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Abstract The locations of ultralow-velocity zones (ULVZs) at the core-mantle boundary (CMB) have

Supporting Information: been linked to a variety of features including hot spot volcanoes and large low-velocity province (LLVP)
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Data Set S6 inversion using the principle of parsimony. The inversion is conducted using a genetic algorithm which

is repeated several thousand times in order to construct heterogeneity probability maps. This analysis
reveals that at probabilities >0.5, 0.25, and 0.125 up to 1.3%, 8.2%, or 19.7% of the CMB may contain ULVZ-
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michael_thor;le@mah,edu low-velocity regions. Additionally, we present evidence that the Samoan ULVZ may be twice as large as
previously estimated, and also present evidence for the existence of additional mega-sized ULVZs, such
as a newly discovered ULVZ located to the east of the Philippines. We provide new evidence for the ULVZ
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Thorne, M. S., Leng, K., Pachhai, S., east of the Philippines through an analysis of ScP records.
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T. (2021). The most parsimonious Plain Language Summary Past deep-Earth studies have identified thin zones of reduced

ultralow-velocity zone distribution from

hi seismic velocities located atop the core-mantle boundary. These zones, referred to as ultralow-velocity
ighly anomalous SPdKS waveforms. . . .

Geochemistry, Geophysics, Geosystems, zones or ULVZs, have been related to several important features of the Earth's interior such as mantle
22, €2020GC009467. https://doi. plumes, continent-sized low-velocity provinces, and large igneous provinces. Nonetheless, we do not

0rg/10.1029/2020GC009467 know what ULVZs are made of, whether they only exist in specific regions of the core-mantle boundary

Received 6 OCT 2020 (CMB), how they link to other mantle properties, or whether all ULVZs are the same. We have assembled

Accepted 8 DEC 2020 a large dataset of seismic waveforms that are sensitive to deep mantle heterogeneity and have identified
the waveforms with features indicative of heterogeneous mantle properties, such as ULVZ presence, and
search for the simplest distribution of lower mantle heterogeneities. We find that as much as 19.7% of the
CMB area must have anomalous seismic properties to explain our dataset. We also use a type of seismic
wave reflected off the CMB to verify our initial results in a newly discovered heterogeneous region that
lies on the CMB to the east of the Philippines. Our new heterogeneity map provides greater coverage than
previous maps and suggests that several mega-sized ULVZs may exist.

1. Introduction

For nearly 3 decades, features sitting on top of the core-mantle boundary (CMB) and referred to as ultra-
low-velocity zones (ULVZs) have been invoked to explain anomalous travel-time delays and the existence
of a variety of pre- and post-cursor arrivals observed in seismic data. A clear definition of what constitutes
a ULVZ is currently lacking; nevertheless, most papers invoking ULVZ occurrence state that they are re-
gions of low S- and/or P-wave velocities (of the order of 10% or greater decreases) in thin regions (typically
less than 40 km is stated) sitting on top of the CMB (Garnero & McNamara, 2008; Ni & Helmberger, 2001;
Simmons & Grand, 2002; Yu & Garnero, 2018). However, the range of parameters described as related to
ULVZs does not always fit this definition (Bower et al., 2011). Although such ambiguity is disconcerting,
© 2020. American Geophysical Union. strong modeling tradeoffs and nonlinearity make precise determinations of the elastic parameters and mor-
All Rights Reserved. phology of these features challenging. Nonetheless, from a range of independent seismic analyses, it is clear
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that localized regions of low seismic velocities are necessary to explain a
host of seismic observations (see Yu & Garnero, 2018 for a recent review
of ULVZ-related studies).

receiver-side
uLvz
Ever since the discovery of ULVZs, their geographic distribution has gen-

erated great interest. The first global map of ULVZ location, compiled
from 13 different studies, was published by Garnero et al. (1998). This in-
itial map formed the basis for correlating hot spot volcanism with ULVZ
Pd inception locations (Williams et al., 1998). Another global compilation of ULVZ lo-
cations was published a little over a decade later (McNamara et al., 2010).

N

receiver

Figure 1. Ray paths for SPAKS (blue) and SKPdS (dark red) for a 500-km In this paper, the authors argued that ULVZs preferentially lie along the
deep source (red star) recorded at a sensor 110° in epicentral distance edges of large low-velocity provinces (LLVPs). The LLVP edges in turn

(green circle). The Pd inception point on the source- and receiver-sides is
indicated. Also, possible source-side or receiver-side ULVZs are indicated.

have been linked to the formation of whole mantle plumes that may give
rise to hot spot volcanism (Boschi et al., 2007; McNamara & Zhong, 2005;
Thorne et al., 2004; Torsvik et al., 2006; Torsvik et al., 2008). Another
comprehensive survey, based on 54 ULVZ studies, was recently conduct-
ed and it argued that ULVZs tend to lie near LLVP edges, but that their link to surface hot spots is less clear
(Yu & Garnero, 2018).

Although the correlations presented in the studies outlined above provide some evidence for an overlap
between ULVZs and hot spot volcanism or ULVZs and LLVP edges, we note that only a small amount (<20%
according to Yu & Garnero, 2018) of the CMB has been probed for ULVZ existence and not all ULVZs are
necessarily associated with either phenomena. Since the publication of these studies, additional evidence
for ULVZ presence beneath hot spots has been presented. For example, ULVZs may be present beneath
the Galapagos, San Felix, Marquesas, Caroline, and Hoggar hot spots (Cottaar & Li, 2019; Kim et al., 2020;
Thorne et al., 2020). But, additional new ULVZs beneath Mexico, East Asia, and South America appear to
be related to the edges of subducted slab material (Thorne et al., 2019, 2020). Hence, ULVZs may be located
beneath major hot spots, but they may also exist near LLVP boundaries that are not co-located with known
hot spot volcanism and near the boundaries of past subduction. That is, current evidence does not suggest
that ULVZs are principally related to a single type of lower mantle province.

Some of the global surveys discussed above were based on CMB-reflected seismic phases such as ScP, PcP,
and ScS. With these phases, there is little ambiguity about the ULVZ location. Nevertheless, it is impor-
tant to note that even with these phases ULVZs may be mislocated, as a ULVZ location off the great-circle
plane or one at a greater epicentral distance from the bounce point location may also give rise to ULVZ-like
waveforms (Brown et al., 2015). On the contrary, phases used in detecting ULVZs such as SPdKS and PKP
precursors pass through the D” region on both the source- and receiver-sides of the ray path. Whether the
scatterers giving rise to PKP precursors lie on the source- or receiver-side should be distinguishable from the
slowness of the precursor (Husebye et al., 1976; King et al., 1974). For other seismic phases such as SPdKS,
it is less clear whether the source- or receiver-side structure is responsible for anomalous waveform record-
ings. For this reason, Yu and Garnero (2018) restricted their global correlations to just seismic phases with
unambiguous CMB bounce point locations such as ScP. However, limiting the ULVZ locations to just CMB
bounce point phases severely limits the geographic coverage that can be obtained.

ULVZs were first inferred using the SPAKS seismic phase (Garnero et al., 1993). SPAKS has subsequently
been used to infer the ULVZ presence in multiple studies (Jensen et al., 2013; Ni & Helmberger, 2001; Ron-
denay & Fischer, 2003; Thorne & Garnero, 2004; Vanacore et al., 2016; Wen & Helmberger, 1998). What
is commonly referred to as SPAKS is a combination of complementary arrivals called SPAKS and SKPdS,
as shown in Figure 1. Some of the down-going S-wave energy from the source converts to a P-wave at the
CMB making ScP. At the critical angle for P-wave diffraction (Pd), indicated by the Pd inception point in
Figure 1, the conversion becomes SPd. Some of this Pd energy enters the outer core, bottoms, and then on
its return to the mantle converts back into an S-wave to generate SPdKS. A similar phenomenon happens
on the receiver side of the path to create SKPdS. For a 1D model such as PREM (Preliminary Reference
Earth Model [Dziewonski & Anderson, 1981]), SPAKS and SKPdS arrive at the receiver at the same time.
However, the existence of a lower mantle structure such as a ULVZ, on either the source- or receiver-side
can cause perturbations in timing for either SPAKS or SKPdS. But, in most cases it may be impossible to see

THORNE ET AL.

20f 29



Aru g
ra\“1%;
ADVANCING EARTH
AND SPACE SCIENCE

Geochemistry, Geophysics, Geosystems 10.1029/2020GC009467

separate SPAKS and SKPdS arrivals (Rondenay et al., 2010; Vanacore et al., 2016). Even if separate SPAKS
and SKPdS arrivals are distinguishable, it is not readily apparent whether the structure giving rise to the
anomalies occurs as (1) a source-side ULVZ, (2) a receiver-side ULVZ, or (3) a combination of both source-
and receiver-side ULVZs.

ULVZ studies using SPAKS have relied on additional arguments to resolve the source- versus receiver-side
ambiguity. In particular, these studies have used crossing coverage of Pd paths on the CMB (Ni & Helm-
berger, 2001; Rondenay & Fischer, 2003) or purely geometric arguments that a ULVZ is more likely to occur
on one side of the path because of a higher concentration of anomalous Pd rays (Helmberger et al., 2000;
Thorne et al., 2019). Although both arguments appear reasonable, their validity has yet to be confirmed
through systematic, synthetic testing. Such testing has not been performed in past studies due to the inabil-
ity to compute the high-frequency 3-D synthetic seismograms required.

