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Abstract Ultra-low velocity zones (ULVZs) are anomalous structures, generally associated with decreased
seismic velocity and sometimes an increase in density, that have been detected in some locations atop the Earth's
core-mantle boundary (CMB). A wide range of ULVZ characteristics have been reported by previous studies,
leading to many questions regarding their origins. The lowermost mantle beneath Antarctica and surrounding
areas is not located near currently active regions of mantle upwelling or downwelling, making it a unique
environment in which to study the sources of ULVZs; however, seismic sampling of this portion of the CMB has
been sparse. Here, we examine core-reflected PcP waveforms recorded by seismic stations across Antarctica
using a double-array stacking technique to further elucidate ULVZ structure beneath the southern hemisphere.
Our results show widespread, variable ULVZs, some of which can be robustly modeled with 1-D synthetics;
however, others are more complex, which may reflect 2-D or 3-D ULVZ structure and/or ULVZs with internal
velocity variability. Our findings are consistent with the concept that ULVZs can be largely explained by
variable accumulations of subducted oceanic crust along the CMB. Partial melting of subducted crust and other,
hydrous subducted materials may also contribute to ULVZ variability.

Plain Language Summary Earth's core-mantle boundary (CMB), the interface between the solid
silicate mantle and the molten iron-rich outer core, is associated with a range of anomalous structures, including
ultra-low velocity zones (ULVZs). While generally associated with reduced seismic wave velocities and
sometimes increased density, prior studies have reported a wide range of ULVZ characteristics, leading to many
questions regarding their origins. The lowermost mantle beneath the southern hemisphere provides a unique
environment to study ULVZs because it is located away from regions of large-scale mantle upwelling and
downwelling. Our study uses core reflected P-waves (PcP) recorded by seismic stations in Antarctica to
investigate this portion of the CMB for ULVZ presence. We find widespread evidence for variable ULVZ
structure. Some of the imaged ULVZs can be modeled with a single layer, but others are more complex. We
suggest that the ULVZs beneath the southern hemisphere are predominantly associated with subducted oceanic
crust that has variable accumulations along the CMB. In some regions, hydrated subducted materials may also
experience partial melting, which may contribute to the complicated ULVZ structures imaged in some locations.

1. Introduction

The Earth's core-mantle boundary (CMB) represents a massive contrast in chemistry, viscosity, and material
phase (e.g., Forte & Mitrovica, 2001; Knittle & Jeanloz, 1991; Lay, 1989; Lay et al., 2008; Loper & Lay, 1995;
Maetal., 2016; Ono et al., 2006; van der Hilst et al., 2007), making it a host to a variety of anomalous phenomena.
One type of CMB structure of particular interest are ultra-low velocity zones (ULVZs): small-scale, laterally
varying structures that have been imaged in some locations atop the CMB (Figure 1; e.g., Garnero & Helm-
berger, 1998; Garnero & Vidale, 1999; Williams et al., 1998). ULVZs are generally characterized by P- and S-
wave velocity reductions (§Vp and 8Vg) up to —25% and —50%, respectively (e.g., Brown et al., 2015; Ide-
hara, 2011; Krier et al., 2021; Rondenay & Fischer, 2003; Rost et al., 2005) and, in some cases, increases in
density (8p), up to +25% (e.g., Brown et al., 2015; Reasoner & Revenaugh, 2000), compared to the surrounding
mantle. Further, ULVZs generally have thicknesses on the order of tens of kilometers (e.g., Brown et al., 2015;
Idehara, 2011; Rost et al., 2005, 2010; Thorne & Garnero, 2004), but their lateral extents may be hundreds or even
thousands of kilometers wide (e.g., Cottaar & Romanowicz, 2012; Jensen et al., 2013; Thorne et al., 2013; Wen &
Helmberger, 1998; Yuan & Romanowicz, 2017). The highly variable range of ULVZ characteristics reported by
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previous studies have led to many questions regarding the source of these anomalous structures and what role they
may play in the chemical and thermal evolution of our planet.

Some studies have suggested that ULVZs are associated with thermal anomalies and partial melt along the CMB.
This concept is motivated by the approximate 3:1 8V4:8Vyp ratio reported by some investigations (e.g., Berry-
man, 2000; Revenaugh & Meyer, 1997; Rost et al., 2006; Wen, 2000; Wen & Helmberger, 1998; Williams &
Garnero, 1996) as well as by spatial correlations between regions displaying ULVZ evidence and the locations of
hotspots (e.g., Cottaar & Romanowicz, 2012; Garnero et al., 1998; Garnero, 2000; Lai et al., 2022; Williams
et al., 1998; Yuan & Romanowicz, 2017). Partial melting in the lowermost mantle could be promoted by high
temperatures and the presence of volatiles along the CMB (e.g., Andrault et al., 2014; Cameron et al., 2003; Fan &
Sun, 2021; Havens & Revenaugh, 2001; Nomura et al., 2014; Raddick et al., 2002; Steinberger & Holme, 2008).
However, some ULVZs have been identified in presumed cooler regions of the lowermost mantle and do not
display the characteristics associated with partial melt (e.g., Brown et al., 2015; Thorne & Garnero, 2004). This,
coupled with plausibly higher ULVZ density, may indicate that ULVZs are compositionally distinct from the
surrounding mantle. Such anomalies could, for instance, be generated by iron-enrichment (Kim et al., 2020;
Knittle & Jeanloz, 1989; Lai et al., 2022; Z. Li et al., 2022; Liu et al., 2023; Mao et al., 2005, 2006; Nomura
et al., 2011; Tanaka et al., 2020) or subducted materials above the CMB (Andrault et al., 2014; Dobson &
Brodholt, 2005; Hansen et al., 2023; Li et al., 2017; Su et al., 2024; Wolf et al., 2024). Alternatively, fractional
crystallization of a basal magma ocean (BMO), a remnant associated with an ancient compositional reservoir at
the base of the mantle, has been suggested as the source of ULVZs (Boukare et al., 2015; Labrosse et al., 2007). It
has also been suggested that ULVZs may be linked to the Large Low Velocity Provinces (LLVPs): two large-
scale thermo-chemical anomalies in the mantle beneath Africa and the Pacific (Figure 1; e.g., Dziewonski
et al.,, 1977; Garnero & McNamara, 2008; Hernlund et al., 2015). Geodynamic models (Brandenburg &
Keken, 2007; Li, 2021; Li et al., 2017; McNamara et al., 2010; Mulyukova et al., 2015) suggest that lowermost
mantle materials, including compositionally distinct ULVZs, could be swept toward areas of mantle upwelling,
accumulating along the edges of the LLVPs.

