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ABSTRACT

We examined SKS-SKKS splitting intensity discrepancies for phases that sample the lowermost mantle beneath North America, which has previously been shown to
exhibit seismic anisotropy using other analysis techniques. We examined data from 25 long-running seismic stations, along with 244 stations of the temporary
USArray Transportable Array, located in the eastern, southeastern and western U.S. We identified 279 high-quality SKS-SKKS wave pairs that yielded well-con-
strained splitting intensity measurements for both phases. Of the 279 pairs, a relatively small number (15) exhibited discrepancies in splitting intensity of 0.4 s or
greater, suggesting a contribution to the splitting of one or both phases from anisotropy in the lowermost mantle. Because only a small minority of SK(K)S phases
examined in this study show evidence of being affected by lowermost mantle anisotropy, the traditional interpretation that splitting of these phases primarily reflects
anisotropy in the upper mantle directly beneath the stations is appropriate. The discrepant pairs exhibited a striking geographic trend, sampling the lowermost
mantle beneath the southern U.S. and northern Mexico, while other regions were dominated by non-discrepant pairs. We carried out ray theoretical modeling of
simple anisotropy scenarios that have previously been suggested for the lowermost mantle beneath North America, invoking the alignment of post-perovskite due to
flow induced by the impingement of the remnant Farallon slab on the core-mantle boundary. We found that our measurements are generally consistent with this
model and with the idea of slab-driven flow, but relatively small-scale lateral variations in the strength and/or geometry of lowermost mantle anisotropy beneath

North America are also likely present.

1. Introduction

The D" layer, the lowermost 200-300 km of Earth's mantle, plays
host to notable heterogeneity in seismic properties and likely in geo-
chemical and/or compositional properties as well (e.g. Garnero and
McNamara, 2008). The lowermost mantle represents a thermal
boundary layer between the hotter core and the cooler mantle and
exhibits properties that contrast with the bulk of the lower mantle
above it. Examples of unusual geophysical properties include the pre-
sence of two large regions of relatively low shear wave velocities (Large
Low Shear Velocity Provinces, or LLSVPs; Garnero et al., 2016;
McNamara, 2019), localized regions of particularly low velocity
(known as Ultra-Low Velocity Zones or ULVZs; Garnero et al., 1998;
McNamara, 2019), and intermittently observed seismic discontinuities
that likely correspond to the phase transition between bridgmanite and
post-perovskite (e.g., Murakami et al., 2004; Hernlund et al., 2005).
Another aspect of lowermost mantle structure that contrasts with the
bulk of the lower mantle is the presence of seismic anisotropy, or di-
rectionally dependent seismic wave speeds (e.g., Vinnik et al., 1995;
Garnero et al., 2004; Wang and Wen, 2007; Long, 2009; Nowacki et al.,

2010, 2011; Cottaar and Romanowicz, 2013; Lynner and Long, 2014;
Long and Lynner, 2015; Romanowicz and Wenk, 2017; Creasy et al.,
2017; Grund and Ritter, 2018; Reiss et al., 2019; Wolf et al., 2019).

Seismic anisotropy is an important property because of the causa-
tive link between mantle deformation and the resulting anisotropy.
When the mantle is deformed under dislocation creep (specifically via a
dislocation glide mechanism; e.g., Cordier et al., 2012; Marquardt and
Miyagi, 2015; Kraych et al., 2016), it forms a texture (often referred to
as crystallographic preferred orientation, or CPO) that gives rise to
seismic anisotropy at the macro scale. Measurements of seismic aniso-
tropy can thus constrain the deformation geometry in various parts of
the Earth, including the upper mantle (e.g., Karato et al., 2008; Becker
et al., 2012; Long, 2013; Yuan and Beghein, 2014), the transition zone
and uppermost lower mantle (e.g., Nowacki et al., 2015; Lynner and
Long, 2015; Mohiuddin et al., 2015; Chang et al., 2016), and the low-
ermost mantle, which we investigate in this study. The characterization
of seismic anisotropy at the base of the mantle has the potential to
reveal patterns of flow and deformation just above the core-mantle
boundary (CMB), informing our view of mantle dynamics in this crucial
region (e.g., Nowacki et al., 2011).
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Seismic anisotropy in the lowermost mantle manifests itself in the
seismic wavefield in several ways, including the splitting or bi-
refringence of shear waves that propagate through the region. A variety
of shear phases may be affected by anisotropy; common phases to study
include ScS (e.g., Wookey et al., 2005a, 2005b; Nowacki et al., 2010;
Ford et al., 2015; Creasy et al., 2017; Pisconti et al., 2019; Wolf et al.,
2019) and SK(K)S phases (e.g., Niu and Perez, 2004; Restivo and
Hellfrich, 2006; Wang and Wen, 2007; Long, 2009; He and Long, 2011;
Lynner and Long, 2012, 2014; Roy et al., 2014; Deng et al., 2017; Reiss
et al., 2019; Grund and Ritter, 2018; Asplet et al., 2020). A common
strategy for the latter type of data is to measure splitting for SKS and
SKKS phases recorded on the same seismogram (that is, SK(K)S phases
from the same event-station pair). These phases sample the upper
mantle in a nearly identical way, but diverge significantly in the lower
mantle (Fig. 1); therefore, when significant discrepancies in measured
splitting parameters for SKS vs. SKKS are identified, they are often in-
terpreted as requiring a contribution to splitting from anisotropy at the
base of the mantle to one or both phases.

Our work is motivated by two distinct goals. The first, and main,
goal of the work presented here is to study seismic anisotropy at the
base of the mantle beneath North America, which has previously been
shown to be anisotropic (e.g., Panning and Romanowicz, 2006;
Nowacki et al., 2010), using SK(K)S phases. While ScS splitting ob-
servations have already revealed lowermost mantle anisotropy beneath
parts of North America (Nowacki et al., 2010), the geographical cov-
erage of ScS phases beneath the continent is imperfect, and this cov-
erage can be augmented by considering SK(K)S phases. Furthermore,
recent modeling work (Ford et al., 2015; Creasy et al., 2017, 2019,
2020) has demonstrated that tighter constraints on anisotropic geo-
metry can potentially be obtained by combining different types of ob-
servations (for example, ScS, SKS, and/or SKKS phases). Our second
goal is to understand whether lowermost mantle anisotropy sig-
nificantly contributes to the splitting of SK(K)S phases observed in
eastern North America, which has recently been intensively studied
(e.g., Long et al., 2010, Long et al., 2016; Wagner et al., 2012; White-
Gaynor and Nyblade, 2016; Yang et al., 2017; Aragon et al., 2017; Li
et al., 2019) and which is typically interpreted in terms of upper mantle
processes (e.g., Becker et al., 2012). This question is important because
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Fig. 1. Sketch of SKS (thick gray line) and SKKS (thick black line) seismic wave
paths through the Earth at an epicentral distance relevant for our study.
Raypaths from the source (star) to the receiver (triangle) were calculated for a
shallow earthquake (event location at top of plot) using TauP (Crotwell et al.,
1999) for the iasp91 Earth model (Kennett et al., 1995). Note the different paths
for SKS and SKKS through the lowermost mantle, but similar paths in the upper
mantle and transition zone on the receiver side, as indicated.
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the complex SKS splitting patterns beneath eastern North America are
usually interpreted to reflect laterally and/or vertically heterogeneous
anisotropy in the upper mantle. If, instead, some of this complexity is
due to contributions from the lowermost mantle, then previous inter-
pretations of SKS splitting beneath eastern North America may need to
be revisited. Because of our interest in the second question, we began
our study with a set of 15 permanent seismic stations in eastern North
America, several of which were found by Long et al. (2010) to exhibit
complex SKS splitting patterns. Specifically, a few of the stations ex-
amined by Long et al. (2010) exhibited strong, clear splitting over a set
of narrow backazimuthal ranges, with clear null (that is, non-split)
arrivals from a larger range of backazimuths. Because SKS splitting
patterns such as these can reflect a localized contribution from lower-
most mantle anisotropy (e.g., Lynner and Long, 2012), an outstanding
question from the Long et al. (2010) study is whether anisotropy in the
lowermost mantle may be contributing significantly to SKS splitting
observations in eastern North America.

