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Widespread D” Anisotropy Beneath North America and the
Northeastern Pacific and Implications for Upper Mantle
Anisotropy Measurements
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lDepartment of Earth and Planetary Sciences, Yale University, New Haven, CT, USA, 2Department of Earth and Planetary
Science, University of California, Berkeley, Berkeley, CA, USA, 3Miller Institute for Basic Science, Berkeley, CA, USA,
4School of the Earth, Ocean and Environment, University of South Carolina, Columbia, SC, USA, 5School of Earth and
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Abstract Observations of seismic waves that have passed through the Earth's lowermost mantle provide
insight into deep mantle structure and dynamics, often on relatively small spatial scales. Here we use SKS,
S2KS, S3KS, and PKS signals recorded across a large region including the United States, Mexico, and Central
America to study the deepest mantle beneath large swaths of North America and the northeastern Pacific Ocean.
These phases are enhanced via beamforming and then used to investigate polarization- and propagation
direction-dependent shear wave speeds (seismic anisotropy). A differential splitting approach enables us to
robustly identify contributions from D" anisotropy. Our results show strong seismic anisotropy in
approximately half of our study region, indicating that D" anisotropy may be more prevalent than commonly
thought. In some regions, the anisotropy may be induced by flow driven by sinking cold slabs, and in other, more
compact regions, by upwelling flow. Measured splitting due to lowermost mantle anisotropy is sufficiently
strong to be non-negligible in interpretations of SKS splitting due to upper mantle anisotropy in certain regions,
which may prompt future re-evaluations of upper mantle anisotropy beneath North and Central America.

Plain Language Summary Earthquakes emit seismic waves that travel through Earth's deep interior.
In some parts of Earth, the speed of these waves depends on their vibrational directions. In these cases, the
material they travel through can be described as seismically anisotropic. Such seismic anisotropy is often caused
by material deformation due to convective flow in Earth's interior. We show in this work that Earth's mantle
beneath North America and the northeastern Pacific Ocean is seismically anisotropic in many places just above
its boundary with the core at a depth of ~2900 km. In some of these places, the deformation may be caused by
sinking subducted slabs, upwelling flow, or changes in horizontal flow at the mantle's lower boundary layer. We
additionally show that potential contributions from the lowermost mantle anisotropy cannot always be neglected
when measuring seismic anisotropy in other parts of the mantle.

1. Introduction

The dependence of seismic wave velocities on the propagation and/or polarization direction of the wave (seismic
anisotropy) is typically an indicator of deformation in Earth's interior (e.g., Long & Becker, 2010; Romanowicz &
Wenk, 2017; Wolf, Li, Long, & Garnero, 2024). Shear-wave splitting measurements (e.g., Asplet et al., 2023;
Hansen etal., 2021; Liu et al., 2014; Meade et al., 2005; Niu & Perez, 2004; Wolf, Long, Li, & Garnero, 2023) and
seismic tomography (e.g., Chang et al., 2015; French & Romanowicz, 2014; Panning & Romanowicz, 2006)
reveal that strong seismic anisotropy can be found in Earth's upper mantle and crust, the bulk of the lower mantle
is almost isotropic, and the lowermost few 100 km of the mantle (the D" layer) exhibit seismic anisotropy of (on
average) moderate strength (Figure 1a). This observation can be explained if upper and lowermost mantle ma-
terials deform via dislocation creep, which causes the alignment of mineral crystals and thus seismic anisotropy,
while the bulk of the lower mantle is dominated by diffusion creep, which generally does not lead to anisotropy
(e.g., Karato et al., 2008; Kocks et al., 2000; Montagner, 1998; Wenk & Houtte, 2004).

D" anisotropy has been detected in many regional studies (e.g., Asplet et al., 2020, 2023; Lay & Young, 1991;
Nowacki et al., 2010; Wolf, Long, & Frost, 2024), which usually have lateral resolution capabilities of 100s of
kilometers, as well as via global inversions for radially anisotropic structure (Chang et al., 2015; French &

WOLF ET AL.

1 of 16


https://orcid.org/0000-0002-5440-3791
https://orcid.org/0000-0001-7882-5166
https://orcid.org/0000-0003-1936-3840
https://orcid.org/0000-0001-9772-8863
https://orcid.org/0000-0002-9670-3864
mailto:jonathan.wolf@berkeley.edu
https://doi.org/10.1029/2024JB029516
https://doi.org/10.1029/2024JB029516
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1029%2F2024JB029516&domain=pdf&date_stamp=2024-10-25

NI

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth

10.1029/2024JB029516

Project administration: Daniel A. Frost,
Maureen D. Long, Ed Garnero
Resources: Daniel A. Frost, Maureen

D. Long, Ed Garnero

Software: Jonathan Wolf, Daniel A. Frost
Supervision: Daniel A. Frost, Maureen
D. Long, Ed Garnero

Validation: Jonathan Wolf, Daniel

A. Frost

Visualization: Jonathan Wolf, Daniel

A. Frost

Writing — original draft: Jonathan Wolf,
Daniel A. Frost

Writing — review & editing:

Jonathan Wolf, Daniel A. Frost, Maureen
D. Long, Ed Garnero, John D. West

Romanowicz, 2014), which reliably resolve large-scale structures. The regional studies published to date use a
variety of different techniques, some of which are more sensitive to lowermost mantle anisotropy than others
(Wolf, Li, Long, & Garnero, 2024). Only a few of these studies (e.g., Reiss et al., 2019; Suzuki et al., 2021)
investigate seismic anisotropy in relatively large geographic regions using a comprehensive methodology,
thereby enabling detailed inferences on seismic anisotropy over a broad region. Such uniform investigations are
important to infer how widespread seismic anisotropy in D" is, and how strongly it can affect the splitting of
seismic waveforms, including phases that are often used to study upper mantle anisotropy.