Uncertainties regarding ULVZ origins are, in part, exacerbated by limited seismic sampling of the Earth's
lowermost mantle. Until recently, only ~20% of the CMB had been investigated for ULVZ structure, with
coverage of the deep mantle beneath the southern hemisphere being particularly sparse (Figure 1; e.g., Yu &
Garnero, 2018). Large-scale studies, such as Thorne et al. (2020a, 2020b), have achieved ~60% CMB coverage
with certain seismic phases, but ULVZ imaging beneath the southern polar region remains very limited. The CMB
beneath the southern hemisphere is unique because it is away from the LLVPs and is not currently beneath active
subduction zones; therefore, the presence and characteristics of ULVZs in this region may provide additional
information about their origin. Several recent studies (Hansen et al., 2020, 2021, 2023) have significantly
broadened ULVZ imaging south of about 30°S latitude (Figure 1). Most recently, Hansen et al. (2023) examined
core-reflected P-waves (PcP) recorded by the Transantarctic Mountains Northern Network (TAMNNET;
Figure 2) in Antarctica (Hansen et al., 2015) and found evidence for widespread ULVZ structure with variable
thickness across the southern hemisphere. Additionally, geodynamic models presented in Hansen et al. (2023)
suggested that ULVZs may be predominantly associated with subducted materials distributed throughout the
lowermost mantle.

Building upon these prior investigations that explored limited portions of the southern hemisphere CMB (Hansen
et al., 2020, 2021, 2023), the present study has the opportunity to expand ULVZ imaging even further by
incorporating data from other Antarctic seismic stations. These broadly distributed stations (Figure 2), coupled
with the abundance of seismic sources around Antarctica, both from subduction systems in the Pacific and from
the circum-Antarctic ridge, allow us to investigate a larger portion of the CMB compared to earlier studies.
Similar to Hansen et al. (2023), we focus on PcP waveforms that sample the lowermost mantle; however, we
employ a different approach to evaluate the ULVZ structure since we must combine data from different seismic
sources for our analysis. Specifically, we use the double-array stacking (DAS) technique (Avants et al., 2006;
Hutko et al., 2009; Kriiger et al., 1993; Revenaugh & Meyer, 1997) and synthetic waveform modeling to examine
Antarctic-recorded PcP waveforms for ULVZ evidence. Our goal is to further evaluate the geographic distri-
bution and variability of ULVZs beneath the southern hemisphere and to use the relative changes in ULVZ
properties to explore possible processes that can generate this type of lowermost mantle structure. As part of this,
our findings are also evaluated in relation to previously generated geodynamic models to further assess the
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suggestion put forth by Hansen et al. (2023) that ULVZs can predominantly
3p- be associated with subducted materials.

g 2. Data and Methods
2.1. Data Collection, Pre-Processing, and Initial Stacking

' Our ULVZ investigation incorporates PcP waveforms recorded by 238 three-

' \ component broadband seismic stations deployed across Antarctica (Figure 2;
® : ' Table S1 in Supporting Information S1). PcP (Figure S1 in Supporting In-
formation S1) is a useful seismic phase to examine the lowermost mantle

~
7500

-180°

® A structure because it samples a specific point on the CMB. If a ULVZ is
present, the contrast in acoustic impedance between the ULVZ and the mantle
above it results in a reflection off the top of the ULVZ, which is observed as a
pre-cursory signal that arrives before the main PcP phase (e.g., Hansen
et al., 2021, 2023; Hutko et al., 2009; Revenaugh & Meyer, 1997). PcP re-
verberations within the ULVZ can also generate post-cursory signals that

790 ~

arrive after PcP (Figure S1 in Supporting Information S1); however, the

. employed DAS technique (Section 2.5) focuses on PcP pre-cursors. Since the

(©) »\60 timing and amplitude of the pre-cursor depend on the ULVZ properties (i.e.,
thickness, 8Vp, Vg, dp), these phases can provide insight on the corre-

sponding ULVZ structure (e.g., Hansen et al., 2021, 2023; Hutko et al., 2009).

Figure 1. Map of prior ULVZ studies in the southern hemisphere. Red:

ULVZ evidence found; Blue: no ULVZ evidence found; Green: uncertain

We collected earthquakes with minimum magnitudes (M) of 5.0 and

ULVZ. Purple dashed lines denote LLVP boundaries. Modified from Yu and epicentral distances between 30° and 79° to avoid high PcP noise levels
Garnero (2018) to include additional ULVZ regions from Hansen associated with the direct P-wave coda while also avoiding amplitude

et al. (2020, 2023).

reduction caused by near-vertical incidence at the CMB (Persh et al., 2001).

The imposed criteria resulted in 65,859 earthquakes recorded by the Antarctic
stations. The data were pre-processed to remove the instrument response and were band-pass filtered between
0.50 and 1.50 Hz, an effective frequency range to study core-reflected P phases (e.g., Hansen et al., 2021, 2023;
Rost et al., 2005). The waveforms were also rotated to their true longitudinal motion directions for P and PcP, and
predicted arrival times for both phases were determined using the Preliminary Reference Earth Model (PREM;
Dziewonski & Anderson, 1981) as well as the TauP toolkit (Crotwell et al., 1999).

Initial, linear stacks were generated for each event with the waveforms aligned on their PREM-predicted P arrival
times. While PcP phases are the main focus of our study, P-wave arrivals have larger amplitudes, and therefore
generally higher signal-to-noise ratios (SNRs), compared to PcP. This is because PcP phases travel longer paths
through the mantle and thus experience higher attenuation. Also, a significant portion of the P energy at the CMB
continues into the outer core as a PKP wave, which ultimately reduces the amplitude of the PcP reflection. Given
this, we initially focused our analyses on P-wave arrivals to identify the best quality waveforms because if the P-
wave signal is robust, then there is a better possibility of identifying PcP. Two SNR measurements were made for
each trace: one using a noise window defined from 30 to 15 s prior to the P arrival (SNRy,.¢,..) and the other with
the noise window 10-25 s after the P signal (SNR, the signal window was defined from 5 s before to 10 s after
P). Similar SNR measurements were also made for the linear P-wave stack. If an event had at least three P
waveforms with both SNRy ... and SNR 4. > 2, or if both SNR measurements for the linear stack were >2, the

after =
event was retained for our analysis. Otherwise, it was discarded. This approach was taken to focus on events with

after>

impulsive P-wave arrivals that were not dominated by large-amplitude depth phases. We note that we also
checked whether PcP was predicted to arrive within the SNR .. noise window. If so, the waveform was retained,
provided that PcP was also sufficiently separated from any depth phases (by at least 8 s). Of the original 65,859
events, 4,736 earthquakes met the P-wave SNR criteria, and this data set formed the base for further analysis

(Figure 2).

Following the approach of Hansen et al. (2021), the linear P-wave stacks for a given event were then cross-
correlated with each of the corresponding, individual P waveforms to determine delay times and cross-
correlation coefficients (CCCs). The individual waveforms were time-shifted by their delay times to improve
the alignment of the P signal, and each waveform was weighted by its CCC? value as well as a weight based on the
waveform's SNR (Wp_gng; Text S1 in Supporting Information S1; Hansen et al., 2021). The realigned, weighted
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Figure 2. Antarctic stations and seismic events. Triangles denote the
locations of the 238 Antarctic seismic stations used in this study, with

waveforms were then restacked, and this process was repeated until the CCC
between the most recent stack and the previous one was greater than 0.995.
This procedure improves the alignment of the individual waveforms and
generates a representative P-wave stack for each event (Hansen et al., 2021).

