
1.  Introduction
The lower boundary layer of Earth's mantle, also called D′′, has different seismic properties than the bulk of 
the lower mantle (e.g., Kawai & Tsuchiya,  2009; Lay et  al.,  2006; Panning & Romanowicz,  2006; Wenk & 
Romanowicz, 2017; Wookey et al., 2005). These distinct properties are likely influenced by heat flux across 
the core-mantle boundary (CMB; e.g., Hernlund et al., 2005), possible chemical heterogeneity (e.g., Trampert 
et al., 2004), and by the details of lowermost mantle mineralogy (e.g., Murakami et al., 2004) and dynamics 
(e.g., Nowacki & Cottaar, 2021). The most prominent large-scale features in the lower mantle are the two antip-
odal large low velocity provinces (LLVPs) which show shear velocity reductions of up to ∼4% compared to 
the mantle average (e.g., Dziewonski et al., 2010; French & Romanowicz, 2014). While the precise nature of 
these large features is poorly understood (e.g., Davaille & Romanowicz, 2020; Davies et al., 2015; Koelemeijer 
et  al.,  2017), they are thought to have played a significant role in Earth's evolution (e.g., Burke et  al., 2008; 
Steinberger et al., 2019; Wolf & Evans, 2022). For example, they have been suggested to significantly influence 
convective processes in the mantle (e.g., McNamara et al., 2010), plumes have been suggested to be preferentially 
found at their edges (e.g., Burke et al., 2008), and they may be important for our understanding of the superconti-
nent cycle (e.g., Wolf & Evans, 2022). It has been suggested that seismic anisotropy (i.e., directionally dependent 
wave propagation) is particularly likely to occur in the lowermost mantle at the edges of LLVPs (e.g., Cottaar & 
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Romanowicz, 2013; Deng et al., 2017; Reiss et al., 2019). This may reflect strong deformation, perhaps due to 
mantle flow impinging on their sides (e.g., M. Li & Zhong, 2017; McNamara et al., 2010), or to due the genera-
tion of mantle plumes (e.g., Burke et al., 2008). Additionally, thin ultralow velocity zones (ULVZs) just above the 
CMB have been shown to cluster within or along the edges of LLVPs, although they are also present elsewhere 
(e.g., Yu & Garnero, 2018). The presence of both ULVZs and anisotropy at LLVP edges likely reveal information 
about deep mantle dynamics. However, these two phenomena are typically investigated separately.

While there is overwhelming evidence for the presence of ULVZs at the base of the mantle, no scientific consen-
sus has been reached about their origin and composition. It has been suggested that iron from Earth's outer core 
may be responsible for their presence, either driven to the mantle by diffusion (e.g., Lesher et al., 2020) or via 
morphological instabilities (Otsuka & Karato, 2012). Alternatively, enrichment of iron in ferropericlase could 
explain the ultralow velocities (e.g., Finkelstein et al., 2018; Lai et al., 2022). The presence of partial melt has 
also been suggested as an explanation for ULVZs (e.g., Ferrick & Korenaga, 2023; Lay et al., 2004; Yuan & 
Romanowicz, 2017), although it is imperfectly understood how melt pockets just above the CMB can stay stable 
over geological time scales (e.g., Dannberg et  al.,  2021; Hernlund & Jellinek, 2010). If ULVZs are made of 
solid material, they could be remnants of an early molten magma ocean (e.g., Labrosse et al., 2008; Pachhai 
et  al.,  2022). While it is likely that the present-day locations of ULVZs are connected to patterns of mantle 
convection, this potential connection is still being actively investigated (e.g., Hernlund & Bonati, 2019; M. Li 
et al., 2017; McNamara et al., 2010). For example, mantle flow has been suggested to converge at LLVP edges 
(e.g., McNamara et al., 2010). If ULVZs can become entrained in mantle flow as suggested by some geody-
namical models, they may therefore be driven towards the edges of LLVPs (e.g., M. Li et al., 2017; McNamara 
et al., 2010).

The presence of seismic anisotropy is a relatively direct indicator of mantle deformation (e.g., Long & 
Becker, 2010; Long & Silver, 2009; Wenk & Romanowicz, 2017). Measurements of lowermost mantle anisotropy 
have been explained by slab-driven flow (e.g., Asplet et al., 2020, 2023; Creasy et al., 2021; Nowacki et al., 2010; 
Wolf & Long, 2022), or upwelling flow at the bottom of mantle plumes (e.g., Ford et al., 2015; Wolf et al., 2019). 
It has also been demonstrated that lowermost mantle anisotropy can often be found close to the edges of the two 
LLVPs (e.g., Cottaar & Romanowicz, 2013; Deng et al., 2017; Lynner & Long, 2014; Reiss et al., 2019; Wang & 
Wen, 2004), indicating a likely change in mantle flow direction and/or a concentration of deformation, potentially 
connected to a rheological contrast. Because observations of both lowermost mantle anisotropy and ULVZs have 
been made at LLVP edges, their potential co-occurence may shed light on dynamic processes operating at the 
edges of LLVP structures.

A possible approach towards studying spatially coincident ULVZs and deep mantle seismic anisotropy is the anal-
ysis of S waves that are diffracted along the CMB (Sdiff waves; Figure 1a). Sdiff waves are often used for the detec-
tion and characterization of ULVZs (e.g., Cottaar & Romanowicz, 2012; Kim et al., 2020; Z. Li et al., 2022; Yuan 
& Romanowicz, 2017) as well as seismic anisotropy (e.g., Cottaar & Romanowicz, 2013; Wolf & Long, 2022; 
Wolf, Long, et al., 2023). For both approaches, the use of data from densely spaced seismic arrays has been 
proven to be advantageous (e.g., Z. Li et al., 2022; Wolf, Frost, et al., 2023). Array stacks can make visible signals 
that are arriving after the main Sdiff phase, known as postcursors. The moveout of such postcursors as a function 
of azimuth can reveal the location and the properties of ULVZs (e.g., Cottaar & Romanowicz, 2012; Cottaar 
et al., 2022; Z. Li et al., 2022). Additionally, the use of array data has been shown to be helpful when accounting 
for effects of upper mantle anisotropy (e.g., Wolf, Frost, et al., 2023; Wolf, Long, et al., 2023). In addition to Sdiff 
data, the use of S/ScS waves at long distances, shortly before they start to turn into Sdiff (Figure 1a), has proven to 
be useful for analyzing ULVZs (e.g., Lai et al., 2022). In this study, we analyze such S/ScS waves together with 
Sdiff for epicentral distances >95°, and refer to the composite phase as S* (following Lai et al. (2022)).