In order to illustrate some of the challenges associated with inferring the ULVZ location from SPdKS data,
consider the event shown in Figure 2. For this event, several highly anomalous arrivals were identified in
Thorne et al. (2020) that are indicative of ULVZ presence. In Figure 2a, the Pd paths of SPdKS and SKPdS for
the highly anomalous arrivals identified are drawn in red, whereas the non-anomalous Pd paths are drawn
in blue. Waveforms for anomalous and non-anomalous arrivals are shown in Figures 2b-2e. Waveforms
identified as anomalous all show two arrivals, with the second arrival amplitude approximately equal to or
greater than the first arrival. Non-anomalous waveforms in the azimuthal range from 0° to 180° are similar
in character to the waveforms labeled as highly anomalous, but do not get labeled as such due to the strict
rules imposed in Thorne et al. (2020). For example, records at distances approximately less than 110° (Fig-
ure 2c) do not have a distinct second arrival, although a second arrival is clearly emerging. The deterministic
rules prescribed in that paper result in larger distance arrivals not being labeled as highly anomalous as the
rules placed a cutoff in the second arrivals amplitude of greater than or equal to 0.8 times the amplitude
of the first arrival. On the contrary, non-anomalous arrivals at azimuths greater than 180° do not generally
have two arrivals, with the exception of one trace (Figure 2e). Because of this strict rule-based system in
identifying anomalies, a strict cutoff was defined to provide a binary label on waveforms. And as such, we
then see a hard line between Pd paths (Figure 2a) that are anomalous versus non-anomalous, whereas the
reality is likely gradational as is observed in the waveforms. An additional difficulty arises in that the oc-
currence of anomalous SPAKS waveforms is highly sensitive to the ULVZ position with respect to the point
where Pd initiates on the CMB. Nonetheless, this approach highlights those regions in which the waveforms
are exceptional in their abnormality, and are thus highly anomalous.

Assuming that the ULVZ structure is responsible for the generation of these highly anomalous waveforms,
we next desire to know where they are located. If we just decided that each collection of anomalous Pd paths
represents a ULVZ location, this would imply that there are 10 ULVZs here for this data example: 4 ULVZs,
one each for the SPAKS and SKPdS rays, for azimuths greater than 180° and 6 ULVZs for azimuths less than
180°. However, anomalous data may be explained in a simpler manner. For example, a single anomalous
waveform is recorded in China, with a source-side Pd arc beneath the SW Pacific and a receiver-side Pd arc
beneath China. A simpler, or more parsimonious, solution would suggest that a single ULVZ either lies
beneath the SW Pacific or beneath China, but not beneath both. Unfortunately, from a single waveform
it is challenging to determine where this ULVZ lies. Now consider the cluster of anomalous recordings in
the azimuthal range from ~70° to 90°. The options are either a large ULVZ beneath North America, or a
somewhat smaller ULVZ beneath the Pacific. Typically, the argument is made that the smaller ULVZ is the
simpler, most parsimonious, explanation. If additional events exist, then these can also be used, as crossing
coverage of anomalous ray paths (on either source- or receiver-side) provide additional evidence for ULVZ
location in a specific place.

In this paper, we produce a map of anomalous CMB structure based on SPdKS observations in which the
source-/receiver-side ambiguity of the anomaly location inherent in SPAKS observations is taken into ac-
count. We do this by first taking the observations of highly anomalous SPdKS waveforms published by
Thorne et al. (2020) and calculating the most parsimonious distribution of CMB heterogeneities that could
explain these waveforms. This distribution is determined by finding the smallest number of heterogeneities
that can be used to explain the observed anomalous waveforms within a predetermined level of misfit.
Because the solution is non-unique, we compute the solution for a large number of cases and calculate
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Figure 2. (a) Great circle arc paths between source (red star) and receivers (inverted triangles) for a 414-km deep event occurring on February 24, 2017 are
drawn with dashed black lines. Normal Pd segments of SPAKS and SKPdS are drawn with heavy blue lines. Highly anomalous Pd segments are drawn with
heavy red lines. (b) Seismic waveforms identified as anomalous in the azimuthal range from 0° to 180°. (c) Seismic waveforms identified as non-anomalous in
the azimuthal range from 0° to 180°. (d) Seismic waveforms identified as anomalous in the azimuthal range from 180° to 360°. (e) Seismic waveforms identified
as non-anomalous in the azimuthal range from 180° to 360°. All seismic traces shown are radial component displacement seismograms. Individual seismic
traces are drawn in gray with stacks in 1° epicentral distance bins shown in blue.

the probability of finding a heterogeneity in each location where there is data coverage. Here, we compute
probability maps of where heterogeneities may exist based solely on SPAKS. These maps may provide focus
areas for studies using other CMB-sensitive phases such as ScP, PcP, PKP, ScS, or Sdiff. In addition, we
demonstrate that the assumptions inherent in this method are valid through 3-D synthetic testing using the
AxiSEM3D technique (Leng et al., 2019, 2020) and demonstrate that highly anomalous SPdKS recordings
are more likely to be observed when the heterogeneity is located on the source-side of the path. In this
approach, we are able to constrain the location of lower mantle heterogeneities, yet we do not constrain
the elastic parameters of these regions. As discussed in the next section, past studies have associated highly
anomalous SPdKS waveforms with ULVZs. But we cannot state that all anomalous waveforms used in this
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study are generated by ULVZs. Hence, these regions may consist of ULVZs but may also correspond to re-
gions with less extreme velocity decrements. Lastly, we show that one of the newly discovered heterogene-
ous locations, east of the Philippines and north of New Guinea, is consistent with ULVZ presence inferred
from the ScP seismic phase, demonstrating the validity of our approach and a link with ULVZs.

2. AxiSEM3D Synthetic Tests

In the PREM model, SPAKS first noticeably bifurcates from SKS at an epicentral distance near 112°. As SP-
dKS is initiated, it emerges from the shoulder of SKS with a lower amplitude. However, observations of an
apparent SPAKS arrival at distances less than 112° and/or SPAKS emergence from SKS with a comparable or
larger amplitude than SKS have been observed in association with ULVZs in several past studies (Garnero &
Helmberger, 1998; Helmberger et al., 2000; Jensen et al., 2013; Thorne et al., 2013, 2019; Wen & Helmberg-
er, 1998). Thorne et al. (2020) focused on SPAKS recordings in the distance range from 106° to 115°, where
such recordings are best observed, and referred to these observations as highly anomalous recordings. Col-
lecting data from events with depths greater than 75 km and occurring between 1990 and 2017, Thorne
et al. (2020) retained 58,155 high-quality radial component seismograms in this narrow distance range
where the highly anomalous recordings are typically observed. Using an automatic detection algorithm,
they found 2,222 anomalous recordings in data where the signal-to-noise (SNR) ratio was greater than or
equal to 4. The anomaly detection technique made a binary classification of records based on the records
either being clearly anomalous or not. In the case of a clearly anomalous record, the waveform had an ad-
ditional arrival with respect to the PREM prediction, which stood above the noise level of the seismogram.

These highly anomalous waveforms have been linked to ULVZs on the CMB because of the following
considerations:

1. It is unlikely that the waveform distortions are caused by the source-time function. This is because
anomalous waveform distortions caused by the source do not also appear in the SKKS arrival, which has
a similar takeoff angle (Thorne et al., 2013; Thorne et al., 2019). In addition, normal PREM-like SPdKS
waveforms are observed at different azimuths than anomalous waveforms, which is not consistent with
a source-time function explanation to the anomalies (see Figure 2).

2. Highly anomalous waveforms are consistently observed for multiple events with crossing Pdiff paths on
the CMB (Thorne et al., 2013). This does not necessarily imply a CMB origin to the anomalies, but it is
unlikely that all of the events with crossing coverage on the CMB have the same source-time function.

3. Itis unlikely that the structure is related to an upper mantle near-source structure. This is because, if the
anomalous arrivals were related to a near-source structure, then the anomalous arrivals would move out
for different depths. However, in some places we observe events with anomalous arrivals, but that are
separated by 100 km or more in depth.

4. Tt is unlikely that anomalous arrivals are due to near-receiver-structure, as SKS and SKKS have similar
paths in the upper mantle and would likely display the same additional arrivals. Given these considera-
tions, it is argued that the origin of the anomalies lies on the CMB.

The binary classification scheme between non-anomalous and highly anomalous waveforms does not iden-
tify all the records that may interact with a ULVZ. Yet it may directly highlight where some of the largest
ULVZs exist, either in terms of the strength of the velocity anomalies associated with the ULVZ or its size,
which tradeoff which each other. This is demonstrated in Figures 3 and 4, which show 3-D synthetic seis-
mograms computed with the AxiSEM3D method (Leng et al., 2019). The 3-D simulations are computed
using AxiSEM3D's intrinsic hybrid modeling option (Leng et al., 2020) at a 2-s dominant period, containing
energy of up to 1 Hz. Hybrid modeling, also commonly known as wavefield injection and extrapolation
(Masson et al., 2013; Robertsson & Chapman, 2000), is a cross-scale method that can enormously speed up
wave propagation in a large domain, such as the global Earth (Pienkowska et al., 2020), containing a strong
local heterogeneity such as a ULVZ. With AxiSEM3D, the power of hybrid modeling can be maximized by
exploiting the different symmetries of the incident wave and scattered wave. The wavefield given by hybrid
modeling using AxiSEM3D is the exact 3-D wavefield without any approximations to the model parameters
or the wave physics.
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Figure 3. 3-D synthetic seismograms for a 3° diameter ULVZ located at latitude = —13.56° and longitude = —167.42°. The ULVZ is 20-km thick, with

8Vs = —45% and 8Vp = —15%. Radial component, displacement, synthetic seismograms are shown at azimuths from 0° to 30° with respect to the great circle
path between the source and the center of the ULVZ. Azimuths from —1° to —30° are not shown as they are symmetric about 0° azimuth. Synthetics are shown
at epicentral distances of (a) 111°, (b) 112°, and (c) 113°. In each panel the 1-D PREM synthetic is shown in black. Highly anomalous waveforms for the ULVZ
model are drawn in red, and non-anomalous waveforms for the ULVZ model are drawn in blue. Synthetics are filtered with corners between 6 and 40 s to be
consistent with data processing from Thorne et al. (2020). (d) Location map. Synthetics are computed for a source (red star) at latitude —23.259° and longitude
—178.8°. Receivers (inverted triangles) are shown for distances 111°, 112°, and 113° and are color coded by the receiver azimuth with respect to the great circle
arc between source and ULVZ. Pd paths on the CMB are drawn as either non-anomalous (thick blue lines) or highly anomalous (thick red lines, shaded based
on epicentral distance, see legend).