2.2. Historical Interstation Pattern Referencing and Restacking

The time-shifts applied to the waveforms described in Section 2.1 may vary
significantly for different earthquakes, even when those events are recorded
by the same station. This could result from structural variability between the
earthquake and the station, event mislocation errors, and/or small-scale
structure beneath the station. The source(s) of absolute time-shift variations
between individual records typically cannot be identified; however, it is
important to determine if the applied time shifts are robust. We used the
Historical Interstation Pattern Referencing (HIPR) method developed by
Hansen et al. (2021) to evaluate the time shifts applied to our data and to
develop associated event (HIPRgy 1) and station (HIPRgp,) weights (see Text
S2 in Supporting Information S1). Higher values of HIPRgy and HIPRg 4
correspond to more reliable time-shifts (i.e., ones that are more similar to
historical patterns; Hansen et al., 2021), and Figure S2 in Supporting Infor-
mation S1 summarizes the HIPRg, and HIPRgy, values for our data set.

The HIPR weights were then incorporated into a stacking approach similar to

TAMNNET stations (Hansen et al., 2015) highlighted in yellow and stations that discussed in Sectizon 2.1. Like before, each P waveform was weighted by
from other networks shown in red. Blue dots denote the 4,736 earthquakes its Wp_gnr and CCC” values, but now the HIPRgy and HIPRgy, weights
that met our P-wave SNR criteria, described in Section 2.1. were also applied (Hansen et al., 2021, 2023). The iterative stacking approach

was reapplied to each event in the data set to create updated and optimized P-

wave stacks (Figure 3). The goal of this restacking is two-fold. First, robust P-
wave stacks are required for data deconvolution, a processing step that will be described in Section 2.3. Second,
PcP arrival times need to be assigned to each event-station record.

The PcP waveforms were time shifted by the same amount as their corresponding P waveforms. Also, the
observed P-wave arrival time from the optimized stack, along with the PREM-predicted PcP-P time, were used to
assign PcP arrival times to each waveform. That is, it is assumed that the PcP-P time from PREM is the same as
the PcP-P time in the actual data, meaning that if an observed P-wave arrives early (or late) compared to its
PREM-predicted time, the corresponding PcP arrival will also be early (or late) by the same amount. As discussed
in Section 2.1, the amplitude of PcP is often small, making it difficult to identify on individual waveforms;
therefore, the described approach allows PcP arrival times to be assigned even if the phase itself has a low SNR.
We acknowledge that velocity variations, particularly in the lowermost mantle, can lead to PcP arrival time
variance. However, we examined the PcP-P deviations from PREM for several tomographic models (Lei
et al., 2020; Simmons et al., 2021), and their differences are fairly small (averaging ~0.5 s). Additionally, as
discussed in Section 2.4 below, the PcP waveforms are geographically grouped, so any lower mantle structure that
may affect the PcP arrival time will plausibly affect all the waveforms in a given group. Therefore, PcP arrival
time uncertainty does not strongly influence our analysis.

2.3. Deconvolution

Since PcP signals from different earthquakes need to be stacked to investigate ULVZ structure beneath the
southern hemisphere, the waveforms must be source-equalized (e.g., Avants et al., 2006; Hutko et al., 2009). For
each event, we extracted a source wavelet (i.e., a sample of energy representing the earthquake source) from the
HIPR-based P-wave stack using a 25 s window centered on the P-wave arrival, and the wavelet was deconvolved
from the corresponding, individual P waveforms using water-level deconvolution (Ammon, 1991; Lang-
ston, 1979). A suite of water-level values, Gaussian filter widths, and high-pass filter limits were tested for our
data set. The water-level helps to prevent the deconvolved traces from being dominated by noise, which can result
from low amplitudes in the denominator during spectral division when the deconvolution is performed. The

AGBOOLA ET AL.

4 of 21

[uMod ‘¢ ‘#T0T ‘95£6691T

:sdny woiy pap

puod pue SWIR [, 3 23S “[70¢/90/0T] uo Areiqry auuQ A1 “boy Ausieatun 2yelg vuoziry £q 0L 1820LIE£TOT/6T01 01/10p/w0 A1m

:sdny)

100" K1

25221 suowo) aanear) a[qeorjdde ayy £q pauIoA0S are sajoNIE () fasn Jo sajni 10§ AIeiqI] duljuQ A1 UO (¢



I ¥edl

N\\I Journal of Geophysical Research: Solid Earth 10.1029/2023JB028170

ADVANCING EARTH
AND SPACE SCIENCES

GM05 0.265
GMO04 ! 0.711
P124 M

’\/\/\/\/\/\/‘
PO71 : 0.494
GM03 | 0.267
A A"

|
QSPA : 0.548

‘I/\//\/\/\/\/\/\/\,
GMO02 ! 0.105
N VA

N132 | 0.233
GMO1 TW
N124 o 0.194
AGOH T 0.227

VAN
SBA : 0.152

NNW\/\M

CON 0.063
VWM A NS N\NA—

w

Initial Stack ‘: SNR: 14.5
HIPR Stack ‘_: SNR: 16.8
I L L L L I L L L L I
-10 0 10

Time (s) relative to
PREM-predicted P arrival

Figure 3. Example weighted P waveforms and stacks. The individual P
waveforms are labeled with their corresponding station names (left) and their
total, HIPR-based weights (right). Gray shading on the stacks (bottom two
traces) indicates one standard deviation, and the corresponding reported
values are the stack SNRs. The initial stack is that described in Section 2.1.
Gray traces were removed during the final stacking process (Section 2.2) and

Gaussian filter removes high frequency noise from the data, and its frequency
content is controlled by its filter-width (Ammon, 1991). Similarly, high-pass
filtering was applied to mitigate low-frequency variations in the data.

Applied water-level values were allowed to vary from 0.00001 to 0.5, the
Gaussian filter width was varied from 1.0 to 10.0, and the high-pass filter limit
was varied from 0.1 to 1.3 Hz. We also explored omitting the Gaussian and
high-pass filter. Each parameter combination was used to deconvolve the
extracted source wavelet from each of the P waveforms for a given event. Then,
a weighted, deconvolved P-wave stack was generated using the same weights
described in Section 2.2. A corresponding deconvolution SNR was also
computed by defining a signal window around the P-wave peak on the stack,
with noise windows to either side (Figure S3 in Supporting Information S1).
The best set of deconvolution parameters (i.e., water-level, Gaussian filter
width, and high-pass filter limit) were those whose combination led to the
highest deconvolution SNR. For our data set, events with deconvolution SNR
values > 15 displayed high-quality, deconvolved P-wave stacks and hence
were assigned a deconvolution-related weight (Wpgcon) of one (Figure S3 in
Supporting Information S1). Conversely, events with deconvolution SNR
values < 7 were generally associated with low-quality signals and were
assigned Wpgcon of 0.05 (Figure S3 in Supporting Information S1). Events
with deconvolution SNR values between 15 and 7 were assigned a Wpgcon
with a linear ramp function (between 1 and 0.05). The best set of deconvolution
parameters for a given event were then applied to all the corresponding PcP
records. All 4,736 events in our data set were deconvolved in this manner.

