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This study presents observations of Love-to-Rayleigh scattering beneath the eastern North American passive
margin that place new constraints on seismic anisotropy in the upper mantle. The scattering of Love-wave energy
to Rayleigh waves is generated via sharp lateral gradients in anisotropic structure along the source-receiver path.
The scattered phases, known as quasi-Love (QL) waves, exhibit amplitude behavior that depends on the strength
of the anisotropic contrast as well as the geometrical relationship between the propagation azimuth and the
anisotropic symmetry axis. Previous studies of seismic anisotropy in the upper mantle beneath eastern North
America have revealed evidence for a mix of lithospheric and asthenospheric contributions, but the inter-
pretation of indicators such as SKS splitting is hampered by a lack of vertical resolution. Complementary con-
straints on the depth distribution of anisotropy can be provided by surface waves, which have the additional
advantage of sampling portions of the margin that lie offshore. Here we present measurements of QL phases
using data from several hundred broadband seismic stations in eastern North America, including stations of the
USArray Transportable Array, the Central and Eastern U.S. Network, and the MAGIC experiment in the central
Appalachians. We find evidence for clear QL arrivals at stations in eastern North America, consistent with a
region of particularly strong and coherent scattering inferred just offshore the central portion of the margin. The
coherent scattering near the Eastern North American Margin likely reflects lateral transitions in seismic aniso-
tropy in the asthenospheric mantle, associated with locally complex three-dimensional flow, with possible ad-
ditional contributions from anisotropy in the mantle lithosphere. A second region of strong QL scattering near
the southern coast of Greenland is enigmatic in origin, but may be due to pre-existing lithospheric fabric.

1. Introduction

The Eastern North American Margin (ENAM) is a mature passive
continental margin that reflects a rich range of tectonic processes af-
fecting its structure and evolution over the past billion years. These
processes include the Grenville Orogeny (e.g., Rivers, 1997, 2009;
Whitmeyer and Karlstrom, 2007; McLelland et al., 2010), which cul-
minated in the formation of the Rodinia supercontinent roughly 1.1 Gyr
ago, the rifting apart of Rodinia during the Cambrian (e.g., Li et al.,
2008; Burton and Southworth, 2010), and the Paleozoic Appalachian
Orogeny, which culminated in the formation of the Pangea super-
continent (e.g., Hatcher, 2010; Hibbard et al., 2010). The breakup of
Pangea was accomplished via a complex set of rifting processes (e.g.,
Withjack et al., 2012; Frizon de Lamotte et al., 2015) that encompassed
the emplacement of the Central Atlantic Magmatic Province (CAMP)
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(e.g., McHone, 1996, 2000; Schlische, 2003). Subsequent to rifting, the
margin underwent nearly 200 Myr of modification, and there is ample
evidence for ongoing lithospheric evolution and young dynamic pro-
cesses in the mantle beneath ENAM (e.g., Miller et al., 2013; Mazza
et al., 2014, 2017; Menke et al., 2016, 2018; Levin et al., 2018; Wagner
et al., 2018; Byrnes et al., 2019; Evans et al., 2019).

It is generally understood that tectonic processes such as subduction
and rifting modify the structure of the continental crust and mantle
lithosphere (e.g., Gashawbeza et al., 2004; Zheng et al., 2012; Long
et al., 2012; Eilon et al., 2014; Accardo et al., 2014; Eakin et al., 2014;
Bishop et al., 2017; Garzione et al., 2017). However, the details of such
lithospheric modification are not well understood; in particular, in re-
gions that have undergone multiple episodes of major tectonism, it
remains a challenge to identify and interpret the range of structures that
may have resulted. Our ability to study the structure of the crust,
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mantle lithosphere, and asthenospheric mantle beneath ENAM has been
hampered by the relatively sparse coverage of broadband seismic sta-
tions. This situation has recently improved dramatically, however, due
to data collection initiatives that include the EarthScope USArray
(www.usarray.org), the Central and Eastern U.S. Network (www.
usarray.org/ceusn), and the GeoPRISMS ENAM Community Seismic
Experiment (ENAM CSE; www.udc.ig.utexas.edu). These data present
new opportunities to image the crust and mantle beneath ENAM in
unprecedented detail and relate newly discovered structures to past
tectonic events or to ongoing dynamic processes.

