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Volumetric heterogeneities on large (~>1000 km) and intermediate scales (~>100 km) in the lowermost
mantle have been established with seismological approaches. However, there are controversies regarding
the level of heterogeneity in the lowermost mantle at small scales (a few kilometers to tens of
kilometers), with lower bound estimates ranging from 0.1% to a few percent. We take advantage of
the small amplitude PcP waves at near podal distances (0-12°) to constrain the level of small-scale
heterogeneity within 250 km above the CMB. First, we compute short period synthetic seismograms with
a finite difference code for a series of volumetric heterogeneity models in the lowermost mantle, and find
that PcP is not identifiable if the small-scale heterogeneity in the lowermost mantle is above 2.5%. We
then use a functional form appropriate for coda decay to suppress P coda contamination. By comparing
the corrected envelope of PcP and its precursors with synthetic seismograms, we find that perturbations
of small-scale (~8 km) heterogeneity in the lowermost mantle is ~0.2-0.5% beneath regions of the
China-Myanmar border area, Okhotsk Sea and South America. Whereas strong perturbations (~1.0%) are
found beneath Central America. In the regions studied, we find that this particular type of small-scale
heterogeneity in the lowermost mantle is weak, yet there are some regions requiring heterogeneity up
to 1.0%. Where scattering is stronger, such as under Central America, more chemically complex mineral
assemblages may be present at the core-mantle boundary.
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1. Introduction plumes are probably rooted in the deep mantle (Grand et al., 1997;
McNamara et al., 2010; French and Romanowicz, 2015; Frost et al.,
2017). They are part of the wider convection, which distributes

heterogeneities at various scales in the mantle (Frost et al., 2018;

As the most active layer within the solid earth, the liquid outer
core releases large amount of thermal energy (8-16 TW) and

causes rapid variation of Earth’s angular momentum, which can be
coupled to the mantle through the lowermost mantle and affect
many physical processes of the Earth, such as the change of length
of day (LOD) and evolution of geomagnetic field. Therefore, the
properties of lowermost mantle and topography of core-mantle
boundary (CMB) provide critical constraints on the core-mantle
coupling (Roberts and Aurnou, 2012), and those parameters could
be inferred from studying the various scales of heterogeneities of
the lowermost mantle (Garnero, 2000). For instance, seismological
tomography and geodynamical studies suggest that oceanic plates
may subduct into the lower mantle or even reach the CMB, and hot
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Kaneshima, 2018). Geochemical observations suggest the existence
of heterogeneity at all length scales, from the sub-millimeter
scale of melt inclusions to thousands of kilometers (Stixrude and
Lithgow-Bertelloni, 2012).

Numerous seismological studies have demonstrated abundant
evidence for complex heterogeneities at large (~1000 km) and
intermediate (~100 km) scales in the lowermost mantle (e.g.,
Helmberger et al, 1998; Garnero, 2000; Simmons et al., 2012;
Sun et al., 2013). These large lateral variations are interpreted to
be of thermal origin related to mantle convection (Davies et al.,
2012), or of thermochemical origin which may have been a result
of early differentiation (Jackson et al., 2004; Bower et al., 2011;
Wolf et al,, 2015). Compositional or chemical heterogeneities at
small-scales is mostly due to the high thermal conductivity of the
mantle material that would dissipate purely thermal anomaly on
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Fig. 1. Heterogeneity in the lowermost mantle and PcP precursors. (a) Ray paths of PcP and its precursors at short distances, the heterogeneity in the D” layer is the
exponential type random media. The red and yellow patches are low velocity anomaly. And the blue patches are high velocity anomaly. (b) Schematic drawing to show
generation of PcP and its precursors. The black path is for PcP, the red paths are for backscattering of PcP. The blue path is for PcP postcursor. The PcP (black) and the
precursor (red) waveforms are also shown schematically. (c) Reflection coefficient of PcP as a function of epicentral distance. (For interpretation of the colors in the figure(s),

the reader is referred to the web version of this article.)

the kilometer scale within a few million years. However, there are
controversies regarding the level of heterogeneity in the lowermost
mantle at small scales (~8 km), with estimates varying from 0.1
percent to a few percent, which are revealed by scattered P-wave
signals such as PKP precursors, Pdiff coda, PKKP precursors and
PcP precursors (e.g., Hedlin et al., 1997; Earle and Shearer, 2001;
Shearer and Earle, 2004; Brafia and Helffrich, 2004).
Characteristics of small-scale heterogeneity in the lowermost
mantle, including perturbation strength (r.m.s. velocity and density
variation), correlation length and spatial distribution, are usually
constrained from scattered high frequency (~1 Hz) waves, typi-
cally modeled with radiative transfer theory (Shearer and Earle,
2004). Seismic phases used in previous studies include waves as-
sociated with turning rays (P, PKP, etc.) and reflected rays (PcP,
ScS, etc.). Early studies mainly focused on exploring the genera-
tion mechanism of PKP precursors and Pdiff coda waves, and con-
strained spatial distribution of scatterers via analyzing arrival time
and slowness of PKP precursors, but only limited regions have been
sampled (Cleary and Haddon, 1972). Later, more detailed analysis
with global datasets and numerical simulations revealed the radial
distribution of small-scale heterogeneities, albeit there are substan-
tial regional variations. Hedlin et al. (1997) fitted the mean ampli-
tude of PKP precursor waveforms with a model of random media
distributed throughout the whole mantle and suggested that the
data could be explained well with 1.0% r.m.s. velocity perturbation
at correlation length of 8 km. Margerin and Nolet (2003) adopted a
multiple scattering approach and proposed a weaker velocity per-
turbation between 0.1% and 0.2%. They attributed the large discrep-
ancy to different modeling techniques. Shearer and Earle (2004)
developed a Monte Carlo seismic phonon method to model global
high-frequency P waves, and this method is more accurate than
the single scattering approximation. Thereafter, they presented a
model with 0.5% r.m.s. velocity heterogeneity at 8 km correlation
length in the lower mantle. Mancinelli and Shearer (2013) modeled
PKP precursor envelopes with the phonon algorithm, and found
that heterogeneity distributed throughout the entire mantle has an