2.4. Binning and PcP Waveform Weighting

The southern hemisphere study area was divided into geographic bins using a
2° X 2° grid and a moving, circular bin with a radius of 2°. This approach
provides some overlap between adjacent bins. Since lines of longitude
converge near Antarctica, the bins were defined in a rotated coordinate sys-
tem, where the South Pole was situated on the equator (Figure S4 in Sup-
porting Information S1). This was done to ensure the bins have equal area and
consistent overlap. The PcP CMB reflection (bounce) points were also rotated
in the same manner, and any bounce points that fell into a given bin were
grouped together. This resulted in 1,933 non-empty bins. Additionally, within
each bin, a distance-from-bin-center weight (W) was determined for each
PcP CMB bounce point. Records with bounce points at the bin center were
given a W g7 of 1.0, while those at the edge of the bin were given a W of
0.5. The distance weighting was applied to accommodate non-uniform bin
sampling, especially when the PcP waveforms predominately sample the bin
edges. That said, given the small size of our bins and the largely overlapping
PcP Fresnel zones within them, the effect of this weighting is minor. All bins
and bounce points were then rotated back to true coordinates (Figure S5 in
Supporting Information S1).

Ultimately, each event-station PcP waveform had six different weights
applied, which were multiplied together to generate a corresponding com-
posite weight (compWeight), as defined by Equation 1.

compWeight = HIPRgyt - HIPRgTA - Wp_sNR - Wpep—snr

are not included in the HIPR stack. All waveforms correspond to an event (1)
that occurred on 7 January 2009 (16:25:33.43). *WpEecon - WpisT
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Seismic Stations Y In Equation 1, HIPRgyr and HIPRg, are the HIPR-based event and station
, ‘ weights, respectively. We note that each PcP waveform inherited its HIPR
Earth qu akes / ﬁ / weights from its corresponding P record. Wp_gng and Wp.p_gng are weights

Figure 4. Double-array stacking technique. Cartoon illustrates the applied

assigned based on the SNR of the P and PcP waveforms, respectively (see
Text S1 in Supporting Information S1). Wy is the deconvolution-related
weight described in Section 2.3, and Wpygy is the weight associated with a
record's PcP CMB bounce point distance from the center of the bin. This
weighting scheme not only generates robust PcP stacks but also allows high-
quality PcP records to more strongly constrain the DAS analysis, which is
described in Section 2.5.

2.5. Double-Array Stacking

The DAS technique (Figure 4; Avants et al., 2006; Hutko et al., 2009;
Reasoner & Revenaugh, 1999; Revenaugh & Meyer, 1997) was applied to
probe the CMB beneath the southern hemisphere for ULVZ structure. This
method combines PcP signals that have CMB reflections within a given bin to
create a suite of 1-D depth-profile stacks (Figure 4). If the top of a ULVZ is
present at some position above the CMB, the stack corresponding to that
depth (d) should display a coherent reflected PcP pre-cursor (PdP).
Conversely, a lack of coherent signal in the stack can either indicate that no
ULVZ is present or that it cannot be resolved.

Several additional processing steps and quality control criteria were applied to
our data prior to stacking. The frequency content of our P and PcP waveforms
may have been altered by the applied deconvolution (Section 2.3), even
though they were initially bandpass-filtered between 0.5 and 1.5 Hz (Sec-
tion 2.1); therefore, similar to Hutko et al. (2009), we examined several

methodology. Gray ellipses represent target reflectors above the CMB at additional filtering options. Specifically, a band-pass filter between 0.25 and
positions d1, d2, etc. For a given bin (dashed black ellipses), all PdP reflection 0.5 Hz as well as high-pass filters with cut-off frequencies of 0.25 and
points at a given target depth are stacked, and the corresponding amplitude is 0.50 Hz, respectively, were tested. Both the band-pass filter and the 0.50 Hz

assessed for potential ULVZ presence. Modified from Hutko et al. (2009).

high-pass filter smoothed and broadened the P and PcP signals too heavily,
resulting in loss of detail in the associated stacks. The 0.25 Hz high-pass filter,
on the other hand, generally led to better results with clear P and PcP signals (Figure S6 in Supporting Infor-
mation S1); therefore, this filtering option was applied to our full data set.

For an individual seismic record to be included in the PcP double-array stack, minimum SNR values of 0.8 and 3
were required for the PcP and P waveforms, respectively (Figure S7 in Supporting Information S1). These SNR
thresholds were determined from visual inspection and were imposed to promote the highest quality data.
Additionally, to ensure our analysis was focused on the pre-cursory phases of interest, the arrival times of
potentially interfering seismic phases (pP, sP, PP, pPP, sPP) relative to the PcP arrival time were determined using
PREM (Dziewonski & Anderson, 1981). Given the event depths and distances in the examined data set, as well as
the range of ULVZ heights relative to the CMB that we examined (see below), it was estimated that the reflected
PdP signal of interest could arrive up to about 7 s earlier or 3 s later than the predicted PcP time. Therefore, we
conservatively discarded any waveforms with other seismic phases predicted to arrive within 8 s prior or 4 s
after PcP.

The radiation pattern of an earthquake can sometimes lead to opposite P and PcP polarities. Since centroid
moment tensors (CMTs) are generated for long-period seismic waves (Dziewonski et al., 1981; Ekstrom
etal., 2012), it is challenging to use CMTs to predict such polarity differences for the short-period (1 Hz) data we
are examining. Therefore, we took the envelope of each deconvolved PcP record to remove any potential polarity
uncertainty. The enveloped PcP records were normalized to set their maximum amplitudes to 1.0, they were
aligned on their predicted PcP arrival times (Section 2.2; Figure S8 in Supporting Information S1), and a cor-
responding weighted stack was generated for each bin, where the composite weights (Section 2.4) were applied to
each respective waveform. The stack amplitude at 0 s, which corresponds to the predicted PcP arrival time,
represents the strength of the reflection from the CMB.
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Figure 5. Examples of double-array stacking results. Each panel corresponds to one of the geographic bins examined in our study. Black lines show the observed double-
array stack, while red and gray lines denote the synthetic results for each tested ULVZ thickness. The red line highlights the best-fit synthetic based on the RMS error.
The corresponding PcP-stack SNR (PcPgyg), the best-fit ULVZ thickness (H), the percent improvement in fit compared to PREM (Improve), and the best-fit RMS error
(RMS) are also listed. ULVZ thicknesses for ULVZ+ and complex bins (H*) are not interpreted but are included for completeness. The plots for some bins are truncated
as a result of repositioning the PcP reflection at the CMB (0 km), as discussed in Section 3.2.1.

Target depths ranging from 20 km below to 50 km above the CMB in 2 km increments were examined for each
bin. For a given target depth, the corresponding predicted PdP arrival time was computed using a modified version
of PREM that included a ULVZ with 8§V, 8V, and 6p of —10%, —30%, and +10%, respectively. These initial
choices for the ULVZ parameters were selected because they are some of the most commonly reported char-
acteristics suggested by previous studies (e.g., Bower et al., 2011; Rost et al., 2006; Williams & Garnero, 1996;
Yu & Garnero, 2018). The PcP waveforms in the examined bin were then time-shifted to align them on their
predicted PdP times, and a corresponding weighted stack was again determined. The amplitude at the alignment
time was also recorded. As noted previously, if a ULVZ is present, a coherent PdP reflection from the top of the
layer will result in a higher amplitude signal in the stack. Conversely, if no ULVZ is present, destructive
interference will result in a lower stack amplitude (Hutko et al., 2009).