Unlike conventional 3-D modeling, the computational cost of AxiSEM3D hybrid modeling scales with the
lateral size of the heterogeneity, which in this case is the diameter of the ULVZ. For the 3-D problems dis-
cussed in this section, we used a ULVZ model with a diameter of 3° or 11°. At a 2-s dominant period with
a 2,400-s record length, these simulations required 21,504 and 78,848 CPU hrs, respectively, to complete.

These synthetics are computed for a ULVZ with identical properties located on either the source-side
(Figure 3) or receiver-side (Figure 4) of the path. Using the classification scheme as defined in Thorne
et al. (2020), highly anomalous recordings are only found for this ULVZ model in the epicentral distance
range from 111° to 113°.

When the ULVZ is located on the source-side of the path (Figure 3), we observe the largest number of highly
anomalous waveforms. Regardless of the distance, all highly anomalous waveforms pass through the ULVZ
(Figure 3d) or right along its borders. Here we can see that a ULVZ on the source-side of the path shows a
tight cluster of highly anomalous Pd arcs (heavy red lines in Figure 3d) on the source-side that is spread out
over a much larger geographic area on the receiver-side.

When the ULVZ is located on the receiver-side of the path, for this ULVZ model we only observe highly
anomalous recordings at an epicentral distance of 111° (Figure 4a). Here the Pd arcs associated with the
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Figure 4. 3-D synthetic seismograms for a 3° diameter ULVZ located at latitude = 38.2949° and longitude = —102.1311°. The ULVZ is 20-km thick, with

8Vs = —45% and 8Vp = —15%. Radial component, displacement, synthetic seismograms are shown at azimuths from 0° to 30° with respect to the great circle
path between the source and the center of the ULVZ. Azimuths from —1° to —30° are not shown as they are symmetric about 0° azimuth. Synthetics are shown
at epicentral distances of (a) 111°, (b) 112°, and (c) 113°. In each panel, the 1-D PREM synthetic is shown in black. Highly anomalous waveforms for the ULVZ
model are drawn in red, and non-anomalous waveforms for the ULVZ model are drawn in blue. Synthetics are filtered with corners between 6 and 40 s to be
consistent with data processing from Thorne et al. (2020). (d) Location map. Synthetics are computed for a source (red star) at latitude —23.259° and longitude
—178.8°. Receivers (inverted triangles) are shown for distances 111°, 112°, and 113° and are color coded by receiver azimuth with respect to great circle arc
between source and ULVZ. Pd paths on the CMB are drawn as either non-anomalous (thick blue lines) or highly anomalous (thick red lines, shaded based on

epicentral distance, see legend).

anomalous waveforms are still more widely separated on the receiver-side, but are only observed at azi-
muths that directly pass through the ULVZ (Figure 4d).

In comparing waveforms between the source- and receiver-side ULVZs, we note that far more anomalous
waveforms may be detected for a source-side ULVZ. For the synthetic experiments shown here, with 183
receivers (3 epicentral distances X 61 azimuths), we count a total of 40 versus 3 highly anomalous records
when the ULVZ is on the source-side versus the receiver-side of the path. When the ULVZ is on the source-
side, we also have a much greater chance of recording and recognizing it as such, as it has the potential to be
recorded on a much wider azimuthal range of receivers. As shown in Figure 4, the receiver-side computa-
tions were made for a ULVZ centered 94.5° away from the source. We also tested ULVZ models with centers
from 90.5° to 106.5° away from the source. In all cases, the maximum number of anomalous waveforms
detected was 3. Thus, it is more likely to observe waveform anomalies from a single event for source-side
ULVZs, but receiver-side ULVZs may still be manifested by such anomalies, albeit in a narrower azimuthal
range.

As shown in Figures 3 and 4, the highly anomalous Pd arcs all pass through the ULVZ, but the actual Pd
arc length in these cases is much longer than the ULVZ. In the source-side ULVZ case (Figure 3) the ULVZ
is located right at the point of Pd-inception. However, this is not always the case in generating anomalous
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(@) Source-side ULVZ (b) Receiver-side ULVZ
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Figure 5. Locations of anomalous Pd paths for a 11° diameter ULVZ located on (a) the source-side of the path at
latitude = —13.9038° and longitude = —167.7937°, and on (b) the receiver-side of the path at latitude = 38.2949° and
longitude = —102.1311°. The ULVZ is 25 km thick, with §Vs = —20% and 8Vp = —15%. Synthetics are computed for

a source (red star) at latitude —23.259° and longitude —178.8°. Receivers (inverted triangles) are shown for distances
where anomalous waveforms are observed. In (a) the distances are from 107° to 115° and in (b) the distances are from
109° to 111°. Receiver locations are color coded by receiver azimuth with respect to the great circle arc between source
and ULVZ. Pd paths on the CMB are drawn as either non-anomalous (thick blue lines) or highly anomalous (thick red
lines).

waveforms. As noted previously, there are tradeoffs between ULVZ size and velocity contrasts. For example,
anomalous Pd paths for a larger, 11° diameter ULVZ are shown in Figure 5. The highly anomalous wave-
forms for this model are similar to those for the previous model as shown in Figures 3 and 4. But, in order to
generate similar seismograms, the position of the ULVZ had to be adjusted and the magnitude of the S-wave
velocity reduction had to be reduced. As in the previous case, more anomalous waveforms are observed
when the ULVZ is located on the source-side of the path (in this example, we see anomalous waveforms
at a wide variety of azimuths from +20° and from distances between 107° and 115°). But, note that in this
case, the Pd inception starts toward the center of the ULVZ, whereas in the previous case Pd inception was
coincident with the ULVZ edge. In this case, only a handful of anomalous recordings are observed on the
receiver-side at a much more limited azimuthal (+2°) and epicentral distance range (from 109° to 111°).

In each case shown (Figures 3-5), the Pd paths on the CMB are longer than the physical dimensions of
the ULVZs, and where the Pd path occurs with respect to the ULVZ depends on the size of the ULVZ
and its elastic parameters. However, the highly anomalous waveforms do constrain the ULVZ azimuthal
boundaries.

What we have learned from these synthetic experiments can be summarized in the following points:

1. We are more likely to observe a source-side ULVZ than a receiver-side ULVZ due to receivers at a larger
range of azimuths that could show the anomalies.

2. Multiple events interacting with a source-side ULVZ with crossing coverage near the source-side would
show anomalous recordings over a potentially larger azimuthal range.

3. Fewer anomalous waveforms are observed when the ULVZ is located on the receiver-side, which could
mean that the mechanism by which highly anomalous recordings are generated may differ from source-
to receiver-side. This should be explored further theoretically as to whether one is more feasibly gener-
ated than the other.

4. Pd paths of highly anomalous recordings pass through the ULVZ in these experiments, and thus azi-
muthal bounds can be estimated.
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5. Tradeoffs exist between ULVZ size and velocity decrement, so that the ULVZ location along the Pd arc
cannot be constrained solely on the presence of highly anomalous waveforms.

3. Parsimonious Distributions of Heterogeneities

In this study, we seek to find the most parsimonious distribution of heterogeneities that may explain a given
set of highly anomalous SPdKS observations. The principle of parsimony implies that we are looking for
the solution that explains the anomalous observations with the least number of heterogeneities. This idea
is often utilized in biological studies, in particular with respect to phylogenetic relationships (Fitch, 1971).

To determine the most parsimonious distribution of heterogeneities the approach we use is to (1) define a
grid over which we will search for possible heterogeneity locations, (2) select a subset of these grid cells that
possibly contain heterogeneities, (3) calculate a misfit between observations and predictions based on the
grid cells we are testing to have heterogeneities, and (4) find the distribution of grid cells that contain heter-
ogeneities that fit the observations with the minimum number of heterogeneities, noting that the solution
may be non-unique. We provide further details on the procedure in the following paragraphs.

3.1. Misfit Calculation

First, we choose a suitable grid size. For the problem of SPdKS, this is discussed further in Section 5. Here,
we want to provide a balance between fine enough resolution and the physical sizes of heterogeneities that
may effectively generate anomalous SPdKS waveforms. Once a suitable grid has been selected, our proce-
dure is to first number each grid cell. Next, for each highly anomalous observation, we tabulate which grid
cells the Pd paths cross through on both the source- (SPAKS) and receiver-(SKPdS) sides. This step makes it
efficient to calculate the misfit as described below.

Next, we select a number of heterogeneities to test. An example is shown in Figure 6. Here we have specified
a10 x 10 grid (100 grid cells) and show three example observations from Source 1 (S1) to Receiver 1 (R1) and
Source 2 (S2) to Receivers 2 and 3 (R2,R3). In this example, we have decided to test a distribution with two
heterogeneities. In Figures 6a—6d, possible heterogeneity locations are shown as solid red squares.

To assess how well a given distribution of heterogeneities fits the observations, we calculate the misfit. We
define the misfit as the number of highly anomalous observations that cannot be explained by the given
distribution of heterogeneities. Thus, a lower misfit provides a better explanation for the observations. For
example, in Figure 6a, we have three highly anomalous observations, and two heterogeneities. But, none of
the Pd paths on either the source- or receiver-sides pass through either of these heterogeneities. Thus, the
misfit is three which is the largest possible misfit in this example. In example 2 (Figure 6b), the source-side
Pd path of the S1-R1 observation crosses through H1. But, neither S2-R2 or S2-R3 are accounted for, so the
misfit = 2. In example 3 (Figure 6¢), both observations S2-R2 and S2-R3 are accounted for by H1, but S1-R1
is not accounted for and the misfit = 1. The misfit in example 4 (Figure 6d) is 0, as the given heterogeneity
distribution accounts for all of the observations. However, non-uniqueness exists in that other heterogene-
ity distributions could also provide a 0 misfit (e.g., by moving H2 to a grid cell crossing the receiver-side of
the path).

In the example given in Figure 6, the most parsimonious distribution of heterogeneities includes two het-
erogeneities. That is, we cannot explain all of the observations (i.e., we can at best get a misfit = 1 in this
case) with only one heterogeneity but we can explain all of the observations (misfit = 0) with more than two
heterogeneities. But, by parsimony, the simplest solution is a solution with the least number of heteroge-
neities, which in this case is 2. Other measures of model fitness have also been introduced in the literature
such as the Bayes Information Criteria (BIC) (Pachhai et al., 2014). But, given the same level of misfit, such
measures will favor the model with the least number of parameters, or the least number of heterogeneities,
and thus the BIC would also favor the most parsimonious solution.