Seismic anisotropy, or the directional dependence of seismic wave
speeds, is a particularly interesting property to study, because there is a
relatively direct link between (past and present) deformation and the
resulting anisotropy. This link arises when (crustal or mantle) rocks are
deformed in the dislocation creep regime; their constituent minerals
tend to align in preferred orientations, and this texture gives rise to
macroscopic anisotropy (e.g., Karato et al., 2008; Skemer and Hansen,
2016). Seismic anisotropy can be interrogated using a variety of tech-
niques, but the most commonly used is the measurement of shear wave
splitting or birefringence (e.g., Silver, 1996; Savage, 1999; Long and
Silver, 2009), often of core-refracted phases such as SKS. SKS splitting
beneath ENAM was studied in the pre-USArray era (Barruol et al., 1997;
Levin et al., 1999; Fouch et al., 2000; Long et al., 2010; Wagner et al.,
2012). These studies revealed complex patterns in measured splitting
parameters (fast splitting direction, ¢, and delay time, §t). These early
observations were thought to generally require contributions from an-
isotropy in both the lithosphere (reflecting frozen-in structure from past
deformation events) and the asthenosphere (reflecting deformation due
to present-day mantle flow), but the sparse station coverage hampered
more detailed interpretations. Newer SKS splitting studies that take
advantage of dense arrays in the ENAM region (Long et al., 2016; Yang
et al., 2017; White-Gaynor and Nyblade, 2017; Aragon et al., 2017;
Lynner and Bodmer, 2017; Chen et al., 2018; Levin et al., 2018) reveal
rich and complex patterns in both ¢ and &t, but quantifying the relative
contributions from the lithosphere and the asthenosphere remains a
difficult problem.

Constraints on seismic anisotropy complementary to those provided
by SKS splitting can be obtained by examining surface waves; because
of their dispersive properties, surface waves, when observed at different
periods, can shed light on the depth distribution of anisotropy. One
strategy is to incorporate azimuthal anisotropy into surface-wave to-
mography models (e.g., Deschamps et al., 2008; Wagner et al., 2018),
although anisotropy and isotropic wavespeed heterogeneity can trade
off in such inversions, and some studies have struggled to reconcile
surface wave and SKS splitting constraints on anisotropy (e.g., Wagner
and Long, 2013; Wagner et al., 2018). Another strategy is to look for
evidence for the scattering of Love-wave energy to Rayleigh-wave en-
ergy; such scattered waves are known as quasi-Love (QL) phases (e.g.,
Park and Yu, 1993; Oda and Onishi, 2001; Levin et al., 2007; Rieger and
Park, 2010; Chen and Park, 2013; Margheriti et al., 2014). Love-to-
Rayleigh scattering results from the coupling of toroidal and spheroidal
modes in the presence of anisotropy, and is particularly sensitive to
lateral gradients in anisotropy along the raypath.

In this study, we look for evidence of Love to Rayleigh scattering
recorded at seismic stations in eastern North America, including those
of the USArray Transportable Array (TA), the Central and Eastern U.S.
Network, and the MAGIC Flexible Array experiment in the central
Appalachians. Our goal is to obtain constraints on seismic anisotropy
(and, in particular, its lateral variability and depth distribution) that are
complementary to those provided by SKS splitting studies of the region.
Analysis of QL phases has been successfully applied to USArray data in
Cascadia (Rieger and Park, 2010), but has not yet been applied to data
from ENAM. We implemented an objective algorithm for the identifi-
cation of QL phases and measurement of their timing and amplitude.
We identified coherent and relatively high-amplitude QL phases for
several earthquakes, with clear geographic patterns. Our analysis
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revealed two areas of significant QL scattering, one located offshore
North America and one near the southern coast of Greenland. We infer
that QL scattering offshore from ENAM results from a sharp transition
in upper mantle anisotropy across the margin, consistent with previous
SKS studies. While the exact mechanism for the transitions in aniso-
tropy suggested by our data cannot be uniquely determined, the QL
observations documented in our study are numerous, robust, and yield
consistent geographic patterns.

2. Data and methods
2.1. Quasi-Love waves as an indicator of anisotropic gradients

Quasi-Love (QL) waves result from the scattering of energy from
Love waves (surface waves with horizontal motion perpendicular to the
direction of wave propagation, arriving on transverse component seis-
mograms) to Rayleigh waves (surface waves with both vertical and
horizontal motion, arriving on the vertical and radial component seis-
mograms). The QL waveforms are generally similar to those of the Love
waves, but they propagate at Rayleigh-wave velocities. These QL arri-
vals are not expected for isotropic Earth models; rather, their genera-
tion requires a lateral gradient in upper mantle seismic anisotropy (Park
and Yu, 1993), and results from the coupling of toroidal (Love) and
spheroidal (Rayleigh) modes. While QL phases are a reliable indicator
of sharp gradients in anisotropy, they can be somewhat challenging to
observe, as their amplitude is typically small (~5-10% of the Love-
wave amplitude for lateral anisotropic gradients of ~3-5%, as shown
by Yu et al., 1995). Furthermore, the QL amplitude depends on the
geometry of anisotropy, with maximum scattering when the (hor-
izontal) symmetry axis of anisotropy is oriented 45° from the direction
of wave propagation (Park, 1997).