3. Results

The DAS results for each bin are summarized by plots of ULVZ thickness versus reflection amplitude, where the
amplitude of the PcP peak is normalized to one. Examples are shown in Figure 5 and Figure S9 in Supporting
Information S1. All results were visually inspected to assess the coherence and reliability of the double-array
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Figure 6. Summary of ULVZ results. (a) Purple diamonds denote the 149 “ULVZ+" bins, and orange diamonds denote the 103 “complex” bins. Gray dots indicate the
1,569 bins that were dismissed either because they contained less than 20 PcP bounce points or because their PcP SNR < 1.2. (b) Similar to (a) but now showing the 108
“robust” (red circles) and 4 “uncertain” (yellow squares) bins. (c) Same as (b) but now the “robust” (circles) and “uncertain” (squares) bins are color-coded by their
corresponding best-fit ULVZ thicknesses (assuming 8V, = —10%, 8Vg = —30%, and 6p = +10%). (d) Same as (c) but now colors correspond to RMS errors.

stacks. For instance, if the PcP reflection from the CMB was unclear (i.e., had a low SNR), then the corresponding
PdP results are likely unreliable, and results for such bins were discarded. From our assessment, we decided that
only bins with 20 or more PcP event-station records would be considered. Additionally, the generated bin stacks
were required to have PcP signals with a SNR > 1.2. These criteria help to ensure that our ULVZ investigation is
based on the most robust double-array stacks. Of the original 1,933 geographic bins (Figure S5 in Supporting
Information S1; Section 2.4), 364 bins met these requirements. This corresponds to a reduction of about 80%
(Figure 6).
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3.1. Synthetic Modeling

To further characterize the ULVZ thicknesses determined from the DAS, 1-D synthetic modeling was employed.
The generalized ray method of Gilbert and Helmberger (1972) was used to generate synthetic spike trains that
correspond to each event-station record in the data set. All synthetic signals were generated with the same ULVZ
parameters (i.e., Vp = —10%, 8Vg = —30%, and dp = +10%) used in the DAS analysis (Section 3), but the
ULVZ thickness was varied from 0 to 50 km with an increment of 2 km. The synthetic spike trains created for
each ULVZ model only include PcP and the ULVZ-associated pre- and post-cursors; they do not contain the
direct P-wave nor any other potentially interfering seismic phases. For each considered event, a P-wavelet was
extracted from the deconvolved P-wave stack using a £3 s window around the P peak, and this P-wavelet was
convolved with the synthetic spike trains to create synthetic PcP records for each recording station. The individual
synthetic PcP waveforms were then filtered and processed with the same DAS procedure as that applied to the
observed data. It is worth noting that the composite weights needed to make the weighted, synthetic PcP stacks
were inherited from the corresponding true waveforms. For a given bin, the synthetic DAS results were compared
to the actual results by computing the root-mean-square (RMS) error between them. A lower RMS error indicates
a better match between the observed and synthetic data (Figure 5; Figure S9 in Supporting Information S1). We
also determined the percent improvement in fit for the best-fit synthetic model compared to PREM (i.e., a non-
ULVZ-inclusive model). Our approach allows a broad suite of ULVZ models to be evaluated, which is not
feasible with more complex, computationally demanding modeling techniques (e.g., Jenkins et al., 2021; J. Li
et al., 2022; Z. Li et al., 2022).

All of the modeled bins were visually inspected to evaluate the coherency and robustness of any ULVZ pre-
cursory signal from the DAS as well as the fit of the corresponding synthetics, and our results were classified
into four categories. First, bins that clearly displayed ULVZ-indicative signals, had good matches between their 1-
D synthetics and observations, and whose best-fit ULVZ model fit the DAS results at least 10% better than PREM
were classified as “robust.” Second, even if a given bin did not clearly display ULVZ evidence, we cannot rule-out
the possibility of a ULVZ since the structure may be too thin to resolve. Therefore, if a bin was well-matched by
its synthetic but the percent improvement in fit compared to PREM was less than 10%, the bin was classified as
“uncertain.” Third, in a number of cases, the DAS results showed two distinct PdP peaks that could not be
matched by the 1-D synthetic modeling, and this may suggest layered ULVZ structure or some other type of
lowermost mantle heterogeneity. Such bins were given the classification of “ULVZ+.” Fourth, bins with DAS
results showing multiple peaks were put into the “complex” category. Of the 364 modeled bins, 108 were
classified as robust, 4 were classified as uncertain, 149 were classified as ULVZ+, and the remaining 103 were
complex. Our bin classification is summarized in Figure 6 and in Tables S2—S4 in Supporting Information S1.
Tables S5 and S6 in Supporting Information S1 also provide the average and standard deviation of the RMS misfit
as well as the percent improvement in fit compared to PREM for the different groups of bins described previously.
Generally, as the bins are honed, as described in both Section 3 and in this section, the RMS error decreases and
the fit between the synthetics and the observed data improves. Our results (Figure 6; Figure S10 in Supporting
Information S1) indicate a wide range of ULVZ thicknesses across the southern hemisphere, with evidence for
multi-layer or complicated ULVZ structure in many locations. Conservatively, 71% of the modeled bins have
double-array stacks that are better explained by the presence of some type of ULVZ, though the actual percentage
is likely higher since some of the complex bins are also likely associated with ULVZ structure.

3.2. Uncertainty Assessment

Our ULVZ thickness estimates depend on several modeling assumptions. First, as described in Section 2.5, the
DAS was performed using a modified version of PREM (Dziewonski & Anderson, 1981) that includes a ULVZ.
For some bins, the PcP peak did not align with the CMB (i.e., at 0 km relative depth) as expected. This could be
caused by lower mantle seismic velocity variations compared to PREM (Hutko et al., 2009; Shearer & Flana-
gan, 1999; Trampert et al., 2001). Alternatively, the P or PcP waves could have encountered velocity anomalies in
the mid-mantle that were not sampled by the other phase. Such velocity anomalies could affect the corresponding
travel times, which, in turn, could affect the differential PcP-P timing. Given this, we generated additional double-
array stacks to assess the uncertainty associated with the assumed velocity structure (Section 3.2.1).

Additionally, as discussed in Sections 2.5 and 3.1, the DAS and synthetic modeling were performed assuming a
ULVZ with 8Vp = —10%, 8Vg = —30%, and dp = +10%. However, trade-offs between ULVZ thickness and
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Figure 7. Tomographic timing corrections. DAS results are shown for three example robust bins (rows). The first column shows the original results obtained without
tomographic corrections applied. The second column shows the results with GLAD-M25 (Lei et al., 2020) tomographic timing corrections applied, and the third column
shows the results with SPiRaL (Simmons et al., 2021) tomographic timing corrections applied. Note how the PcP peaks in the first column are not positioned at the CMB
(0 km). In the top row, the SPiRaL timing corrections improved this bin's results and aligned the PcP peak at the CMB. In the middle row, the GLAD-M25 timing
corrections improved the bin's results. In the bottom row, both sets of tomographic timing corrections worsened the bin's results and complicated the double-array stack,
which may indicate that the approach is now stacking noise instead of coherent, aligned signals.

velocity reduction are common in 1-D modeling (Garnero & Helmberger, 1998; Garnero & Jeanloz, 2000;
Hansen et al., 2023; Thorne & Garnero, 2004). That is, a thinner ULVZ with a larger velocity reduction may
plausibly fit the observed data equally well as a thicker ULVZ with a lower velocity reduction. Therefore, we also
evaluated how our ULVZ thicknesses depend on the assumed dVp, 6V, and dp values (Section 3.2.2).