average r.m.s. velocity perturbation of ~0.1% at correlation length
of 8 km, in agreement with Margerin and Nolet (2003).

There have also been successful applications of PKP precur-
sors to studies of localized small-scale heterogeneity in the low-
ermost mantle. Vidale and Hedlin (1998) demonstrated that there
are 10-15% r.m.s. P-velocity variation within a layer thickness of
60 km above the core mantle boundary below Tonga. Thomas et
al. (1999) developed a migration method to estimate the location
of scatterers in the lower mantle, and found that the PKP precur-
sors recorded by broadband arrays deployed in Germany mainly
originate from anomalies at the base of the mantle beneath the
south Pacific. Wen (2000) proposed a technique to determine the
location of seismic scatterers using the precursor onset time and
constrained the strength of seismic anomalies with precursor am-
plitudes, inferring a complex seismic structure with a P velocity
variation above 8% in the lowermost 360 km of the mantle be-
neath the Comoros hotspot. Ma et al. (2016) also adopted the
method to analyze PKP precursors, and found velocity perturba-
tion of 0.5-1.2% in the bottom ~400 km mantle beneath the North
Pacific.

In addition to studies with turning ray phases (PKP and Pdiff,
etc.), reflected ray phases (ScS, PcP, etc.) can also be used to detect
fine structure in the deep Earth. Lee et al. (2003) modeled the en-
velope characteristics before and after the ScS arrival to estimate
the S-wave scattering coefficient, which is significantly smaller in
the lower mantle than the upper mantle. Similarly, short period
PcP can also be used to constrain the small-scale heterogeneity
in the lowermost mantle. Brafia and Helffrich (2004) analyzed the
spectrum of PcP precursors recorded by the UK array at large
distances (~80°) from events in Central America, and they spec-
ulated that the P wave velocity contrast between the scattering
bodies and ambient mantle would reach to +0.4% to +0.7% in the
lowermost mantle beneath the northeast of North America. The-
oretically, PcP precursors (Fig. 1a and Fig. 1b) at short distance
(0-12°, also called as near podal) should be more sensitive to
small-scale perturbations near the CMB, because the PcP reflection
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is very weak and should be comparable to backscattering (Fig. 1c).
However, to our knowledge, there are no reports of studying the
small-scale heterogeneity of lowermost mantle with short distance
PcP, probably due to its scarce observation. For such studies, deep
earthquakes are required to suppress the impact of crust and up-
per mantle scattering near the source side. But deep earthquakes
occur in very limited regions, and very few stations were available
within epicentral distances less than 12°. In recent years, more sta-
tions have been deployed both globally and regionally, thus there
are now opportunities to investigate the waveform data with iden-
tifiable near podal PcP.

In order to accurately model scattering of high frequency body
waves such as PcP waves, researchers have adopted a numer-
ical solver of the wave equation to account for multiple scat-
tering in strong random media (Furumura and Kennett, 2005;
Jahnke et al., 2008). As compared to statistical approaches, nu-
merical methods are time consuming, and mostly applicable in 2D
cases. In this paper, we compute short period synthetic seismo-
grams using a finite difference (FD) approach for a series of volu-
metric heterogeneity models in the lowermost mantle, and quan-
titatively explore the relation between the waveform variations of
PcP precursors and the features of scatterers, such as velocity and
density perturbations, the correlation length and the thickness of
heterogeneous layer. We compare synthetic seismograms with the
observed envelope of PcP precursors. Thereafter, we constrain the
strengths of small-scale heterogeneity in the lowermost mantle. Fi-
nally, we discuss the reliability of our results, the potential origins
of the small-scale heterogeneity and limitations of our method.

2. Near podal PcP synthetics

In order to quantitatively explore the effect of volumetric het-
erogeneity in the lowermost mantle on PcP precursors we calculate
short period synthetic seismograms. There are a variety of ap-
proaches for computing short period synthetic scattering waves,
including single-scattering theory (Hedlin et al., 1997), radiative
transfer theory (Margerin and Nolet, 2003; Shearer and Earle,
2004) and numerical simulations. Because of high computational
efficiency in computing tele-seismic short period waveforms, sta-
tistical methods have been successfully applied to studies of small-
scale heterogeneity in the lowermost mantle (Hedlin et al., 1997;
Shearer and Earle, 2004; Mancinelli and Shearer, 2013). Numer-
ical algorithms including methods of finite difference (FD), fi-
nite element, spectral element and pseudo-spectral element, have
been increasingly applied in scattering studies (e.g., Cormier, 1999;
Furumura and Kennett, 2005; Jahnke et al., 2008). We computed
short period PcP synthetic with a 2D FD code in Cartesian coordi-
nates, which is eighth-order in space and second-order in time to
solve the elastic wave equation (Li et al., 2014).