Here we follow a similar observation strategy as previous studies of
quasi-Love scattering (e.g., Park and Yu, 1993; Yu et al., 1995; Levin
et al., 2007; Rieger and Park, 2010; Chen and Park, 2013) and identify
the possible presence of a QL phase on the vertical component seis-
mogram in the time window between the Love and Rayleigh arrivals.
Because QL waves travel at Rayleigh-wave velocities, the scattered
phase will arrive on the seismogram between the Love and Rayleigh
waves. The difference in propagation velocity and the relative timing of
the phases can be exploited to determine the location of the sharp an-
isotropic gradient responsible for the hybrid QL phase. Chen and Park
(2013) carried out a back-projection of scattered QL phases along great-
circle paths to estimate the locations of anisotropic scatterers, an ap-
proach that we follow in this study.

2.2. Data selection

We used data collected by an extensive set of broadband seism-
ometers located in eastern North America, between 20°N and 60°N la-
titude and 67°W and 90°W longitude (Fig. 1). We included data from
the USArray Transportable Array stations (network code TA), the
Central and Eastern U.S. Network (N4), and the U.S. National Seismic
Network (US). We also examined data from the temporary Mid-Atlantic
Geophysical Integrative Collaboration, or MAGIC, experiment (network
code 7A), a dense linear array deployed across the central Appalachians
as part of the USArray Flexible Array between 2013 and 2016 (Aragon
et al., 2017; Long et al., 2019; Byrnes et al., 2019; Evans et al., 2019).
Taken together, we examined data from approximately 400 stations
that cover the footprint of much of the Appalachians. We selected
events for analysis from among shallow (hypocenter depths less than
100 km), large earthquakes occurring between 2011 and 2018. We
initially examined earthquakes with moment magnitudes of 6.5 or
greater, but found that only events of 7.0 or greater provided Love and
Rayleigh arrivals that were robust enough to potentially observe scat-
tered QL arrivals above the noise level. We initially considered events at
epicentral distances between 20° and 120°, but found that only
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Fig. 1. Map of stations used in the analysis. USArray Transportable Array stations are indicated with triangles, Central and Eastern U.S. Network stations with
squares, U.S. National Network stations with diamonds, and MAGIC stations with circles. Background colors indicate topography and bathymetry.

earthquakes at distances greater than 60° led to records with the re-
quired time separation between the main Love and Rayleigh arrivals
needed to distinguish between the two phases and their respective wave
trains. In all, we identified 12 events that were suitable for analysis
(Fig. 2), with most earthquakes located either in the South American or
Scotia subduction zones, along the southern portions of the Mid-
Atlantic Ridge or East Pacific Rise, or in the area surrounding the Hi-
malayas (including the magnitude 7.9 Gorkha earthquake in Nepal in
April 2015).

2.3. Data preprocessing and measurement strategy

Our data preprocessing procedures closely followed those of pre-
vious studies, particularly Chen and Park (2013). We applied a series of
identical low-pass filters (corner period of 100 s) to the data, finding
that we obtained smooth waveforms after the sequential application of
3-4 filters. Because we applied the same sequence of filters to both the
transverse and the vertical components, we expect that the relative time
between the QL arrival and the main Rayleigh wave arrival was not
strongly affected by the filtering process; see also Chen and Park
(2013). In this study, we focus on measuring surface waves at periods of
100 s, because this is the period range at which QL phases are typically
easiest to observe (e.g., Park and Yu, 1993; Levin et al., 2007; Rieger
and Park, 2010; Chen and Park, 2013). However, measuring Love-to-
Rayleigh scattering over a range of frequency bands is a natural target

for future work. We next rotated the horizontal components to the
great-circle path, to reveal Rayleigh waves on the radial (and vertical)
component and Love waves on the transverse component. In order to
robustly identify QL phases in the data, even in the presence of long-
period noise and (possibly) multiple interfering scattered waveforms,
we adopted a uniform, objective methodology for waveform processing.

Our first step was to compare the observed waveforms to synthetic
seismograms generated for global upper mantle models that do not
include sharp lateral gradients in azimuthal anisotropy, and therefore
do not contain scattered QL phases. We obtained 3D synthetic seis-
mograms generated using the spectral element method for each earth-
quake from the Princeton Shakemovie portal (Tromp et al., 2010).
These synthetic ground displacement records were calculated using
Global CMT Project focal mechanisms (Ekstrom et al., 2012) for a 3D
Earth model (S362ANI) with radially anisotropic mantle structure
(Kustowski et al., 2008) and crustal structure from the Crust2.0 model
(Bassin et al., 2000). We processed the synthetic seismograms by con-
volving them with an appropriate source-time function (IRIS DMC,
2014) and applying a filtering routine identical to that applied to the
actual data. We then removed the instrument response from the data to
allow for a straightforward comparison between data and synthetics.
We visually inspected the vertical component waveforms in the time
window between the Love-wave arrival (identified on the transverse
component) and the Rayleigh-wave arrival, to identify anomalous
scattered arrivals in the data that did not appear in the synthetics. Our
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Fig. 2. Map of raypaths and earthquakes used in this study. Light orange lines indicate great-circle raypaths for events that were considered but not analyzed; dark
red lines show great-circle paths for 12 events that were analyzed for QL arrivals, with green circles indicating the corresponding event locations. Great-circle
raypaths were calculated for a representative station located in the center of the study area. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

analysis focused on identifying a single QL arrival in the time window
between Love and Rayleigh wave arrivals, and so does not account for
the possible presence of multiple QL arrivals. We also do not explicitly
account for the possibility of multiple scattering; we assume single
scattering when backprojecting the scattering points along the raypath,
as discussed below. More than one scatterer could theoretically be
present along the raypath; this would likely lead to error in our esti-
mated location of a single scatterer. Waves that scatter more than once,
however, are likely to have significantly lower amplitudes, and are thus
unlikely to be a primary contributor to the waveforms under study.