For measurements of upper mantle shear-wave splitting from *KS waves, which travel through the outer core as P
waves and then convert to S upon re-entry in the mantle from the core (e.g., SKS, S2KS or PKS; see Figure 1b,
inset), it is typically assumed that the lowermost mantle anisotropy contribution can be neglected (e.g., Liu
et al., 2014; Savage, 1999; Silver & Chan, 1991; Wolf & Long, 2023; Yang et al., 2017). This is because D’
anisotropy is, on average, weaker than upper mantle anisotropy (Figure 1a); furthermore, *KS waves may have
stronger sensitivity to upper mantle anisotropy (e.g., Sieminski et al., 2008). At the same time, differential
splitting between pairs of *KS waves is often attributed to D" anisotropy because the raypaths of *KS phases
sample different portions of the lowermost mantle, while they are almost identical in the upper mantle (e.g., Niu &
Perez, 2004; Tesoniero et al., 2020; Wang & Wen, 2004). This technique does have some challenges, because
moderate differences in shear wave splitting can also be due to the slightly different upper mantle raypaths (e.g.,
Lin et al., 2014; Tesoniero et al., 2020) or to seismic noise (Wolf, Frost, et al., 2023). However, if certain pre-
cautions are followed (such as only interpreting splitting intensity differences >0.4), discrepant *KS splitting has
been shown to be generally reliable as a tool for detecting lowermost mantle anisotropy (Tesoniero et al., 2020;
Wolf et al., 2022).

One novel method that has been shown to reduce noise while averaging single-station splitting parameters in-
volves a beamforming approach (Frost et al., 2024; Wolf, Frost, et al., 2023). Beamforming (e.g., Frost
et al., 2020; Rost & Thomas, 2002, 2009) stacks seismograms of a seismic phase across neighboring seismic
stations, taking into account the differential travel times to stations with different locations. The increased signal-
to-noise ratios (SNRs) of beamformed data can enable the measurement of shear wave splitting from seismic
phases that are not usually used for this purpose due to their typically low amplitudes in single-station seismo-
grams, such as S3KS (Wolf, Frost, et al., 2023). Additionally, by suppressing uncorrelated noise, beamforming
diminishes the effects of scattering due to small-scale structure close to the receiver, leading to a substantial
reduction of overall measurement scattering (due to noise) for many commonly used *KS seismic phases (e.g.,
SKS, S2KS). Therefore, the measurement of *KS differential splitting using a beamforming approach is well-
suited to both (a) provide constraints on lowermost mantle anisotropy in a broad region and (b) allow in-
ferences on the influence of this lowermost mantle anisotropy on upper mantle measurements. Wolf, Frost,
etal. (2023) developed the *KS beam splitting technique and presented a proof-of-concept application to a limited
data set from North America; however, the technique has yet to be widely applied to study deep mantle
anisotropy. Here we expand on the work of Wolf, Frost, et al. (2023) and apply differential *KS beam splitting to
array data throughout North America, with the goal of providing a comprehensive view of D” anisotropy beneath
the region.

2. Methods
2.1. Data Selection and Beamforming

The lowermost mantle beneath North America and the northeastern Pacific Ocean represents an ideal application
for differential *KS beam splitting measurements. This region features excellent data coverage, with the past
installation of the dense Transportable Array (IRIS Transportable Array, 2003) across parts of this region and the
good ray coverage for *KS waves from subduction zone earthquakes in the southwestern Pacific Ocean and South
America (Figure 1b). Using single-station SKS-S2KS data, the presence of seismic anisotropy has been previ-
ously suggested for parts of this region, in particular beneath the northeastern Pacific Ocean (e.g., Asplet
et al., 2020, 2023; Long, 2009; Wolf & Long, 2022) and the western United States (e.g., Lutz et al., 2020;
Nowacki et al., 2010; Wolf, Li, Haws, & Long, 2024). However, these single-station measurements often showed
different measurement results for adjacent raypaths, likely due to noise.