In the following simulations, the velocity and density models
are formed via combining a statistical heterogeneous model with
the 1D background IASP91 model (Kennett and Engdahl, 1991).
The crustal layer of IASP91 with low seismic velocity is replaced
by the top mantle structure to increase the computational speed.
There are several types of autocorrelation functions (ACF) param-
eterized with the r.m.s. media perturbation and autocorrelation
length, such as Exponential, Gaussian and Von Karman types, in
describing the stochastic nature of the random media (Sato et al.,
2012). Among them, the exponential ACF has been widely used in
characterizing the heterogeneous lower mantle (Hedlin et al., 1997;
Earle and Shearer, 2001; Shearer and Earle, 2004; Mancinelli and
Shearer, 2013). The exponential ACF is richer in short wavelength
components compared with a Gaussian type, and it is identical to
the Von Karman ACF with Hurst exponent kappa = 0.5 (Sato et
al.,, 2012). We therefore adopted the exponential ACF in simulat-
ing wave propagation. Some studies assume that the P-wave and

S-wave velocity have the same perturbation in the study of small
scale heterogeneity of the Earth mantle (Sato et al., 2012; Shearer
and Earle, 2004). From the empirical relationship Birch Law, we
could found that density and velocity perturbation are related. For
the sake of simplicity, we assume that the density perturbation has
a linear relationship with velocity perturbation (‘;—'g = v%), the
density/velocity fluctuation scaling factor v is larger than 0.8 for
the backward scattering (Shearer and Earle, 2004). We use v =1.0
in our modeling, yet we still assume that the density perturbation
is the same with the velocity perturbation. Previous studies have
shown the r.m.s. variation of the small-scale heterogeneity in the
lowermost mantle to be in the range of 0.1-3.0% (Cormier, 1999;
Margerin and Nolet, 2003; Mancinelli and Shearer, 2013), and the
correlation lengths range from 2 km to tens of kilometers (Earle
and Shearer, 2001; Mancinelli et al., 2016). As thickness of het-
erogeneous layer is also an important factor in modeling scattered
waves, we assume a range of 50-1000 km for thickness based on
studies by Hedlin et al. (1997) and Sidorin et al. (1999). We there-
fore focus on heterogeneity in the lowermost mantle and address
its effects in the discussion section. We explore parameter space
with a step of 0.5% for r.m.s. variation from 0-3.0%, a step of 2 km
for correlation lengths from 2-20 km, and a step of 50 km for
thickness of the heterogeneous layer. We also test the case of very
weak scattering with 0.1% r.m.s. variation in the lowermost man-
tle. With a minimum Vs = 4.5 km/s, a grid size of 0.5 km, and
time step of 0.008 s, these parameters meet the requirement for
accurate simulation with maximum frequency up to 1.5 Hz with
sampling of at least six grid points per wavelength (Li et al., 2014).
We filtered the synthetic waveforms using a four-pole Butter-
worth bandpass filter in the band 0.8 to 1.5 Hz (Shearer and Earle,
2004). In order to qualitatively demonstrate waveform variation of
PcP precursors versus parameters of the random media, we show
synthetic envelopes for a series of models at a single distance of
6.5° in Fig. 2. We also show seismic records section for epicen-
tral distances of 0-12° in Fig. A.1-3. We also examine the R and
Z component of the synthetic waveforms to study their polariza-
tion characteristics (Fig. A.4). From Fig. 2a, we observe that PcP
precursors become stronger with increasing velocity and density
perturbation strength, and PcP phase is not identifiable for mod-
els with perturbation strength of ~>2.5%. This is not surprising as
the reflection coefficient of PcP is small at short distances. At near
podal distance, when the small-scale heterogeneity in this layer is
above ~2.5%, the amplitude of the scattering wave is larger than
the PcP phase in the distance range of 0-12°, thus PcP becomes
hidden in the scattered wavefield and barely identifiable. With cor-
relation lengths increasing from 2 to 20 km, the PcP precursors
gradually decrease (Fig. 2b). With increasing thickness of the het-
erogeneous layer from 50 to 1000 km, the amplitude of PcP Precur-
sors gradually increases (Fig. 2c). Similar features are observed in
Fig. A.1-3, where the amplitude of PcP precursors becomes smaller
as the epicentral distance increases. We find that the amplitude of
PcP precursors in the vertical component are much larger than the
radial component (Fig. A.4), consistent with the theoretical polar-
ization of a very steep incident angle of PcP at short distances.
Next we quantify the effects of random media parameters on
PcP precursors. Instead of modeling the absolute amplitude of PcP
precursors, we choose to calculate the ratio of PcP precursors mean
amplitude to PcP, so as to avoid effects from earthquake magni-
tude and focal mechanism. The mean amplitude of PcP precursors
is measured in the window 2 to 30 s before the theoretical PcP
arrival, and the peak PcP amplitude is measured in the window
covering 2 s before and after the PcP arrival. Fig. 3a shows the
amplitude ratio variation with the r.m.s. perturbation strength, for
a fixed correlation length of 8 km and heterogeneous layer thick-
ness of 250 km. We find that the ratio continuously increases, then