Data traces that contained scattered energy on the vertical compo-
nent were processed to measure the delay time between the Love and
QL phases, as well as their amplitude ratios. Delay times were measured
via cross-correlation in the time domain, and computed as the differ-
ence between the maximum autocorrelation of the Love-wave arrival
(on the transverse component) and the maximum correlation of the
transverse and vertical components (that is, the Love and QL arrivals).
This analysis assumes that the scattered QL phase has a waveform shape
similar to the parent Love waveform. We next tested the inferred QL
waveforms for elliptical particle motion (as expected for a scattered
Rayleigh wave) by examining the particle motion (in the radial plane;
that is, the motion given by the radial and vertical components) in a
200 s window around the QL arrival. Candidate phases that did not
display the expected elliptical particle motion were not characterized as
QL arrivals.

The last analysis step was to measure the amplitude of the QL phase
relative to that of the main Love-wave arrival. We measured this am-
plitude ratio, A, as:

_ANXV@®?
NOWEGE )

where V(t) and T(t) are the vertical and transverse component time
series, respectively. We summed the vertical component waveform over
a 200 s window from the onset of the QL arrival (as measured by cross-
correlation, as discussed above), while we summed the transverse
component waveform over a flexibly defined window (typically around
400 s) that contains the main Love-wave arrival. While we did use a

relatively long time window to compute the amplitude ratios, we did
not expect any contribution from other phases in this window. This
expectation was borne out by our comparison with the synthetic seis-
mograms; additionally, all data were visually inspected to ensure that
other phases were not obviously contaminating the amplitude mea-
surements. Fig. 3 illustrates our QL measurement process for a single
event observed at two nearby stations in the central Appalachians.

3. Results
3.1. Individual event results and examples

Each of the 12 events examined in this study (all of which exhibited
significant Rayleigh and Love arrivals across the array; Table 1) ex-
hibited at least some Love-to-Rayleigh scattering, observed as robust QL
phase arrivals. Five events were located such that their raypaths arrived
in eastern North America roughly from the north to northeast, while the
remaining seven raypaths arrived from the south to southeast (Fig. 2
and Table 1). This raypath configuration gave us good coverage of the
entire ENAM margin, including the region just offshore the coastline, as
well as the southern portion of Greenland. We first discuss character-
istics of the seismograms for individual events that indicate QL arrivals,
and then discuss patterns of scattering for groups of events that indicate
anisotropic gradients in particular regions in Section 3.2 below.

We begin by showing examples of particularly clear QL waveforms
for two events, one located in the Scotia subduction zone (Fig. 4), and
the other located in Nepal (Fig. 5). In the first example (Fig. 4, bottom
panels), we show transverse and vertical component waveforms for
stations located in and around the central Appalachians, including two
stations of the MAGIC array (WINE and YLDA) and four surrounding TA
stations. For each set of seismograms, the Love wave is clearly visible
on the transverse component record, arriving at a time of roughly
4500-4600 s after the origin time (depending on distance). The Ray-
leigh wave is also clearly visible on the vertical component, although
with lower amplitude and a more diffuse wave train, arriving
4800-4900 s after the origin time. Also on the vertical component, a
clear QL arrival is visible at each station in the time window nearly
coincident (or just after) the Love-wave arrival (red arrows in Fig. 4).
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Fig. 3. Illustration of measurement procedure for a single event (magnitude 7.4, on August 19, 2016, located in the Scotia subduction zone) at two stations in the
central Appalachian Mountains (TA station T60A, top row, and MAGIC station WLFT, bottom row). Left panels show transverse component waveforms (from an
arbitrary time at t = 0), with the Love-wave arrival outlined by the yellow box. Center panels show, from top: transverse component waveform (solid blue line),
autocorrelation of transverse component waveform (dashed blue line), vertical component waveform (solid green line), cross-correlation of transverse and vertical
component waveform (dashed green line), radial component waveform (solid red line), and cross-correlation of transverse and radial component waveforms (dashed
red line). The anomalous QL waveform is clearly visible on the vertical and radial components, close to the time window of the Love arrival. The measured delay
times between the Love and QL arrivals are 66 s for station T60A and 67 s for station WLFT. Right panels show particle motion diagrams (in the radial plane) for the
QL arrival, demonstrating elliptical particle motion. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

Table 1

Event information for earthquakes used in this study. Columns indicate the
event date (YYYY.MM.DD), moment magnitude, latitude, longitude, and ap-
proximate backazimuth (calculated for a raypath measured in the central por-
tion of our study area).