Here we investigate potentially co-located ULVZ structure and lowermost mantle anisotropy beneath the central 
Pacific Ocean, to the southeast of Hawaii, using S* phases. We target a region at the eastern edge of the Pacific 
LLVP that has previously been suggested to host ULVZ material. Based on the analysis and modeling of S* 
phases, we suggest the presence of a widespread, thin low-velocity layer just above the CMB in our study region, 
possibly associated with the base of the Pacific LLVP itself. We also find evidence for two distinct ULVZs, one 
of which has not been detected previously. We identify evidence for lowermost mantle anisotropy for a portion of 
the Sdiff raypaths that sample across the LLVP edge; this anisotropy is spatially approximately co-incident with 
ULVZ structure. Measurements of splitting parameters due to lowermost mantle anisotropy allow us to analyze 
the plausibility of different mantle flow scenarios close to ULVZs and the LLVP edge.

Writing – original draft: Jonathan Wolf
Writing – review & editing: Jonathan 
Wolf, Maureen D. Long

 15252027, 2023, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

C
010853, W

iley O
nline L

ibrary on [07/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geochemistry, Geophysics, Geosystems

WOLF AND LONG

10.1029/2022GC010853

3 of 20

2.  Study Region
Our study region is to the southeast of Hawaii, at the edge of the Pacific LLVP. Figure 1c shows the raypath 
coverage and the locations of previously detected ULVZ structure in this region (Lai et al., 2022; Sun et al., 2019; 
Yu & Garnero, 2018), in addition to the low velocity features mapped by Jenkins et al.  (2021). Early studies 
using core-reflected P waves suggested a ∼10 km thick basal layer with velocity reductions of approximately 
10% in our study region (e.g., Mori & Helmberger, 1995; Revenaugh & Meyer, 1997). Later studies used ScS 
waves to map more detailed structure (e.g., Avants et al., 2006; Hutko et al., 2009; Lay et al., 2006), arguing for 
more dramatic S- than P-wave velocity reductions. Recently, Jenkins et al. (2021) provided a more comprehen-
sive picture of ULVZ structure throughout the region, suggesting either decreasing seismic velocities and/or 
an increasing ULVZ thickness moving towards the LLVP edge from its center. Other recent studies identifying 
individual ULVZs in our study region are from Sun et al. (2019) and Lai et al. (2022). Lai et al. (2022) used data 
from event 1 (Figure 1c) that we also analyze in our study, although they focused on longer periods (5–80 s).

The presence of lowermost mantle anisotropy in our study region has been previously suggested by some early 
studies that investigated differential SHdiff-SVdiff travel times (e.g., Ritsema et al., 1998; Vinnik et al., 1995, 1998). 
Another study used S and ScS waves to map radial anisotropy in our study region, finding VSV > VSH 200–400 km 
above the CMB (Kawai & Geller, 2010). However, no previous study has directly measured fast polarization 
directions of deep mantle anisotropy in our region of interest. Here we take advantage of newly developed strat-
egies for measuring the splitting parameters of Sdiff phases (Wolf, Long, et al., 2023) to place tighter constraints 
on the geometry of deep mantle anisotropy in the region.

Figure 1.  Source-receiver configuration used in this study. Sources are shown as colored stars and receivers as black circles. 
(a) Schematic cross-section showing the S (red line) and ScS (orange line) raypaths for an epicentral distance of 95° as well 
as the Sdiff (violet line) and SKS (pink line) raypaths for a distance of 110°. (b) Explanation of the fast polarization direction 
ϕ′ (similar to Nowacki et al. (2010)), projected to the lowermost mantle (purple angle). The quasi S wave, aligned with the 
fast polarization direction, is shown in blue color. Vertical fast polarization directions are indicated by ϕ ≈ 0° and horizontal 
fast polarization directions by ϕ ≈ 90°. (c) Source-receiver setup for Ultralow velocity zone (ULVZ) detection. Raypaths 
for event 1 (yellow star) are shown as gray lines (dark gray where Sdiff travels along the CMB, and light gray otherwise). 
Blue dashed lines indicate azimuths in 5° steps, starting from 45° for the northernmost line. The Pacific large low velocity 
province in 2,700 km depth (as agreed by 3 out of 5 models in a cluster analysis by Cottaar and Lekic (2016)) is shown in 
pink. Red dots show locations and extent of previously suggested ULVZs in or close to our study region, compiled by Yu 
and Garnero (2018). We also added the ULVZs from Lai et al. (2022) and Sun et al. (2019) to this selection. Turquoise color 
shows those regions for which Jenkins et al. (2021) inferred shear velocity reductions >5% assuming an ULVZ thickness of 
10 km. (d) Same plotting conventions as in panel (a) for event 2 (orange), which is used for the detection of lowermost mantle 
anisotropy. The location of event 3 is indicated by a red star.
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3.  Data and Methods
3.1.  Event Selection

In this study, we analyze recordings of deep and intermediate events that occurred in (or close to) the Tonga 
subduction zone, which are in the right distance range for the study of our target region using the dense USArray 
(IRIS Transportable Array, 2003) as well as other nearby stations. USArray consisted of hundreds of broadband 
seismometers that were moved from west to east across the contiguous United States between 2007 and 2013. 
First, we create a list of 27 candidate events (Table S1 in Supporting Information S1) that have a high likelihood 
of providing high-quality data, based on moment magnitude (preferably around ∼6.5) and depth (>100 km). We 
prefer deep events because they are unlikely to be strongly influenced by source-side anisotropy; furthermore, 
postcursors for our ULVZ analysis are most likely to be visible for large events with simple source-time functions, 
as is often the case with deep events. After an initial visual quality control step, we display data for each event as 
a function of distance and/or azimuth, stacked in 0.5° to 1.5° azimuth or distance bins (dependent on number of 
data), similar to Figures 2 and 3. While the number of traces contributing to each bin varies, the average number 
of traces is always larger than 25. For our ULVZ analysis, we look for generally high-quality transverse compo-
nent (SH) data that show typical S* postcursors as a function of azimuth on the transverse components, indi-
cating the presence of ULVZs (e.g., Cottaar & Romanowicz, 2012). The data from event 1 (Figure 1c) show an 
outstandingly clear main S* signal with signal-to-noise ratios (SNRs) that are >10 across most stations compared 
to pre-event noise, and unambiguous postcursors (Figure 2a). While for many events the data are too noisy to 
reliably characterize S* postcursors, we do identify several additional events with clear S* signals that show simi-
lar postcursors, but less clearly (Figures S1–S3 in Supporting Information S1). Because of its exceptional signal 
quality, we focus on data from event 1 for our ULVZ analysis.