270 B. Zhang et al. / Earth and Planetary Science Letters 489 (2018) 267-276

(b) a(km) (¢) H (km)

PcP pPc

400

: L5% 250 ‘ dmenna,
1.0% A‘ Amenna 1 6 200
3 3
/ R |
2 2 4 2

Trace Number
~
|
Trace Number
IS
oo
y
Trace Number
~

0.5%

0.1% L 1 “LMJ- 50
1 1 1

Y |

a=8 km H =250 km Distance = 6.5 deg. €=1.0% H =250 km Distance = 6.5 deg,| €=1.0%  a=8km Distance = 6.5 deg.
0 — T T T T 0 T T T T T 0 T T T T T T
-40 -20 0 20 40 -40 -20 0 20 40 -40 -20 0 20 40
Time(s) Time(s) Time(s)

Fig. 2. Short period synthetic envelopes of PcP and its precursors for different parameters of random media. The epicentral distance is 6.5 degree. The earthquake source
parameters are for the 2016 April 13 event (Table A.1). The source time function is a Gaussian function with duration time of 0.6 s. (a) Waveforms with different r.m.s. velocity
and density perturbations. The correlation length is 8 km and the thickness of the heterogeneous layer is 250 km. (b) Waveforms with different correlation lengths. The r.m.s.
media perturbation is 1.0% and the thickness of the heterogeneous layer is 250 km. (c) Waveforms with different heterogeneous layer thickness, at r.m.s. perturbation of 1.0%
and correlation length of 8 km. All the records sections are aligned on PcP arrival predicted from IASP91 model.
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Fig. 3. Amplitude ratio of PcP precursors to PcP vs r.m.s. perturbations, autocorrelation length and thickness of heterogeneous layer. (a) The ratio vs r.m.s. perturbation, at
correlation length of 8 km and heterogeneous layer thickness of 250 km. The open circle with black dashed line in Fig. 3a denotes unreliable measurements due to the barely
identifiable PcP caused by strong scattering. (b) The ratio vs correlation lengths, at r.m.s. perturbation of 1.0% and heterogeneous layer thickness of 250 km. (c) The ratio vs
the heterogeneous layer thickness, at r.m.s. perturbation of 1.0% and correlation length of 8 km. The red dashed lines are the theoretical prediction from equation (3).

becomes deviation from the theoretical approximation at ~>2.0%
perturbation. In fact, around perturbation of 2.5%, PcP is barely
identifiable, and that is why the amplitude ratio is not reliably
measured at perturbations of 3%. Fig. 3b shows the ratio variation
with the correlation length, at velocity and density perturbation
strength of 1.0% and a heterogeneous layer thickness of 250 km.
The ratio decreases with the correlation length over the range of
2 to 20 km. Fig. 3c shows the ratio variation with a heteroge-
neous layer thickness, at velocity and density perturbation strength
of 1.0% and correlation length of 8 km. We find that the ratio
continuously increases with increasing layer thickness of the het-
erogeneous region from 50 to 1000 km. We also calculate the
theoretical ratio of backscattered wavefield to incident wavefield
based on single scattering ray theory. In the 2D case, the ratio of
squared averages of the scattered wavefield to incident wavefield
is (Sato et al., 2012, equation 4.33)
(Ju'l?) A

(|u0|2) = gﬂ(w)—

2nr’
where u'! is backscattering wavefield, u° is the incident wavefield.
A is the area size of the scattered model, and r is the distance

(1)

between scatterers and receiver. The backscattering coefficient for
a 2D isotropic random media for an exponential ACF is given by
(Jannaud et al., 1991)

2 &2’k

. 2
(1+ 4a2k3)3/2 2

gr(w) =
where ¢ is the r.m.s. perturbation, a is the correlation length, kg is
the wavenumber, and ko =27 f/Vp.

We substitute the equation (2) into (1) and get

HL
(1+4a2(FL2p32 1
P

24227 f\3
e2a%(5")

(3)

where V, is the P wave velocity in the lowermost mantle, f is
the central frequency, r is the distance between scatterers point to
receiver, H is the thickness of heterogeneous layer in our study,
and L is the width of PcP wave’s Fresnel zone at CMB area, the

radius of Fresnel zone L/2 = ‘/%, hr = hs ~ 2890 km,

incidence angle is = 0. Using equation (3) we calculate the theo-
retical ratio variation with their parameters of the heterogeneous
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Fig. 4. Distribution of earthquakes (Green beachballs) and seismic stations (triangles) used in this study. Blue triangles indicate stations with three component seismograms
illustrated in Fig. 5. The blue dotted circle indicates the epicentral distance of 12°, approximating sample area near core mantle boundary.

medium. To apply the equation for modeling the ratio between
PcP precursor and PcP, the reflection coefficient of PcP needs to
be taken into account. From Fig. 3a, we find that the theoretical
ratio continuously increases with increasing r.m.s. perturbation &,
and it is consistent with the measured result when ¢ <= 1.5%, but
not for larger perturbations. This is probably due to an inaccurate
measurement of PcP or due to multiple scattering effects not con-
sidered in equation (1), or a combination of these factors. From
Fig. 3b, the trend of measured ratios with the increase of corre-
lation length over the range of 2 to 20 km is very close to the
theoretical value. Form equation (3), the theoretical ratio should
be proportional to the square root of the heterogeneous medium
thickness, and we find that the trend of measured result is close
to the theoretical value. In summary, the ratios of PcP precursors
mean amplitude to PcP measured from the numerical wave equa-
tion solver agrees with those from analytical approaches.