It has also been suggested that ultra-high velocity zones (UHVZs) may exist along the CMB as well (e.g., Yu
et al., 2018; Garnero et al., 2020; Pachhai et al., 2022b). The PdP reflection from this type of structure could
potentially look similar to the ULVZ DAS results since the difference in polarity is removed when the PcP
waveforms are enveloped (Section 2.5). Therefore, we performed several additional tests to ensure that our results
are indicative of ULVZ structure (Section 3.2.3).

3.2.1. Timing Corrections

While the actual velocity structure inside the Earth is not exactly known, it may be approximated by 3-D seismic
tomography models. Given this, two recent global P-wave velocity models, GLAD-M25 (Lei et al., 2020) and
SPiRaL. (Simmons et al., 2021), were both used to determine phase arrival time corrections. The timing cor-
rections were computed using ray paths predicted by PREM (Dziewonski & Anderson, 1981), and the velocities
at various positions along each ray path were extracted from the tomographic model of interest. For a given event-
station record and a given phase (P or PcP), the cumulative travel-time residual between the 3-D velocity model
and the 1-D PREM reference model was determined over the full ray path. A differential travel-time residual
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between PcP and P was then computed, which was added to the predicted PcP arrival time to apply the tomo-
graphic correction. While the examined ray paths are not truly 3-D, heterogeneity in the tomographic models is
long wavelength, and our differential phase analysis helps to reduce associated uncertainties while also providing
a computationally convenient approach to determine the travel-time perturbations over the large ULVZ parameter
space we are exploring.

Once the tomographic timing corrections were applied, the DAS procedure and synthetic modeling were repeated
to assess if there were any notable changes in our results related to the assumed velocity structure (see Tables S5
and S6 in Supporting Information S1). The tomographic timing corrections improved the DAS results for about
23% of the examined bins, correctly positioning the PcP reflection at the CMB and/or leading to improved PdP
signals (Figure 7). However, neither GLAD-M25 nor SPiRal consistently outperformed the other. For the
remaining 77% of the examined bins, the applied tomographic corrections did not notably improve the results, or
they led to unclear findings when compared to the original approach (Figure 7). Generally, whether the tomo-
graphic corrections were applied or not, the average RMS error and the average fit between the data and the
synthetics were not significantly different (Tables S5 and S6 in Supporting Information S1). The uncertainty in
Earth's true velocity structure is difficult to quantify; therefore, we took an approach similar to Hutko et al. (2009)
and any DAS result whose PcP peak was shifted away from the CMB was adjusted to correctly position this
reflection. We note that all double-array ULVZ thicknesses had to be reduced to perform this adjustment when the
PcP peak was at a positive height above the CMB, which causes the corresponding plots to shift to the left.
Examples of this can be seen in Figure 5. Such corrections were typically small, averaging about 5 km, but this
uncertainty does influence the obtained ULVZ thicknesses. The results shown in Figure 6 take these PcP time
shifts into account for bins that required CMB realignment.

3.2.2. Varying the ULVZ Characteristics

To further assess how ULVZ parameter trade-offs may influence the results obtained with our DAS, the analysis
and synthetic modeling were repeated, assuming a range of different 8Vp, 8V, and 8p values. Specifically, dVp
was varied from —5% to —15% in —5% increments, with the 8V set to create both 1:1 and 1:3 8Vp:8V¢ models.
These model sets are included to represent both compositionally distinct ULVZs (8Vp:dVg = 1:1; e.g., Brown
et al., 2015; Kirier et al., 2021; Thorne & Garnero, 2004) as well as those associated with partial melt in the
lowermost mantle (§Vp:6Vg = 1:3; e.g., Berryman, 2000; Rost et al., 2006; Thorne & Garnero, 2004; Williams &
Garnero, 1996). 8p values of +10% and 0% were also both included to represent ULVZs that are/are not
intrinsically denser than the surrounding mantle, and the ULVZ thickness was again varied from O to 50 km with
an increment of 2 km. With this range of characteristics, 301 different synthetic models were evaluated. Six bins
that showed robust ULVZ evidence (Section 3.1) were selected as test bins, and the DAS and synthetic modeling
were again performed on these bins but now with the other ULVZ models employed to assess how changes to the
ULVZ parameters affected our results.

The DAS results do not vary with different values of Vg and dp; the PcP and PdP travel-times only depend on
changes to Vp. However, the best-fit synthetics for each tested ULVZ model do depend on 8Vg and dp (as well as
O8Vp) since the PdP amplitude is influenced by each of these parameters (Figure 8; Figures S11 and S12 in
Supporting Information S1). When no tomographic corrections were applied, the ULVZ thickness uncertainty
(i.e., standard deviation) averaged about 7 km across all the test bins. Somewhat smaller average uncertainties
(about 6 km) were obtained when the GLAD-M25 and the SPiRAL tomographic timing corrections were applied
(Figures S11 and S12 in Supporting Information S1). Again, since Earth's true velocity structure is not exactly
known and since none of the tomographic timing approaches (i.e., no tomographic corrections, corrections using
GLAD-M25, corrections using SPiRAL) outperformed the others (Section 3.2.1), we estimate that thickness
versus velocity trade-offs result in an approximate 6.5 km uncertainty in our reported ULVZ thicknesses.

Collectively considering the uncertainties from the tomographic timing corrections and the ULVZ parameter
trade-offs, our robust ULVZ thicknesses are likely constrained within +11.5 km. Even with these uncertainties
taken into account, our results indicate extensive ULVZ structure across the study region with lateral variations in
thickness (Figure 6; Tables S2-S4 in Supporting Information S1).
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Figure 8. Double-array stacking uncertainty from different ULVZ parameters. The black line in each panel shows the DAS
results for one of the six robust test bins (Section 3.2.2) obtained without tomographic timing corrections applied to the data.
Colored lines show the best-fit synthetics (i.e., best-fit ULVZ thickness) determined with other assumed ULVZ parameters.
Each row corresponds to a different test bin, and each column corresponds to a specific §Vp value (=5%, —10%, or —15%).
The 8Vs and dp values vary by panel (see legend).

3.2.3. Differentiating ULVZs and UHVZs

As discussed in Section 2.5, our DAS results are based on enveloped PcP waveforms. The polarity normalization
from this processing step could potentially make it difficult to differentiate between a PdP reflection generated at
the top of a ULVZ versus a reflection from a UHVZ. Therefore, two different tests have been performed to ensure
our interpreted signals are associated with ULVZ structure in the lowermost mantle. First, we repeated the DAS
analysis for a selection of bins with either robust or ULVZ+ results; however, in this case, we did not envelope the
PcP waveforms prior to stacking. As shown in Figure S13 in Supporting Information S1, the non-enveloped
results are noisier than those obtained with the method described in Section 2.5, but a PdP-related signal is
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still observed at the same position above the CMB. This emphasizes the robustness of our findings and illustrates
that the PdP signals are not associated with an opposite polarity UHVZ reflection.