Based on initial observations of SKS-SKKS discrepancies at the
permanent stations examined by Long et al. (2010), described below,
we expanded our study to include additional stations in order to target
a region of the lowermost mantle beneath the southern U.S. and
northern Mexico (Fig. 2). We incorporated data from an additional 10
permanent stations and 244 temporary stations (mainly from the
USArray Transportable Array, or TA), as shown in Fig. 2. We ultimately
produced a data set of 279 of high-quality SKS-SKKS phase pairs, of
which a relatively small number (15) exhibited significant dis-
crepancies in splitting that cannot be easily explained in terms of upper
mantle anisotropy models. We interpret these measurements as re-
flecting a contribution from anisotropy in the lowermost mantle to the
splitting of one or both phases. In order to test whether our observa-
tions are consistent with previous studies of lowermost mantle aniso-
tropy beneath North America based on ScS splitting (Nowacki et al.,
2010), we carried out some simple forward modeling of elasticity sce-
narios proposed by Walker et al. (2011) for our study region. These
models show that our measurements are generally consistent with de-
formation of post-perovskite in the lowermost mantle beneath North
America, driven mainly by a large-scale downwelling associated with
the impingement of a remnant of the Farallon slab on the CMB.
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Fig. 2. Map of seismic stations used in analysis, including permanent stations of
the U.S. national network and other networks (triangles), and temporary sta-
tions of the USArray Transportable Array (TA) stations (circles). Stations were
chosen to target the region of the lowermost mantle shown with the blue rec-
tangle. Stations which yielded high-quality SKS-SKKS pairs are shown in
yellow, while stations for which data were examined but which did not yield
high-quality SKS-SKKS pairs are shown in black. Background colors indicate
topography/bathymetry. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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2. Data and methods
2.1. The SKS-SKKS splitting discrepancy method

This work relies on the SKS-SKKS splitting discrepancy method to
identify seismic anisotropy in the lowermost mantle (e.g., Niu and
Perez, 2004; Long, 2009; Lynner and Long, 2014; Roy et al., 2014; Long
and Lynner, 2015; Deng et al., 2017; Grund and Ritter, 2018; Reiss
et al., 2019; Wolf et al., 2019; Asplet et al., 2020). Shear wave splitting
occurs when a shear wave propagates through an anisotropic medium
(e.g., Silver and Chan, 1988; Vinnik et al., 1989). The shear wave is
split into two quasi-S components, one fast and one slow; their polar-
ization directions are controlled by the geometry of the anisotropy, and
they accumulate a time delay as they travel through the medium at
different speeds. The splitting of SKS and SKKS phases is commonly
measured to probe upper mantle anisotropy, on the assumption that the
lowermost mantle makes a negligible contribution to splitting in most
cases (e.g., Niu and Perez, 2004; Long and Silver, 2009). In a small
minority of cases, however, discrepancies between SKS and SKKS
splitting for the same event-station pair suggest a contribution to
splitting from lowermost mantle anisotropy to one or both phases. The
inference of a lowermost mantle contribution is based on the raypath
geometry involved (Fig. 1): SKS and SKKS rays have paths that are
nearly identical in the upper mantle and mantle transition zone, but
they diverge significantly at the base of the mantle, and they propagate
through the lowermost mantle at significantly different propagation
angles. This means that if there is anisotropy present, it will be sampled
by the phases in a different way, due to their differences in propagation
direction; furthermore, if there are lateral variations in anisotropy, then
SKS and SKKS may sample different regions of anisotropic structure.
Thus, any significant differences in splitting behavior between the two
phases is often attributed to a contribution from the lowermost mantle
(although some workers have argued that discrepant splitting may be
interpreted solely in terms of upper mantle structure; e.g., Monteiller
and Chevrot, 2010; Lin et al., 2014).

It is important to note that unless corrections for upper mantle an-
isotropy beneath the stations are explicitly applied (e.g., Lynner and
Long, 2014; Lynner and Long, 2015; Ford et al., 2015), the SKS-SKKS
discrepancy method cannot constrain the actual splitting parameters
associated with the lowermost mantle portion of the raypath. Instead,
discrepancies are typically taken to indicate a contribution to one or
both phases from anisotropy at the base of the mantle. This could be a
result of a lateral gradient in anisotropy at the base of the mantle, such
that one phase is sampling anisotropy and the other is not, or such that
both phases are sampling anisotropy, but with a different strength and/
or geometry. Alternatively, anisotropy may be present at the base of the
mantle in a geometry that would predict different splitting for SKS vs.
SKKS phases because of their different (by about 15°) propagation di-
rections (e.g., Tesoniero et al., 2020). Because there are several dif-
ferent possible explanations for SKS-SKKS splitting discrepancies, and
because SK(K)S splitting measurements are often complicated by the
presence of upper mantle anisotropy, their interpretation is not
straightforward. This means that there are no simple rules of thumb for
unambiguous inferences that may be made based on, for example,
whether the SKS phase is more strongly split than the SKKS phase, or
vice-versa. Despite these complications, however, strong SKS-SKKS
splitting discrepancies are typically taken to indicate a contribution to
splitting from lowermost mantle anisotropy from one or both phases,
and therefore they serve as a useful complement to other methods for
probing anisotropy at the base of the mantle (e.g., Creasy et al., 2019).

Another nuance in the interpretation of SKS-SKKS splitting dis-
crepancies comes from the fact that while clearly discrepant splitting
suggests a contribution from anisotropy in the lower mantle, it does not
follow that an observation of non-discrepant splitting implies a lack of
anisotropy at the base of the mantle (e.g., Long and Lynner, 2015). For
any given non-discrepant SKS-SKKS pair, there are several possible
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scenarios that could explain the observation. The first, and most ob-
vious, is a lack of lowermost mantle anisotropy. However, it is also
possible that anisotropy is present at the base of the mantle but is
contributing to the splitting of both SKS and SKKS phases in a similar
way, and therefore no discrepancy between the two phases is evident. A
third possibility is that there is anisotropy in the lowermost mantle, but
the SK(K)S phases are propagating with a raypath geometry that does
not cause splitting (that is, along the “null directions” of the aniso-
tropy). It is therefore important to keep in mind, when interpreting
maps of discrepant and non-discrepant SKS-SKKS pairs, that an ob-
servation of non-discrepant splitting does not necessarily imply a lack of
lowermost mantle anisotropy in that region.

SKS-SKKS splitting discrepancies are often detected using conven-
tional methods for measuring the shear wave splitting parameters ¢
(fast splitting orientation) and &t (delay time), such as the transverse
component minimization method of Silver and Chan (1988) or the
cross-correlation method of Ando et al. (1983) (e.g., Niu and Perez,
2004; Long, 2009; Lynner and Long, 2014; Long and Lynner, 2015).
However, several recent studies have instead used measurements of the
splitting intensity (Chevrot, 2000) to characterize SKS-SKKS splitting
discrepancies, on the grounds that it is a more robust measurement for
individual waveforms (Deng et al., 2017; Grund and Ritter, 2018; Reiss
et al., 2019; Wolf et al., 2019; Asplet et al., 2020). This robustness
comes at the expense of the additional information contained in esti-
mates of the classical splitting parameters, however. In this study we
measure both the traditional splitting parameters (¢, 6t) and splitting
intensity, and we rely on differences in splitting intensity values to
characterize discrepancies.