For the analysis of deep mantle seismic anisotropy, we follow the proposed Sdiff splitting strategy from Wolf, 
Long, et al. (2023), which relies on the comparison of splitting from SKS and Sdiff phases (Figure 1a) to identify 
deep mantle anisotropy. The Sdiff splitting strategy includes two steps to ensure that the measured Sdiff splitting 
can in fact be attributed to seismic anisotropy in the lowermost mantle or on the receiver side. The first step is to 
show that the Sdiff waves under study do not sample strong upper mantle anisotropy on the source side, leading to 
splitting intensities (Equation 4, discussed in detail below) larger than 1. To ensure this, we search for events with 
focal depths >300 km. While Sdiff from such events may realistically sample some source-side anisotropy, the 
contribution is unlikely to be strong (e.g., Foley & Long, 2011; Lynner & Long, 2015). Second, it must be guar-
anteed that Sdiff for the event would be almost perfectly SH-polarized in absence of seismic anisotropy because 
otherwise differential SHdiff-SVdiff travel times may be accumulated in isotropic structure, potentially resembling 
splitting (Borgeaud et al., 2016; Komatitsch et al., 2010; Parisi et al., 2018). Upon diffraction, when S and ScS 
combine to a single phase, their radial amplitudes are approximately opposite, which is why usually SVdiff energy 
is lost in the process (Wolf, Long, et al., 2023). Therefore, it is likely that Sdiff is substantially SH-polarized. 
However, how much SVdiff energy survives does not only depend on the focal mechanism but also on the lower-
most mantle velocity structure, which is why it is necessary to test this via global wavefield simulations (Wolf, 
Long, et al., 2023) using the best moment tensor estimate (Ekström et al., 2012). For the Sdiff splitting analysis, 
the main factor why events are discarded is not the SNR (as for the ULVZ analysis) but the requirement for Sdiff 
to be almost perfectly SH-polarized in the absence of seismic anisotropy along the raypath.

The only event that fulfills these criteria and exhibits high-quality Sdiff signals with SNRs >3 across most seismo-
grams is event 2 (Figures 1d and 3). However, due to its strong SH initial source polarization, SKS phases for this 
event are noisy in the azimuth range of interest; therefore, we also analyze SKS for a third event (event 3), which 
exhbits SNRs >4 for most SKS waves, to better resolve receiver-side upper mantle anisotropy. Event 3 is chosen 
because it occurred at a similar location and with similar timing (less than a month later) as event 2. Therefore, 
events 2 and 3 have been recorded at a very similar selection of Transportable Array stations. The similar timing 
of events 2 and 3 allows us to account for the potential effects of upper mantle anisotropy, discussed further in 
Section 5.3. We use all available stations (mostly from USArray) located at an appropriate epicentral distance and 
azimuth that were installed at the time that events 2 and 3 occurred and only discard obviously corrupted data.

3.2.  Global Wavefield Simulations

For the analysis of ULVZ postcursors of S* phases from event 1, we conduct 3D waveform modeling with 
AxiSEM3D (Leng et al., 2016, 2019), computing simulations down to periods of ∼4 s. Our general approach 
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to model setup and parameterization is similar to our approach in previous work for simulations that include 
lowermost mantle anisotropy and ULVZ structure (e.g., Wolf et  al.,  2022b; Wolf, Frost, et  al.,  2023; Wolf, 
Long, et al., 2023). As in this previous work, our background model is always isotropic PREM (Dziewonski 
& Anderson, 1981), and for certain simulations we replace the PREM mantle with the 3D tomographic model 

Figure 2.  (a–c) Real and (d–i) synthetic velocity seismograms for event 1, stacked as a function of (a, b, d, e, g, and h) azimuth and (c, f, and g) distance, after 
alignment to the minimum transverse amplitudes. Individual waveforms are shown as gray lines and stacks as black lines. Approximate S* arrivals are shown 
by vertical red lines. (a) Transverse component seismograms with three different postcursors (see legend), bandpass-filtered between 5 and 20 s. One postcursor 
was modeled as Ultralow velocity zone (ULVZ) structure by Lai et al. (2022), while postcursors 1 and 2 indicate potentially unknown ULVZ structure. (b) Radial 
components, processed like the transverse components in (a). Radial component amplitudes (blue shading) increase for more northerly azimuths (c) Transverse 
component seismograms displayed as a function of distance after bandpass-filtering retaining periods between 4 and 10 s. The large second downswing is marked 
by orange shading. (d–f) Same as (a–c) for GyPSuM (Simmons et al., 2010) synthetics with a PREM background model. (g–i) Same as (a–c) for PREM background 
model. Postcursors are not reproduced in the synthetic seismograms (a, d, and g); neither is the distance dependent behavior of the real data (c, f, and i). For event 1, an 
average of 36 traces contributes to each azimuth bin and an average of 52 traces to each distance bin.
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GyPSuM (Simmons et al., 2010). For all our simulations we include Earth's ellipticity and (PREM) attenuation. 
We use focal mechanisms as reported by the Global CMT Catalog (Ekström et  al.,  2012). However, in this 
work we need to be particularly aware of computational efficiency; AxiSEM3D expands the wavefield along the 
azimuthal direction using a Fourier basis, giving the user the option to choose the maximum Fourier expansion 
order Nu (Leng et  al.,  2016). For models that include complex, small-scale structures, a high Fourier expan-
sion order is required to adequately represent the wavefield. In our simulations, we first select lower Nu values 
(<300) to make an educated guess about likely ULVZ positions and properties. Then, we perform more expen-
sive simulations for higher Nu (up to 1,000), while making full use of the incorporated wavefield learning tool 
in AxiSEM3D (Leng et al., 2019) for similar simulations. We always ensure that the selected Nu values are large 
enough by checking that all Nu in the wavefield output are lower than the maximum constant Nu used in the 
learning simulation, or by benchmarking each type of simulations against higher Nu values. We also ensure that 
the mesh is able to accurately capture the structures we incorporate. Using our maximum available allocation 
on the Grace cluster at Yale University (1,000 CPUs in parallel; more only in rare exceptions), we are able to 

Figure 3.  Real (a: transverse; b: radial) and synthetic (c: transverse; d: radial) velocity seismograms for event 2. Plotting conventions are similar to Figure 2. Red solid 
lines indicate the approximate Sdiff arrival times. Synthetics were computed for GyPSuM synthetics with a PREM background model. Clearly discernible radial energy 
arrives on the radial components of the real data seismograms (b) while radial energy is almost absent between azimuths 45° and 53° (pink shading) for the synthetic 
seismograms (d). For event 2, an average of 28 traces contribute to each azimuth bin.
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reliably perform fully 3D global wavefield simulations down to periods 5 s to investigate the S* postcursors for 
event 1 (Figure 2a). To investigate the distance-dependent behavior of S and Sdiff waves (Figure 2d), which can 
be observed in a period band between 4 and 10 s, we have to rely on (mostly) axisymmetric input models (using 
PREM with a global low velocity layer; see Section 5.1). These axisymmetric simulations are >100 times faster 
to run than simulations with 3D ULVZs. Only for a small subset of simulations can we compute synthetic wave-
forms down to 4 s incorporating 3D velocity structure.