We focus on events over magnitude 6 within 100-140° from stations in Central America and North America.
Events observed at 60 or more stations in either region are retained, resulting in 214 events. These data are
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Figure 1. Distribution of seismic anisotropy in Earth and source-receiver configuration. (a) Radial anisotropy (described as
the squared fraction of horizontal and vertical shear wave velocities minus 1) as a function of depth, as suggested by the
tomography models SAW646AN (Megnin & Romanowicz, 2000), SEMUCB-WMI (French & Romanowicz, 2014) and
SGLOBE-rani (Chang et al., 2015) (see legend). The presence of substantial seismic anisotropy is indicated by gray shaded
regions. (b) Source (yellow stars)—subarray (central station: gray circle) configuration used in this study. Gray lines indicate
great circle raypaths. Inset: Cross-section of SKS, S2KS, S3KS, and PKS raypaths through Earth for an epicentral distance of
135° through isotropic PREM (Dziewonski & Anderson, 1981).

instrument deconvolved, horizontal components are rotated to radial and transverse directions, and seismograms
are filtered between 0.02 and 0.25 Hz. Record sections of the radial component of each event are then manually
inspected and events with clear *KS energy are retained, leaving 61 events (Table S1 in Supporting
Information S1).

We apply the beamforming method of Frost et al. (2024) to this data. For each event, a 1 X 1 degree grid is set up
across Central America and Alaska and at each grid point the nearest 5-20 stations are selected, forming a
subarray (Figure 2). Subarrays with fewer than 5 stations are skipped. We attempt to form stacks for each of the
following phases predicted to exist at that subarray according to PREM (Dziewonski & Anderson, 1981): SKS,
S2KS, S3KS, and PKS. If more than one PKS wave arrives due to triplication, we analyze the first arriving wave.

Separately for the radial and transverse seismograms, and for each phase, data are windowed 40 s before and 40 s
after the PREM-predicted arrival time. The optimal slowness and backazimuth for each phase is determined using
gridsearch approach. We construct F-vespagrams (Frost et al., 2024) from individual F-traces (Blandford, 1974;
Selby, 2008) themselves constructed for slownesses between 0 and 9 in 0.1 s/deg increments and backazimuths
between —20 and 20° in 1° increments, measured relative to the great circle path. The optimal slowness and
backazimuth are selected using the maximum F-value (coherence) in the vicinity of the predicted arrival of each
phase. These optimal values are then used to construct linearly stacked beams so as to minimize waveform
distortions, and enhance coherent signal, allowing the beams to be used for anisotropy calculations. This beam
signal processing procedure is shown in Figure 2 using example S2KS seismograms recorded in southern Alaska
(Figure 2a). In this example, the SNR of the beams (blue) is clearly enhanced compared to the single-station data
(black; Figures 2b and 2c).

2.2. Shear-Wave Splitting Measurements

*KS seismic waves are SV-polarized upon their conversion from P-to-S as they re-enter the mantle from the core.
If these waves are split due to seismic anisotropy, energy will be visible on the transverse component. The
transverse component 7(z) has the shape of the radial component time derivative R’ (¥) if the wave is split due to
seismic anisotropy (e.g., Silver & Chan, 1991; Vinnik et al., 1989). Furthermore, the transverse component
amplitude reflects the strength of splitting affecting a particular waveform. Therefore, a quantity that charac-
terizes shear-wave splitting of *KS waves is the splitting intensity (S/; Chevrot, 2000), which can be expressed as:

TOR' ()
SI=—2—F—2. 1
IR ()] M

Previous work has shown that splitting intensity is a particularly convenient measurement for *KS splitting
discrepancy studies (e.g., Deng et al., 2017; Reiss et al., 2019). We determine the splitting intensity of SKS,
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S2KS, S3KS, and PKS (Figure 1b, inset) beams using SplitRacer (Reiss & Riimpker, 2017), a MATLAB toolkit
to compute shear-wave splitting. To ensure the robustness of our S/ measurements, we repeat them for 30
randomly selected time windows for most phases and only include results that are consistent across all time
windows. For S3KS, we manually select the time window because this phase often arrives shortly after S2KS,
which renders the automatic time window selection impractical. We always bandpass-filter our beams to retain
periods between 6 and 25 s, and only include measurements for beam waveforms with amplitudes at least twice as
large as the noise level.

Example S2KS, S3KS, and PKS waveforms and S7 measurements are shown in Figure 3. In this case, PKS is split
only slightly (S7 = 0.3), whereas S2KS and S3KS are split strongly (S7 > 0.9). This differential splitting is likely
due to the different raypaths of PKS compared to S2KS/S3KS through D", while S2KS and S3KS are relatively
similar (Figure 1b, inset). In general, differentially split *KS phase pairs with 8SI > 0.4 indicate the presence of D"
anisotropy influencing shear-wave splitting of one phase more strongly than the other. In contrast, nondiscrepant
splitting may often be due to weak or absent D" anisotropy, although it can also be consistent with certain D"
anisotropy configurations (Tesoniero et al., 2020; Wolf et al., 2022).

In this study, we specifically focus on SKS-S2KS, SKS-S3KS, and PKS-S2KS differential beam splitting (e.g.,
the difference of S/ values in Figure 3). The reason that we do not focus on differential beam splitting between
S2KS-S3KS and PKS-SKS pairs is their similar raypaths at certain epicentral distances (Figure 1b, inset;
Figure 4b). Figure 4 shows differential S2KS-S3KS and PKS-SKS beam splitting as a function of source-receiver
distance and deep mantle raypath separation. For larger distances, receiver-side mantle raypaths of PKS and SKS
become more similar (Figure 4a). Accordingly, absolute 6S7-values tend to be lower at large distances, while the
opposite is true for S2KS-S3KS (Figure 4b). This test is made possible by the use of beamformed data, which
enables us to measure shear-wave splitting for many different *KS phases from the same seismogram.

