. Fig. 3a shows the phase shifts of S2KS and S3KS
during the S-to-P refraction and P-to-P reflection at the CMB. The
phase shifts of the P-to-S refraction at the CMB exit points are
expected to be similar to those of the S-to-P transmission at the
CMB entrance points. The calculated phase shifts are highly nonlin-
ear with respect to the incident angle and epicentral distance.
Overall, the phase delays are less than 10° except for the postcrit-
ical reflection of S2KS at epicentral distances greater than 160°. We
further computed the total phase shifts of the two phases due to
refraction and reflection, as well as the S3KS—S2KS differential
phase shifts, which are shown in purple dash-dotted line in
Fig. 3a. The differential phase shift of the PREM varies between
~—20° and ~10°, much smaller than the expected 90° phase shift
caused by the internal caustics.

As the critical refraction angles of S-to-P and P-to-S and the crit-
ical reflection angle of P-to-P are all highly sensitive to the velocity
structure at the base of the mantle, we generated a 1-D ULVZ
model that has a 150-km thick low-velocity layer at the base of
the mantle. S-wave velocity drops from the PREM by 0% at the
top of the layer and linearly increases to 10% at the bottom of
the layer. We further reduced the S-wave velocity by another
20% within the bottom 10 km of the layer. The S-wave velocity pro-
file of the ULVZ model is shown in Fig. 3b, together with the PREM
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Fig. 2. SmKS waves recorded by the CHINArray. (a) Examples of the SmKS recorded on the radial component of the CHINArray. Seismograms are aligned at the peak of S2KS2.
PREM predictions of the S3KS2 and S4KS2 arrival times are indicated by red and green dots, respectively. (b) Geographic map showing the piercing points of S2KS2 and S3KS2
ray paths at the CMB from the 05/28/2012 Mw 6.7 South American deep earthquake (red star) to the CHINArray stations (black triangles). The green, blue and pink points
represent the CMB entrance, reflection and exit points of the S2KS2 waves, respectively. The yellow circles and grey triangles represent, respectively, the CMB entrance/exit
and reflection points of the S3KS2 waves. Color contours show the shear-wave velocity anomalies of the D" layer (Grand, 2002). (c) A comparison of stacked S2KS (red solid
line), Hilbert transformed S2KS2 (red dash line) and S3KS2 (blue solid line). Note the S3KS2 phase shows a similar waveform of the S2KS2, instead of the expected Hilbert

transform of S2KS2.

model for comparison. The P-wave and density of the ULVZ model
was kept same as those of the PREM.

The computed postcritical phase shifts of the S2KS and S3KS
within the ULVZ model are shown in Fig. 3c, and are much larger
than those of the PREM. The underside P-to-P reflection coeffi-
cients of the S2KS can generate a phase shift of greater than 30°
when the epicentral distance reaches beyond 150° (black dotted
line in Fig. 3c). The calculated S3KS—S2KS differential phase shift
of the ULVZ model is plotted in purple dash-dotted line in
Fig. 3¢, which changes from —10° at the epicentral distance of
120° to —80° at the distance of 170°. These large phase shifts can
generate significant changes in the SmKS waveforms and their dif-
ferential traveltimes.

3.2. 1-D waveform modeling of SmKS

In order to quantify the postcritical phase shifts of S-to-P and P-
to-S refractions and P-to-P reflections and their induced anomalies
in SmKS waveforms and differential traveltimes, we employed the
2-D spectral-element method, AXiSEM [22,23], to compute syn-
thetic SmKS waveforms. The AxiSEM code solves 3-D wave propa-
gation in an spherically symmetric medium by collapsing the 3-D
sphere into a 2-D disk, which can significantly raise the computa-
tional efficiency [22,23]. We computed the 1-D synthetics with the
AxiSEM code for both the PREM and ULVZ models. For each model,
a point source was placed at 0° longitude on the equator with a
depth of 550 km, while receivers were deployed along the equator
in the longitudinal range of 120°-180° with an interval of 0.1°. The
AxiSEM synthetics appeared to be very noisy at epicentral dis-
tances greater than 170°, and thus were not used in our investiga-
tion. A dip slip fault (6 =m/2, 2=—m/2) with a strike of 0° was
employed as the source mechanism. Fig. 4a and b shows part of
the synthetic SmKS in the epicentral distances of 150°-160° of