Second, we created synthetic PcP waveforms for several UHVZ models to assess if this structure could be
mistaken for a ULVZ with our processing approach. Unlike ULVZs, the seismic characteristics of UHVZs have
not been extensively investigated. Studies that have examined UHVZs have used S-wave phases (e.g., Yu
et al., 2018; Garnero et al., 2020; Pachhai et al., 2022b) and have estimated that the corresponding Vg is ~10%
higher than PREM. That said, these investigations provide no constraints on the potential Vp increase within
UHVZs. Given this, both Vg and 8V were varied from +5% to +10% in +5% increments in our UHVZ models,
but similar to Pachhai et al. (2022b), we did not let 5V exceed §Vg. UHVZ density variations and thicknesses are
largely unconstrained; therefore, we set 8p = 0%, and we used thicknesses of 5, 10, and 20 km. To mimic the
analysis performed with the actual data, the synthetic PcP waveforms generated with each UHVZ model were
processed using the same DAS procedure described in Section 2.5, and the corresponding output was then
modeled using the same suite of ULVZ synthetics described in Section 3.1. Examples of this assessment are
shown in Figure 9. As illustrated, the best-fit ULVZ thickness in each case is significantly less than the corre-
sponding UHVZ thickness. The increased velocity within the UHVZ leads to an earlier PcP arrival, which in turn,
causes the PcP-PdP time to be reduced. Consequently, the UHVZ DAS results are similar to those for a thin
ULVZ. In other words, it is possible to mistakenly interpret UHVZ structure for a ULVZ, but this is only a
potential issue for thin (<~10 km) ULVZ modeling results, which corresponds to less than 8% of our robust bins.
Further, given the other possible sources of uncertainty discussed in Sections 3.2.1 and 3.2.2, possible UHVZ
misinterpretation has little influence on our results. Our primary conclusion remains unchanged: laterally variable
ULVZ structure exists across the southern hemisphere.

4. Discussion: Possible ULVZ Origins

Our findings are in good agreement with existing ULVZ studies in the southern hemisphere. For example, as part
of their global study, Thorne and Garnero (2004) found possible, but uncertain, ULVZ structure south of New
Zealand, where the current study finds robust ULVZ evidence (Figure 6). Hansen et al. (2020) also found ULVZ
evidence in the vicinity of New Zealand as well as beneath the Weddell Sea, and our study also suggests ULVZ
structure in these areas. Using PcP waves recorded by the TAMNNET array (Figure 2; Hansen et al., 2015), a 15-
station subset of the 238 stations used in the current study, Hansen et al. (2023) found widespread ULVZ evidence
beneath the southern hemisphere in some of the same regions where the current study also identifies ULVZs
(Figure 10). Both Hansen et al. (2023) and the current study indicate laterally variable ULVZ thickness, thereby
providing further confidence in our robust results. Figure S14 in Supporting Information S1 shows a comparison
between our results and those of Hansen et al. (2023) for several geographic regions and illustrates the agreement
between these two studies.

Our study region is located within a presumed cooler portion of the lowermost mantle, away from the LLVPs
(Figure 10); therefore, a compositional origin may better explain our robust ULVZ observations, as opposed to a
thermal-only origin. As mentioned in Section 1, compositionally distinct ULVZs may result from iron-
enrichment above the CMB, which could be caused by chemical reactions between the silicate mantle and the
iron outer core (Kim et al., 2020; Knittle & Jeanloz, 1989; Liu et al., 2023; Ma et al., 2019; Mao et al., 2005, 2006;
Nomura et al., 2011; Otsuka & Karato, 2012; Tanaka et al., 2020). That said, the production rate of deep mantle
iron-enrichment processes is unclear, and it is uncertain whether such processes would generate sufficient ULVZ
materials to explain the widespread distribution observed in our results. Alternatively, compositionally distinct
ULVZs may be associated with fractional crystallization of an ancient BMO (Section 1; Boukare et al., 2015;
Labrosse et al., 2007). The remaining melt could be enriched in iron, thereby leading to BMO remnants that may
have a higher intrinsic density and a lower viscosity compared to the surrounding mantle. However, if ULVZs
outside LLVPs are associated with BMO materials, a mechanism is needed to keep the BMO from being

Figure 9. Synthetic DAS results for different UHVZ models. Results are based on the event-station records in robust Bins 944 and 2273. For each bin, the rows

correspond to different UHVZ thicknesses (UHVZ_TH), and the columns correspond to different UHVZ 8V, and 6V values, as labeled. Black lines in each panel show
the computed double-array stack, while red and gray lines denote synthetic DAS results for each tested ULVZ thickness. The red line highlights the best-fit synthetic
(based on RMS error) to the UHVZ-based DAS result. The best-fit ULVZ thickness (ULVZ_H), the percent improvement in fit compared to PREM (Improve), and the

best-fit RMS error (RMS) are also listed.
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Figure 10. Comparison of results with Hansen et al. (2023). Circles and
squares indicate bins showing “robust” and “uncertain” ULVZ evidence,
respectively, in each study. Orange and cyan symbols are from the current
study, while yellow and green symbols are from Hansen et al. (2023; H23).
Pink and purple diamonds indicate bins from the current study classified as
“complex” and “ULVZ+,” respectively. Background is the GLAD-M25 P-
wave tomography model (Lei et al., 2020) at 2800 km depth, with LLVP
boundaries denoted by dashed purple lines. The study region is associated
with a seismically fast, presumably cool, portion of the lowermost mantle.
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Figure 11. Synthetic DAS results from an example two-layer ULVZ model.

Event-station records and corresponding weights from a robust bin (Bin
2281) were used to generate synthetic PcP waveforms for a two-layer ULVZ
model, with the thicknesses and parameters indicated in the panel. These
synthetic waveforms were then processed with the same DAS technique
described in Section 2.5 (assuming a single-layer ULVZ with 8V, = —10%,
8Vg = —30%, and 8p = +10%). The first peak well-matches the thickness of
the layer closest to the CMB; however, the slower V;, and V¢ of the assumed
structure compared to that in the top layer causes the second peak to shift to a
shallower mantle depth than that specified in the input model.

completely advected into the LLVP regions after billions of years of mantle
convection (Li et al., 2017; McNamara et al., 2010).

Subducted oceanic crust introduced into the lowermost mantle may instead
provide a compositionally unique source for our robust ULVZ observations
(e.g., Andrault et al., 2014; Dobson & Brodholt, 2005; Hansen et al., 2023;
Hirose et al., 1999, 2005; Ma et al., 2016, 2019; Su et al., 2024; Wolf
et al., 2024). Mantle convection simulations presented by Hansen
et al. (2023), for example, demonstrated how subducted materials can be
globally distributed throughout the lowermost mantle with variable concen-
trations. Subducted mid-ocean ridge basalt (MORB) is intrinsically denser
than the background mantle (e.g., Hirose et al., 2005), and numerous studies
have indicated that this material could segregate and accumulate on the CMB
(e.g., Brandenburg & van Keken, 2007; Christensen & Hofmann, 1994; Jones
et al., 2020; Li, 2021, 2023; Mulyukova et al., 2015; Tackley, 2011). How-
ever, the seismic characteristics of MORB in the deep mantle remain
controversial. Deschamps et al. (2012) and Wang et al. (2020), for example,
indicate that subducted oceanic crust would remain seismically fast, even
under lowermost mantle temperature and pressure conditions, and as such,
would not be compatible with ULVZs. Thomson et al. (2019), on the other
hand, suggested that phase transitions associated with CaSiO; perovskite
within subducted MORB could reduce the shear modulus, resulting in seis-
mically slow MORB assemblages in the deep mantle. However, it is uncertain
whether this process would lead to seismic velocity reductions as low as those
typically estimated for ULVZs. Jones et al. (2020) also argued that subducted
oceanic crust could be associated with seismically slow lower mantle
anomalies. They suggest that MORB accumulations along the CMB, stabi-
lized by their excess density, would be hotter than the surrounding mantle,
leading to reduced seismic velocity.