3. Results and Discussion
3.1. Lowermost Mantle Anisotropy

We obtain ~2500 measurements of differential SKS-S2KS splitting, ~400 measurements of differential SKS-
S3KS splitting, and ~250 measurements of differential PKS-S2KS splitting. Binned differential splitting in-
tensities (bin size 1.5° X 1.5°) between *KS pairs are presented in Figure 5, while Figure S1 in Supporting In-
formation S1 shows individual measurements. The plotting convention is such that S/ differences are projected
laterally to the middle of the horizontal distance (viewed from above) between *KS pierce points (Figure 5Sa,
inset) at the CMB and the top of the D" layer. SKS-S2KS pairs, for example, can be affected by seismic anisotropy
in D" anywhere between the point where SKS pierces through the CMB and the point where S2KS leaves D”,
which we assume is 250 km above the CMB for the purpose of this plotting convention. The line in between these
two pierce points, viewed from above, we will refer to as the pierce point connecting segment (cyan line in
Figure 5a, inset). We document large *KS splitting intensity differences, indicating the presence of D" anisotropy,
beneath the Bering Sea, the northeastern Pacific Ocean, the western/central United States, and western Canada.
For ~ 60 % of the beams, S2KS and/or S3KS are more strongly split than SKS or PKS; however, the opposite is
true for some regions, including for SKS waves that sample the lowermost mantle beneath the northeastern
Pacific Ocean and parts of the Bering Sea.

For each bin, we calculate differential SI averages considering all pierce point connecting segments crossing the
bin (Figure 6a). We undertake this exercise because the (commonly used) plotting convention in Figure 5 can be

Figure 2. Illustration of the beamforming approach for an event that occurred on 29 September 2019. (a) Stations are
represented as large white triangles if belonging to the selected subarray and as small black triangular outlines otherwise. The
subarray is located in Southern Alaska (see inset) and its center (yellow triangle) is west of Anchorage. The incoming
backazimuth of the wave is shown by the black line. (b) Radial and (c) transverse velocity traces recorded at the 18 stations
are aligned on S2KS and normalized to the maximum across all traces and components. Vespagrams for (d, f) radial and (e, g)
transverse components show beam amplitude as a function of (d, e) backazimuth and (f, g) slowness (y-axis) and time
(x-axis). The PREM-predicted arrival time and slowness of each phase are marked by the solid black vertical line and black
circle, respectively. The slowness that produces the maximum beam amplitude is marked at the time of maximum by the
white circle, and the arrival time of this phase is marked by the dashed black vertical line. The blue traces in (b) and (c) shows
the beam constructed using the slownesses marked by the white circles.
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(a) PKS

Figure 3. S2KS, S3KS, and PKS beamformed traces (velocity seismograms) and splitting intensity measurements for an
event that occurred on 2 September 2009 in Java, Indonesia, and was recorded at a subarray with central station 120A, located

in Wyoming at an epicentral distance of ~132°. Waveforms were Hilbert-transformed to have the same phase as SKS.

(a) Left: PKS radial (R) and transverse (T) waveforms (black lines). The amplitude of T is scaled to that of R which has been
normalized to unity. Pink shading indicates the phase arrival, and vertical gray lines show start/end points of randomly selected
time windows for S7 analyses. Right: Particle motion plot (for the pink shaded region), showing transverse (x-axis) versus radial
(y-axis) amplitude. Estimated SI with 95% confidence intervals are shown below. (b) Same as panel (a) for S2KS. (c) Same as
panel (a) for S3KS. Note that for S3KS the analysis time window is manually selected to avoid interference with S2KS, which
arrives just before S3KS. S2KS and S3KS S7 measurements are similar (likely due to their similar raypaths through the mantle)
and discrepant with PKS. For this example, we do not obtain a high-quality SKS beam.

misleading, as it only projects splitting intensity differences to a single point and does not consider the lengths of
the pierce point connecting segments. For each bin, we expect a certain spread of values, because (a) the start/end
points of different connecting segments differ, (b) shear wave splitting depends on the sampling angle of the
seismic anisotropy, and (c) SKS and S2KS waves have different propagation directions through D”. Maximum
standard deviations of the mean can be relatively high (up to ~0.8) for some portions of our study area (Figure 6c).
Elevated standard deviations in these areas are likely explained by different sampling angles of the seismic
anisotropy and the presence of small-scale heterogeneity. We also calculate the percentage of connecting seg-
ments crossing each bin for which |6S7| measurements >0.4 (Figure 6d).