the PREM and ULVZ models, respectively. The data shown here
were band-pass filtered with a two-pole Butterworth filter in the
period band of 2-50 s. As our purpose is to investigate how post-
critical phase shifts affect the waveforms of the S2KS and S3KS
and their differential traveltimes, we used the arrivals from the
minor arc, which has much better SNR than those from the major
arc in the AxiSEM synthetics. The major-arc SmKS arrivals appeared
to be very weak in the AxiSEM synthetics, and therefore might not
have been correctly computed.

In Fig. 4c, we further show a comparison of waveform similarity
between the PREM synthetics; the waveforms shown from the top
to bottom are the S2KS, the polarity-reversed S3KS Hilbert trans-
form, the S2KS Hilbert transform, and the S3KS, respectively. It is
clear that the S2KS and S3KS waveforms are highly similar to the
polarity-reversed and normal Hilbert transforms of the S3KS and
S2KS, respectively, which are highlighted in the top and bottom
of the panel. On the other hand, a similar comparison of the ULVZ
synthetics (Fig. 4d) shows that the waveforms of the S2KS and S3KS
are similar to each other, rather than to the Hilbert transforms of
the other phases, suggesting that the postcritical refraction and
reflection induced phase shifts to SmKS are significant enough to
result in a /2. This is consistent with the total phase shift esti-
mated from the postcritical reflection and refraction described in
the previous section.

3.3. Influence on SmKS differential traveltimes

In order to quantify the influence of the postcritical phase shifts
on S3KS—S2KS differential traveltimes, we employed the regular
cross-correlation based method to estimate the differential times
(hereafter referred as to AT(ssks_szks)c). We also ray traced the
two waves propagating through the PREM and ULVZ models and
computed the theoretical S3KS—S2KS differential time (hereafter
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Fig. 3. Postcritical phase shifts of SmKS calculated from the PREM and ULVZ models. (a) Postcritical phase shifts of the minor-arc S2KS and S3KS waves traveling in the PREM
model are shown as a function of epicentral distance. The red solid line and black dotted line represent, respectively, the phase shifts of the S-to-P refraction and the
underside P-to-P reflection of the S2KS waves at the CMB, while the green solid line and blue dashed lines indicate those of the S3KS waves. The purple dash-dotted line is the
S3KS—S2KS differential phase shifts. The left and right vertical axes show the scales of the individual and differential phase shifts, respectively. (b) A comparison of the S-wave
velocity in the bottom 290 km of the mantle between the PREM (blue solid line) and the ULVZ (red dotted line). The ULVZ model has a 150-km thick D” layer with a reduced S-
wave velocity that drops linearly from 0% to 10%, and a 10-km ultra-low-velocity zone at the bottom of the mantle that has an S-wave velocity 30% lower than that of the

PREM. (c) Similar to (a) except for SmKS propagating through the ULVZ model.

referred as to AT(ssks_s2ks)r)- We further defined the differential
traveltime residuals with respect to the PREM as

5t(S3KS—52KS)PREM = AT(S3KS—SZKS)C - AT(S3KS—52KS)RPREM. (l)