Our ULVZ+ and complex bins, which we were unable to model with our 1-D
synthetics (Section 3.1), may provide further insight on possible ULVZ ori-
gins. Extensive 3-D modeling would be needed to fully evaluate the broad
range of possible ULVZ parameters and configurations throughout the
southern hemisphere, which is not computationally feasible at the present
time (Jenkins et al., 2021). That said, the differences in ULVZ thickness
indicated by our robust bins suggest lateral ULVZ variability across the CMB.
The fact that many of the ULVZ+ and complex bins are interspersed with the
robust bins (Figures 6 and 10) may also suggest complicated, internal ULVZ
structure (e.g., Pachhai et al., 2023). For example, the two distinct peaks
displayed in our ULVZ+ bins may be reflections from a two-layered ULVZ
anomaly. Figure 11 shows synthetic DAS results based on an example two-
layer ULVZ model, and these are similar to some of our results shown in
Figure 5. Complex bins could suggest further heterogeneity, such as addi-
tional layering or a gradational velocity structure inside the ULVZs (e.g.,
Thybo et al., 2003; Idehara, 2011; Pachhai et al., 2015, 2022a; Ross
et al., 2004; Rost et al., 2006; Hernlund & Jellinek, 2010), though we cannot
rule out the possibility of other anomalous material in the lowermost mantle.

Some prior studies have suggested that layered or gradational velocities
within ULVZs could be associated with localized partial melt. Pachhai
et al. (2015), for example, examined the lowermost mantle beneath the
Tasman Sea, and they suggested that their imaged ULVZ displays a decrease
in seismic velocities with depth. They attribute this variable structure to
partially molten iron-enriched material with a higher melt fraction closer to
the CMB. Thybo et al. (2003) advocated for a similar two-layer ULVZ
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structure beneath Siberia, with a dense, melt-rich layer at its base. Rost et al. (2006), on the other hand, suggested
that the ULVZ they imaged east of Australia is best modeled by an increase in seismic velocity with depth. They
attributed this positive velocity gradient to a change in the melt texture, with pockets of melt closer to the CMB.
Hernlund and Jellinek (2010) similarly advocated for positive velocity gradients within ULVZs, caused by dense
melt that remains suspended above the CMB due to mantle stirring. Localized partial melting could result from
phase transitions of certain lower mantle minerals. For example, Hirose (2006) suggested partial melt along the
CMB could result from latent heat released by the exothermic change from perovskite to post-perovskite, which
could destabilize the thermal boundary layer at the base of the mantle. However, this phase transition typically
occurs 200-300 km above the CMB (e.g., Hirose et al., 2006; Murakami et al., 2004; Ono et al., 2005), and
Tackley et al. (2007) indicate it only provides a slight temperature increase. Partial melt could instead be
generated by viscous heating in the lowermost mantle (Steinbach & Yuen, 1999), though it has been questioned
if such viscous forces could generate sufficient partial melt to explain seismic observations (Dannberg
et al., 2021).

Alternatively, it has been consistently shown that subducted oceanic crust has a solidus melting temperature that
is ~250 K lower than the expected CMB temperature conditions (~4000 K; e.g., Andrault et al., 2014; Hirose
et al., 1999; Pradhan et al., 2015). Hydrated, subducted oceanic sediments and lithosphere could also lower
solidus melting temperatures (Litasov & Ohtani, 2005). Further, Li (2020) suggested that subducting slabs may
promote the formation of hot, ridge-like thermal anomalies near the CMB, which could also lead to localized
partial melting, even in relatively cool portions of the lowermost mantle. Partially molten subducted MORB,
which would have significantly reduced seismic velocities (e.g., Williams & Garnero, 1996) and increased
density (e.g., Hirose et al., 2005) compared to the surrounding lowermost mantle, could be advected by
convective flow, moving it away from regions of mantle downwelling (i.e., subduction zones) and toward those of
mantle upwelling (i.e., LLVPs; Hernlund & Bonati, 2019; Hansen et al., 2023; Li, 2021, 2023). Accumulations of
subducted oceanic crust with different sizes and shapes, as well as different degrees of partial melting, could
explain the range of ULVZ thicknesses observed in our robust results as well as the 3-D structure inferred from
our ULVZ+ and complex bins. Since our study region is positioned between subduction zones and the LLVPs
(Section 1), the ULVZs we have identified may be migrating across the CMB.

5. Conclusions

By analyzing PcP waveforms recorded by stations across Antarctica, our study has significantly expanded ULVZ
investigations beneath the southern hemisphere. Also, from a global perspective, the examined, modeled bins
have added ~3.5% new CMB coverage compared to prior ULVZ investigations (Yu & Garnero, 2018). Our DAS
results suggest widespread, variable ULVZ structure that, in some locations, can be robustly modeled by 1-D
synthetics. However, other portions of the study region show evidence for complicated structure, which may
reflect layered or gradational ULVZs. Our findings are consistent with those of Hansen et al. (2023), who
suggested that ULVZs can be predominantly explained by variable accumulations of subducted oceanic crust with
partial melting in the lowermost mantle.

Data Availability Statement

The facilities of SAGE Data Services, particularly the SAGE Data Management Center, were used to access the
waveforms and related metadata used in this project (http://ds.iris.edu/mda/). Specifically, the following data sets
were employed in our analysis: Alfred Wegener Institute for Polar and Marine Research (1993); Anandak-
rishnan (1997); Anandakrishnan et al. (2000); ASL/USGS (1993, 2014); Aster and Kyle (1996, 1999, 2007);
Bascou and Barruol (2015); Brisbourne et al. (2016); GEOFON Data Centre (1993); Hansen (2012); Herbert and
Data Group (2016); Holland and Bindschadler (2012); IPGP and EOST (1982); Istituto Nazionale di Ocean-
ografia e di Geofisica Sperimentale (1992); MedNet Project Partner Institutions (1990); Okal and Mac-
Ayeal (2003); Parker and Beaudoin (2007); Wiens (1997); Wiens et al. (2007, 2014); Wiens and Nyblade (2007).
Further details are provided in Table S1 in Supporting Information S1. SAGE Data Services are funded through
the Seismological Facilities for the Advancement of Geoscience (SAGE) Award of the National Science
Foundation under Cooperative Support Agreement EAR-1851048. Some figures were generated with the Generic
Mapping Tools software (Wessel et al., 2013).
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