2.2. Data and measurement strategy

We initially focused on measuring SKS-SKKS wave pairs for 15 long-
running or permanent seismic stations in eastern North America. These
stations are part of the United States National Seismic Network (station
code: US), New England Seismic Network (station code: NE), Global
Seismograph Network (station code: IU), or the Lamont-Doherty
Cooperative Seismographic Network (station code: LD). Known issues
with the alignment of horizontal components were corrected at stations
GOGA, SSPA, and TZTN. At two of the 15 permanent stations, we ex-
amined data but did not identify any robust SKS-SKKS pairs. After our
initial analysis identified evidence for discrepant SKS-SKKS pairs for
waves that sampled the lowermost mantle beneath the south-central
U.S. and northern Mexico (blue rectangle in Fig. 2), we expanded the
set of stations used to include 156 stations of the USArray Transportable
Array in the southeastern U.S. These stations were chosen because SK
(K)S phases recorded from earthquakes originating in the western Pa-
cific sample the region of interest in the lowermost mantle (Fig. 2).
Finally, in order to obtain crossing paths that sample our study region
in the lowermost mantle, we examined data from 98 stations (10 per-
manent, 88 temporary) located in and around the U.S. state of Colorado
(Fig. 2). SK(K)S phases from earthquakes originating in the Scotia Arc
and measured at these stations also sample our region of interest. A
complete list of stations used in this study can be found in Supple-
mentary Table S1.

Data for these stations were obtained from the Data Management
Center (DMC) of the Incorporated Research Institutions for Seismology
(IRIS). We examined data for earthquakes with moment magnitudes of
6.5 and greater at epicentral distances between 108°-122°, as both SKS
and SKKS phases are typically visible in this range (e.g., Reiss et al.,
2019). The events used in this study mainly originated in the western
Pacific subduction zones or in the Scotia subduction zone, with a few
events from the India-Eurasia collision zone and a few events elsewhere
(Fig. 3). We bandpass filtered all waveforms to retain energy at periods
between 8 (or 10) s and 25 s, with the lower period bound manually
selected to optimize the clarity of each waveform. Our choice of
bandpass filter was motivated by the desire to use a similar filter as that
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used in previous work on SK(K)S splitting in eastern North America
(Long et al., 2010, 2016; Wagner et al., 2012), because on one of our
goals is to understand to what extent lowermost mantle anisotropy
might contribute to SK(K)S splitting datasets. We note that adjusting the
high-frequency cutoff to a lower period range would make it easier for
us to characterize splitting with low delay times (e.g., Walpole et al.,
2014); however, this would come at the cost of including more noise in
the microseism period band in the waveforms, and would allow for a
less straightforward comparison to previous work.

We followed the shear wave splitting measurement methodology
used by Deng et al. (2017), using a modified version of the SplitLab
software (Wiistefeld et al., 2008) that measures splitting intensity (SI)
using the method described in Chevrot (2000). The splitting intensity
corresponds to the amplitude ratio between the transverse component
energy and the time derivative of the radial component energy
(Chevrot, 2000). It is related to the splitting parameters (¢, &t) via the
approximate relation SI = —%& sin 23, where f is the angle between the
backazimuth and the fast polarization direction ¢. (We note that there
are differences in the literature as to whether the splitting intensity
quantity is defined with the factor of 1, as above, or without it; this
issue is discussed in some detail in Deng et al. (2017). As long as there is
consistency in relating SI to the corresponding splitting parameters,
then either formulation is acceptable.) Strongly split waves will have SI
values with large absolute values, while waves that are not split (that is,
null arrivals), or are only weakly split, will have SI values that are close
to zero. We processed the data (approximately 5000 records in total) to
identify seismograms with high-quality SKS and SKKS arrivals and
measured both the traditional splitting parameters and the splitting
intensity values, with error estimates, for each phase. For our estimates
of (¢, 8t), we relied on the rotation-correlation method of Bowman and
Ando et al. (1983), as implemented in the SplitLab code (Wiistefeld
et al., 2008). For both the SI and the rotation-correlation methods, we
manually windowed each phase for analysis, choosing a window that
began a few sections before the visually picked onset of SK(K)S energy
and covered at least one full period of the signal (average window
length was ~20 s), and visually checked the quality of each measure-
ment.

3. Results

Our final set of SKS-SKKS splitting discrepancy measurements con-
sisted of 279 high-quality SKS-SKKS pairs measured at 173 different
seismic stations (Supplementary Table S2). We define as “high-quality”
those pairs that meet the following criteria: 1) both SKS and SKKS
phases were clearly visible, with good waveform clarity and acceptable
signal-to-noise ratio (SNR greater than approximately 3 on the radial
component), 2) both phases had a well-constrained SI measurement,
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Fig. 3. Map of earthquakes and lowermost mantle pierce
points for SKS-SKKS pairs presented in this study. Locations of
all earthquakes that yielded at least one usable SKS-SKKS pair
are shown with yellow squares; lines indicate the great circle
path for each SKS-SKKS pair. Paths that exhibit some degree
of discrepant SKS-SKKS splitting intensities are shown in red,
while other paths are shown in gray. Blue stars show the
pierce points at a depth of 2700 km for the SKS and SKKS
phases. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this
article.)

with error bars less than approximately + 0.4 s, and 3) for phases with
transverse component energy above the noise, we checked to ensure
that the waveform shape was similar to the time derivative of the radial
component, as predicted (Chevrot, 2000). We did not require that both
phases have well-constrained estimates for the traditional splitting
parameters, as we relied primarily on splitting intensity estimates to
characterize discrepancies, as discussed below. The geographic sam-
pling of the 279 high-quality phase pairs is shown in Fig. 3, which maps
the great circle paths connecting sources to receivers for all pairs (both
discrepant and non-discrepant), along with the pierce points at a depth
of 2700 km in the lowermost mantle (just above the core-mantle
boundary) for each phase (calculated using the TauP utility; Crotwell
et al., 1999). Our data set samples the lowermost mantle beneath the
central portion of North America well, with most phases propagating
along a generally west-to-east path.

Of the 279 SKS-SKKS pairs identified in our study, 116 of these
exhibited differences in the splitting intensity values measured for SKS
and SKKS that were larger than the error bars on the measurements
(that is, the 95% confidence regions for the splitting intensity mea-
surements did not overlap). However, as discussed further in Section
4.1, only strongly discrepant SKS-SKKS pairs can reliably be interpreted
as requiring a contribution from lowermost mantle anisotropy. Fol-
lowing previous work (Deng et al., 2017; Reiss et al., 2019), we labeled
as “strongly discrepant” those phase pairs for which the difference in
estimated splitting intensity was > 0.4 s. Of the 116 pairs that exhibited
some discrepancies between SKS and SKKS splitting behavior, 15 of
them were strongly discrepant. Typical waveform examples for a
strongly discrepant pair, a weakly discrepant pair, and a non-discrepant
pair are shown in Fig. 4. In the strongly discrepant splitting example,
the SKS phase is clearly split (SI = —0.74 s) while the SKKS phase is
nearly null (SI = —0.10 s). In the weakly discrepant example, both
phases are split, but the SI values are (statistically) significantly dif-
ferent (SI = —0.54 s for SKS and SI = —0.80 s for SKKS). In the non-
discrepant example, both phases are null, with SI values close to zero
(SI = —0.05 s for SKS and SI = 0.02 s for SKKS).