Fig. 5a shows S3KS-S2KS differential traveltime residuals mea-
sured from the synthetics of the PREM and ULVZ models. More
specifically, we first applied the Hilbert transform to all the syn-
thetic S2KS waveform data of the two models, and then used the
transformed waveforms as templates to correlate them with the
S3KS waveforms. The differential times, AT(ssks_soks)c were
obtained when the cross-correlation coefficient reaches the maxi-
mum. We found that the ray tracing differential times of the ULVZ
model (AT(ssks-s2xs)ruLvz) are about ~0.6 s larger than those of the
PREM (AT(B‘SKS—SZKS)RPREM)- The blue dotted line plotted in Flg 5a
shows the difference of the two models as a function epicentral
distance. The differential traveltime residuals from the PREM syn-
thetics (black open circles in Fig. 5a) exhibit a systematic positive
value of ~0.05 s, decay to 0.00 at an epicentral distance of ~155°
and further decrease almost linearly to —0.20 s at the distance of
170°. This trend correlates well with the variations of the
S3KS—S2KS differential phase shift shown in Fig. 3a.

Meanwhile, the differential traveltime residual (red solid
squares in Fig. 5a) measured with the ULVZ synthetics reaches
~0.60 s and monotonically decreases with epicentral distance and
reduces to ~0.20 s at the epicentral distance of 170°. Since the mea-
sured differential traveltime residuals (red solid squares in Fig. 5a)
here are the combined effects of the ULVZ velocity structure (blue
dotted line in Fig. 5a) and the postcritical phase shifts, therefore
the phase-shift effect (difference between the blue dotted line

and the red solid squares) increases from ~0.0s at 120° to~ 0.5 s
at 170°, which is also consistent with the large S3KS—S2KS differen-
tial phase shifts of the ULVZ model shown in Fig. 3c.

We further designed a filter that corrects waveform distortions
induced by the postcritical reflection and refraction, and applied it
to the synthetic SmKS waveform data. To do so, we first took the
Fourier transform of SmKS data and then applied a phase shift to
the complex spectrum by multiplying it with exp{-i¢}, where ¢
is the postcritical phase shift calculated in Section 3.1. Finally, we
applied an inverse Fourier transform to the corrected Fourier spec-
trum, and obtained the corrected SmKS waveform data. We then
employed the same steps in measuring S3KS—S2KS differential
times from the corrected SmKS waveform data and computed the
differential traveltime residuals of the PREM and ULVZ models,
which are shown as black open circles and red solid squares in

Fig. 5b, respectively. The S3KS—S2KS differential time residuals
computed from the PREM synthetics are close to zero (grey solid
line), while those measured from the corrected SmKS synthetics
of the ULVZ model are very close to the blue dotted line. Both
the grey solid zero line and the blue dotted line are the ray theory
predictions of the differential traveltime residuals of the two

models.

4. Discussion

Our analyses clearly showed that the differential SmKS travel-
times can be signficantly affected by anomalous velocity structures
in the lowermost mantle. The influence comes from two aspects:
(1) traveltime anomalies induced by 3-D S-wave velocity hetero-
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Fig. 4. (Color online) Synthetic SmKS waves of the PREM and ULVZ models. Radial component synthetic seismograms calculated from the PREM and ULVZ models are shown
in the left (a) and right (b) panels, respectively. PREM and ULVZ predictions of the S3KS arrival times are indicated by red dots. (c), (d) Enlarged waveforms of the S2KS and
S3KS are shown together with their Hilbert transforms. Note that the PREM S3KS (c) matches with the Hilbert-transformed S2KS, while the ULVZ S3KS fits with the S2KS

directly.

geneties in the lowermost mantle; (2) phase shifts due to postcrit-
ical refraction and reflection at the CMB, which are related to both
the S- and P-wave velocities right above the CMB. The latter is
highly nonlinear, and is related to velocity contrasts at the CMB
near the entrance, reflection and exit points. Therefore it is very
challenging to constrain lowermost mantle velocity structures by
using anomalous SmKS waveforms and differential times alone.
The S3KS2—-S2KS2 differential traveltime residuals estimated
from the records of the 5/28/2012 Mw 6.7 events are between
—1.57 and —0.18 s with an average of —0.76 s. The measurements
are obtained by cross correlating the two arrivals without perform-
ing a Hilbert transform of the S2KS2 waves. The negative residuals
are inconsistent with outer core models that have a low velocity
layer in the top. We noticed that both the entrance and exit points
of the S2KS2 (green and purple points in Fig. 2b) and S3KS2 (yellow
circles) are located inside D” regions charaterized by a high S-wave
velocity [19]. Since the ULVZ model, which has very low S-wave