3.3.  Shear-Wave Splitting Measurements

The analysis of shear-wave splitting is largely independent of our analysis of possible ULVZ structure. For the 
measurement of deep mantle anisotropy we analyze shear wave splitting of events 2 and 3, while event 1 is used to 
infer ULVZ structure. A shear wave that travels through an anisotropic medium splits into two quasi shear waves, 
one slow and one fast. If the incoming harmonic wave is SV-polarized (e.g., SKS), ω is the angular frequency and 
t is time, assuming that ωt ≪ 1, the radial component R(t) can be written

𝑅𝑅(𝑡𝑡) ≃ cos𝜔𝜔𝜔𝜔� (1)

(Silver & Chan, 1991; Vinnik et al., 1989). When the wave has traveled through an anisotropic medium, the 
transverse component can then be expressed as

� (�) ≃ −0.5��� sin 2(� − �)sin�� = 0.5��� sin 2(� − �)�′(�),� (2)

where R′(t) is the radial component time derivative, δt is the time lag between the fast and slow traveling quasi 
S-wave, ϕ is the polarization direction of the fast traveling wave, and α the initial polarization direction of the 
incoming wave (equivalent to the backazimuthal direction). The fast polarization direction ϕ is measured clock-
wise from the north, while ϕ′ denotes the same quantity measured clockwise from the backazimuthal direction 
(Nowacki et al., 2010). The schematic illustration of ϕ′ in Figure 1b shows that ϕ′ ≈ 0° corresponds to verti-
cal and ϕ′ ≈ 90° to horizontal fast polarization directions of lowermost mantle anisotropy. A related quantity, 
called splitting intensity (Chevrot, 2000), related to the splitting delay time and thus the strength of splitting, is 
defined  as

���� = −2
� (�)�′(�)
|�′(�)|2

≈ �� sin(2(� − �))� (3)

for SKS. For Sdiff waves that can be assumed to be initially SH-polarized (as we use in our study), we calculate 
the splitting intensity following Wolf, Long, et al. (2023), using the formula

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = −2
𝑅𝑅(𝑡𝑡)𝑇𝑇 ′(𝑡𝑡)

|𝑇𝑇 ′(𝑡𝑡)|2
,� (4)

where T′(t) is the transverse component time derivative.

To estimate the splitting parameters (ϕ, δt; SI) we use SplitRacer (Reiss & Rümpker, 2017), a graphical user 
interface implemented into MATLAB. SplitRacer calculates splitting parameters for multiple time windows 
(we always choose 50) using the transverse component minimization technique (Silver & Chan,  1991). The 
corresponding 95% confidence intervals are estimated using the corrected algorithm of Walsh et al. (2013). We 
use a modified version of SplitRacer that calculates ϕ′ instead of ϕ and measures Sdiff splitting according to 
Equation 4. We also switch the radial and transverse component to measure Sdiff splitting. We call the fast polar-
ization direction obtained this way ϕ″, which equals 90° − ϕ′ (Wolf, Long, et al., 2023).

4.  Results: Waveform Characteristics
The data from events 1 and 2, which we use to constrain ULVZ structure and anisotropy, respectively, are 
shown in Figures 2 and 3. The data from event 1 exhibit several features that are not reproduced in synthetics for 
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simple models, either for PREM (Dziewonski & Anderson, 1981; Figures 2g–2i) nor for the 3D tomographic 
model GyPSuM (Simmons et al., 2010; Figures 2d–2f). These data characteristics are as follows (Figure 2):

1.	 �A prominent S* postcursor, visible directly after the S* phase and modeled as being due to an ULVZ by 
Lai et al. (2022), is (marked with a pink box in Figure 2a). As this waveform feature has been modeled and 
explained before, we do not focus on it in our analysis. To model this postcursor, we would have to add one 
additional ULVZ to our simulations; this would have little to no influence of the other modeled postcursors 
and would be unlikely to add more insights beyond the results of Lai et al. (2022).

2.	 �Two postcursors with hyperbolic moveout are marked in blue and green in Figure 2a. Because these postcur-
sors may indicate previously undetected ULVZ structures, we focus our modeling on these features. The ULVZ 
will be located approximately at the azimuth at which the postcursor arrives closest in time after the main Sdiff 
arrival. This azimuth differs greatly for both hyperbolic postcursors, such that they cannot be explained by a 
single ultralow velocity structure. Instead, multiple ULVZ regions are needed to produce both features.

3.	 �When filtering the data with a center frequency of 7  s, the real data (Figure 2c) look very different from 
the PREM/GyPSuM synthetic data as a function of distance (Figures 2f and 2i), especially for an epicentral 
distance >95°, shortly before S starts to turn into Sdiff. The most prominent feature of the waveforms is that 
for S* the second downswing (orange shading in Figure 2c) is the larger than the first, opposite to what is 
predicted from the synthetics (Figures 2f and 2g).

4.	 �The radial component of the main Sdiff arrival becomes larger with more northerly (i.e., smaller) azimuths 
(blue shading in Figure 2b). While some of this energy can likely be explained as being due to the initial 
source polarization (Figures 2e and 2h), we speculate that it could also partially be due to deep mantle aniso-
tropy (and will test this possibility in detail using data from event 2).

For the analysis of seismic anisotropy we focus on longer periods (8–25 s) than for our ULVZ investigation. At 
these periods, the transverse components for event 2 (Figure 3a) do not show postcursors, although faint post-
cursors can be detected for this event when the data are bandpass-filtered retaining periods between 6 and 20 s 
(Figure S1 in Supporting Information S1). Event 2 was chosen because Sdiff waves for this event can be expected 
to be almost perfectly SH-polarized, especially at more northerly azimuths (Figures 3c and 3d). However, radial 
components from event 2 show clear Sdiff arrivals for azimuths between 45° and 52°, indicating splitting along the 
raypath, possibly due to the presence of lowermost mantle anisotropy.

5.  Results: Forward Modeling
5.1.  Thin, Broad Low Velocity Layer

The distance-dependent behavior of the S and Sdiff data from event 1 is presented in Figures 2c and 4a. We focus 
on the main features, which we retrieve by stacking the data in 1.5° wide distance bins (Figure 4a). The data char-
acteristics that we strive to explain are: (a) the absence of substantial energy after the main S arrival for distances 
between ∼87°–95°, and (b) the presence of a large second downswing of S* for distances >95°, potentially 
indicating the arrival of postcursor energy that is interfering with the main S* arrival. Neither of these features 
is predicted by the simple synthetics, either for isotropic PREM or for the GyPSuM mantle model (Figure 4).