We select a threshold of |657| > 0.4 (Figure 6d), in line with previous work suggesting that for individual splitting
measurements this threshold can distinguish effects from lowermost mantle anisotropy from other influences,
such as the upper mantle contributions due to slightly different raypaths (Tesoniero et al., 2020). However, it is
worth emphasizing that this threshold applies to individual measurements, implying that when measurements are
binned and averaged, even smaller |6SI| values may be indicative of lowermost mantle anisotropy. The main
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Figure 4. Splitting intensity differences between *KS phase pairs, whose differential splitting is not necessarily evidence for
lowermost mantle anisotropy due to similar raypaths through the mantle at certain distances. (a) Left: |6SI| values (red dots)
for PKS and SKS, and least squares fit (black line) as a function of epicentral distance. Right: PKS-SKS raypath separation
(black line) along the core-mantle boundary (CMB) as a function of epicentral distance. Inset: Cross-section through Earth
showing of SKS (red) and PKS (black) raypaths. The (possibly anisotropic) upper and lowermost mantle are shown with gray
shaded colors. |5SI|-values tend to be lower for larger distances, likely due to the smaller PKS-SKS raypath separation in the
lowermost mantle at lower distances. (b) Same as panel (a) for S2KS-S3KS differential splitting. |5S/|-values tend to be higher
for larger distances, likely due to the larger S2KS-S3KS raypath separation in the lowermost mantle at these distances.

reason is that for every lowermost mantle bin, |§SI| values are recorded across different stations above a variably
anisotropic (or isotropic) upper mantle. Therefore, effects from upper mantle anisotropy contributions may be
unsystematic. Any averaged, unsystematic effects from upper mantle anisotropy contributions will have a lesser
influence on the measurements as the number of contributing measurements in the bin increases.

Our view of data in Figure 6d helps us to distinguish four broad anisotropic regions. Region #1 covers the
lowermost mantle beneath the Bering Sea, where seismic anisotropy has been identified in several previous shear-
wave splitting studies (e.g., Garnero & Lay, 1997; Lay & Young, 1991; Matzel et al., 1996; Wysession
et al., 1999). These previous studies all used ScS or S waves that are sensitive to D” anisotropy along long
raypaths through D”. Our results using SKS-S2KS differential splitting confirm these findings with an inde-
pendent method that is better suited to determine the lateral boundaries of the anisotropy due to the more nearly
vertical raypaths of *KS phases through D”. The most detailed previous lateral and depth resolution of seismic
anisotropy in Region #1 has been obtained by Suzuki et al. (2021). These authors inverted waveforms around the
ScS arrivals for radially anisotropic structure, which is hard to explicitly compare with our shear-wave splitting
measurements. The general result of strong seismic anisotropy, however, agrees. The study of Suzuki et al. (2021)
suggests a geodynamic scenario in which upwellings form at the edges of approximately horizontally oriented
slabs.

D" anisotropy in parts of Region #2, which covers portions of D” beneath the northeastern Pacific Ocean and
western Canada, has been detected in previous work (e.g., Asplet et al., 2020, 2023; Wolf & Long, 2022; Wollf,
Long, Creasy, & Garnero, 2023). Seismic anisotropy in this region has been interpreted as potentially caused by

WOLF ET AL.

7 of 16

85UB017 SUOWLLID 8AIRID 8|qedljdde ays Aq peusenob afe sajolfe YO ‘38N JO S3|NJ 10} ARIGIT 8UIUO A8]IAA UO (SUOHIPUOD-PUE-SWLBH W00 A8 | 1M ARe1q 1 Bul [UO//SANY) SUORIPUOD Pue SWB 1 8L 88S *[5202/70/0T] Uo ARiqITaulluO AB1IM ‘ AISRAIUN SR A - JIOM LRyRRUOL AQ 9TS6208rY202/620T OT/10p/LI00™A8|im Ariqijutuosqndnbe//sdny wo.y papeojumoq ‘0T ‘720z ‘95€669T2



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth 10.1029/2024JB029516

~ (a) PKS-S2KS () SKS-S3KS

250km/

CMB* 2<==m-x--

~160" =
-140°

(c) SKS-SZKS ’ (d) Together

X

-

~160°
140 -
-120

004~

1
—
[S)
Oo

-160°
..140%1&‘“
-120

Figure 5. Binned (bin size 1.5° X 1.5°) splitting intensity differences between *KS phase pairs. (a) PKS minus S2KS splitting
intensities (see legend). Values are positive if PKS S7 values are greater than S2KS S7 values and negative (or zero)
otherwise. SI differences are projected laterally to the mid point between the S2KS pierce point through the CMB and the PKS
pierce point 250 km above the CMB, as shown in the inset. Measurements are thus binned at the middle of the line that marks the
ray-theoretical PKS-S2KS lowermost mantle sensitivity. Inset: Explanation of plotting convention. Top: S2KS (yellow) and
PKS raypaths from source (yellow star) to receiver (gray circle) through an Earth cross-section. The upper mantle and D" are
shaded gray. Bottom: Zoom-in to the D" region. Splitting intensities (red circle) are plotted in the middle of the S2KS-PKS
pierce point connecting segment (cyan line). (b) Same as panel (a) for SKS-S3KS. (c) Same as panel (a) for SKS-S2KS.

(d) Same as panel (a) for all measurements shown in panels (a)—(c).

crystallographic preferred orientation of post-perovskite crystals (Asplet et al., 2020, 2023), perhaps induced by
slab-driven mantle flow (Wolf, Li, & Long, 2024; Wolf & Long, 2022).