We investigated the spatial relationships between the geographic
sampling of our SKS-SKKS data and isotropic velocity structure at the
base of the mantle. Fig. 5 shows the shear velocity structure at the base
of the mantle from the GyPSuM tomography model (Simmons et al.,
2010), along with pierce points at a depth of 2700 km for all SKS and
SKKS phases in our dataset. Because our lowermost mantle anisotropy
interpretation ultimately focuses on the strongly discrepant pairs, these
pairs are highlighted on Fig. 5. Strikingly, the 15 strongly discrepant
pairs in our dataset delineate a region of the lowermost mantle beneath
the southern U.S. and northern Mexico, geographically coincident with
a portion of a fast anomaly that is thought to represent a fragment of the
Farallon slab just above the CMB (Nowacki et al., 2010). Interestingly,
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Fig. 4. Example SKS and SKKS waveforms from
station LRAL (top), T53A (middle), and V51A
(bottom). Left panels show SKS phases and right

panels show the corresponding SKKS phases. Dashed
\ . blue lines show radial component waveforms and
solid red lines show transverse component wave-
forms. Gray shading represents the time window
used in each splitting intensity measurement. The
measured splitting intensity value, along with the
: 95% confidence region, is shown above each panel.
\, : The top example shows a strongly discrepant SKS-
. SKKS pair (difference in splitting intensity of

S1=-0.85<-0.80<-0.75

~0.6 s), the middle example shows a weakly dis-
crepant pair (difference in splitting intensity of
~0.2 s), and the bottom example shows a non-dis-
crepant pair (difference in splitting intensity is neg-

ligible, and confidence regions for the two mea-
surements overlap). (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)
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however, there are many SKS-SKKS phases that do not exhibit strong
discrepancies that also sample this fast anomaly, particularly to the
north and east of the region with the discrepant pairs. It is also striking
that in the region sampled by the discrepant pairs, there is a mix of
discrepant and non-discrepant pairs that sample the same region of the
mantle, behavior that is consistent with other studies of SKS-SKKS
splitting discrepancies and lowermost mantle anisotropy (e.g., Long,
2009; Deng et al., 2017; Reiss et al., 2019).

4. Interpretation of SKS-SKKS splitting discrepancies
4.1. Upper mantle contributions: possible effects

The interpretation of SKS-SKKS splitting discrepancies must be done
with great care (e.g., Monteiller and Chevrot, 2010; Tesoniero et al.,
2020), for several reasons. SKKS has a longer raypath (and different ray
parameter) through the lowermost mantle compared to SKS, and this
may complicate the waveform behavior. Scattering from isotropic and/
or anisotropic structures may affect the polarization of SK(K)S waves; in
the presence of anisotropic structure, this effect may contribute to SKS-
SKKS splitting discrepancies (Restivo and Helffrich, 2006), although
scattering from purely isotropic structure is unlikely to perfectly mimic
the waveform effects expected for shear wave splitting (e.g., Long and
Lynner, 2015). Another complication is that any potential upper mantle
effects must be accounted for before anisotropy in the lowermost
mantle can reasonably be invoked.

Here we reiterate a line of reasoning from Reiss et al. (2019) that
built on arguments in earlier papers (Long, 2009; Lynner and Long,
2014; Deng et al., 2017) about the relative contributions of the upper

vs. lowermost mantle to SKS-SKKS discrepancies. As noted by Reiss
et al. (2019) and elsewhere, it is well established that upper mantle
anisotropy generally makes the first-order contribution to SK(K)S
splitting on a global scale, while contributions from the lowermost
mantle are at most a minor effect (e.g., Niu and Perez, 2004; Becker
et al., 2012). Some studies have argued that SKS-SKKS splitting dis-
crepancies can explained mainly in terms of upper mantle anisotropy
(e.g., Monteiller and Chevrot, 2010; Lin et al., 2014). However, other
papers (e.g., Long, 2009; Roy et al., 2014; Lynner and Long, 2014; Long
and Lynner, 2015; Deng et al., 2017; Reiss et al., 2019; Grund and
Ritter, 2018; Asplet et al., 2020) have argued that while anisotropy in
the crust, upper mantle, or mantle transition zone may make a minor
contribution to SKS-SKKS splitting discrepancies (due to small-scale
lateral variations in anisotropic structure and/or to slight differences in
ray propagation direction between the phases), these effects are likely
to be relatively small. Specifically, unrealistically strong anisotropy in
the crust or shallowest mantle is needed to generate significant dis-
crepancies between SKS and SKKS phases; similarly, anisotropy in the
mantle transition zone must be unrealistically strong as well as het-
erogeneous on very short length scales in order to generate observable
discrepancies. Finite-frequency wavefield effects may contribute to
differences in SKS and SKKS splitting even for simple, homogeneous
upper mantle anisotropy models (e.g., Lin et al., 2014; Tesoniero et al.,
2020); again, however, these effects are generally small (up to ~0.2 s
difference in splitting intensity; see discussions in Long and Lynner,
2015 and Tesoniero et al., 2020). Therefore, while we acknowledge that
anisotropy in the crust, upper mantle, and/or mantle transition zone
may contribute to slight discrepancies in SKS-SKKS splitting (and thus
to many of the discrepant paths shown in Fig. 3), we follow arguments
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Fig. 5. Geographic sampling of the lowermost mantle for recorded SKS-SKKS
pairs from all stations. SKS pierce points at a depth of 2700 km are shown with
triangles and corresponding SKKS pierce points are shown with circles; gray or
red lines connect pairs of phases, as shown by the legend. Red lines show
strongly discrepant pairs; gray lines show other pairs (weakly discrepant or
non-discrepant). Background colors show shear velocities at the base of the
mantle (deviations from the background) from the GyPSuM tomography model
(Simmons et al., 2010), with the color bar shown at the bottom (dVs values in
%). Discrepant SKS-SKKS pairs in our study tend to sample near a fast anomaly
at the base of the mantle, though to correspond to a remnant of the Farallon
slab at depth (e.g., Nowacki et al., 2010). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this
article.)

made in previous papers and interpret robust, strong discrepancies
between SKS-SKKS splitting intensity (> 0.4 s; Fig. 5) as suggesting a
contribution from the lowermost mantle.

One of the goals of this study was to understand whether lowermost
mantle anisotropy might be a factor in explaining the complex splitting
patterns observed at some permanent stations in eastern North America
(Long et al., 2010), or whether, conversely, complex SK(K)S splitting in
eastern North America mainly reflects upper mantle anisotropy. Our
study identified strongly discrepant splitting in 15 out of 279 pairs
(~5.4%), comparable to the fraction of discrepant pairs identified in
the global study of Niu and Perez (2004). In our study, an observable
contribution to SK(K)S splitting was identified for only a small set of
raypaths, confined to certain azimuthal ranges, and associated with a
specific region of the lowermost mantle. Therefore, we infer that, while
the small minority of discrepant SKS-SKKS pairs can be used to char-
acterize lowermost mantle anisotropy beneath North America, aniso-
tropy at the base of the mantle is highly unlikely to make a first-order
contribution to SK(K)S splitting patterns observed at stations in our
study region. More specifically, an examination of the complex splitting
patterns at long-running stations in eastern North America by Long
et al. (2010) shows that at several stations, a mix of null and non-null
arrivals are observed; with one exception (TZTN), each has non-null
observations arriving from several distinct backazimuths. Because the
discrepant SKS-SKKS pairs observed at eastern North American stations
in this study arrive from a very narrow range of backazimuths, it is
unlikely that anisotropy in the lowermost mantle exerts the primary
control on patterns, although it may make a contribution to them in a
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few cases. In particular, station LRAL exhibited three discrepant SKS-
SKKS pairs in our study, implying there is a contribution to splitting
from the lowermost mantle at the relevant backazimuth. Furthermore, a
detailed study of SKS splitting beneath the central Appalachian
Mountains (Aragon et al., 2017) showed that many stations exhibit si-
milar splitting parameters over a range of backazimuths, and that the
splitting patterns could be reproduced well with models that invoked
two layers of anisotropy in the upper mantle. Therefore, we conclude
that SKS splitting measured in eastern North America (e.g., Long et al.,
2010; Yang et al., 2017; Aragon et al., 2017; Li et al., 2019) likely
primarily reflect anisotropy in the upper mantle, perhaps with some
small and localized contribution from the crust and/or lowermost
mantle in some places. There is no evidence from the SKS-SKKS data set
presented here that contamination of SK(K)S phases observed in eastern
North America from lowermost mantle anisotropy is pervasive.