Event date Magnitude Latitude Longitude Backazimuth
2011.10.23 7.1 38.73° 43.45° 40°
2013.09.24 7.3 26.91° 65.53° 32°
2013.11.17 7.8 —-60.38° —46.59° 164°
2014.10.09 7.0 —32.30° —-110.92° 207°
2015.04.25 7.9 28.13° 84.72° 14°
2015.06.17 7.9 —-35.37° -17.81° 133°
2015.12.07 7.2 38.21° 72.78° 21°
2016.05.28 7.2 —56.24° —26.94° 153°
2016.08.19 7.4 —55.28° —-31.87° 154°
2016.08.29 7.1 —-0.05° —-31.87° 105°
2016.12.25 7.6 —43.41° —73.94° 175°
2017.11.12 7.3 34.91° 45.96° 41°

The QL arrivals have similar wave shapes to the main Love arrivals and
have amplitudes that are a relatively small fraction (14-28%, with some
variability among stations) of the Love-wave amplitudes. Their timing,
with arrivals generally within ~10 s of the Love-wave arrivals (as
measured via cross-correlation), suggests that the scattering points are
within a few hundred km of the stations. Following Chen and Park
(2013), we back-project along the great-circle raypaths to estimate the
location of the scatterers based on their timing (using nominal velo-
cities for 100 s Rayleigh and Love waves in the upper mantle of 4.0 km/
s and 4.4 km/s, respectively). These locations are shown in Fig. 4 (top
panel), and point to a consistent region of scattering located just off-
shore from the ENAM coastline, at an approximate latitude of 35°.

In the second example (Fig. 5), we again observe consistent QL
phase arrivals, but their timing is considerably different. Here we show

data from the April 2015 Gorkha earthquake, recorded at a group of
stations from the MAGIC experiment (WTMN, WINE, and RTSN) and
from the TA. As with the earlier example, the transverse and vertical
component waveforms show clear Love and Rayleigh arrivals, respec-
tively (Fig. 5, bottom panels). In addition to the clear, high-amplitude
Rayleigh waves, we also observe lower-amplitude arrivals between the
Love and Rayleigh arrivals, which we interpret as QL phases (red ar-
rows in Fig. 5). In contrast to the example shown in Fig. 4, these QL
phases arrive considerably later than the Love waves (time delays of
~100 s), suggesting that the scattering points lie several thousand km
away from the stations. Measured QL amplitudes range from
~10%-20% of the Love-wave amplitude, similar to the range observed
for the previous example. When we backprojected along the great-circle
raypaths, we found that the data suggest a coherent region of scattering
beneath central Greenland (Fig. 5, top panel).

As discussed in Section 2.3, our identification of QL waves for each
of the 12 events under study was informed by visual comparisons be-
tween actual data and synthetic seismograms generated for an Earth
model without sharp lateral gradients in anisotropy (Tromp et al.,
2010). We illustrate this comparison with an example, shown in Fig. 6,
that shows observed and synthetic waveforms for an event on August
18, 2016, recorded at seven selected stations (including three from the
MAGIC array) throughout our study region. These stations were se-
lected because they each showed clear QL arrivals close in time to the
main Love arrival. A comparison between the synthetic records (red
traces) and the actual data (black traces) reveals that the synthetic
seismograms generally match the observed Rayleigh and Love-wave
arrivals, although there are modest differences between the observed
and predicted waveforms (particularly in their amplitudes). Fig. 6 also
shows a clear arrival on the vertical component of the actual data,
coincident (or nearly so) with the Love-wave arrival on the transverse
component, that is not visible on the synthetic waveforms. (We note
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Fig. 4. Example of QL observations for six selected stations (MAGIC stations WINE and YLDA, plus TA stations P57A, T59A, U59A, and V61A) for an earthquake in
the Scotia arc. The top panel shows station locations (triangles) and names, along with the great-circle path for each arrival (red line) and the inferred QL scattering
point (circles). The color of each circle corresponds to the measured QL amplitude (as a fraction of the main Love-wave amplitude), as indicated by the color bar at
right. The bottom panels show data traces at six stations (station names at left) for the transverse component (top trace in each pair, labeled T), showing the Love-
wave arrival, and the vertical component (bottom trace in each pair, labeled Z), showing the main Rayleigh-wave arrival as well as the QL phase. QL arrivals on the
vertical components are indicated with red boxes. The time axis is labeled with the time since the earthquake. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

that the radial component waveforms are typically noisier and more
complex than the vertical component waveforms, which is why we rely
primarily on the vertical components for QL identification and mea-
surement, following previous work.) We also show, in Fig. 7, a set of
(observed and synthetic) waveforms for the same earthquake measured
at seven stations that do not show clear QL arrivals (for this particular
event) — for these stations, no anomalous arrivals on the vertical com-
ponent are inferred.