As previous observations suggest (Section 2), there may be lower than average seismic velocities just above the 
CMB in our study region. We therefore generate synthetics for a geographically widespread layer (modeled for 
simplicity as a global layer, which allows us to carry out axisymmetric simulations) with lower than average 
seismic velocities. We simulate wave propagation for layer thicknesses between 5 and 50 km, and for velocity 
reductions between 2% and 60%. While only velocity reductions in a relatively tight interval can explain the 
observations for a given thickness, there is a clear tradeoff between layer thickness and velocity reduction that 
makes it difficult to precisely constrain thickness and velocity reduction together (as we will discuss further 
in Section 6.1). In order to tightly constrain the best-fitting parameters, we adaptively sample our parameter 
space and run simulations in 5 km thickness increments and at most 5 km velocity reduction increments for 
a narrow parameter interval. Our preferred model to explain these data features is a widespread layer with a 
thickness of 5 km and a shear-wave velocity reduction of 14% compared to PREM. The corresponding PREM 
and PREM + GyPSuM synthetics are shown in Figures 4d and 4e. It is visually apparent that this low velocity 
layer is able to explain the aforementioned main data features. To more objectively assess the similarity of real 
and synthetic data, we cross-correlate the real and synthetic seismograms, for 55 s long time window around the 
predicted arrival time, all bandpass-filtered retaining periods between 4 and 10 s. The average cross-correlation 
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coefficients increase from 0.84 to 0.90 for PREM and from 0.83 to 0.87 for GyPSuM when incorporating this 
widespread low velocity feature.

5.2.  Two Regions Causing S* Postcursors

The postcursors that can be observed as a function of azimuth in the S* data from event 1 (Figure 2a) can be 
explained by the presence of two ULVZs, one of which located in the north and the other located in the south of 
our study region. The northern ULVZ identified by our modeling is co-located with previously observed ULVZ 
structure, while the southern ULVZ has not been mapped before (discussed further in Section 5.4). It is likely that 
these two ULVZ regions do not represent distinct features; rather, they are likely connected to the highly variable, 
low-velocity structure that has been identified previously throughout our study region (e.g., Avants et al., 2006; 
Jenkins et al., 2021). For our modeling we assume cylindrical ULVZ regions with a thickness of 10 km, which 
is within the range that has been previously suggested for our study region (e.g., Avants et al., 2006; Jenkins 
et al., 2021). We simulate velocity reductions from 10% to 60% and base area radii between 1° and 7°. The best 
fitting combination of size, velocity reduction and location for the two ULVZs are as follows:

•	 �Northern ULVZ: Shear-wave velocity reduction 20%; radius 3°; centered at (150°W, 8°N).
•	 �Southern ULVZ: Shear-wave velocity reduction 36%; radius 1°; centered at (139°W, 0.5°N).

The real data and the synthetic data, modeled for the aforementioned dimensions and velocity reduction of 
the ULVZs, are shown in Figure 5. Our model successfully captures the general features of both postcursors. 
However, the PREM synthetics (Figure 5b) match the real data (Figure 5a) better than the PREM + GyPSuM 
synthetics (Figure 5c) for the postcursor from the northern ULVZ. The reason for this is that the “shoulder” of the 
S* pulse is longer in time for the PREM synthetics, which approximates the real data more accurately. Changing 
the structure for the northern ULVZ would not change this fact, and would therefore not improve the fit for the 
PREM + GyPSuM background model. While our modeling has identified best-fitting ULVZ parameters for each 

Figure 4.  (a) Real and (b–e) synthetic transverse component velocity seismograms for event 1, displayed as function of distance. Plotting conventions for each panel 
are the same as in Figure 2c, except that single station seismograms are not shown. Synthetic data are shown for PREM (b and d) and GyPSuM input models (c and e) 
without (b and c) and with (d and e) the inclusion of a 5 km thick layer with velocity reductions of 14% compared to PREM (see insets). Cross-correlation coefficients 
are noted in the upper right corner.

 15252027, 2023, 6, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022G

C
010853, W

iley O
nline L

ibrary on [07/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Geochemistry, Geophysics, Geosystems

WOLF AND LONG

10.1029/2022GC010853

10 of 20

region, there are of course tradeoffs between the ULVZ dimensions and the velocity reductions; In lieu of provid-
ing quantitative confidence intervals, which would be too computationally expensive to obtain using our forward 
modeling approach, we provide a detailed discussion of tradeoffs between model parameters in Section 6.1.

5.3.  Lowermost Mantle Anisotropy

As demonstrated in Figure 3, Sdiff waves from event 2 show evidence for shear wave splitting, and thus the pres-
ence of seismic anisotropy, along their raypaths. In order to determine the location of the anisotropic structure 
along the raypath, and in particular to distinguish between anisotropy in the upper versus lowermost mantle, we 
stack SKS waves from event 2 as a function of azimuth in 1° azimuth bins (Figures 6a and 6b). SKS splitting 
is generally thought to mainly reflect upper mantle anisotropy because upper mantle splitting delay times are 
generally larger than delay times in the lower mantle (e.g., Panning & Romanowicz, 2006). In contrast to SKS, 
Sdiff has a long horizontal raypath through the deep mantle along which it can accumulate splitting, which is why 
Sdiff is sometimes strongly influenced by lowermost mantle anisotropy. If splitting of Sdiff occurs in the upper 
mantle beneath the seismic stations, SKS will be split too; therefore, differences in the splitting behavior of Sdiff 

Figure 5.  (a) Real and (b and c) synthetic transverse velocity seismograms for event 1, including both Ultralow velocity zones (ULVZs) (see inset). Plotting 
conventions for each subfigure are the same as in Figure 2a. Postcursors are only marked by dashed lines in panel a. (b) Synthetic seismograms for isotropic PREM as 
background model. (c) Same as (b) for PREM + GyPSuM. Inset: Geographical locations of modeled ULVZs (red circles). Pink colors mark the extent of the Pacific 
large low velocity province.
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versus SKS would indicate a contribution to Sdiff splitting from the lowermost mantle (Wolf, Long, et al., 2023). 
While there is no evidence for coherent energy split to the SKS transverse component, it is not entirely clear 
whether the apparent absence of splitting is robust considering the noise level (Figure 6b). It has been shown 
that a lack of visible splitting, even in the presence of anisotropy, can be caused by high noise levels (e.g., Wolf, 
Frost, et al., 2023). In order to further test this possibility, we additionally analyze the SKS signals from event 3 
(Figure 6b). Event 3 is chosen because it occurred at a similar location and with similar timing (less than a month 
later) as event 2 and was therefore recorded at almost the same set of Transportable Array stations. We stack the 
data in the same way as for event 2, only using stations that were also used for event 2. The stacks for event 3 
show a very low level of noise and only negligible coherent transverse component energy. This means that upper 
mantle anisotropy is likely laterally heterogeneous in all azimuth bins, averaging to ∼null splitting in the corre-
sponding stack (Wolf, Frost, et al., 2023). Because upper mantle anisotropy has only slight effects on the SKS 
stacks (Figure 6), the anisotropic signal for Sdiff (Figure 3) can be largely attributed to the presence of lowermost 
mantle anisotropy, and potentially unreliable explicit upper mantle anisotropy corrections (Wolf et al., 2022a) 
can be avoided.