Because non-uniqueness of solutions exists, we seek to quantify which heterogeneity locations are most
likely. Ideally, we would calculate the probability that a heterogeneity exists at a particular grid cell by per-
forming a global search through all the possible combinations of heterogeneity locations. The total number
of combinations without repetition for a grid with n elements and k heterogeneities is given as follows:
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Figure 6. Example of misfit calculations for possible heterogeneity locations on a 10 X 10 grid for a distribution of two
sources (Source 1 and Source 2; red stars) and three receivers (R1, R2, and R3; green triangles). For each observation the
great circle path between the source and receiver is drawn with a dashed line. The source-side Pd path is a thick blue
line and the receiver-side Pd path is a thick red line. Possible heterogeneity locations (H1 and H2) are indicated by the
solid red boxes.

For example, on a 10 X 10 grid with 2 heterogeneities the total number of combinations is as follows:

100 100!
Ciooz = (2 ] 21(100-2)1 4930

However, the number of combinations increases rapidly. For 10 possible heterogeneities on the same grid,
the number of possible combinations is as follows:

100 100! 3
Cioo.10 = (10 J = —10!(100 - 10)! =1.731x10
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For larger problems, performing a global search may not be computationally feasible. However, it is possible
to do a global search for smaller problems and provide a means by which we can test alternate methods.

Figure 7 shows three example problems on a 10 X 10 grid for realistic geometries that demonstrate some of
the advantages and challenges with finding heterogeneity locations. The setup for the first problem is given
in Figure 7a. Here, we have two sources (labeled S1 and S2) recorded at three stations (labeled R1, R2, and
R3). The source-side Pd paths are drawn with heavy blue lines and the receiver-side paths are drawn with
heavy red lines. Grid boxes are numbered sequentially starting from the lower left-hand side of the plot
(select grid numbers are shown in italics). For this problem, two heterogeneities are required to obtain a
0 misfit. The calculated probabilities are shown in Figure 7d. This problem suffers from non-uniqueness.
Only two heterogeneities may be required, but there are several locations where they can exist. One of the
heterogeneities must be in one of the four boxes 38, 48, 75, or 85 and thus the probability of a box lying in
one of those boxes is 1/4. A heterogeneity in any one of those locations accounts for two of our observations
(anomaly from S2-R2 and S2-R3). The other heterogeneity must account for the observation (S1-R1). But
with no other records, we cannot say where it lies other than it must lie in one of the eight boxes: 15, 25, 26,
36, 58, 59, 69, or 70. Hence, the probability of a heterogeneity lying in one of those boxes is 1/8 = 0.125. In
this example, we can see that there is a greater probability of a heterogeneity existing where more than one
observation crosses a grid cell, but with similar paths on source- and receiver-side one cannot distinguish
which side of the path the heterogeneity is on.

Example 2 (Figures 7b and 7e) is similar to the first example and two heterogeneities are required to provide
a 0 misfit. However, in this case the receiver-side Pd paths are separated further apart. Thus, the most par-
simonious solution requires a heterogeneity to be either in box 65 or 74 and on the source-side of the path.
This argument has been invoked in several previous heterogeneity studies using SPdKS.

A more complicated example is shown in Figures 7c and 7f. In this case three heterogeneities are required
to make the most parsimonious solution. In this case, two heterogeneities must exist (probability = 1) in
boxes 56 and 75. A third heterogeneity must exist to explain the observation from S1 to R1. Note that the
probability in box 22 does not increase because of the crossing coverage from the S3-R5 observation. This is
because this observation is already accounted for with the necessity of a heterogeneity in box 56.

This method provides useful information in that (1) the probability is reduced if one cannot distinguish be-
tween source- and receiver-side paths, (2) can distinguish between source- and receiver-side paths if there is
a tight clustering of observations on one side of the path, and (3) the method does not give extra bias to grid
cells where the observation is already accounted for. However, challenges exist in that (1) the method does
not care about the heterogeneity size and thus assumes a heterogeneity of the same size as the grid and (2)
the method can split the probability across multiple grid cells for longer Pd path lengths, or Pd paths that lie
near the grid cell boundaries. These challenges can be mitigated by performing additional analyses where
the grid centers are shifted and by also performing the calculations on different-sized grid cells.

For large-scale problems such as the number of possible heterogeneities on the CMB, a global search is not
feasible. For example, searching for 100 possible heterogeneities on a 4 x 4° grid (4,050 grid cells) we cannot
determine the number of possible of combinations by direct application of Equation 1. An alternative ap-
proach to using a global search is to invert for heterogeneity locations, given the misfit as defined above. In
this paper, we invert for heterogeneity locations using a genetic algorithm as described below.

3.2. Genetic Algorithm Approach

Genetic algorithms were first developed over the late 1960s and early 1970s as a naive mimicry of the evolu-
tionary process in solving optimization problems with complex cost functions (Haupt & Haupt, 2003). Ge-
netic algorithms have found use in a wide variety of geophysical applications for decades (Ramillien, 2001;
Sambridge & Drijkoningen, 1992; Sen & Mallick, 2018). We chose to use a genetic algorithm approach
here as this type of technique is well-suited to the way in which we have set up our problem, because it
has the potential to converge to optimal solutions rapidly, and because we can readily find multiple unique
solutions.
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Figure 7. Example problems to demonstrate the probability calculations. Each problem is set up on a 10 X 10 grid.
Each grid cell is labeled from 1 to 100 starting from the lower left counter. (a)-(c) Example problem setups. In each
example sources (red stars) are labeled S1, S2, S3, or S4. Receivers are indicated with green triangles and labeled R1, R2,
..., R8. Paths from source to receivers are indicated with dashed lines. Source- and receiver-side Pd arcs are drawn with
heavy blue or red lines, respectively. In panels (a) and (b), select grid cell numbers are indicated. (d)~(f) The probability
of the most parsimonious ULVZ distribution for each grid cell is indicated. In panels (d) and (e), the probability is given
for a distribution of 2 ULVZs, which provides a misfit of 0. In panel (f) the probability is given for a distribution of 3
ULVZs, which is required for a misfit of 0.
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In adopting a genetic algorithm for this problem, we start as follows. First, we assume that we have k het-
erogeneity locations which are described by the grid cell number in which they exist. Each heterogeneity
location represents a gene. A chromosome is generated by making an array of such genes. For example, if
we had five heterogeneities and 4,050 grid cells a chromosome could look as follows:

chromosome = [3042 4031044 2472 3357}

where each number in the chromosome (i.e., each gene) represents a grid cell with a heterogeneity. Our
algorithm proceeds as follows:

1. We generate an initial random population of chromosomes referred to as the parent population. For
example, we compute 100 parent chromosomes with randomly selected heterogeneity locations

2. We evaluate the fitness of each model (parent) as described previously by our misfit calculation

3. We store the best-fit model, adding it to the mating pool in step 4, but not allowing mutation operations
on it as in step 6, which is referred to as elitism

4. We next create a mating pool using rank-biased selection

5. From the mating pool we create children by a 2-point crossover operation of the chromosomes. We used
a simple binary representation of the chromosomes, so that after crossover new potential heterogeneity
locations are introduced

6. We next apply random mutation to the genes

7. Finally, we evaluate the fitness of the children. If the optimal solution is found (e.g., misfit = 0), then we
stop. Otherwise, we replace individuals in the initial parent population with some of the children and
return to step 3

We tested the genetic algorithm approach for the 10 x 10 grid problems as shown in Figure 7 and found that
we are able to converge to approximately the same probability as the global search within a few hundred it-
erations of running the genetic algorithm. We will discuss parameterization and convergence in more detail
in the next section when we discuss application to the real data.

In sum, our technique uses the following procedure:

1. We assume a grid cell size (e.g., 4 X 4°) and number the grid cells sequentially (e.g., from 1 to 4,050 on a
4 x 4° grid). Grid cells are defined by latitude and longitude

2. For each observation, we tabulate which grid cells have crossing Pd paths on the source- and receiv-
er-sides of the paths

3. We assume a number (k) of heterogeneities to test (e.g., we may test for k = 100, 120, 140, etc.,
heterogeneities)

4. We use the genetic algorithm to search for the best heterogeneity distribution (minimum misfit) for the
given number of heterogeneities

5. We keep searching, using different values of k until we find the minimum number of heterogeneities
(kmin) for which we can find a distribution that satisfies our misfit criterion

6. Now that we have determined ky,;n, we run the genetic algorithm for multiple iterations using a different
starting random seed (parent population) for each iteration, until the probability of a heterogeneity ex-
isting at each grid cell has converged

In the next section, we discuss our results of applying this methodology to the highly anomalous SPdKS
dataset.

4. Results

To determine the most parsimonious distribution of heterogeneities, we select a grid size of either 4° or 8°.
The smallest grid size of 4° is selected as a grid size in which we can solve the inverse problem for multiple
solutions in a reasonable amount of time, and is also of the order of the smallest heterogeneities that previ-
ous studies have demonstrated could produce the anomalous SPdKS waveforms (Jensen et al., 2013; Thorne
et al., 2013, 2019; Vanacore et al., 2016).
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Figure 8. Heterogeneity probability for different numbers of solutions. Heterogeneity probability is shown for a search conducted with 116 heterogeneous grid
boxes on a 4 x 4° grid with a 5% misfit. The probability is shown for (a) 100, (b) 250, (c) 500, (d) 1,000, (e) 2,500, and (f) 5,000 unique solutions. The scale bar for
probability extends below 0 to include areas with no data coverage in the plot.