4.2. Lowermost mantle anisotropy inferred from splitting intensity
discrepancies

Proceeding with the line of reasoning articulated in Section 4.1, we
interpret the large (> 0.4 s) discrepancies in splitting intensity we
identified for 15 event-station pairs as reflecting a contribution from
lowermost mantle anisotropy to one or both phases. Fig. 6 shows the
geographic sampling of the lowermost mantle for these 15 pairs, along
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Fig. 6. Measured shear wave splitting parameters for strongly discrepant SKS-
SKKS wave pairs identified in this study. SKS pierce points (at a depth of
2700 km) are shown with triangles and SKKS pierce points are shown with
circles, with red lines connecting the pierce points for individual pairs, as in
Fig. 5. Measured splitting parameters for individual phases are plotted at the
pierce point as a black bar, with the orientation of the bar showing the fast
splitting direction and the length of the bar indicating the splitting delay time,
as shown by the scale bar at lower left. If no bar is plotted, then the splitting
measurement was considered to be null. Note that splitting measurements have
not been corrected for the effect of upper mantle anisotropy. Background colors
show shear velocities at the base of the mantle (deviations from the back-
ground) from the GyPSuM tomography model (Simmons et al., 2010), with the
color bar shown at the bottom (dVs values in %). (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)
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with isotropic shear velocity structure from Simmons et al. (2010).
Although these pairs were identified based on discrepancies in mea-
sured splitting intensity values (0.4 s or greater), we also plot on Fig. 6
the measured splitting parameters (¢, t) for each phase, derived from
the rotation-correlation method. We caution, however, that these
splitting parameters cannot be interpreted simply as the contribution to
splitting from lowermost mantle anisotropy, as discussed further below.
The region of the lowermost mantle sampled by the discrepant pairs
(Fig. 6) is located along a fast velocity anomaly that trends roughly
north-south in this region and continues to the northeast (beneath the
Hudson Bay region of Canada; see Fig. 5). This fast anomaly, which is
also present in other tomographic models, is typically interpreted as a
fragment of the subducted Farallon slab (e.g., Simmons et al., 2010;
Nowacki et al., 2010). As Fig. 6 shows, the anomalous region of low-
ermost mantle anisotropy that we identify in this study is sampled both
by discrepant pairs that have nearly west-to-east propagation paths and
by discrepant pairs that have more nearly north-south propagation
paths, with the latter group sampling near the SKS pierce points for the
former group. Elsewhere beneath North America (Fig. 5), we do not
observe discrepant pairs; again, this suggests that there is an anomalous
region of lowermost mantle anisotropy beneath the central and
southern U.S. and northern Mexico that is different from the sur-
rounding mantle, either in terms of the presence, strength, or geometry
of anisotropy.

Our identification of an anomalous region of lowermost mantle
anisotropy beneath central North America comes with some caveats. As
is common in studies of SKS-SKKS splitting discrepancies (e.g., Long,
2009; Lynner and Long, 2014; Deng et al., 2017; Reiss et al., 2019;
Asplet et al., 2020), the anomalous region is sampled by a mix of dis-
crepant and non-discrepant pairs. This behavior has been noted in
many other studies; for example, Deng et al. (2017) identified a region
of lowermost mantle anisotropy at the edge of the Pacific Large Low
Shear Velocity Province (LLSVP) that was sampled by a mix of dis-
crepant and non-discrepant SKKS pairs. Deng et al. (2017) showed that
when individual SKS and SKKS waveforms from both discrepant and
non-discrepant pairs were stacked, a discrepancy between SKS and
SKKS splitting was evident in the stacked waveforms. (Unfortunately, in
our study, the earthquakes associated with each of the relevant ray-
paths (west-to-east and south-to-north propagation) were not similar
enough to successfully carry out the stacking technique of Deng et al.
(2017)). Our observation of a mix of both discrepant and non-dis-
crepant SKS-SKKS pairs, similar to the findings of previous studies,
provides support for the idea that in the presence of realistic, complex
Earth structure and for actual, noisy waveforms, a region of seismic
anisotropy in the lowermost mantle can manifest itself as a mix of
discrepant and non-discrepant individual SKS-SKKS pairs. Specifically,
this behavior may be due to small-scale variations in anisotropic
structure at the base of the mantle, to natural variability in noisy
seismic data, or to technical limitations in the definition of discrepant
SKS-SKKS pairs (Asplet et al., 2020). It may also reflect variability in the
actual propagation direction for different SKS-SKKS pairs that have
nominally similar raypaths. In a simple, 1-D Earth, phases that have
similar raypaths (that is, similar backazimuths and ray parameters) will
sample adjacent regions of the Earth's interior. If realistic 3-D velocity
heterogeneity is present, however, then the rays may deviate from the
great circle path due to refraction, and phases with similar back-
azimuths may actually be sampling different structure. The pierce
points shown in Fig. 5 are calculated with a 1-D Earth model and
therefore do not take into account this possible effect. Finally, it is
worth keeping in mind that many of the pairs that were characterized as
non-discrepant according to our cutoff (a difference of at least 0.4 s in
splitting intensity estimates between SKS and SKKS) may, in fact, ex-
hibit discrepancies of a smaller magnitude.

Another important caveat to our work is the fact that an observation
of a non-discrepant pair (as pervasively identified beneath much of
North America; Fig. 5) does not necessarily imply isotropic structure
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there. As discussed extensively by Long and Lynner (2015), a non-dis-
crepant SKS-SKKS pair can be interpreted as reflecting one of three
conditions: 1) the lowermost mantle being sampled is isotropic; 2) the
lowermost mantle is anisotropic, but SKS and SKKS phases are experi-
encing the same shear wave splitting due to this anisotropy, or 3) the
lowermost mantle is anisotropic, but the SKS and SKKS phases are
polarized along a fast or slow splitting direction for the anisotropic
medium, and thus both phases experience null splitting due to the an-
isotropy. We emphasize, therefore, that while the dominantly non-dis-
crepant SKS-SKKS splitting behavior observed beneath much of North
America is suggestive of a lack of strong or regionally coherent aniso-
tropy (at least having a strength or geometry that causes significant
splitting of SK(K)S phases), any individual non-discrepant pair cannot
be interpreted as implying lower mantle isotropy.

Finally, we emphasize that because we did not explicitly correct for
the effect of upper mantle anisotropy in our study, we cannot interpret
the measurements in Fig. 6 as directly reflecting shear wave splitting
due to lowermost mantle anisotropy. In order to isolate the effect of
lowermost mantle anisotropy on SK(K)S splitting, it is necessary to
accurately remove the contribution to splitting from the upper mantle.
This correction can be done in cases where the upper mantle anisotropy
beneath the stations is simple, with splitting patterns that reflect either
a single homogeneous layer of anisotropy or that reflect little or no
splitting due to the upper mantle (e.g., Lynner and Long, 2014; Long
and Lynner, 2015). In order to confidently assess the character of upper
mantle splitting patterns, however, long-running seismic stations with
good backazimuthal coverage are needed. Stations with complex
splitting patterns due to complicated anisotropic structure in the upper
mantle (such as many of the stations examined by Long et al., 2010) or
stations that have short deployment times (such as the TA stations that
represent the bulk of receivers used in this study) are not good candi-
dates for upper mantle anisotropy corrections. Therefore, the SKS-SKKS
discrepancy measurements presented here can be interpreted as re-
quiring a contribution to splitting from lowermost mantle anisotropy
from one or both phases but cannot be directly interpreted to infer the
geometry or strength of the responsible anisotropy. Despite this lim-
itation, however, forward modeling can be carried out to test whether
particular anisotropic scenarios are consistent with the data, as shown
by previous studies (e.g., Reiss et al., 2019) and discussed further
below.