Next, we measure the splitting intensity for each azimuth bin for Sdiff from event 2, as well as for SKS from events 
2 and 3 (Figure 7a). As expected from the waveform plots, SKS splitting measurements for events 2 and 3 are 

Figure 6.  (a and c) Radial and (b and d) transverse SKS velocity seismograms as a function of azimuth for (a and b) events 2 and (c and d) 3. Plotting conventions for 
each panel are similar to Figure 2a. Red solid lines indicate the approximate SKS arrival times, and blue shading marks arriving SKS transverse component energy. For 
events 2 and 3, an average of 28 traces contribute to each azimuth bin.
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very similar and almost null for the whole azimuth range. In contrast, Sdiff is clearly split for the azimuths between 
45° and 49°. We suspect that the apparent splitting measured from the SKS stacks of event 2 in the azimuth range 
49° to 54° is mainly due to noise, since the visible transverse energy in this azimuth range is not higher than the 
noise level (Figure 6a). We assume that the higher SNR data from event 3 produces more reliable SKS splitting 

Figure 7.
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measurements in this region; again, these show null results, and thus when 
compared to Sdiff splitting for event 2 argue for the presence of splitting due 
to lowermost mantle seismic anisotropy in this azimuth range too. While we 
view this possiblity as likely, we cannot make a definitive judgment about the 
presence of lowermost mantle anisotropy for  azimuths between 49° and 54° 
because of the potential SKS splitting seen for event 2. For azimuths >54°, 
we do not find evidence for the presence of lowermost mantle anisotropy. 
This implies that lowermost mantle anisotropy is likely absent; however, it 
possible that seismic anisotropy is sampled by Sdiff from a null direction, and 
cannot therefore be detected using data from a single azimuth.

In order to constrain the geometry of anisotropy in the lowermost mantle, 
we further analyze the Sdiff data over the azimuth range for which we have 
demonstrated the presence of lowermost mantle anisotropy (45° to 49°; 
Figure 7a). The radial components show a coherent signal in this azimuth 
range (Figure 3). Therefore, we decide to stack the data for the whole azimuth 
range to minimize noise (Figure  7b) and then measure the corresponding 
(laterally averaged) splitting parameters (Figure 7c). The corresponding split-
ting parameters are robust with δt ≈ 0.7 s and ϕ′ ≈ 20°, implying anisotropy 
in VSV > VSH geometry (Figure 7c).

5.4.  Synopsis: ULVZs and Seismic Anisotropy at the LLVP Edge

We display the overall results from our ULVZ and anisotropy analysis in 
Figure 8. Several aspects of the inferred geometry are notable. The northern 
ULVZ is located close to the region where Jenkins et al. (2021) also reported 
a patch of particularly low seismic velocities, although there is an uncer-
tainty associated with the location of our identified ULVZ (see dashed lines 
in Figure 8; this uncertainty is discussed further in Section 6.1). Therefore, 
it is likely that we are mapping the same feature as Jenkins et al. (2021) with 
similar dimensions but using a different seismic phase (Sdiff, as opposed to 
ScS). The southern ULVZ, which to our knowledge has not been detected 
before, is likely located either just at the edge of the Pacific LLVP or just 
inside of it. ULVZ structure is most easily visible in Sdiff data if characteristic 
postcursors can be observed, and previously detected ULVZ structure has 
mostly been mapped using different seismic phases with different sensitivity 
to lowermost mantle structure. Therefore, we do not consider the fact that we 
do not resolve all the structure mapped by Jenkins et al. (2021) as a contra-
diction to this previous work. However, we do not show all the features that 
Jenkins et  al.  (2021) show, probably  due to the different sensitivities with 
our method.

Our findings that a 5 km thin, continuous layer of low velocities can explain some patterns visible in our data and 
that other patterns indicate ∼10 km thick ultralow velocity features at the base of the mantle, do not contradict 
each other. For each of the analyses, we analyze different frequency ranges, bandpass-filtering our data between 
4–10 s and 5–20 s respectively. While the hyperbolic postcursors indicating two distinct ULVZs are also visible 

Figure 7.  Splitting results for the investigations of lowermost mantle anisotropy. (a) Splitting intensities as a function of azimuth for 1° azimuth stacks. Values for 
Sdiff are shown in black and for SKS in blue (event 2) and red (event 3). The gray shaded area indicates splitting intensities with lower absolute values than 0.3, which 
is practically indistinguishable from null splitting. Error bars indicate 95% confidence intervals. SKS and Sdiff are split differentially in the azimuth range 45° to 49° 
(indicating deep mantle anisotropy), potentially differentially split between 49° to 54° azimuth (potentially indicating deep mantle anisotropy) and only weakly split 
elsewhere (no evidence for deep mantle anisotropy). (b) Stacked velocity waveforms for azimuths 45° to 49°. The approximate Sdiff arrival is indicated by a solid red 
line. The start and end of 50 randomly selected time windows used for the splitting analysis are indicated by black lines. (c) Left: The best fitting splitting parameters 
are shown in the ϕ″ − δt-plane, with black color indicating the 95% confidence region, and the red cross indicating the best-fitting combination of values. Right: The 
upper diagram shows the particle motion for the stack, the lower diagrams for the waveforms that were corrected for splitting. The red lines in the diagrams indicate the 
backazimuthal direction.