The comparison between data and synthetics shown in Figs. 6 and 7
illustrate that there is significant heterogeneity within our study area as
to whether a QL phase is observed or not for a given event. This het-
erogeneity is likely due to a combination of factors: first, if there are
isolated portions of the passive margin that exhibit a sharp lateral
transition in anisotropic structure, then for a set of raypaths from a
given earthquake, we would only expect the fraction of them that
sample the anomaly to exhibit QL phases. Second, the amplitude of the
QL phases depends on the azimuth between the wave propagation di-
rection and the axis of anisotropy (Park, 1997), so that maximum
scattering is expected for waves that propagate in a direction 45° from
the anisotropy axis. Therefore, waves that sample the same region of

anisotropy may exhibit different QL amplitudes, or may not exhibit a
clear QL arrival at all, depending on the direction of propagation. We
note, however, that the amplitudes of the scattered QL waves are ex-
pected to vary slowly with azimuth as trigonometric functions (Park,
1997), so minor differences in propagation directions cannot be the sole
explanation for large differences in QL amplitudes. Third, our analysis
does not explicitly account for three-dimensional wavespeed, aniso-
tropic, or attenuation heterogeneity along the path, or for other com-
plex waveform effects that may distort the waveforms.

Our measurement procedure relies on an assumption of waveform
similarity between the Love waves and the scattered QL waves. In order
to illustrate the validity of this assumption, we show in Supplementary
Figs. S1 and S2 examples of the computation of cross-correlation values
between the transverse and vertical components (that is, between the
Love and QL arrivals), demonstrating waveform similarity. Fig. S1
shows cross-correlation values for individual waveform examples,
while Fig. S2 shows values in map view for a sample event.

Our analysis of 12 earthquakes at ~400 seismic stations in eastern
North America yielded a total of 2575 event-station pairs, each of
which was visually inspected and processed via the QL measurement
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Fig. 5. Example of QL observations for six selected stations (MAGIC stations RTSN, WINE, and WTMN, plus TA stations Q54A, T57A, and X58A) for an earthquake in
Nepal. Plotting conventions are as in Fig. 4. Note that several of the scattering points in this figure are nearly co-located.

algorithm described in Section 3.2. Of the 2574 records processed, we
identified QL arrivals on 1090 of them, or 42%. The details of each of
our QL observations (including station and event information, location
of backprojected scattering point, and delay time and amplitude of the
QL wave) can be found in Supplementary Table S1. Of the 12 events
examined, four show clear, consistent, robust evidence for anisotropic
scattering near the east coast of North America (Fig. 8), and four show
similarly robust evidence for anisotropic scattering near the southern
coast of Greenland (Fig. 9); each of these observations is discussed in
detail in Section 3.2 below. Of the remaining four events (Supple-
mentary Fig. S3), two show evidence for sporadic scatterers (one
sampling near Greenland, two sampling near ENAM) that are geo-
graphically consistent with other observations (Figs. 8 and 9), but for
which the scattered phases are weaker and more sporadic. The other
two show evidence for anisotropic scattering in the central portion of
the Atlantic Ocean. While the latter observation is interesting, and may
shed light on the pattern of azimuthal anisotropy beneath the central
Atlantic, it is less germane to the focus of this study on the nature of
passive continental margins. Therefore, we concentrate our analysis on
the seven events that show clear and consistent scattering in either the
ENAM region or in southern Greenland. Examples of the cross-

correlation values between radial and transverse components are
shown in Supplementary Fig. S3, which illustrates cross-correlation
coefficients in map view for the September 2013 event (corresponding
to Panel B of Fig. 8).

3.2. Two regions of scattering: ENAM and southern Greenland

Fig. 8 shows results from four different earthquakes originating in
the southern Atlantic Ocean, each of which shows clear evidence for QL
scattering near ENAM. The first of these (Fig. 8A) took place in No-
vember 2013 and has waves arriving from an average backazimuth of
~164°, and shows evidence for QL phases measured at a large number
(124) of stations in the northern portion of the study area, with few or
no observations at stations located in the southern portion. The scat-
tering points consistently map to an east-west trending swath at about
35°N latitude, just offshore the U.S. states of North and South Carolina.
Amplitude measurements for the QL phases are mostly between
~10%-20% of the Love-wave amplitude, consistent with previous
studies (e.g., Yu et al., 1995; Levin et al., 2007; Rieger and Park, 2010;
Margheriti et al., 2014; Chen and Park, 2013). We did measure a small
number of anomalously large amplitudes (~50%), which seemed
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Radial Transverse Vertical Fig. 6. Comparison between data and synthetic seis-
mograms for a selection of 10 stations in eastern North
America that show clear QL arrivals, for an event of
magnitude 7.4, on August 19, 2016, located in the
Scotia subduction zone. Left panels show radial com-
ponent seismograms, middle panels show transverse
component seismograms, and right panels show ver-
tical component seismograms. Station names are la-
beled at left, along with epicentral distance values (in
0524 . degrees). Synthetic traces are shown in red, and data
Q52A . . .
10345 103.45 103.45 traces are shown in black. For this set of stations, an
anomalous QL arrival is clearly visible on the vertical
u component within the time window associated with
the arrival of the Love wave on the transverse com-
ponent. (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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Fig. 7. Comparison between data and synthetic seismograms for a selection of 10 stations in eastern North America that do not show clear QL arrivals, for an event of
magnitude 7.4, on August 19, 2016, located in the Scotia subduction zone (same event as in Fig. 6). For this set of stations, no clear QL phase is visible on the vertical