3. Near podal PcP observations

Next, we study observed PcP and its precursors to constrain the
level of small-scale heterogeneity in the lowermost mantle. The
amplitude of the PcP wave is small at near podal distances and
earthquake events need to be carefully selected considering fac-
tors such as event magnitude, focal mechanism and focal depth.
We choose moderate events (~M6, Table A.1) in this study. Strong
earthquakes have complicated source time function and make it
difficult to model the PcP phase. The PcP phase from small events
might be too weak to be discriminated from ambient noise. We se-
lect dip-slip events with dip angle around 45°, which is favorable
for exciting strong PcP wave. For events whose focal mechanisms
are characterized by very steep or very shallow dip angles, the PcP
wave would be weak as the ray path is close to the nodal plane.
Moreover, deep earthquakes are needed to weaken the impact of
strong lithospheric scattering in the source region. Deep events
and near podal stations are available in the China-Myanmar bor-
der area, Okhotsk Sea, and the Central and South America regions
(Fig. 4), and we use observational data from these regions for anal-
ysis (Table A.1).

We bandpass filter the broadband waveforms from 0.8 to 1.5
Hz for data preparation (Shearer and Earle, 2004). Fig. 5a shows
87 near podal records for the Okhotsk Sea earthquake, aligned
on theoretical PcP arrival times calculated from the IASP91 model
(Kennett and Engdahl, 1991). Visible signals near 0 s can be ob-
served, indicating that their ray parameters and travel times are
consistent with PcP phases. To further confirm that the signal is
the PcP phase, we analyze its polarization. Fig. 5b and Fig. 5c show

the three component seismograms at stations PET and YSS. From
the three components, we find that the amplitude in the vertical
component is much larger than the radial and tangential compo-
nent, which is consistent with polarization characteristics of the
PcP phase. We analyze the three component seismograms in the
regions mentioned above, and we detected a total ~200 observa-
tions of near podal PcP. The PcP phase can be observed at multiple
stations for a given event, indicating the reliability of phase iden-
tification.

4. Analysis of observations and comparison with synthetic
seismograms

Shearer and Earle (2004) demonstrated that there are strong
small-scale heterogeneities in the lithosphere, and P/S coda gener-
ated from the scattering waves may affect the observations of PcP
and its precursors. In order to suppress its effects on later arrivals,
we used a functional form for fitting coda decay to subtract the P/S
coda. For instance, Koper et al. (2004) compensated for the back-
ground coda energy by fitting a curve to the waveform envelope
data in the time span before and after PKiKP, PcP or ScP arrivals.
Bentham et al. (2017) characterized the small-scale heterogeneity
of the mantle by global stacks of PP precursors, adopting a simi-
lar method to remove the P coda interference before stacking. The
functional form for fitting coda decay used in this study is as fol-
lows:

f(t)=AtBe=2mft/Qc L N (4)

where the free parameter A depends on earthquake magnitude
and site effects (Sato et al., 2012), Qc is related to attenuation,
N represents background noise level. And B depends on the di-
mensionality of the problem. In a closed system B will tend to
0 at sufficiently long lapse-time in the multiple-scattering regime.
Generally, the B value is given by 1.5 as long as the scattered en-
ergy does not spread throughout the whole Earth. We use the least
square method to obtain parameter values that provided the best
fits and this is done in log-space.

We analyze the ~200 observations using the coda correction
technique, and Fig. 6 shows the coda decay curve fitting proce-
dure. We began with computing the waveform envelope, followed
by applying an arithmetic smoothing algorithm to the envelope
to obtain a smoother observation and to avoid a zero amplitude
before taking the logarithm, and then taking the log10 of the en-
velope amplitude. Our observations are short period (~1 s) sig-
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Fig. 6. Fitting of the P wave coda envelopes for different regions. The coda envelope 40 s before the predicted PcP is denoted with blue line. The red solid lines are the fitting
curves, and the red dashed line show extrapolation part. (a) For station BAS in Yunnan Province of China. (b) For station PET near sea of Okhotsk. (c) For station SICA in
South America. (d) For station YUS in Qinghai Province of China. (e) For station YSS, near sea of Okhotsk. (f) For station HDC, in Central America.

nals, we test the length of the moving window with 1-5 s, and
find that the oscillating P/S coda becomes smooth enough when
applying a moving window length of 4 s. Then we fit P/S coda
energy by fitting with equation (4) in the time window 40 s be-
fore PcP and 40 s after the S arrival time. The waveform closer
to the S phase may be caused by direct S waves, and the empiri-
cal functional form for coda decay may not be applicable. Sidorin
et al. (1999) predicted that the thickness of the large-scale lower-
most mantle heterogeneity is generally less than 300 km, thus the
curve-fitting segment 40 s before the IASP91 predicted PcP may
avoid including the lowermost mantle backscattering waves. We

then subtract the fitting curve from the original waveform enve-
lope. The corrected PcP and its precursors are shown in Fig. 7. The
corrected amplitude of the PcP precursors is much weaker than
PcP in the east of China-Myanmar border area (Fig. 7a), north of
Okhotsk Sea (Fig. 7b) and South America regions (Fig. 7c), which
probably indicated that the PcP precursors are very weak. How-
ever, the corrected amplitude of the PcP Precursors are detectable
in the west of the China-Myanmar border area (Fig. 7d), south of
the Okhotsk Sea (Fig. 7e) and Central America (Fig. 7f), indicating
that the PcP precursors in these regions are from stronger scat-
tering of heterogeneous medium in the lowermost mantle. This is