Figure 8.  Summary map of Ultralow velocity zone (ULVZ) and anisotropy 
findings with similar plotting conventions as in Figure 1. (a) Events used in 
this study are shown as colored stars and stations as black circles. The Pacific 
large low velocity province is shown in pink, dark blue dots indicate the extent 
of previously suggested ULVZ structure (Lai et al., 2022; Sun et al., 2019; 
Yu & Garnero, 2018) and turquoise color shows those regions for which 
Jenkins et al. (2021) inferred shear velocity reductions >5% assuming a ULVZ 
thickness of 10 km (see legend). The ULVZs found in this study are plotted 
as solid light red circles, with their location uncertainty indicated by dashed 
lines (as discussed in Section 6.1). Raypath lengths of Sdiff along the CMB 
are shown in different colors, depending on whether shear-wave splitting due 
to deep mantle anisotropy has been detected (see legend). (b) Zoom-in to the 
study region using the same plotting conventions as in (a).
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in the frequency range between 4 and 10 s, they are visible less clearly. Similarly, the data features that we model 
to suggest a continuous layer of low velocities at the base of the mantle are also visible between 5 and 20 s, but 
are much less pronounced. A likely explanation for our findings is that there is a relatively continuous layer of 
low velocities just above the CMB in our study region, whose thickness and velocity reduction varies somewhat 
laterally. The two regions in which the thickness of this layer is the largest, or the velocity is the lowest, cause the 
two postcursors that we model in our data as two ULVZs. Therefore, distinguishing them as separate structures 
from the widespread low velocity layer is somewhat arbitrary, but agrees with the way that the term ULVZ has 
previously been used in the literature.

The two ULVZs found in this study are most likely not sampled by data from event 2 that we used to detect deep 
mantle anisotropy, although the northern ULVZ might be just at the edge of the anisotropic structure (Figure 8). 
However, the lowermost mantle anisotropy is strong for data that sample ULVZ structure mapped by Jenkins 
et al. (2021) and compiled by Yu and Garnero (2018) along much of their raypath (Figure 8). For raypaths in 
our study that do not sample any previously detected ULVZ structure, there is no evidence for lowermost mantle 
anisotropy.

6.  Discussion
6.1.  Tradeoffs Among Model Parameters

Our data suggest the presence of a broad and thin low velocity layer (velocities of −14%) at the base of the 
mantle in our study region, but there are likely tradeoffs between the inferred thickness and velocity reduction. 
We have shown that the distance-dependent S* behavior, indicative of such a layer, cannot be explained by 
a 3D tomographic model (Figure 2c), which includes modest velocity reductions (of a few percent) in LLVP 
regions. In order to understand the tradeoffs between model parameters, we investigated a series of models 
and found that models with a 10 km or 20 km thick layer and velocity reductions of 7.5% and 4% gives similar 
results to our preferred 5 km thick ULVZ layer. However, for these alternative models, the moveout of the 
S* phase as a function of distance looks dissimilar to the real data (Figure S4 in Supporting Information S1), 
leading to an average cross-correlation coefficient that is minimally lower (0.01–0.02). Additionally, a char-
acteristic “double pulse” that can be observed in the real data can be explained only by the presence of a thin 
and broad low-velocity layer (Figure S5 in Supporting Information S1). However, the layer could possibly be 
thinner than 5 km with a more drastic velocity reduction and still explain all the aforementioned features. A 
thinner layer would, however, be hard to resolve, given the sensitivity of Sdiff waves to structure just above the 
CMB at the analyzed frequencies (Z. Li et al., 2022). The suggestion that such a low velocity layer might exist 
globally just above the CMB, but that it is often invisible to seismic data, has been made before, most recently 
by Russell et al. (2022). In our case, event 1 provides exceptionally clear signals, allowing such a very thin 
low-velocity layer to be resolved. The quality of the other events analyzed for this study would not have been 
sufficient to find such a feature. As the general data characteristics that indicate the presence of this layer 
are present for the whole azimuth range (Figure S5 in Supporting Information S1), the data do not constrain 
its lateral boundaries. Because the location where S turns into Sdiff is well within  the LLVP boundaries, we 
cannot resolve with certainty whether this thin low-velocity layer extends beyond the LLVP border.

Our ULVZ modeling in this work has relied on the assumption that the ULVZ is cylindrical with a thickness of 
10 km. As is typical in ULVZ detection studies, neither the detailed shape nor the exact thickness of the ULVZ 
can be fully resolved with our data: ULVZ shape is unclear because we do not sample the ULVZs from multiple 
azimuths, while the ULVZ thickness will tradeoff completely with the velocity reduction needed to explain the 
postcursors. The free parameters that we are changing in our modeling are radius, velocity reduction and location 
of the ULVZ; however, the effects of all three parameters on the postcursors are not completely independent 
(e.g., Figures S6 and S7 in Supporting Information S1). We can resolve within one or two degrees the location of 
the ULVZ center in the direction perpendicular to the raypath, as this corresponds to the azimuths at which the 
precursors arrive with the smallest delay time behind the main Sdiff arrival. The location of the ULVZ in the direc-
tion along the S* raypaths is somewhat more difficult to resolve (as indicated by red dashed lines in Figure 8). 
We infer that the ULVZs are likely located where S turns into Sdiff or only shortly behind it, just inside the Pacific 
LLVP (Figure 8). This is because S phases for distances >95°, in addition to Sdiff phases, show the characteristic 
postcursors indicating the presence of ULVZ material.
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As discussed in Section 5.4, for raypaths that sample the eastern portion of our study region, we do not find 
evidence for the presence of lowermost mantle anisotropy (Figure 7a). The inferred deep mantle anisotropy is 
spatially coincident with previously mapped ULVZ structure (Figure 8). Moreover, while our stacking approach 
is excellent to suppress noise in order to retrieve well-constrained spatially integrated time delay and fast polar-
ization direction measurements (for azimuths 45°–49°), our use of stacking means that we are unable to resolve 
smaller scale changes of these splitting parameters.

6.2.  Geodynamic Implications

As mentioned above, our data do not allow us to precisely constrain where along the raypath through the lowermost 
mantle Sdiff waves sample lowermost mantle anisotropy. Seismic anisotropy could be located within the ULVZ struc-
ture (Figure 9a) or either inside (b) or outside (c) the edge of the ULVZ (or any combination of these). These three 
possibilities are not distinguishable with our data. Despite these limitations of our data, we can use these inferences to 
distinguish between geodynamic scenarios that are incompatible with our observations and those that are plausible.

Several different scenarios have been suggested to explain the presence of seismic anisotropy in D′′, including 
the lattice-preferred orientation (LPO) of lowermost mantle minerals such as post-perovskite, bridgmanite, and/
or ferropericlase (e.g., Creasy et al., 2020; Nowacki et al., 2011; Wookey et al., 2005) or the shape-preferred 
orientation (SPO) of materials with contrasting elastic properties (e.g., Kendall & Silver, 1998). Furthermore, 
several possible explanations for the presence of ULVZ material, including a liquid iron infiltrating the mantle 
from the core (Otsuka & Karato, 2012) and the presence of iron-rich ferropericlase (Finkelstein et al., 2018; Lai 
et al., 2022), have implications for anisotropic structure. If seismic anisotropy is caused by liquid iron that moved 
upwards from the outer core (e.g., Lesher et al., 2020; Otsuka & Karato, 2012), forming ULVZs and creating 
SPO, the material would likely be in a horizontally layered configuration parallel to the CMB. In this case 
VSH > VSV would be expected, which is the opposite of what we observe. In fact, we observe VSV > VSH, which is 
incompatible with such a horizontal layering. Our measurements of VSV > VSH agree with the anisotropy mapped 
by Kawai and Geller (2010) 200–400 km above the CMB in our study region.