We document three types of discrepant SKS-SKKS pairs in this study
(Fig. 6). The most common is the case in which the SKS phase is split, but
the SKKS phase is null (the majority of the pairs propagating along the west-
to-east path in Fig. 6, and one pair along the south-to-north path). We also
observe one pair in which SKS is null and SKKS is split (southernmost pair in
the west-to-east group in Fig. 6) and several pairs (in both groups) in which
both phases are split, but the splitting parameters are different. Because we
did not explicitly correct for upper mantle contributions in our study, we
cannot make any straightforward inferences about anisotropic structure
based solely on the character of our discrepant results. This is because a null
measurement for any given phase can either imply that the phase has not
been split, or it can imply that it has been split by both upper and lowermost
mantle anisotropy, with destructive interference of the splitting accrued in
each layer. The dominance in our data set of pairs in which SKS is split but
SKKS is null is an interesting observation, and somewhat counterintuitive,
as SKKS phases have a longer path length through the lowermost mantle
(due to their shallower propagation angle) and thus may in theory accrue a
larger delay time in the presence of anisotropy. Again, however, the in-
terpretation of this observation is not straightforward; one possibility is that
anisotropy is present in the lower mantle in a geometry that leads to a
different set of apparent splitting parameters for SKS vs. SKKS phases due to
the difference in propagation angle. For example, Tesoniero et al. (2020)
documented strong predicted discrepancies between SKS and SKKS splitting
intensities for a lowermost mantle anisotropy model based on post-per-
ovskite, due to the differences in propagation direction between the two
phases.
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Fig. 7. a) View of lowermost mantle anisotropy beneath North America provided by our study and previous studies based on body waves. Map shows the ap-
proximate regions of inferred lowermost mantle anisotropy identified by Garnero et al. (2004) using Sqi¢s phases, by Nowacki et al. (2010) using ScS phases, by Long
(2009) and Asplet et al. (2020) using SKS-SKKS phases, and by our study, as shown in the legend. Arrows indicate the approximate raypaths used in each study. Note
that the region offshore the U.S. Pacific Northwest identified by Asplet et al. (2020) extends substantially further to the west, beyond the limits of the map. b)
Comparison between our measurements and the predictions of the Walker et al. (2011) flow and elasticity models. We plot predictions of radial anisotropy beneath
North America from the work of Walker et al. (2011) for an elasticity model that invokes dominant slip on the (010) plane. ¢) Same as b), but for dominant slip on the

(001) planes.

5. Discussion and modeling
5.1. Comparison with previous observations

Several previous studies have suggested the presence of anisotropy
in the deepest mantle beneath North America and the surrounding re-
gion (Fig. 7). These include Garnero et al. (2004), who studied dif-
fracted S waveforms that sampled the base of the mantle beneath the
Caribbean and the Gulf of Mexico, just to the south and east of our
study area, and Long (2009), who documented SKS-SKKS discrepancies
due to lowermost mantle anisotropy beneath the eastern Pacific Ocean,
just to the west of the region beneath the North American continent.
More relevant for comparison here, Nowacki et al. (2010) studied

anisotropy at the base of the mantle beneath North America by mea-
suring the splitting of ScS phases. They found pervasive anisotropy in
the lowermost mantle, including for a dense set of paths that sampled
just to south and east of our study region, as well as for a few paths that
sample just to the west of our discrepant SKS-SKKS pierce points. Based
on their measurements, Nowacki et al. (2010) proposed that flow at the
base of the mantle driven by a remnant of the Farallon slab results in
the crystallographic alignment of post-perovskite; forward modeling
showed that slip on the (010) plane provided the best fit to the data,
although Nowacki et al. (2010, 2011) caution that this is based on a
fairly rough, though plausible, idea of the likely mantle flow directions.
A recently published study by Asplet et al. (2020) examined discrepant
SKS-SKKS splitting for stations in the western and central U.S., applying
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a particularly careful analysis of errors and uncertainties in the char-
acterization of discrepant pairs. Most of their data sampled well to the
west of our study area, with good sampling beneath the eastern Pacific
Ocean just to the north of the region studied by Long (2009). However,
Asplet et al. (2020) document several discrepant pairs propagating
along a west-to-east path whose sampling of the lowermost mantle
partially overlaps with that of the discrepant pairs we document here,
providing additional confirmation for our findings.

A careful comparison between our data set and that of Nowacki
et al. (2010) reveals some interesting spatial correlations (Fig. 7). As
mentioned above, the region of lowermost mantle anisotropy identified
in our study is located just to the east of a region of anisotropy iden-
tified by Nowacki et al. (2010), although the latter study only has a few
paths that sample the region (Fig. 7). Just to the south and east of our
study region (beneath southern Mexico), Nowacki et al. (2010) iden-
tified splitting of ScS phases for a set of paths propagating to the
northwest (Fig. 7), associated with earthquakes in South America and
receivers in North America (with a few measurements for a crossing
path). Interestingly, this region is sampled by a large number of SK(K)S
phases propagating to the northeast in our study (Fig. 5), all of which
are non-discrepant. The geographically extensive region beneath the
central United States that was sampled only by non-discrepant pairs in
our study (Fig. 5) was not examined by Nowacki et al. (2010) due to
differences in raypath coverage. A third region of lowermost mantle
anisotropy identified by Nowacki et al. (2010), centered just offshore of
the southeastern U.S., was not sampled by our SKS-SKKS dataset. To
summarize, we have found that one of the areas of lowermost mantle
anisotropy identified by Nowacki et al. (2010) is geographically asso-
ciated with SKS-SKKS splitting discrepancies in our study (or, more
precisely, with a mix of discrepant and non-discrepant pairs), while
another is associated with non-discrepant SKS-SKKS pairs.

We hypothesize that this difference reflects the details of the ani-
sotropic geometry in each of the two regions, in combination with the
raypath geometry used in each study. ScS phases, which were used in
the Nowacki et al. (2010) study, propagate nearly horizontally through
the lowermost mantle, while SK(K)S phases propagate at an oblique
angle that is closer to vertical than horizontal. Recent modeling work
(Creasy et al., 2019) has demonstrated the power of combining dif-
ferent types of data, including ScS and SKS-SKKS splitting, to constrain
anisotropy at the base of the mantle, because they have different sen-
sitivities to the anisotropic structure. We speculate that the anisotropy
beneath central Mexico identified by Nowacki et al. (2010) using ScS
splitting measurements is in a geometry that does not cause differential
splitting of SKS and SKKS phases propagating to the northeast, because
this set of paths shows no evidence for SKS-SKKS splitting discrepancies
(Fig. 5). In contrast, the anisotropy beneath the southern U.S. and
northern Mexico identified by Nowacki et al. (2010) from ScS splitting
is likely in a geometry that causes discrepant splitting of SKS and SKKS
phases in the geometry of our raypaths (Figs. 5 and 6).

5.2. Forward modeling

In order to further test the idea that anisotropy beneath North
America is controlled by mantle flow driven by the remnants of the
Farallon slab (Long, 2009; Nowacki et al., 2010; Asplet et al., 2020), we
carried out some simple forward modeling of the region that exhibits
SKS-SKKS splitting intensity discrepancies in our study based on pre-
viously published lowermost mantle elasticity scenarios. We did not
carry out any modeling aimed at upper mantle anisotropy scenarios,
because they have been thoroughly considered by other studies. For
example, recent modeling studies by Lin et al. (2014) and Tesoniero
et al. (2020) investigated the magnitude of SKS-SKKS discrepancies that
arise from upper mantle anisotropy scenarios and showed that upper
mantle anisotropy models yields generally small discrepancies in SKS-
SKKS splitting intensities. We focus instead on modeling anisotropy
geometries at the base of the mantle proposed by Walker et al. (2011),
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which take advantage of global flow models and simulations of texture
development. Specifically, Walker et al. (2011) used a density structure
inferred from Simmons et al. (2009) and a range of viscosity structures
from Mitrovica and Forte (2004; viscosity profile V1 is tested here) to
compute flow fields, and then predicted texturing in post-perovskite
using a viscoplastic self-consistent (VPSC) approach (Lebensohn and
Tomé, 1993) for a series of candidate dominant slip systems in post-
perovskite. This model represents a quantitative prediction that is si-
milar to the more qualitative idea of flow beneath North America
proposed by Nowacki et al. (2010). Work by Nowacki et al. (2013)
showed that the models of Walker et al. (2011) are broadly consistent
with the ScS splitting observations of Nowacki et al. (2010) that reflect
anisotropy at the base of the mantle beneath North America.