B. Zhang et al. / Earth and Planetary Science Letters 489 (2018) 267-276 273
1.5 1.5 1.5
(a) Myanmar Area(East) (b) Okhotsk(North) 1 () South America
@ 1.0 cP | o 1.0 9 cP % 1.0 7 PcP
= = = 1
= =1 =1
= 05 A = 0.5 = 05
=3 (=% =5
z z 2 00
= 0.0 < 00 - - < 0.0
2 2 2 1
3 i 3 i 3 i
g-05 g-05 g -05
o =} o J
&) O ]
-1.0 1 -1.0 1 -1.0 1
-1.5 T T T T T T -5 T T T T T T -1.5 T T T T T
200 250 300 350 400 450 500 550 240 280 320 360 400 440 480 520 280 320 360 400 440 480 520
Time(s) Time(s) Time(s)
1.5 1.5 1.5
(d) Myanmar Area(West) (e)  Okhotsk(South) ] (f) Central America

Corrected Amplitude
Corrected Amplitude

-1.5 T T T T

-L.5 T T

350 400 450

Time(s)

500 550 320 360

400
Time(s)

-1.5 T T T T T T
280 320 360 400 440 480 520 560
Time(s)

440 480 520

Fig. 7. Corrected PcP precursors envelopes with data shown in Fig. 6.
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Fig. 8. Comparison between the stacked envelope of PcP precursors and synthetic seismograms for different regions (a—f). Black envelopes are the stacked observations, red,
blue and purple lines are synthetic envelopes with r.m.s. perturbation of 0.2%, 0.5% and 1.0% respectively. N is the number of stacked seismograms in each region. The
correlation length of their models are the same, a = 8 km. Ten realizations are simulated at 0.5° epicentral distance intervals (0°-12°), are used in each realization. We
stack all their smoothed envelope seismograms from the ten realizations for their bin. The grey shading is 95% confidence interval of the stacked data, calculated using

bootstrapping. Level of r.m.s. perturbation is indicated in the upper right corner.

also consistent with the results from three-component polarization
analysis (Fig. 5b and Fig. 5c).

After correcting the P/S coda (Fig. 7), we stacked the envelopes
at China-Myanmar border area, Okhotsk Sea, Central America and
South America respectively (Fig. 8). To access the uncertainties for
both observation and model, we performed bootstrapping tech-
nique to estimate the 95% confidence interval of data and syn-
thetics. Also, for quantifying goodness of fit between normalized
envelopes of observed PcP precursors and synthetics, we calculated
the Root Mean Square misfit between the data (D) and model (M),

T _ 2
as: 0 =/ w, where T is the time window of PcP

precursors. Fig. 8 shows that the perturbation of small-scale het-
erogeneity in lowermost mantle is ~0.2-0.5% beneath the Okhotsk
Sea (Fig. 8a, Fig. 8d), China-Myanmar border area (Fig. 8b, Fig. 8e),
and South America regions (Fig. 8c). One example from Central
America in Fig. 8f presents strong PcP precursors which could be
fitted by a strong lowermost mantle heterogeneity model with a
r.m.s. of ~1.0%. However, we should keep in mind that the R.M.S.
misfits at Central America and South America are relatively large
(Fig. 9), due to the limited number of stacked seismograms. From
Fig. 9, we found that the differences between the best fitting mod-
els are very small for some regions. It may indicate an inherent
uncertainty in the best fitting model (Wang and Shearer, 2017),
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and small changes in the data time window might make a dif-
ference here. In summary, the distribution of studies small-scale
scatterers above CMB is plotted in Fig. 10a, in which the China-
Myanmar border and Okhotsk Sea area shows lateral variations.

5. Discussion

In our study, we computed short period synthetic seismograms
with an FD code for a series of volumetric heterogeneity models.
The synthetic seismograms are calculated with a heterogeneous
medium restricted to the lowermost mantle (referred as Mod-
elD, and r.m.s. velocity and density variation of <=1.5%), which
could be too simplistic. For example, Mancinelli and Shearer (2013)
demonstrated that the average r.m.s. perturbation is about 0.1%
throughout the lower mantle. Therefore, we set up more models
which we impose 0.1% r.m.s. variation in the layer from 250 to
1000 km above the CMB, using the same heterogeneous medium
described in the previous section (thickness of 250 km) (referred
as ModelLM). From Fig. A.5, we find that the amplitude of PcP pre-
cursors with ModelLM does not increase significantly. This is not
unexpected, as several previous seismic studies have concluded the
bulk of the lower mantle is characterized by very weak hetero-
geneity (Margerin and Nolet, 2003; Mancinelli and Shearer, 2013).