Region #3 (Figure 6d) covers parts of the northeastern Pacific Ocean and large portions of the western and central
United States. Previous studies that have found seismic anisotropy in parts of this region (e.g., Asplet et al., 2020,
2023; Lutz et al., 2020; Nowacki et al., 2010; Wolf, Li, Haws, & Long, 2024) have connected their findings to, for
example, approximately horizontal flow along the CMB in large parts of Region #3 (e.g., Asplet et al., 2020;
Nowacki et al., 2010), or to vertical flow at the Yellowstone plume root (Nelson & Grand, 2018) beneath Baja
California (Wolf, Li, Haws, & Long, 2024). None of these studies, however, imaged the full broad extent of the
anisotropic region that is shown in Figure 6d.

Seismic anisotropy in Region #4, to the west of the Mexican coast, has previously been inferred by Long (2009)
through differential SKS-S2KS measurements. The precise lateral extent of this anisotropic region, however,
remains unclear because it is located at the edge of our study region. Apart from the prominent Regions #1—4 that
we highlight, the presence of seismic anisotropy is indicated in several places at the edge our study region. Due to
the unknown spatial extent of these regions and the limited ray coverage within them (Figure 6b), we do not
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Figure 6. Measurement results considering pierce point connecting segments (see text and Figure 5a) crossing each bin.

(a) 0SI results for all seismic phase pairs shown in Figure 5 (see legend). Inset: pierce point connecting segment (gray) going
through four bins (pink). The measurement is used for the average calculation in all pink bins. (b) Number of connecting
segments (see legend) crossing each bin. (c) Standard deviations (see legend) of the averages shown in panel (a). (d) Percentage
(see legend) of connecting segments (see text and Figure 5) with |6S/| > 0.4 through each bin. Four anisotropic regions are
identified, which are marked by black ellipses for better referencing in the text.

interpret seismic anisotropy in these regions more closely. However, our results appear to be an ideal starting
point for more detailed future investigations.

Our results provide a comprehensive picture of *KS splitting discrepancies due to D" anisotropy beneath North
America and the northeastern Pacific Ocean. Many previous studies of D" anisotropy in our study region have
linked their observations to mantle flow driven by slab remnants (e.g., Asplet et al., 2020, 2023; Long, 2009;
Nowacki et al., 2010; Suzuki et al., 2021; Wolf & Long, 2022) or to smaller-scale regional upwellings in the
lowermost mantle (Suzuki et al., 2021; Wolf, Li, Haws, & Long, 2024). Considering that remnants of several
slabs (e.g., the Beaufort, Wichita, Izanagi, Farallon, and Telkhina slabs) likely reside in the lowermost mantle
beneath North America and parts of the Pacific Ocean (Suzuki et al., 2021; van der Meer et al., 2018), it is
plausible that some of the anisotropy we observe is due to the deformation induced by them. On the other hand,
not all regions with higher than average velocities in D" necessarily represent remnants of material that has been
subducted (geologically) recently. More generally, the overall patterns of seismic anisotropy represent evidence
for widespread strain-induced seismic anisotropy at the base of the mantle, with deformation accommodated in
the dislocation creep regime. This strain in turn can be due to gradients in flow at the mantle's lower horizontal
boundary layer.
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Figure 7. Potential influence of lowermost mantle anisotropy on upper mantle shear wave splitting measurements. Binned
*KS SI differences projected to the station location are shown by the color scale. |6S/|-values <0.3 are shown in light blue,
whereas larger values are shown by a gray scale (legend). We show 1° X 1° averages of delay times and fast polarization
directions (colored sticks; see legend) from *KS (mostly SKS) splitting measurements compiled by Becker et al. (2012) and
updated in December 2022.

3.2. Implications for Upper Mantle Anisotropy Studies

Tesoniero et al. (2020) and Wolf et al. (2022) have investigated in detail the possible influence of upper mantle
seismic anisotropy on differential *KS measurements. The potential influence of D" anisotropy on studies of
upper mantle anisotropy relying on *KS splitting measurements, however, is not typically explicitly investigated.
The reason is that upper mantle anisotropy is, on average, stronger than lowermost mantle anisotropy (Figure 1a);
therefore, studies of upper mantle anisotropy typically assume that sufficiently accurate measurements of upper
mantle splitting can be obtained without explicit consideration of the lowermost mantle splitting contribution.
However, such an approach may not lead to precise results in all regions. The results of our study, based on high-
SNR beamformed seismograms, enable an investigation of the potential influence of lowermost mantle anisot-
ropy on *KS splitting measurements (which are typically interpreted as evidence for upper mantle anisotropy)
across North and Central America.

Instead of projecting 6SI values to their lowermost mantle location as in Figures 5-7, we show binned (bin size
1.5° X 1.5°) values at the subarray central station locations. Colored sticks in Figure 7 indicate shear wave
splitting results from the updated compilation of Becker et al. (2012) that are often interpreted as being due to
(mostly) upper mantle anisotropy. This database primarily relies on SKS splitting data. However, our differential
*KS splitting results indicate that—in certain regions—the measured splitting may also be influenced by the
lowermost mantle. It is worth noting that SKS-S2KS splitting intensity differences do not necessarily imply that,
for example, SKS is influenced by D" anisotropy and S2KS is not—and that the SKS splitting measurements,
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therefore, partially reflect D" anisotropy. More likely, in most cases, both SKS and S2KS splitting measurements
are influenced by seismic anisotropy in the lowermost mantle. However, discrepant SKS-S2KS splitting in a
particular station region implies that, without further information, measured splitting parameters cannot be
confidently attributed to (only) upper mantle anisotropy. In some regions, in which SKS splitting is nearly null but
SKKS is split, it is likely that a small number of SKS shear-wave splitting measurements have been previously
reported in the literature. Such regions, with weak or absent SKS splitting, may have been implicitly excluded
from previous upper mantle anisotropy analysis.