Our forward modeling approach relies on a ray theoretical ap-
proximation and follows previous work (Ford et al., 2015; Creasy et al.,
2017; Reiss et al., 2019; Wolf et al., 2019). We extracted elastic tensors
representing lowermost mantle anisotropy from the relevant portions of
the global model of Walker et al. (2011) sampled by the SKS and SKKS
phases in our dataset, for each of the two paths (west-east and south-
north; Fig. 6). We tested all three of the possible dominant slip planes
explored by Walker et al. (2011): (100), (010), and (001). For each
candidate elastic tensor, we predicted the splitting of the relevant phase
(SKS or SKKS) that is sampling the region, and then tested whether the
predicted splitting parameters for the SKS-SKKS pairs were different
enough to cause strongly discrepant splitting (as defined using the
metrics in our data analysis and interpretation procedures). Splitting
parameters were predicted using the MSAT package of Walker and
Wookey (2012), which solves the Christoffel equation for a range of ray
propagation directions. Our modeling approach is illustrated in Fig. 8,
which shows the horizontal component of flow at the base of the mantle
from Walker et al. (2011), along with visual representations of the
splitting predicted from the relevant elastic tensors (for slip on the
(010) plane, as an example) and the predicted splitting for SKS and
SKKS phases for the ray propagation directions relevant for our study.

In addition to the traditional splitting parameters (¢, 8t), we also
predicted splitting intensity values, based on the known initial polar-
ization directions of the SK(K)S phases (constrained to be equivalent to
the backazimuth, given the P-to-S conversion at the CMB). Because we
have not explicitly corrected our measurements for the effect of upper
mantle anisotropy beneath the stations, the splitting intensity predic-
tions are more relevant for our dataset. In contrast to the apparent
splitting parameters (¢, 6t), the splitting intensity is a commutative
quantity (e.g., Silver and Long, 2011), and for the case of splitting due
to multiple layers of anisotropy, it can be simply summed along the
raypath. Because of this, the SKS-SKKS splitting intensity discrepancy
should be independent of the upper mantle contribution to splitting
intensity (assuming that it is the same for SKS and SKKS). Therefore, we
can compare our modeled splitting intensity discrepancies to our ob-
served ones, despite the fact that we have not carried out corrections for
the upper mantle anisotropy. In contrast, a straightforward comparison
between observed and modeled splitting parameters (¢, 6t) cannot be
carried out.

Results from our modeling for the Walker et al. (2011) elasticity
scenarios based on dominant slip on the (010) and (001) planes are
shown in Figs. 8 and 9, respectively. The (100) plane is thought to be a
less likely candidate, but we have also computed predicted splitting for
this model. Fig. 10 summarizes our full suite of modeling results. We
show the differences in predicted splitting parameters for SKS and SKKS
phases, both west-east and south-north paths, for each of the three
elasticity models, including fast direction, delay time, and splitting in-
tensity. For each type of measurement, we have marked on the plot the
cutoff value for discrepancies that should be observable given the ty-
pical level of noise and size of error estimates (see Creasy et al. (2017,
2019) and Reiss et al. (2019) for further details). As demonstrated in
Fig. 10, the Walker et al. (2011) models predict discrepancies in SKS-
SKKS splitting for both propagation paths for all three elasticity
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Fig. 8. Predicted splitting parameters for SKS and SKKS phases for the discrepant raypaths contained in our data set for the model of Walker et al. (2011), assuming
dominant slip on the (010) plane in post-perovskite. Walker et al. (2011) used the TX2008V1 viscosity model to generate predictions for mantle flow and texture.
Map view (lower left) shows the approximate average pierce points at a depth of 2700 km for the SKS phases (magenta) and for the SKKS phases (blue) for the east-
west paths (dashed black line connecting the pierce points) and the north-south paths (dashed gray line). Background colors show shear velocities at the base of the
mantle from the GyPSuM tomography model (Simmons et al., 2010), as indicated by the color bar. Red arrows show the horizontal component of predicted flow
150 km above the core-mantle boundary from the flow model used in Walker et al. (2011). For each pierce point, we show a 3D projection of predicted S-wave
anisotropy, with gray scale representing the strength of anisotropy. For each plot, the maximum S-wave anisotropy (in %, corresponding to dark colors) is identified.
Black lines on each plot represent predicted fast splitting directions over a range of ray propagation directions. The predicted fast splitting direction for the ray
propagation corresponding to the phase of interest is shown in color (blue for SKKS, magenta for SKS). The X1, X2, and X3 axes correspond with geographic directions
(north, west, and vertical, respectively). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

scenarios. Focusing on the splitting intensity predictions (bottom panel
on Fig. 10), each of the models predicts some degree of splitting in-
tensity discrepancy for both paths, consistent with our observations. For
the (010) model, the magnitude of splitting intensity discrepancies is
predicted to be modest (roughly 0.5 s for the west-east path and 1.5 s
for the south-north path), while other models predict larger splitting
intensity discrepancies. The relatively modest values of the intensity
discrepancies predicted for the (010) model are most consistent with

10

our results, and we note that Nowacki et al. (2010) favored slip on the
(010) plane as most consistent with their ScS splitting results; however,
all three elasticity scenarios from Walker et al. (2011) would predict
splitting intensity discrepancies for our raypaths.

Another way of visualizing our results in the context of the Walker
et al. (2011) flow and elasticity models is to examine the predictions of
Walker et al. (2011) in map view. Fig. 7 shows the predicted anisotropy
at the base of the mantle from Walker et al. (2011), for the same
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Fig. 9. Same as Fig. 8, except the elasticity model from Walker et al. (2011) that assumes dominant slip on the (001) plane is used. Plotting conventions are as in

Fig. 7.

viscosity and flow model that was used to generate the predictions
shown in Figs. 8-10. We show the predictions for the (001) and (010)
dominant slip planes, as dominant slip on the (100) plane is thought to
be less likely. Fig. 7 also shows in map view the regions of inferred
lowermost mantle anisotropy that have been sampled by previous
studies (Garnero et al., 2004; Long, 2009; Nowacki et al., 2010; Asplet
et al., 2020). Following Walker et al. (2011), we plot perturbations to
the radial anisotropy parameter, d In(€) (in percent), where & = (Vsd?/
(Vs)?, and we indicate on the map which regions our discrepant SKS-
SKKS pairs are sampling. The Walker et al. (2011) models are domi-
nated by flow driven by the remnant Farallon slab above the core-
mantle boundary, which drives a region of upwelling (and thus strong
negative perturbations to radial anisotropy) in a region extending from
beneath Southern California to the south beneath the eastern Pacific
Ocean, particularly for the (001) slip plane model. Interestingly, our
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discrepant SKS-SKKS measurements that propagate from west to east
seem to sample the edge of this region of anomalous radial anisotropy,
although the phases propagating from south to north do not.