In addition, some studies indicated that the anomalous scatter
may be due to only to a velocity or only to a density contrast with
the surrounding mantle (Frost et al., 2013), which is referred to
as velocity-type or density-type scattering. We also compute syn-
thetic seismograms for a series of volumetric heterogeneity models
with only velocity or density perturbations over the range of 0.1%

ea
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to 3.0%. We also compute synthetic seismograms for a heterogene-
ity model with anti-correlated perturbation in velocity and den-
sity. We find that the amplitude of PcP precursors simulated with
velocity-type (Fig. A.6a), density-type (Fig. A.6b) or anti-correlated
type (Fig. A.6c) scattering are obviously less than the synthetics
with both velocity and density variations. We note that the contri-
butions of velocity and density variations are essentially equal (Fig.
A.6d). For the anti-correlated type perturbation in velocity and
density model, we found that PcP Precursors are weaker (Fig. A.6¢).
This is because the wave impedance of both velocity and density

variation model (‘;—’; = gT‘;‘) is larger than that of velocity-type,
density-type or anti-correlated type model (%’Z = —0.52—‘(’)‘). In or-

der to constrain the small-scale heterogeneity in the lowermost
mantle beneath our study regions more accurately, we need to
clarify the type of scattering with constraints from other research
fields, such as rock and mineral physics (Wicks et al., 2017).

There seems to be trade-offs between the heterogeneity param-
eters (perturbation strength, correlation length and spatial distri-
bution). For instance, from both numerical and analytical ampli-
tude ratio in Fig. A.7, we observed that there is a trade-off be-
tween r.m.s. perturbation strengths and correlation lengths, at a
heterogeneous layer thickness of 250 km. And it might be pos-
sible to interpret the variations in terms of changes in the cor-
relation length only. However, previous studies have empirically
suggested that the correlation length for small-scale heterogene-
ity in lowermost mantle is around 8 km (Hedlin et al., 1997;
Shearer and Earle, 2004; Mancinelli and Shearer, 2013; Bentham
et al,, 2017). In order to compare with previous studies, we prefer
correlation length a =8 km in our calculation, and compared with
observations to constrain the r.m.s. perturbation strength.

The distribution of small-scale (~8 km) volumetric hetero-
geneity in the lowermost mantle is displayed in Fig. 10, beneath
the China-Myanmar border area, Okhotsk Sea, Central Amer-
ica and west of South America. The P velocity is approximately
homogeneous at large scale (2° x 2°) in our study regions
shown in Fig. 10b (Simmons et al., 2012). Our results indicate
weak (~< 0.5%) scattering beneath China-Myanmar border area,
Okhotsk Sea and west of South America, whereas stronger (~1.0%)
scattering is seen beneath Central America. Previous studies pro-
pose that small-scale velocity perturbations of ~0.1-~1.0% are
distributed throughout the lowermost mantle and they can well
explain the globally averaged amplitudes of ~1 s to the scat-
tered energy of core phase (PKP, Pdiff etc.) (Hedlin et al., 1997;
Cormier, 1999; Earle and Shearer, 2001; Shearer and Earle, 2004;
Margerin and Nolet, 2003; Mancinelli and Shearer, 2013). For ex-
ample, Hedlin and Shearer (2000) found very weak scattering in
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Fig. 10. (a) Distribution of small-scale volumetric heterogeneity in D” layer in this study. (b) The tomography of P wave velocity variations in the D” layer (2770 km) from

the LLNL_G3Dv3 model (Simmons et al., 2012).
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the lowermost mantle beneath Southern China and the Indochina
Peninsula and South America. Our study region in the southern
region of the Okhotsk Sea coincides with the study region of Ma
et al. (2016), who found that the P-wave velocity perturbation is
about 0.5% in the western North Pacific extending ~400 km above
the CMB. Moreover, Mancinelli et al. (2016) found strong scatter-
ing beneath Central America. Niu and Wen (2001) also suggested
that the lowermost 100 km of the mantle region west of Mex-
ico is a highly anomalous region characterized by strong seismic
scatterers (the P-wave velocity variation of at least 6%), and our
sampling site in Central America is located on the eastern edge of
their study region.

Heterogeneity strength at various scales may provide some con-
straints on the chemistry in the lowermost mantle. On large scales
(~1000 km), the heterogeneity is moderate, about +1.0 percent in
P velocity and £3.0 percent in S velocity (Simmons et al., 2012;
Ni et al., 1999). On intermediate scales (~100 km), heterogene-
ity could be much stronger, as manifested with ultra-low ve-
locity zones (ULVZs) (Wicks et al., 2017). Several hypotheses of
small-scale heterogeneities in the lower mantle have been pro-
posed, including heterogeneity originating from subducted crustal
material, whether they are fragments entrained during subduc-
tion (Christensen and Hofmann, 1994) or broken up fragments
from the original subducted slab (Cao and Romanowicz, 2007;
Stixrude and Lithgow-Bertelloni, 2012). Other hypotheses include
partial melting in isolated patches (Vidale and Hedlin, 1998), or
dense material near the edges of large low shear velocity provinces
(Frost et al., 2013).