For each grid size, we determine the most parsimonious solution as follows. First, we select a level of misfit
(either 5%, 2.5%, or 1%). For example, we have 2,222 anomalous observations, and thus a level of misfit of
1% implies that we accept the solution if 22 of these observations are not explained by our solution. For our
given misfit level, we allow the genetic algorithm to search for ky;, number of heterogeneities. First, we
allow the algorithm to search in multiples of 10 (e.g., 100, 110, 120, etc. heterogeneities). For example, at a
1% misfit level, on a 4 X 4° grid we found that 156 grid squares must have a heterogeneity in order to explain
2,200 of the 2,222 observations. So, our search first stopped in that we found no solutions when looking for
150 heterogeneities, but did find solutions when looking for 160 heterogeneities. We next refine the search
from 150 to 159 possible heterogeneity locations, until we determined that we could not find a solution for
155 heterogeneities but we were able to for 156 heterogeneities. These locations may be contiguous, so this
does not mean that we infer 156 unique heterogeneities.

Once we have determined the number of locations we are searching for, we let the genetic algorithm search
for solutions. The solutions are non-unique, because (1) we allow for some level of misfit and (2) source-re-
ceiver ambiguity exists for anomalous waveforms with low density of anomalies and/or no crossing cover-
age. We search for many solutions in order to build up our probability map. For this study, we determined
that 1,000 unique solutions were sufficient. This was determined by calculating 5,000 unique solutions for
a test setup and examining the probability as a function of number of solutions. Probability maps based on
different numbers of unique solutions are shown in Figure 8.

From the tests shown in Figure 8 we determined that the probability converges by approximately 1,000
solutions. For example, we cannot distinguish between probability maps for 1,000 solutions (Figure 8d)
and 5,000 solutions (Figure 8f). This is further demonstrated in Figure 9, which shows the probability at 10
grid cells chosen to have different final probabilities. The probability shows some variability over the first
300-400 solutions which is referred to as the burn-in period, but is essentially flat for greater than 1,000
solutions.

We determined the most parsimonious heterogeneity distribution for three levels of misfit (5%, 2.5%, and
1%) using a 4 x 4° grid and a shifted version of the grid in which the grid was shifted by 2° in latitude and
longitude. In addition, we repeated the experiment using an 8 x 8° grid. The results for the 4 x 4° grid are
shown in Figure 10, where we averaged the solutions between the original and shifted versions of the grid
using the nearest neighborhood algorithm.
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Figure 9. Probability at 10 grid cells as a function of the number of solutions for the probability maps shown in
Figure 8. The longitude (¢) and latitude (1) of the grid cell are displayed on the right of the plot.

When using a larger misfit, this implies that we are assuming that more of the highly anomalous obser-
vations may be in error. As a result, the probability map favors the grid spaces with the largest number of
records. Decreasing the misfit forces the calculation to consider more grid spaces as having heterogeneities,
and thus we see an increase in possible heterogeneities for the 1% misfit map (Figure 10c) relative to the 5%
misfit map (Figure 10a). Thus, the probabilities shown in the 5% misfit map show the most robust solutions
with the most numbers of anomalous Pd rays, but the 1% misfit map takes more of the anomalous records
into consideration. A contour map of the heterogeneity locations using 1% misfit is shown in Figure 11. An
outline of the possible heterogeneity locations is given in Table 1. In this table, we also identify whether
or not the location has been identified in a previous study as having ULVZs, excluding Thorne et al. (2020)
from previous discovery as the dataset used in that paper is identical to this study.

Some areas stand out as having a probability of >0.5 of heterogeneity existence (Figure 11). Specifically,
these areas are (1) beneath East Asia, (2) beneath the South China Sea, (3) two spots East of the Philippines
and north of Papua New Guinea, (4) beneath the Caroline hot spot, (5) beneath the Samoa hot spot, (6)
east of Vancouver, and (7) three locations possibly forming a line beneath S. America. The area beneath the
Samoa hot spot is especially pronounced with a region of probability >0.5 that extends from roughly 350 to
500 km x 1,600 km along the CMB. However, we see that possible heterogeneities beneath S. America and
N. America, if contiguous, may rival the Samoa heterogeneity in size.

Because the probability may get smeared out over several grid points, one should also consider other ar-
eas in these maps with probabilities <0.5 as potential sites of heterogeneity. For example, if we consider
probabilities >0.125, then additional heterogeneities are inferred. It is worthwhile to consider all of these
spots, as some of the locations have been implicated for ULVZ existence in previous studies. For example,
we have a heterogeneity probability >0.25 for areas beneath northern Mexico and Florida (Havens & Rev-
enaugh, 2001; Thorne et al., 2019), New Caledonia (Rost & Revenaugh, 2003; Rost et al., 2005, 2006), and
central Africa (Helmberger et al., 2000). All of these areas have been shown to harbor ULVZs in past studies.
Additionally, some areas with probabilities >0.125 may contain ULVZs such as beneath Spain for which
ULVZ evidence also exists (Rost & Garnero, 2006). NetCDF grid files of the solutions shown in Figures 10
and 11 are provided in the supplementary online materials.

We also searched for the most parsimonious heterogeneity locations using an 8 x 8° grid and 5% misfit.
As the solution just looks like a lower resolution version of those presented above, we do not show it here.
In addition, we also tested a handful of cases with larger numbers of ULVZs than are required. Adding
additional ULVZs also does not change the solution much, but increases the non-uniqueness of the solu-
tions and thus the probabilities get further reduced. A further test was conducted in which we relaxed the
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conditions required to define a highly anomalous SPdKS recording. In
probability this test, we allowed all arrivals with amplitudes greater than 0.75 to be
considered for classification as highly anomalous. Thorne et al. (2020)
had originally set this number to 0.8. This search yielded 2,425 highly

0.75 anomalous records (relative to 2,222 previously found). However, the re-

05 sulting distribution of parsimonious heterogeneities was not significantly
’ altered. All tests produced maps similar to those shown above.

0.25

0 5. ScP Records Sampling the ULVZ East of the

Philippines

The probability maps shown in Figures 10 and 11 provide our best esti-
mate of where heterogeneities are located that explain the most highly
anomalous SPAKS waveforms. However, some uncertainty still exists in
source- versus receiver-side locations because not all locations have ei-
ther dense ray coverage or crossing coverage. In some cases, this may
result in heterogeneity probability getting distributed across both sides
(see examples in Figure 7). Hence, some uncertainty still remains in areas
of these maps that have a lower probability. Also, areas identified with
high probability does not mean it is heterogeneous; rather that placing
a heterogneity in that location makes for the simplest solution. Hence,
these probability maps serve to provide the best estimate of where we ex-
pect anomalous seismic heterogeneity using SPdKS, but may also act as a
guide of locations to search for heterogeneities with other seismic phases.
Once a heterogeneity has been confirmed in a given location, then SPAKS
data in conjunction with that phase would ideally be used to model elas-
tic properties.

Ideal phases used for confirmation are phases that do not suffer the
source-/receiver-side ambiguity that is inherent in SPdKS data. In
particular, the seismic phases ScP (Garnero & Vidale, 1999; Hansen
et al., 2020; Pachhai et al., 2014; Rost & Revenaugh, 2003), PcP (Havens

Figure 10. The probability of heterogeneity existence is shown based on & Revenaugh, 2001; Revenaugh & Meyer, 1997), ScS (Zhao et al., 2017),

calculations assuming (a) 5% misfit, (b) 2.5% misfit, or (c) 1% misfit. Dark
blue regions are areas with no data coverage.

and Sdiff (Cottaar & Romanowicz, 2012; Kim et al., 2020) have been suc-
cessfully used. As searching for heterogeneities with high-frequency ar-
rivals such as ScP and PcP without a priori information can only lead to
serendipitous detections due to the small sampling footprint, it is useful
to have targeted regions to search for such as presented in this paper.

We conducted a search for ScP bounce points that coincide with areas of high heterogeneity probabili-
ty, where previous studies have not indicated ULVZ presence. We found that events occurring along the
Mariana Trench and recorded at seismic arrays in Australia are at an ideal location to sample the potential
heterogeneities we infer just east of the Philippines and north of New Guinea. We searched for events deep-
er than 100 km with magnitudes larger than 5.5, recorded between 2010 and 2020 available through the
Incorporated Research Institutions for Seismology (IRIS) data management center (DMC).

We searched for promising events based on high SNR and simple P-waveform shape. We found 39, 17, and
7 events meeting these criteria recorded at the Warramunga Array (WRA), Alice Springs Array (ASAR), and
Pilbara Array (PBAR), respectively. However, the majority of these events did not have sufficiently simple
enough P-waveforms, which are used as a proxy for the source wavelet, to be able to model them adequately.
Thus, we narrowed this list down to eight events with the highest SNR and the simplest P-wave. Locations
for the eight events we selected are provided in Table 2 and shown in Figure 12. Three ScP bounce points
for these events sample the eastern portion of the anomalous region we infer east of the Philippines, one
samples the region north of Papua New Guinea, and four sample the region between the two.
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Figure 11. The most parsimonious heterogeneity locations are shown as filled contours based on the 1% misfit map (Figure 10c). Filled contours show the
probability of heterogeneity existence at probabilities greater than 0.125 (dark green), 0.25 (purple), 0.5 (light green), and 0.75 (red).

We quantify possible ULVZ parameters (thickness, §Vp, 8Vs, and density) for these data using the Bayesian
waveform inversion of ScP waves (Pachhai et al., 2014, 2015). In this approach, ULVZ parameters are as-
signed prior information, which is combined with the data information to provide the posterior probability
densities (PPDs) of ULVZ parameters. The priors are set to be uniform over the parameter bounds so that
the PPDs are not biased by our assumption about the ULVZ parameters. The data information is introduced
in the inversion through the likelihood function, which is derived assuming a Gaussian distribution of data
errors. Here, data errors are approximated by the difference between observed and synthetic ScP wave-
forms. Before we compute the likelihood function, synthetic and observed waveforms are aligned. Previous
studies have aligned waveforms using cross-correlation; however, this may lead to cycle skipping when
both P and ScP waveforms have multiple arrivals as observed in these data (e.g., see event #6, Figure 13f).
Therefore, we also use a maximum amplitude-based alignment to compute the likelihood. For more details
on the derivation of likelihood function, we refer to Pachhai et al. (2014, 2015).