components. Plotting conventions are as in Fig. 6.

unrealistic. We also measured a modest number of scattering points that
lie onshore, although data from this event strongly suggests that the
most coherent region of scattering lies just offshore the margin
(Fig. 8A).

The next event, shown in Fig. 8B, has waves arriving from a similar
backazimuth (155°), although the station coverage is considerably dif-
ferent than the event shown in Fig. 8A. Specifically, this event took
place in August 2016; by this time, the USArray TA network had been
removed, although N4 network stations remained in place, and stations
of the dense MAGIC array were also in place at this time. We observe QL
phases at a number (84) of stations in the central and northern part of
the study area; in particular, we clearly observe QL phases at stations in
the eastern half of the MAGIC array, although stations in the western
half do not exhibit clear QL arrivals. The scattering points are for the
most part located along ENAM, spanning across the coastline at a si-
milar latitude as for the event in Fig. 8A. As with the previous event,
measured QL amplitudes, for the most part, ranged between 5 and 20%
of the Love-wave amplitude, with a few sporadic larger measurements
that are unlikely to be realistic. While the minor difference in back-
azimuth for the events shown in Fig. 8A vs. Fig. 8B may play a role in
controlling the measured amplitudes, the differences between the two

maps are more likely due to differences in station coverage. The regions
associated with scattering, and the average amplitudes of the scatterers,
are similar between the two figures, although the exact distribution of
the scattering points is different. Specifically, a larger proportion of the
mapped scattering points lie onshore in Fig. 8B.

The third ENAM-sampling event, shown in Fig. 8C, occurred in late
2016, after the MAGIC stations had been removed. This event was
therefore measured by a smaller number of stations, mostly from the N4
network. For this event, QL phases were observed for a group of stations
in New England, with sporadic observations of scattered waves for
stations to the south and west, and a few observations for stations in the
westernmost part of the study area. For the first group of stations, the
scatterers map to a region offshore the central portion of ENAM, near
the eastern end of the group of scatterers shown in Fig. 8A. Another
coherent group of scatterers emerges in the Gulf of Mexico, from QL
phases measured at stations in central North America. We note that this
event was located closer to the stations (that is, at a shorter range of
epicentral distances) than other events in our data set; therefore, there
was a shorter time separation between the main Love and Rayleigh
arrivals, and QL arrivals were more difficult to identify based on visual
comparison between synthetic and observed waveforms. As with other
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Fig. 8. Scattering maps for individual events that show QL generation along ENAM. Each panel shows the stations that were operational at the time of the event
(triangles). Stations that showed a QL arrival are shown in black, while stations that showed no QL arrival are shown in gray. Great-circle paths for those arrivals that
showed a clear QL phase are shown with red lines, and the associated scattering points are shown as circles. The color of each circle corresponds to the amplitude of
the QL phase, as shown in the color bar at left. Panel A shows an event in November 2013, panel B shows an event in August 2016, panel C shows an event in
December 2016, and panel D shows an event in October 2014 (see event information in Table 1). (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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Fig. 9. Scattering maps for individual events that show QL generation near central or southern Greenland. Plotting conventions are as in Fig. 8. Panel A shows an
event in October 2011, panel B shows an event in September 2013, panel C shows an event in April 2015, and panel D shows an event in December 2015 (see event

information in Table 1).

events, there are a few unrealistically large estimated amplitudes in
Fig. 8C.

A fourth event, shown in Fig. 8D, originated at the southern East
Pacific Rise, and thus arrives at eastern North American stations at a
different azimuth than the other events shown in Fig. 8 (arriving from
the southwest). Many of the stations examined did not show QL scat-
tering for this raypath geometry. We did, however, observe QL phases
at a group of stations located mostly in and around New England, with
the scattering points generally mapping near the coast of the Carolinas,
with a few located to the west and south of Florida. We note that this
event had a magnitude (7.2) on the smaller end of the range of mag-
nitudes examined in this study, and the signal to noise ratios were
therefore smaller for this set of waveforms than for other events in the
dataset. Again as with other events, there are a few unrealistically large
estimated amplitudes in Fig. 8D. Taken together, the four events that
sample ENAM well all suggest a coherent region of anisotropic scat-
tering in the central portion of ENAM, which crosses the U.S. shoreline
at the latitude of the Carolinas and extending offshore. Interestingly,
this region corresponds to the study area of the GeoPRISMS ENAM CSE,
as discussed further below.