We use PcP as a reference phase, but the true amplitude of PcP
may affect our estimation of the level of small-scale heterogeneity
in the lowermost mantle. Theoretically, background mantle veloc-
ity and attenuation would not affect our study much, because the
ray path of PcP and its precursors are very similar. But a flat and
sharp core-mantle boundary is assumed here, so the estimated
perturbation would be biased to some degree if these assumptions
are invalid. Vidale and Benz (1992) reported evidence for a flat
and sharp patch of the CMB beneath the northeast Pacific. How-
ever, some seismological studies have found complex boundaries
near the CMB, such as a core rigidity zone (Rost and Revenaugh,
2001), which could affect the waveform of PcP. Moreover, some
numerical studies suggested that CMB topography could cause
the PcP amplitude variation (e.g. Kampfmann and Miiller, 1989;
Wau et al., 2014). Previous analysis of short period PcP with seismic
array also reported rapid variation of PcP amplitude (e.g. Neuberg
and Wahr, 1991; Rost and Revenaugh, 2004). In future, complex
structures can be added to forward modeling to quantitatively an-
alyze the effect on PcP waveform.

We take advantage of small amplitude PcP waves at near podal
distances, and compare the observation of PcP and its precursors to
synthetic seismograms to constrain the level of small-scale hetero-
geneity in the lowermost mantle, yet there are some limitations
in this method. Shearer and Earle (2004) showed a model with
3-4% r.m.s. velocity heterogeneity at 4 km correlation length in
the lithosphere and upper mantle, suggesting that the P/S coda
waves generated from strong scattering may affect the observa-
tion of PcP and its precursors. Although we used a functional form
to suppress these effects, the remaining coda may still affect our
resolution of small-scale heterogeneity at the base of the mantle.
In addition to the P/S coda, there may exist other signals affect-
ing the reliability of our measurement of PcP precursors (Fig. A.8).
These unrelated signals could not be effectively corrected by us-
ing the empirical functional form for coda decay. If the number of
the stack traces is not large, data stacking technique also could not
suppress these uncorrelated signals. Moreover, the real Earth het-
erogeneity should be 3D structure, and it is difficult to understand
the scattering without full 3D calculations. Intrinsic attenuation

(Q) is not considered in our forward calculation. In the future,
we plan to improve our forward modeling by taking Q attenua-
tion into consideration, so as to quantitatively study the influence
of coda waves generated by the heterogeneous scattering in litho-
sphere or the upper mantle on the PcP and its precursors.

The sampling area is limited in this study because we restrict
our study set to near podal observations that are less than or equal
to 12° to understand whether scatterers are present at small-
scales. In contrast, PKP waveforms can be observed at broader
epicentral distance ranging between 118° and 145° for both shal-
low and deeper events, thus providing an opportunity to sample
larger areas. The results are successful applications of PKP pre-
cursor study on global scales, as well as regional scales (Hedlin
et al., 1997; Vidale and Hedlin, 1998; Wen, 2000; Niu and Wen,
2001; Margerin and Nolet, 2003; Mancinelli and Shearer, 2013;
Frost et al., 2013; Ma et al, 2016). PKP precursors can be pro-
duced from scattering in sampling regions close to both source
and receiver areas, thus the width of the total sampling area at the
CMB is between 10° and 30°, whereas for short period (~1 s) PcP,
the diameter of the sampling area at the CMB is about 5°. Large
sampling area is helpful for obtaining average small-scale hetero-
geneity in the study area, whereas small sampling areas dictated
by near podal observations can highlight specific details on the
lateral variations of the small-scale heterogeneities at the base of
the mantle (Cao and Romanowicz, 2007; Frost et al., 2013). The
sampling zone of PcP precursors is located near the event and
station at near podal distance in lowermost mantle, thus it is rel-
atively straightforward to determine the distribution of small-scale
heterogeneity. With most deep earthquakes located in subduction
zones, and more and more stations such as OBS placed in these
areas in the future, more observations of PcP precursors at near
podal distance can be obtained. Therefore data stacking and ar-
ray analysis techniques (Rost and Thomas, 2002) can be used to
improve the accuracy of interpretations of heterogeneity for more
regions at the base of the mantle with PcP precursors.

6. Conclusions

We take advantage of the small amplitude PcP waves at near
podal distances to constrain the level of small-scale heterogene-
ity in the lowermost mantle. We computed short period synthetic
seismograms using a finite difference code for a series of volu-
metric heterogeneity models within 250 km above the CMB, and
find that PcP is not observable if the heterogeneity in this region
is above 2%. We use a functional form appropriate for coda decay
to weaken the P/S coda wave, and compare the corrected enve-
lope of PcP and its precursors with synthetic seismograms. We find
that the perturbation of small-scale (~8 km) heterogeneity in low-
ermost mantle is ~0.2-0.5% beneath the China-Myanmar border
area, Okhotsk Sea and South America regions. Whereas stronger
(~1.0%) scattering is located beneath Central America. The dis-
tribution of these small-scale scatterers in the lowermost mantle
has lateral variations beneath the China-Myanmar border area and
Okhotsk Sea region. There is a trade-off between r.m.s. perturba-
tion strength, correlation length, spatial distribution and the type
of perturbation etc., and our modeling result could be non-unique.
In the regions investigated here, we find that the volumetric het-
erogeneity in lowermost mantle at the ~8 km length scale is gen-
erally weak. Where scattering is stronger, such as under Central
America, more chemically complex mineral assemblages may be
present at the core-mantle boundary.
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