velocity at the base of the mantle, can introduce positive differen-
tial traveltime residuals only in the order of ~0.6 s, it would be dif-
ficult to attribute the observed —0.76 s negative residuals to 3-D S-
wave high-velocity anomalies in the lowermost mantle. It is plau-
sible that some portion of the observed residuals is caused by post-
critical phase shifts of the two waves.

The incident angles of the S2KS2 recorded at epicentral dis-
tances of ~162.3° are, however, less than the corresponding critical
angles of the down going S wave above the CMB and the up going P
wave below the CMB in both the PREM and ULVZ models. On the
other hand, the observed S3KS2 waves are expected to undergo
postcritical refractions and reflections. However, the postcritical
phase shifts of the S3KS2 would cause to delay its arrival time,
leading to positive S3KS2—S2KS2 differential traveltime residuals.
In order to lower the critical angles down to the incident angles
of the observed S2KS2 waves, the P-wave velocity at the base of
the mantle must be ~6% higher than that of the PREM. To our
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Fig. 5. (Color online) Differential SmKS traveltime residuals. (a) S3KS—S2KS differ-
ential traveltime residuals of the PREM and ULVZ synthetics at the epicentral
distance range of 120°-170° are shown in black open circles and red solid squares,
respectively. The differential traveltimes are measured by cross correlating S3KS
with Hilbert-transformed S2KS. The thin black solid zero line and the thick blue
dotted line represent the differential traveltime residuals calculated by ray theory.
Note the large discrepancy between the red solid squares and the blue dotted line at
large epicentral distances. (b) S3KS—S2KS differential traveltime residuals measured
from the corrected PREM and ULVZ synthetics (see main text for the details on the
correction of postcritical phase shifts). All the symbols are similar to (a). Note the
good agreement between the measured differential traveltime residuals (black
open circles and red solid squares) and the ray theory predictions (thin black solid
line and thick blue dotted line).

knowledge, no such high P-wave velocity anomalies have
been observed at the base of the mantle. One possible senario is
that the CMB beneath the central Pacific (blue solid squares
in Fig. 2b) is not flat. Our calculation suggested that if the CMB is
tilted by ~2°, then the observed S2KS2 can experience large post-
critical phase shift during underside P-to-P reflection, which can
significantly reduce the S3KS2-S2KS2 differential traveltimes.
However, any anomalous structures at the entry and exit points
of S2KS2 can also cause postcritical phase shifts during the S-to-P
and P-to-S refractions, and future 3-D modeling and inversion
[24] is required to use the waveforms of S2KS2 and S3KS2 to con-
strain CMB structures.

5. Conclusions

We observed clear SmKS arrivals on seismograms of the CHI-
NArray from a deep earthquake occurring in South America. There
is a lack of /2 phase shift in the waveforms of the major-arc S2KS2
and S3KS2 arrivals. Our traveltime analysis and waveform model-
ing suggested that postcritical S-to-P and P-to-S refractions and
underside P-to-P reflection at the CMB can introduce large phase
shifts to the SmKS waveforms. When a ULVZ is present in the base
of the mantle, it can cause a differential phase shift close to /2
between the S2KS and S3KS at some epicentral distances, which

means that the two phases should possess nearly identical
waveforms. We also found that SmKS differential traveltimes can
be significantly affected by 3-D S-wave heterogeneities in the
lowermost mantle, as well as postcritical phase shifts that are sen-
sitive to P- and S-wave velocity contrast across the CMB. Therefore,
we must take special cautions when we use SmKS differential trav-
eltime residuals to constrain outer core P-wave velocity structure.
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