We emphasize that while our simple modeling exercise has shown
that our measurements are generally consistent with the models of
Walker et al. (2011), in which lowermost mantle flow beneath North
America is driven by downgoing Farallon slab remnants, our models are
not unique. Other elasticity models likely exist that would also predict
SKS-SKKS splitting discrepancies for the paths in our data set, including
models that invoke other mechanisms for anisotropy, such as textured
bridgmanite or ferropericlase (e.g., Nowacki et al., 2011; Creasy et al.,
2019) or shape preferred orientation of partial melt or other elastically
distinct material. Future modeling studies of lowermost mantle aniso-
tropy beneath North America that not only take into account the full
range of body wave observations (ScS splitting as well as the SKS-SKKS
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Fig. 10. Predictions of differences in shear wave splitting parameters for the
SKS and SKKS phases in our dataset, based on the lowermost mantle elasticity
model of Walker et al. (2011). We show the differences in predicted shear wave
splitting delay times (top), in predicted fast splitting directions (middle), and in
predicted splitting intensity (bottom). For each type of measurement, we show
predictions for each of three possible dominant slip planes: (100), (010) (shown
in Fig. 7), and (001) (shown in Fig. 8), as indicated. The predicted differences
are shown for both the east-west ray propagation path in our data set (black
squares) and for the north-south path (gray squares). On each plot, the vertical
dashed red line indicates the typical cutoff value below which discrepancies
between the SKS and SKKS phases would not be observed in real data (re-
presenting a difference in delay time of 0.5 s, a difference in fast direction of
20°, and a difference in splitting intensity of 0.4 s, respectively). The range of
splitting intensity differences for discrepant pairs observed in our data is
0.4-0.8 s. Differences in fast directions and delay times are difficult to interpret
in a straightforward way for our measurements because we did not explicitly
correct for upper mantle contributions. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this
article.)
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discrepancies documented here) but also address a complete suite of
possible mechanisms for anisotropy are needed. Furthermore, more
sophisticated modeling tools that simulate global wave propagation and
thus take into account finite-frequency effects (e.g., Nowacki and
Wookey, 2016; Tesoniero et al., 2020), rather than relying on ray
theory as in our study, should be applied in future work.

Finally, it would be useful for future modeling studies to explicitly
grapple with whether the models of Walker et al. (2011), which predict
some seismic anisotropy in the lowermost mantle throughout the sub-
North America region, can be reconciled with our finding that most
SKS-SKKS pairs in our dataset do not exhibit splitting discrepancies.
There are several plausible explanations for this finding. As discussed in
Section 4.2, a measurement of non-discrepant SKS-SKKS splitting does
not necessarily imply an isotropic lower mantle, so it may be that these
can be reconciled in a straightforward way. However, given the fact
that beneath much of central North America, our data set exhibits non-
discrepant pairs over a range of propagation directions, it is plausible
that the structure of the lowermost mantle there is isotropic or only
weakly anisotropic. It may be that there are significant lateral varia-
tions in the strength of anisotropy in the lowermost mantle beneath
North America, such that there is relatively weak anisotropy (which
causes only minor discrepancies in SKS-SKKS splitting) in most regions,
with a local region of stronger anisotropy (which causes observable
discrepancies in SKS-SKKS splitting) that is reflected in our measure-
ments. Alternatively, it may be the case that very small-scale variations
in lowermost mantle anisotropy beneath much of North America (on
length scales smaller than those predicted by the Walker et al. (2011)
models) exist and preclude a coherent contribution to the splitting of SK
(K)S phases. Yet another possibility is that the lowermost mantle be-
neath North America makes isolated contributions to splitting, but
generally such that the contributions to SKS and SKKS phases are si-
milar. In any case, more detailed forward modeling studies of lower-
most mantle anisotropy beneath North America that explore these
questions more fully are warranted in the future.

5.3. Geodynamic implications

What do our SKS-SKKS splitting intensity discrepancy results imply
about the structure and dynamics of the lowermost mantle beneath
North America? First, it is notable that we identified discrepancies for a
portion of the lowermost mantle that is adjacent to a fast velocity
anomaly, thought to correspond to a remnant of the subducted Farallon
slab at depth. This is consistent with the notion that particularly large
strains, with deformation in the dislocation creep regime, may be in-
duced at the base of the mantle when slabs impinge upon the CMB
(McNamara et al., 2002). Furthermore, it is consistent with SKS-SKKS
discrepancies observed at the edges of fast anomalies in the lowermost
mantle in other regions, notably by Long (2009), Long and Lynner
(2015), and Grund and Ritter (2018). It is striking, however, that we
identified discrepant SKS-SKKS pairs only for a particular portion of the
large fast velocity anomaly that extends beneath much of North
America (Fig. 5).

We have carried out a qualitative comparison between our results,
which suggest a region of anomalous anisotropy beneath the south-
central U.S. and northern Mexico, and the predictions of flow patterns
beneath North America from global models of mantle flow. As discussed
previously, many of the discrepant SKS-SKKS paths documented in this
study sample the eastern edge of a region of strong radial anisotropy
predicted by a subset of the Walker et al. (2011) models (Fig. 7). In the
global flow calculations that underpin the Walker et al. (2011) texture
and anisotropy models, this feature is a consequence of a local region of
upwelling flow. The presence of the Farallon slab further to the east (as
evidenced by the fast velocity anomaly visible in our Fig. 5), which is
impinging upon the CMB and driving downwelling, apparently drives
flow to the west beneath the south-central U.S. (Fig. 7). Because our
forward modeling (Section 5.2) predicts SKS-SKKS splitting intensity
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discrepancies for this scenario (Fig. 10), consistent with our observa-
tions, our study provides some support for this flow geometry (although
we caution, again, that our models are not unique). We have also
considered the global flow models of Flament (2019), which are based
on constraints derived from plate reconstructions. Interestingly, the
model of Flament (2019) predicts a pattern of upwelling and down-
wellings beneath North America that are similar to those in the Walker
et al. (2011) model, although the horizontal flow direction in the region
of the model associated with our SKS-SKKS splitting discrepancies is
generally to the east, in contrast to the westward flow predicted by the
models of Walker et al. (2011). Our region of discrepant SKS-SKKS
splitting corresponds geographically to a region of transition from flow
with a slight upwelling component to flow with a slight downwelling
component in the Flament (2019) model. Because Flament (2019) did
not predict texturing and anisotropy in the lowermost mantle, only a
qualitative comparison between his model and our results is possible at
this time, although more detailed quantitative modeling represents an
obvious avenue for future work.

On the observational side, future work that extends our investiga-
tion of SKS-SKKS splitting discrepancies at a subset of USArray TA
stations to the full TA network, and therefore includes good geo-
graphical coverage over a large backazimuthal range throughout the
sub-North American lower mantle, will be necessary to confirm whe-
ther SKS-SKKS discrepancies are truly absent elsewhere beneath North
America. In any case, however, our identification of a region of
anomalous lowermost mantle anisotropy beneath the southern U.S. and
northern Mexico, adjacent to a fast velocity anomaly and consistent
with predictions derived from the global flow models of Walker et al.
(2011), confirms previous suggestions that slab-driven flow in the
lowermost mantle beneath North America produces observable seismic
anisotropy (Long, 2009; Nowacki et al., 2010, 2013; Asplet et al.,
2020), at least in certain regions.

6. Summary

We have examined waveforms of core-refracted shear waves mea-
sured at stations in North America for evidence of discrepant splitting
behavior between pairs of SKS and SKKS phases. Using data from 269
stations located in eastern, southeastern, and western North America,
we identified 279 high-quality pairs of SKS-SKKS waveforms. Of these,
a small minority (15) exhibited SKS-SKKS splitting discrepancies that
were strong enough to suggest a contribution to splitting of one or both
phases from lowermost mantle anisotropy. The discrepant pairs sample
a region of the lowermost mantle beneath the southern U.S. and
northern Mexico, coincident with an isotropic fast velocity anomaly, in
a region where lowermost mantle anisotropy has previously been in-
ferred using a different type of observation. Given the character of SKS-
SKKS splitting behavior documented in this study, we find no evidence
that lowermost mantle anisotropy makes the primary contribution to SK
(K)S splitting patterns at the stations we examined, and therefore it is
appropriate to interpret them primarily in terms of upper mantle ani-
sotropy. We carried out simple forward modeling to evaluate whether
our observations are consistent with the previously proposed models of
Walker et al. (2011) for lowermost mantle elasticity beneath North
America and found that predictions of SKS-SKKS splitting intensity
discrepancies based on these models are consistent with our observa-
tions. The measurements documented in this study are thus generally
consistent with a geodynamic scenario in which remnants of the Far-
allon slab at the base of the mantle drive mantle flow. Additional work
is needed to understand what controls the lateral variability in lower-
most mantle anisotropy strength and/or geometry beneath North
America that is suggested by the observations presented in this study.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.pepi.2020.106504.
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