A plausible scenario is that the inferred lowermost mantle anisotropy can be explained by LPO in the lower-
most mantle within or outside the LLVP (Figure 9a). In theory, measurements of deep mantle anisotropy split-
ting parameters can be used to constrain plausible flow scenarios if the anisotropy is due to LPO (e.g., Creasy 
et  al.,  2021; Ford et  al.,  2015; Pisconti et  al.,  2023; Wolf & Long,  2022). For such an exercise, however, it 
would be necessary to measure splitting parameters for multiple backazimuths and/or multiple phases (Creasy 
et al., 2019). Unfortunately, for our study region, we cannot identify high-quality Sdiff phases sampling the lower-
most mantle from different backazimuths. Neither is our study region suitable to infer deep mantle anisotropy 
using other commonly used phases like SK(K)S or ScS, due to the distribution of sources and receivers around 

Figure 9.  (a–c) Possible locations of deep mantle anisotropy and (d and e) geodynamic scenarios consistent with deep 
mantle anisotropy observations. Large low velocity province (LLVP) structure is schematically visualized by red color, 
structure outside the LLVP by blue color and Ultralow velocity zones (ULVZs) by dark red color. The Sdiff raypath through 
the lowermost mantle is displayed as a light blue line, and seismic anisotropy is indicated by pink color. Sdiff samples deep 
mantle anisotropy either (a) within the ULVZ structure, (b) within the LLVP and/or (c) outside of it. The measured splitting 
parameters (ϕ, δt) are consistent with (d) lattice-preferred orientation at any of these three locations and (e) with upwelling 
flow at the LLVP edge, entrapping partial melt.
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the Pacific. Therefore, while our measurements are generally compatible with seismic anisotropy due to LPO, we 
do not have enough information to constrain plausible directions of deformation and flow in this case.

If lowermost mantle anisotropy is caused by SPO of partial melt or solid material with very low seismic veloc-
ities, located outside of ULVZ structure, our observations are compatible with the entrainment of this material 
by upwelling flow (leading to VSV > VSH), perhaps at the edge of the LLVP. Such a material could, for example, 
originate from ULVZs and would have to be stretched in the vertical direction. This scenario would be compatible 
with the observation that mantle plumes are preferentially located at the edges of the two LLVPs (e.g., Torsvik 
et  al.,  2014). In fact, the lowermost mantle anisotropy is located approximately where Hassan et  al.  (2016) 
suggest the root of the plume giving rise to the Hawaiian-Emperor seamount chain is present. However, the 
findings from Hassan et al. (2016) are not obviously consistent with global tomography models (e.g., French & 
Romanowicz, 2014; Hosseini et al., 2019; Ritsema et al., 2011), which rather suggest a vertically extending plume 
structure directly beneath or to the west of the Hawaiian hotspot, with its root potentially spatially coincident with 
the Hawaiian mega-ULVZ (Cottaar & Romanowicz, 2012). In addition, geodynamic modeling has suggested that 
upwelling flow at the edge and above LLVPs can explain plate motions over time and could be stable for hundreds 
of millions of years (Conrad et al., 2013). If ULVZ material is transported up all the way to the surface, it could 
then be the cause of anomalous isotopic signatures within the erupted magma, as suggested by for hotspots above 
mega-ULVZs based on geochemical evidence (e.g., Allegre et al., 1983; Cottaar et al., 2022; Mundl-Petermeier 
et al., 2020).

7.  Summary
Detailed examination of exceptionally high-quality waveforms from an earthquake beneath the western Pacific 
Ocean, measured at stations of the USArray in North America, has revealed evidence for low velocity structures 
and seismic anisotropy at the base of the mantle near the eastern edge of the Pacific LLVP. We have suggested 
the presence of a thin layer at the base of the mantle beneath the central Pacific Ocean with a broad lateral extent 
showing reduced seismic velocities by ∼14%. This provides additional support to the idea that such a layer 
could exist elsewhere in Earth, and may perhaps be ubiquitous, but it is not typically visible except in the case 
of extraordinarily high-quality and dense seismic data. Moreover, we have found evidence for two ULVZs at the 
edge of the Pacific LLVP, one of which has not been detected before and is located to the south of previously 
identified ULVZ structure. We have estimated the dimensions and velocity reductions of these ULVZs, which are 
likely connected to the complex low velocity structure at the base of the mantle in our study region, and may indi-
cate variations in thickness and velocity of the broad and thin low velocity layer. Close to these ULVZs, poten-
tially co-located with previously detected ULVZ structure, we infer the presence of lowermost mantle anisotropy, 
in a geometry that suggests VSV > VSH, from the splitting of Sdiff waveforms of a particularly high-quality event. A 
geodynamic scenario compatible with our observation of VSV > VSH is LPO of anisotropic minerals, either located 
inside our outside the LLVP edge. Furthermore, SPO potentially caused by ULVZ material becoming entrained 
in upwelling mantle flow at the edge of the Pacific LLVP can explain our observations.

Data Availability Statement
All data used in this study are publicly available through IRIS (http://service.iris.edu), NCEDC (http://service.
ncedc.org) and SCEDC (http://service.scedc.caltech.edu). We used data from USArray (IRIS Transportable 
Array, 2003) and data from networks AE (Arizona Geological Survey, 2007), AZ (UC San Diego, 1982), BK 
(Northern California Earthquake Data Center, 2014), CI (California Institute of Technology and United States 
Geological Survey Pasadena, 1926), CN (Natural Resources Canada (NRCAN Canada), 1975), G (Institut de 
physique du globe de Paris (IPGP) & École et Observatoire des Sciences de la Terre de Strasbourg (EOST), 1982), 
GS (Albuquerque Seismological Laboratory (ASL)/USGS, 1980), II (Scripps Institution of Oceanography, 1986), 
IU (Albuquerque Seismological Laboratory/USGS, 2014), IW (Albuquerque Seismological Laboratory (ASL)/
USGS,  2003), LD (Lamont Doherty Earth Observatory (LDEO), Columbia University,  1970), NE (Albu-
querque Seismological Laboratory (ASL)/USGS, 1994), PE (Penn State University,  2004), US (Albuquerque 
Seismological Laboratory (ASL)/USGS, 1990), and Z9 (Fischer et al., 2010). The synthetic seismograms for this 
study were computed using AxiSEM3D, which is publicly available at https://github.com/AxiSEMunity (Leng 
et al., 2016, 2019).
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