The inversion of ULVZ parameters from the ScP waveforms is a nonlinear problem and no analytical solu-
tion exists. Therefore, we apply a parameter sampling approach to compute the PPD of ULVZ parameters.
In this approach, we randomly draw new ULVZ parameters from the PPD by perturbing the current ULVZ
parameters. The randomly drawn parameters are then accepted or rejected based on the likelihood ratio
of the perturbed ULVZ model with respect to the current ULVZ model. In particular, a random number
between 0 and 1 is selected. If the likelihood ratio is greater than the random number, the perturbed model
is accepted and the model is updated. If the likelihood ratio is lower than the random number, then the
perturbed model is rejected and the current ULVZ parameters are retained for the next step and the process
is repeated. This procedure is repeated for thousands of iterations until convergence is achieved. Finally,
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Table 1

Potential ULVZs Identified in This Study

Possible ULVZ location Previous detections Probability References of positive detections
Amazon Yes 0.5 Zou et al., 2007
Caroline No 0.5 NA
Central Africa Yes 0.25 Helmberger et al., 2000; Ni & Helmberger, 2001
Coral Sea Yes 0.25 Jensen et al. 2013; Idehara et al. 2007; Thomas
et al. 2009; Brown et al. 2015; Rost et al. 2006; Rost &
Revenaugh 2003; Rost et al. 2005
East Asia No 0.5 NA
East Africa No 0.25 NA
Eastern Europe Yes 0.25 Thomas et al. 1999
Florida Yes 0.25 Thorne et al. 2019
Galapagos Yes 0.125 Vanacore and Niu 2011; Cottaar and Li 2019
Iceland Yes 0.125 Yuan and Romanowicz 2017; Helmberger et al. 1998
North Africa No 0.25 NA
North of Papua New Guinea No 0.75 NA
Northeast Pacific Yes/no 0.25 Revenaugh and Meyer 1997
Northern Mexico Yes 0.25 Thorne et al. 2019; Havens and Revenaugh 2001
Philippine Sea No 0.5 NA
Samoa Yes 0.75 Wen and Helmberger 1998; Thorne et al. 2013; Reasoner
and Revenaugh 2000; Zhang et al. 2009
Solomon Sea No 0.25 NA
South America Yes 0.5 Vanacore et al. 2016
South China Sea Yes 0.5 Idehara et al. 2007; Jensen et al. 2013; Yao and Wen 2014
South Atlantic Yes 0.5 Vanacore et al. 2016; Simmons and Grand 2002; Ni and
Helmberger 2001
Southeast Asia No 0.5 NA
Southern Japan No 0.25 NA
Southern Ocean No 0.125 NA
Spain Yes 0.125 Rost and Garnero 2006
Western Canada Yes 0.5 Rondenay and Fischer 2003
Western South America No 0.125 NA
we extract the maximum likelihood (minimum misfit) model for physical
interpretation.
Table 2 . . .
ScP Data Used in This Study Here, we parameterize the ULVZ as a single layer in 1-D and use the
Event#  Array Date Latitade® Longitude® Depth (kam) WKBJ method (Chapman & Orcutt, .1985) to compute the Gr(?en's.func-
tions for the ScP waves. We use the direct P-wave as an approximation of
1 WRA 8 Mar 2010 19.35 144.76 447 the source-time function, which we attenuate with a t* operator similar
2 WRA 12 Jan 2011 26.97 140.02 524 to Hansen et al. (2020). Then the attenuated P-wave is convolved with the
3 WRA 18 May 2011 13.93 144.80 154 Green's functions and filtered with the same bandpass filter used for the
i WRA 22 Aug 2016 T B8 a7 observed ScP waveforms. .Th.e velocity and density outside of the ULVZ
are allowed to perturb within a narrow band (+0.5%) from the ak135
> PBAR 24 Nov2015 18.77 145.26 387 reference model (Kennett et al., 1995), while velocity and density of the
6 PBAR  5Jan 2016 22.06 143.61 158 ULVZ layer are allowed to perturb in wider bands based on the previous
7 PBAR 20 Oct 2016 22.24 143.75 104 studies. In particular, the height of the ULVZ is allowed to change from
8 PBAR 7 Sep 2017 27.28 139.80 451
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Figure 12. Locations of events for ScP data examined in this study are drawn with red stars and numbered according
to Table 2. Seismic arrays used are the Warramunga, Australia (WRA), and Pilbara, Australia (PBAR) arrays. Array
centers are drawn with inverted triangles. ScP bounce points on the CMB are shown with magenta circles and scaled
in size to a maximum modeled ULVZ thickness (see Table 3). The background is the ULVZ probability from this study
with a contour drawn around the 0.25 probability. A red dashed line is drawn and labeled ULVZ*, which shows the
approximate location of a previously identified ULVZ (Idehara et al., 2007; Pachhai et al., 2014). Green squares show
ScP bounce point locations of Pachhai et al. (2014). ScP bounce points from Idehara et al. (2007) are shown as blue
circles (no ULVZ identified), red circles (ULVZ identified), and green circles (maybe ULVZ identified).

0 to 35 km, 8Vp is perturbed between —30% and 0%, 8V is perturbed between —50% and 0%, and p is per-
turbed between 0% and 30%.

The results of this analysis, based on both alignments, are summarized in Table 3. ScP waveforms and
best-fitting ULVZ models are shown in Figure 13. Of these events, events #2, #4, and #7 show the strongest
evidence for ULVZ presence with complex ScP waveforms that are not explained by a simple PREM model.
Event #2 displays the highest degree of ScP complexity and provides the strongest evidence for ULVZ pres-
ence. The best-fit model for this event is for a ULVZ with a thickness of 20 km and Vg of —21% to —23%,
with little to no 8Vp change. Other events examined in this study appear more similar to PREM, yet are
challenging to describe solely with the PREM model. These events are better modeled with a thin ULVZ
structure.

Thorne et al. (2020) identified 33 events that cross the Philippine region and 32 events that cross the region
north of Papua New Guinea that show highly anomalous SPdKS waveforms. In Figures 14 and 15, we show
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Figure 13. Waveforms for ScP events are analyzed. Vertical component velocity seismograms are shown for each event
listed in Tables 1 and 2. In each panel, the top trace (green) is the P-wavelet used that is stretched using the best-fit t*
operator. The ScP observation is shown in black and the best-fit model where cross-correlation is used for alignment is
shown in red, whereas the best-fit model where the maximum amplitude is used for alignment is shown in blue.

data from one of the highest quality of these events (October 7, 2009). Figure 14a shows both source- and
receiver-side Pd arcs for the SPAKS paths, which show a tight cluster of anomalous recordings (red Pd arcs)
on the source-side that are spread out over a large lateral area on the receiver-side giving indication that
source-side velocity heterogeneity is likely. Crossing coverage from additional events also provides evidence
for source-side heterogeneity. A detailed plot of the Pd arcs on the source-side is shown in Figure 14b. The
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Table 3 anomalous Pd arcs span the region of high probability to the east of the
ScP Results Philippines, but miss the ULVZ identified using ScP in previous studies
Event # Attt h (km) Vi (%) V(%) 8o (%) (Idehara et al., .2007;' I.’achhal eF al., 2014). Highly anoma%lous Wavleforms
that have been identified for this event appear to cluster in two azimuths
! LE(E0dE 6.15 —29.5 —193 0.0 from 31° to 41° and 41° to 51°. The second azimuth bin (41°-51°) overlaps
1 max amp 6.28 —28.2 —214 0.0 ScP data discussed above that shows the best evidence for ULVZ exist-
2 X-COIT 20.95 —4.8 —21.5 27.4 ence from the ScP data examined in this study.
2 max amp 19.67 0.0 —232 8.2 SPAKS waveforms for both azimuth bins are shown in Figure 15. Both
3 X-corr 1.95 0.0 —42.2 39 azimuthal bins show remarkably similar waveforms, however, those for
3 max amp 1.7 -5.3 —49.6 12.2 the larger azimuths show slightly larger delays in SKS and thus we stack
4 G 4.10 94 499 29.9 waveforms in the separate azimuthal bins in order to preserve the wave-
4 R A 4.07 73 —49.9 29.6 fo.rm character. These waveforms display compl.ex1ty that can bc.e queled
with a ULVZ. Here we compare waveforms with 2-D synthetic seismo-
5 X-COIT 2.37 0.0 —45.2 5.5 . .
grams computed using the PSVaxi method (Jahnke, 2009). We use a mod-
5 TOkED: YTV 2.46 0.0 —454 58 el bank of 975 boxcar-shaped ULVZ models from two sources. First, we
6 X-COIT 1.85 —3.8 —46.6 28.5 use the 675 ULVZ models created for the study of Thorne et al. (2013),
6 max amp 2.46 0.0 —44.9 10.84 augmented by another 306 ULVZ models computed to coarsely span the
7 ST 8.7 16 —43.9 0.0 full range of possible ULVZ parameters. Parameters in the augmented
- max amp G e o . model ban%( are (1) 8V varied fI'Ol’Tl —40% to —10% in 10% %ncrements,
(2) 8Vp varied from —40% to —10% in 10% increments, (3) thickness was
8 x-corr 14.0 —296 =457 0.0 allowed to be 10, 20, or 40 km, (4) ULVZ length in the great circle arc
8 WD LT 2.35 —41 —49.6 0.0 direction was allowed to be 3°, 6°, or 12°, and (5) the ULVZ angular posi-

tion of the left edge was allowed to be 8°, 11°, 14°, 17°, or 20°. The models

used in Thorne et al. (2013) were irregularly spaced but were computed

for a range of thicknesses from 5 to 30 km, lengths of 1.5°, 3°, 6°, or 12°
and with a range in edge positions from 1° to 19° depending on the ULVZ length. For example, small-scale
ULVZ models (e.g., 1.5°) were not computed for small edge positions where SPAKS would not interact with
the ULVZ. For that study only 3:1 8Vg: §Vp velocity ratios were examined, which is not the case for the aug-
mented models described above, which included both 1:1 and 2:1 velocity ratios.