Averaged, binned S/ differences across our station region can be as high as 0.8 (Figure 7). Given that delay times
ot are mostly between 0.5 and 2 s across the United States (Liu et al., 2014; Yang et al., 2017) and the splitting
intensity behaves approximately as 6t sin[2(b — ¢)] (b = backazimuth; ¢ = fast polarization direction), this
implies that the D" contribution to *KS splitting is likely not negligible in all regions, as typically assumed. For
example, Wolf, Li, Haws, and Long (2024) showed that SKS seismic waves recorded in southern California are
strongly influenced by lowermost mantle anisotropy, likely accumulating absolute splitting intensities of ~1.0 in
D", while S2KS likely is much less affected by seismic anisotropy in the deepest mantle in this region. Our results
shown in Figure 7 are consistent with this finding, and indicate that more than half of the measured S/ magnitudes
in southern California, dependent on backazimuth, may be due to a D" contribution. Additionally, in Montana,
Wyoming and Colorado, *KS splitting measurements may be substantially affected by lowermost mantle seismic
anisotropy (Figure 7). It has been argued that in this region effects of lowermost mantle anisotropy on S2KS are
stronger than on SKS (Wolf & Long, 2022). However, the interpretations of upper mantle anisotropy in Montana,
Wyoming and Colorado partly rely on S2KS splitting measurements (e.g., Yang et al., 2014), which may explain
some of the inconsistent measurements of different previous studies (e.g., IRIS DMC, 2012; Liu et al., 2014). In
addition to these two regions, *KS splitting recorded in parts of Ontario, Canada, and parts of Central America
may be affected by a lowermost mantle anisotropy contribution (Figure 7). However, we obtain fewer mea-
surements in these regions, which may mean that these results are less robust. Importantly, differential *KS
splitting approach can reveal the backazimuthal directions from which the influence of lowermost mantle
anisotropy may have to be considered. Our measurements in this study were mainly made using paths at back-
azimuths between —120° (Central America) and —30° (North America) (Figure 1b).

Our results in this study are based on measured splitting intensities. In studies of shear wave splitting due to upper
mantle anisotropy, however, (¢, 6t) measurements are used most frequently. If non-negligible lowermost mantle
anisotropy is present and affecting shear-wave splitting measurements, which we have shown is the case in certain
regions, (¢, o) values used to infer upper mantle anisotropy will be affected in a non-trivial manner. To explicitly
solve for the upper mantle contribution to splitting, essentially an inversion assuming two anisotropic layers is
necessary (e.g., Bonnin et al., 2012; Silver & Savage, 1994). This issue may become even more challenging in
cases in which more than one layer of seismic anisotropy may be present in the upper mantle.

Overall, our results indicate that the D" contribution to *KS shear-wave splitting measurements is likely more
important than often assumed, at least for some of the stations under study across the United States. There are
several approaches that may be taken to ensure that splitting in studies of upper mantle anisotropy is indeed
mainly due to an upper mantle anisotropy contribution. For example, nondiscrepant *KS splitting indicates that
lowermost mantle anisotropy is unlikely to strongly influence splitting (although it could play a role for some
specific anisotropy configurations). Moreover, our results reinforce the importance of measuring upper mantle
shear-wave splitting for a range of backazimuths, as is often used to distinguish between simple or complex (e.g.,
Chen et al., 2018; Silver & Savage, 1994) seismic anisotropy. For example, if S/ values as a function of back-
azimuth behave like a sin[2(b — ¢)]-curve, splitting is likely due to upper mantle anisotropy. If there are de-
viations from such a pattern in a small backazimuthal window, a possible influence from D" anisotropy on these
measurements should be considered (e.g., Lynner & Long, 2012; Wolf, Li, Haws, & Long, 2024). Whether *KS
differential splitting, backazimuthally varying splitting, or a combination of both approaches are used to
distinguish effects from upper versus lowermost mantle anisotropy, beam splitting measurements are particularly
helpful, as beamforming, by increasing SNRs, enables shear-wave splitting measurements for more phases and
over larger backazimuthal and epicentral distance swaths than possible for single-station seismograms.
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4. Conclusions

Using a large and comprehensive set of differential shear-wave splitting measurements from beamformed *KS
data, we have identified evidence for widespread seismic anisotropy in four broad regions in the lowermost
mantle beneath North America and the surrounding area. These regions encompass the base of the mantle beneath
parts of the northern and eastern Pacific Ocean, the Bering Sea, western Canada, the United States, and part of
Central America. The detected anisotropy is likely caused by mantle convection induced deformation, potentially
linked in some larger regions to remnant slabs, and in more spatially restricted areas to upwelling flow. The
detected D" anisotropy likely has non-negligible effects on SKS splitting measurements for stations located in
some regions across North and Central America, including southern California, Montana, Wyoming and Colo-
rado as well as southeastern Ontario, Canada. Studies of upper mantle anisotropy using *KS waves should
explicitly consider D" contributions to shear-wave splitting, particularly for waves that travel through the
lowermost mantle in regions that have previously been shown to be anisotropic, including our study region
beneath North America.