Of all the ULVZ models we compared, several models provided an adequate fit to the data. However, all of
the best-fitting ULVZ models had an angular position of 19° or 20°. The length in the great circle arc direc-
tion was less well-defined with model lengths of 6° and 12° fitting equally as well. The inferred position of
the ULVZ is indicated by the yellow lines in Figure 14 (edge 19°), noting that the far edge of the ULVZ is not
well constrained by this event and hence drawn in with a dashed line. Models with thicknesses less than
20 km and 8V and 8V, combinations with reductions less than 20% fit these data equally well. No models
with thickness of over 20 km or velocity reductions greater than 20% adequately fit these data. Comparison
between data and synthetic are shown in Figures 15b and 15d for one of the acceptable ULVZ models. The
high-amplitude SPAKS arrivals at distances from 110° to 115° are readily reproduced by this ULVZ model;
however, this model is not unique and an SPdKS post-cursor is apparent in the synthetics which is not ap-
parent in these data. This post-cursor appears to arise from the far edge of the ULVZ, which could indicate
that the length of the ULVZ model in the great circle arc direction is incorrect, the 2-D boxcar-shaped ULVZ
model is not correct, or the 3-D ULVZ structure is important.

By themselves, ScP data examined in this study may not be strongly indicative of ULVZ presence, except
perhaps for event #2, which has a remarkably complex waveform. However, in combination with SPdKS
observations presented here, it is likely that a previously unknown ULVZ exists to the east of the Philip-
pines. This appears to be distinct from the ULVZ described by Idehara et al. (2007) and Pachhai et al. (2014),
because (1) Pd paths examined here do not interact with that ULVZ and (2) our waveform modeling of
SPAKS indicates a ULVZ farther to the northeast. The ULVZ modeling results presented in this paper must
be considered as preliminary as Thorne et al. (2020) found more than 60 events with highly anomalous SP-
dKS records for the Philippine and Papua New Guinea region, and a thorough search for ScP arrivals in the
region has not yet been conducted. Nonetheless, ScP and SPdKS data presented here provide evidence that
the inversion results for seismic heterogeneities presented in this paper are meaningful and may be related
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(a) Source- and receiver-side paths

probability

025 05 0.75

120° 130° 140° 150°
Figure 14. SPAKS paths for an event occurring on October 7, 2009. (a)
Source- and receiver-side CMB Pd segments are shown as either highly
anomalous (red) or not highly anomalous (blue) as identified in Thorne

et al. (2020). The dashed line shows the great circle path between the event
(red star) and receivers (inverted triangels). (b) Detail on the source-

side region. The background is ULVZ probability from this paper with a
contour drawn at the 0.25 probability level. Magenta circles are ScP bounce
point locations from this study. Green squares show ScP bounce point
locations of Pachhai et al. (2014) in which a ULVZ was located. ScP bounce
points from Idehara et al. (2007) are shown as blue circles (no ULVZ
identified), red circles (ULVZ identified), and green circles (maybe ULVZ
identified). The solid yellow line indicates the location of the near edge

of the ULVZ as inferred from 2-D modeling of SPAKS data. The dashed
yellow line is drawn 6° away from the solid line.

to the ULVZ structure. This region should receive further attention in
future studies.

6. Discussion and Conclusion
6.1. The Nature of Inferred Heterogeneities

The heterogeneities inferred in this paper may be related to ULVZs, al-
though we are hesitant to label all of these features as being ULVZs as
we do not attempt to model elastic parameters for any of the features
minus one region to the east of the Philippines. Hence, it may be pre-
mature to state that all of the features inferred here are indeed ULVZs.
A whole range of lower mantle features that could potentially generate
anomalous SPAKS waveforms have been observed, including (1) core ri-
gidity zones (Rost & Revenaugh, 2001), (2) lower mantle scatterers (Ma &
Thomas, 2020), (3) sharp LLVP edges (Ward et al., 2020), and (4) high-ve-
locity anomalies related to past subduction and/or D” layering (Whittak-
er et al., 2016; Zhan et al., 2014). None of these features have previous-
ly been shown to generate anomalous SPAKS waveforms; however, it is
unlikely that their model spaces have been exhaustively searched and
thus they cannot be ruled out here as potentially contributing to some
of the inferred heterogeneities. Indeed, ULVZ models that generate the
highly anomalous waveforms we observe only inhabit a small subspace
of the possible ULVZ models. Nonetheless, the waveform features used
to identify these heterogeneities have been modeled as ULVZs in several
previous papers (Helmberger et al., 2000; Jensen et al., 2013; Thorne &
Garnero, 2004; Thorne et al., 2013, 2019; Wen & Helmberger, 1998) and
are also shown in this paper to produce these types of anomalous wave-
forms (Figures 3 and 4).

The distribution of heterogeneities shown in this paper (e.g., Figure 11)
does not differ dramatically from that shown in Thorne et al. (2020),
but several distinct differences exist. First, in Thorne et al. (2020), the
ULVZ probabilities were principally based on the density of anomalous
ray paths. Although the density of rays matters in the present study, it
matters less so for the lower misfit calculations. Thus, our 5% misfit map
(Figure 10a) looks most similar to the map of Thorne et al. (2020); how-
ever, our 1% misfit map (Figure 10c) contains many likely heterogeneities
that are not highlighted in Thorne et al. (2020). Second, in the present
study, we do not count SPAKS and SKPdS separately. If a heterogeneity
is inferred beneath the SPAKS segment, we do not give additional credit
to the SKPdS segment. This results in some areas of high probability in
Thorne et al. (2020) not showing as high a probability as in Figure 10.
Most notably, regions of high probability in Thorne et al. (2020) that do
not show as high a probability as in this paper are located beneath the
(1) Iceland, (2) Galapagos, (3) western S. America, and (4) the Bowie and
Cobb hot spots. For example, with respect to heterogeneities beneath
western S. America, Thorne et al. (2020) had a higher concentration of
Pd arcs because it counted both source-side Pd arcs for paths going up
to Alaska, and source-side Pd arcs for paths going to the western Pacific.
However, the paths going to the western Pacific have receiver-side Pd arcs
that cross the Samoa ULVZ. Hence, those records are already accounted
for by the Samoa ULVZ and thus are not counted again. This results in
a lower probability of finding a heterogeneity to the west of S. America.
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Figure 15. Seismic waveforms and synthetics for the October 7, 2009 event. Seismic waveforms and synthetic seismograms are shown for azimuths from (a)
and (b) 31° to 41° or from (c) and (d) 41° to 51°. In each panel radial component displacement seismograms are shown. Seismic data and stacks are shown in (a)
and (c) where original seismic traces that are not identified as anomalous in Thorne et al. (2020) are drawn in gray, and seismic traces identified as anomalous
are drawn in red. Stacks in 1° epicentral distance bins are drawn in blue. All arrivals are aligned to 0 on the PREM predicted SKS arrival time. In (b) and (d) the
data stacks are drawn and blue and synthetic seismograms for a ULVZ model are drawn in black. Synthetic and data stacks are aligned on first break time. The
ULVZ model has parameters Vs = —15%, 8Vp = —5%, 8p = +10%, thickness = 15 km, edge position = 19°, and length = 12°. In all panels, radial component
displacement seismograms are shown and the PREM-predicted SPAKS arrival time is also indicated.

Heterogeneities determined in this study are dominated by source-side SPAKS recordings. As shown in
Section 3, this may not be unexpected, as we are more likely to find a ULVZ on the source-side solely from
geometric considerations. However, the nature of anomalous recordings on the source-side may be different
than those for receiver-side recordings. The SPdKS wavefield is complex in the presence of a ULVZ. The
generation of highly anomalous waveforms appears to be due to (1) constructive interference of scattered
arrivals from ULVZ edges (see, e.g., Thorne et al., 2019; Vanacore et al., 2016) and (2) the generation of addi-
tional Pd energy from converted phases such as SP""V“PdKS (see Thorne et al., 2020). It is unclear why more
anomalous SPdKS-like energy is observed for ULVZs located on the source-sides of the path in the synthetic
computations we have done thus far. Additional theoretical work, especially utilizing fully 3-D methods
(Lenget al., 2019, 2020), should explore this further. Nonetheless, the identification of heterogeneous struc-
tures using SPdKS appears to be biased toward heterogeneities that exist on the source-side of the path.
Thus, we have explored nearly 57% by surface area of the CMB for heterogeneities, but we must emphasize
that it is more challenging to ascertain the heterogeneity existence in areas only covered by receiver-side
SKPdS arrivals. In this study, only a couple of regions are identified as having high probability solely utiliz-
ing SKPdS arrivals. One region appears to the east of British Columbia, which has been suggested to contain
a ULVZ in one past study (Rondenay & Fischer, 2003). Another location emerges in central Africa, which
has also previously been suggested to contain a ULVZ (Helmberger et al., 2000).

In addition to inherent SKPdS waveform effects reducing the visibility of receiver-side ULVZs, our inversion
method may also decrease their visibility for the highest misfit inversions. For example, more seismic traces
may be interpreted as errors with a 5% data misfit than with a 1% misfit. As a result, the most parsimonious
solution for 5% misfit has fewer ULVZs. This is because we can obtain 5% data misfit by excluding potential
ULVZs only accounted for by a couple of data traces. Because receiver-side ULVZs will inherently mani-
fest themselves in fewer anomalous seismograms, they will likely be suppressed in the inversions with the
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largest data misfit. As a result, ULVZs that may be observed only with SKPdS such as beneath Galapagos or
Iceland do not appear as likely in those inversions with a greater misfit.

In this study, our data coverage is 56.9% by CMB surface area. We can estimate the portion of the CMB that
contains heterogeneities. Relative to the total surface area of the Earth we find that 0.7%, 4.6%, and 11.2%
of the Earth is covered by heterogeneities at probabilities of 0.5, 0.25, and 0.125, respectively. Or relative to
the area covered in this study we find 1.3%, 8.2%, and 19.7% of the Earth are covered by heterogeneities at a
probability of 1/2, 1/4, and 1/8, respectively. However, there is uncertainty related to the size of the hetero-
geneities uncovered in this study. In particular, we emphasize that we assumed that heterogeneities could
lie anywhere along the Pd arc. But, as demonstrated by synthetic experiments in Figures 3-5 and by the
data shown in Figure 14, the heterogneity may extend outside of the Pd rays. Examination of the synthetic
database of ULVZ models used in modeling the Philippine data suggest that there is a fundamental tradeoff
between ULVZ size and velocity decrease. This uncertainty will also contribute to uncertainty in how much
of the CMB is covered by ULVZs.

6.2. Mega-Scale ULVZs

Some of the heterogeneities uncovered in this study may be as large as any previously discovered. Some of
the largest ULVZs discovered thus far are located beneath Iceland, Hawaii, and Samoa. The Icelandic ULVZ
was modeled as a cylindrical feature on top of the CMB with a diameter of 800 + 50 km (Yuan & Romanow-
icz, 2017), whereas the Hawaiian ULVZ was modeled as a cylindrical feature with a diameter of roughly
910 km (Cottaar & Romanowicz, 2012). The Samoan ULVZ has been modeled as being a linear feature
on the CMB approximately 250 x 800 km on each side (Thorne et al., 2013). In this study, we see that the
heterogeneity associated with the Samoan ULVZ may be roughly twice as large extending to approximately
480 X 1,600 km on each side, using the region of probability >0.5 to estimate its boundaries. Here, we note
that this size is not specifically determined through waveform modeling but is inferred as the size of the
heterogeneities we found that explain these data on a 4 x 4° grid. The size of the Samoan ULVZ does appear
to be at least 1,600 km in length from north to south. As observed in the synthetic examples, the ULVZ is
likely well-constrained azimuthally by the highly anomalous recordings. In this case, we observe highly
anomalous recordings, such as those shown in Figure 2, from events extending up and down the Kermadec
trench. The dataset used in this paper is considerably larger than that used in Thorne et al. (2013), and as a
result a much larger heterogeneity emerges in this present work.

The heterogeneity inferred to lie to the east of the Philippines and north of Papua New Guinea may also rep-
resent a single large-scale ULVZ. The regions of probability >0.5 (Figure 11) suggest that two separate UL-
VZs may exist here. However, highly anomalous SPdKS recordings exist spanning the whole length between
these two regions, and thus this may be just a single ULVZ. If so, it would be of the order of 600 X 1,200 km,
making it comparable in size to the Samoan ULVZ. Similarly, if contiguous ULVZs exist beneath N. or S.
America (e.g., everything with probability >0.25) and if these regions prove to have ULVZ-like elastic pa-
rameters, then these ULVZs could be larger than the Samoan ULVZ.

Seismic waveform simulations in 2-D suggest that there are tradeoffs between seismic velocity and ULVZ
size. That is, in order to replicate the highly anomalous waveforms we observe for ULVZs with these large
physical sizes, thinner ULVZs with more modest velocity reductions may be required. That is, if §Vsand §Vp
reductions are greater than 20% and thicknesses are greater than 20 km, the predicted SPdKS waveforms
may no longer resemble what is observed in real data. This could imply that some previous studies have
overestimated the magnitude of the P- and/or S-wave velocity decreases associated with ULVZs. For exam-
ple, if the Samoa ULVZ is as large as predicted in this study, then an S-wave decrease of the order of 40% as
indicated by Thorne et al. (2013) is likely too large of a velocity decrease. We are currently re-examining the
elastic parameters associated with the Samoan ULVZ.

The implications of such large-scale ULVZs is not clear. A number of possible ULVZ compositional anom-
alies have been suggested, including Fe-rich post-perovskite (Mao et al., 2006), Fe-rich ferropericlase (fp)
(Wicks et al., 2010, 2017), and ferric-Fe enriched post-perovskite (Stackhouse & Brodholt, 2008). Of all of
these scenarios, some form of Fe-enrichment appears necessary. However, partially molten ULVZs, either
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through the melting of Mid-Ocean Ridge Basalt (MORB) (Andrault et al., 2014) or through melting of
accumulations of material with lower melting temperature such as fp (Berryman, 2000) may also lead to
regions with excess Fe (Pradhan et al., 2015). The effects of Fe-rich materials in the deep mantle have been
discussed in past studies, although the effects of large-scale Fe-rich materials may not be fully understood.
Because an Fe-rich material such as a Fe-rich fp metalizes at CMB pressures and temperatures, it is expected
that its thermal conductivity may increase (Manga & Jeanloz, 1996). Although a recent study has suggested
that the thermal conductivity of Fe-rich fp may actually be lower (Hsieh et al., 2018), the effects of large-
scale ULVZs with thermal conductivity variations from ambient mantle have not been explored geodynam-
ically. The electrical conductivity of Fe-rich ULVZs is also expected to be larger than ambient mantle, which
could affect the geodynamo and alter pole reversals (Glatzmaier et al., 1999) and contribute to core nutation
(Buffett et al., 2000). It has been argued in the past that ULVZs may indeed have higher electrical conduc-
tivity, because virtual geomagnetic pole (VGP) positions appear to pass through the Americas and Asia due
to highly conductive ULVZs being located beneath the central Pacific and Africa (Costin & Buffett, 2004).
This may have to be re-examined if the large-scale heterogeneities we infer in this paper beneath Asia and
the Americas have ULVZ-like properties, noting that previous studies have already provided evidence for
ULVZs in these locations (see Table 1).

However, some caution must be maintained as the initial efforts in modeling SPAKS waveforms in 3-D that
were conducted for this study suggest that the ULVZ shape in 3-D is an important factor in controlling the
SPAKS waveform shape. In the handful of synthetic experiments conducted in this paper, this was most
evident for the large-scale ULVZ (Figure 5a). In this case, the 3-D synthetics were computed for a cylin-
drical-shaped ULVZ in 3-D. This ULVZ shape focused on the energy passing through it and the waveforms
appeared much more anomalous than those computed in the 2-D case. Thus, we can infer that there are also
tradeoffs with the ULVZ shape. However, the importance of the ULVZ shape is virtually unknown at this
point due to the large computational cost of computing 3-D synthetics and only a handful of computations
have been performed thus far. We only computed 3-D synthetics for a perfect cylindrical shape, which may
be unrealistic in the real Earth and the focusing effects observed therein may not persist for more realistic
ULVZ boundaries. An animation showing differences between 2-D and 3-D wave propagation effects is
included in the supplemental materials.

Not all heterogeneities uncovered in this study are necessarily mega-sized ULVZs however. Several smaller
heterogeneities (e.g., with diameters of the order of 250 km) are also identified in this study. However, as
demonstrated in Figure 4, it is difficult to find small receiver-side ULVZs with the SKPdS phase. Thus, it is
likely that this analysis has not uncovered all ULVZs on the receiver-side.

6.3. Correlation with Other Features

As discussed in Section 1, previous studies have given much attention to correlations between ULVZs and
other phenomena such as hot spot volcanism and LLVP boundaries. In this study, we have greater cover-
age of the CMB area than previous studies, and thus it is also tempting to examine correlations between
our heterogeneity distribution and lower mantle features. However, in this study we only utilize a subset
of the data we have collected (constrained to epicentral distances between 106° and 115°) that are highly
sensitive to the ULVZ structure, as a first attempt at locating heterogeneities. The entire SPAKS dataset (see
Thorne et al., 2020) has approximately 90% coverage of the CMB area, although that is including data at
epicentral distances of up to 130°, which are less sensitive to ULVZ structures (Thorne & Garnero, 2004).
Correlations with ULVZs and other features are likely most meaningful when the majority of the CMB
has been probed and when we have completed the analysis with the full dataset. Nonetheless, we have
compared our current heterogeneity distribution with seismic velocities from three tomographic models as
described here: (1) S-wave model SEMUCB (French & Romanowicz, 2015) was chosen as it shows broad
plumes extending from hot spot volcanoes to the base of the CMB rooted in ULVZs; (2) S-wave model GyP-
Sum (Simmons et al., 2010), which was a joint P- and S- inversion and among the first tomographic models
to show agreement between LLVPs in P- and S-wave tomography; and (3) P-wave model DETOX-P2 (Hos-
seini et al., 2019), which is one of the most recent P-wave models based on over 1 million Pdiff waveforms.
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Visually, model DETOX-P2 appeared most similar to our ULVZ distribution and as it was primarily derived
from Pdiff waveforms one might expect that it is related to low velocities observed in SPdiffKS.

We computed the correlation as outlined in Ray and Anderson (1994) with all heterogeneity regions with
probabilities >0.125, 0.25, and 0.5 (for the 1% misfit distribution). However, none of these distributions were
significantly correlated with low or high seismic velocities in any of the models. This is not surprising as we
see possible large heterogeneities near LLVPs, such as the Samoa mega-ULVZ. However, other large heter-
ogeneities also exist near regions of past down-wellings such as beneath Mexico, East Asia, or S. America.
Due to the proximity of many of these large heterogeneities to past subduction in our distribution, it would
similarly be unlikely that they correlate significantly with LLVP boundaries or hot spots, although we did
not explore this quantitatively. It is likely that ULVZs are not so simply related to lower mantle phenomena
as either being related to hot spot volcanism or dense dregs that have been swept toward LLVP bound-
aries (Li et al., 2017). Rather, the diversity of locations in which ULVZs are observed argues that either
(1) everything we refer to as ULVZ is not all the same thing, (2) we are seeing a feature that is in different
stages of its life-cycle, or (3) we are seeing a feature that may arise through multiple different processes in
the Earth.

6.4. Conclusion

In this paper, we presented a new probability map of a distribution of heterogeneities based on SPdKS ob-
servations. Although we cannot state that these heterogeneities are specifically ULVZs as we do not model
the elastic parameters of each heterogeneity; modeling done in this paper and several previous papers have
linked the types of SPAKS waveforms used for ULVZs. This distribution of heterogeneities is based on a da-
taset that covers 56.9% of the CMB by surface area, and suggests that as much as 8%-20% of the CMB may
be covered by ULVZ-like heterogeneity. The inferred distribution reveals that all lower mantle provinces
may contain heterogeneities including areas associated with plume roots of hot spot volcanoes, LLVPs, and
LLVP boundaries, and high seismic velocities areas that may be related to deep subduction. The distribution
also reveals that some ULVZs may be larger than previously thought and that several large-scale mega-UL-
VZs may exist. The consequences of such large ULVZs are unknown but may play an important role in both
mantle and core dynamics. This distribution may provide some focus on areas within which to make more
targeted searches for ULVZs using other phases.
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