Data Availability Statement

All data used in this study are publicly available through Earthscope (http://service.iris.edu/), NCEDC (https://
ncedc.org/) (UC Berkeley Seismological Laboratory, 2014), SCEDC (https://scedc.caltech.edu/) (Cal-
tech, 2014), SSN (http://www.ssn.unam.mx/) (Instituto de Geofisica, Universidad Nacional Auténoma de
México, México, 2024), IPGP (http://ws.ipgp.fr/) (Institut de physique du globe de Paris IPGP) & Ecole et
Observatoire des Sciences de la Terre de Strasbourg (EOST), 1982), GEOFON (https://geofon.gfz-potsdam.de/)
(GFZ Data Services, 1993), and CNDC (https://www.earthquakescanada.nrcan.gc.ca/stndon/CNDC/index-en.
php). Data were collected and pre-processed as part of ASU's global data collection system (http://adept.sese.
asu.edu/) for their global record section project (http://swat.sese.asu.edu). We used data from networks 2T
(Savvaidis, 2018b), 40 (Hodgkinson & Porritt, 2022), 4T (Savvaidis, 2018a), 6D (Carnegie Institute of
Washington, 2009), 6] (Persaud, 2019), 7C (Schutt & Aster, 2015), 8G (Meltzer & Beck, 2016), AE (Arizona
Geological Survey, 2007), AK (Alaska Earthquake Center, University of Alaska Fairbanks, 1987), AT (NOAA
National Oceanic and Atmospheric Administration (USA), 1967), AV (Alaska Volcano Observatory/
USGS, 1988), AY, AZ (UC San Diego, 1982), BC (Centro de Investigacién Cientifica y de Educacién Superior
de Ensenada (CICESE), Ensenada, 1980), BR, C8, CI (California Institute of Technology and United States
Geological Survey Pasadena, 1926), CM (Servicio Geolégico Colombiano, 1993), CN (Natural Resources
Canada (NRCAN Canada), 1975), CO (University of South Carolina, 1987), CU (Albuquerque Seismological
Laboratory (ASL)/USGS, 2006), CW (National Centre for Seismological Research (CENAIS Cuba), 1998),
CY, DE, DR (National Seismological Centre, 1998), EC, EO (University of Calgary, 2018), EP, GE (GEOFON
Data Centre, 1993), G (Institut de physique du globe de Paris (IPGP) & Ecole et Observatoire des Sciences de
la Terre de Strasbourg (EOST), 1982), GI (Instituto Nacional de Sismologia, Vulcanologia, Meteorologia e
Hidrologia (INSIVUMEH), 1976), GL (Institut De Physique Du Globe De Paris (IPGP), 2020a), GM (U.S.
Geological Survey, 2016), GS (Albuquerque Seismological Laboratory (ASL)/USGS, 1980), IG, II (Scripps
Institution of Oceanography, 1986), IM (Various Institutions, 1965), IU (Albuquerque Seismological Labo-
ratory/USGS, 2014), MC, MG (Centro de Geociencias, UNAM, 2003), MQ (Institut De Physique Du Globe De
Paris (IPGP), 2020b), MX (Red Sismica Mexicana, 1970), N4 (Albuquerque Seismological Laboratory/
USGS, 2013), NA (KNMI, 2006), NX (Nanometrics Seismological Instruments, 2013), NU (Instituto Nicar-
aguense de Estudios Territoriales (INETER), 1975), NY (University of Ottawa, 2013), OV (Obsercatorio
Vulcanoldgico y Sismolégico de Costa Rica, Universidad Nacional, 1984), PA (Red Sismica Volcan
Baru, 2000), PQ (Geological Survey of Canada, 2013), PR (University of Puerto Rico, 1986), SC (New Mexico
Tech, 1999), SS (Incorporated Research Institutions For Seismology, 1970), SV, TA (IRIS Transportable
Array, 2003), TC (Universidad de Costa Rica, 2016), (Bureau of Economic Geology, The University of Texas
at Austin, 2016), US (Albuquerque Seismological Laboratory (ASL)/USGS, 1990), WC, WI (Institut De
Physique Du Globe De Paris (IPGP), 2008), XI (James, 2018), XO (Pavlis & Gilbert, 2011), XV (Wysession
et al., 2011), YC (Truffer, 2021), YG (Christensen & Abers, 2016), YO, YU (Sell et al., 2006), Z7 (Klin-
glesmith, 2008), ZB (Velasco & Karplus, 2017), ZC (Pulliam, 2013), ZE (Tape et al., 2015), ZQ (Winberry
et al., 2015), and ZW (DeShon et al., 2013). All beams used in this study are available at https://doi.org/10.
5281/zenodo.12739753 (Wolf, Frost, et al., 2024). Software availability: SplitRacer (Reiss & Riimpker, 2017)
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