Although it was not an initial focus of our study, our measurements
have also revealed an unexpected locus of QL scattering in the vicinity
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of southern Greenland. This region was sampled by waves originating
from earthquakes in and around the Himalayas. Analysis of data from
four different events yielded clear and convincing evidence for QL
phases scattered from an anisotropy gradient near southern Greenland
(Fig. 9). The first of these (Fig. 9A) was an earthquake in October 2011
that occurred before many of the stations used in our study had been
deployed, but was clearly recorded at USArray stations in the western
portion of our study area. Of these stations, those located in the
southern portion of the U.S. showed clear QL arrivals, while those in the
central and northern portions did not. Given the relatively large delay
time between the Love and QL arrivals, the corresponding scattering
points are located just offshore the southern tip of Greenland (Fig. 9A).
Measured QL amplitudes, for the most part, ranged between ~5%-25%.
As with other events, there were a few sporadic measurements of un-
realistically high amplitudes. The next event (Fig. 9B) occurred in
September 2013 and exhibited clear QL arrivals (amplitudes between
~5%-18%) throughout much of the study region, again with scattering
points located offshore the southeastern coast of Greenland.

The third event (Fig. 10C) is the April 2015 Gorkha earthquake in
Nepal, notable for its large magnitude (Mw = 7.9), complex source
processes, and considerable damage near the earthquake epicenter
(e.g., Grandin et al., 2015; Denolle et al., 2015; Fan and Shearer, 2015).
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Fig. 10. Comparison between SKS splitting results beneath the ENAM margin (from previous work) and QL scattering results (from this study). Inset shows location
of main map on the globe. We show single-station (station locations shown with triangles) average SKS splitting parameters from the work of Long et al. (2016) for TA
stations, from Aragon et al. (2017) for stations of the MAGIC array, and from Lynner and Bodmer (2017) for the offshore stations of the ENAM CSE. Splitting
parameters are indicated with black bars, with the orientation of the bar corresponding to the fast splitting direction and the length of the bar corresponding to the
delay time (as shown by the scale bar at bottom right). Stations shown with white triangles were either dominated by null measurements, or did not yield high-
quality results. Regions that generate consistent QL scattering for the events shown in Fig. 8 are indicated with gray shading and are labeled A-D. Box A corresponds
to scattering points generated by the event shown in Fig. 8A. Box B corresponds to scattering points generated by the event shown in Fig. 8B. Box C corresponds to
scattering points generated by the event shown in Fig. 8C. Box D corresponds to scattering points generated by the event shown in Fig. 8D; the event in Fig. 8A also

caused significant scattering in this geographic region.

Waves from this event arrived at eastern North America stations from a
backazimuth of ~14° and passed through the southern half of the
Greenland landmass. Again, QL phases were observed at a relatively
large number of eastern North American stations (87), most in the
central and northern portion of the study area, including most stations
of the MAGIC array (Fig. 9C). The scatterers for this event were gen-
erally located in the central and southern portion of Greenland, further
north than the group of scatterers observed for our earlier events
(Fig. 9A and B). We also observed some scattering points located be-
neath northeastern Canada. Finally, arrivals from a fourth event
(Fig. 9D) in December 2015, coming from a similar backazimuth as
those from the Gorkha earthquake (~21°), show a very similar pattern
of scattering, with stations in the central and northern portions of our
study area (and a few in the south) exhibiting QL phases. As with the
Gorkha event, the scattering points lie in the southern portion of the
Greenland landmass. Taken together, observations from the four
earthquakes shown in Fig. 9 provide robust evidence for lateral gra-
dients in azimuthal anisotropy beneath the southern part of Greenland
and the region just offshore Greenland's southeastern coast.

4. Discussion

4.1. Errors and uncertainties on delay times, amplitudes, scattering points,
and interpretation

A key consideration for this work is the nature and size of the un-
certainties in the calculated scattering points. Chen and Park (2013)
carried out a numerical experiment to generate synthetic seismograms
for a simple anisotropic model and showed that the cross-correlation
method of measuring QL delay times was sufficiently accurate to re-
trieve the locations of scattering points to within approximately
50-100 km for data with dominant periods of 100 s. This numerical
experiment, however, was carried out using a simplified anisotropic
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Earth model and noise-free synthetic waveforms. In the real Earth, there
are several factors ignored by our analysis that contribute to relatively
large uncertainties when estimating scattering point locations and QL
amplitudes. These include our use of ray theory in calculating the wave
paths and our neglect of possible contributions from off-path structure,
multiple scatterers, the effects of anelasticity on wave propagation, and
wavespeed heterogeneity in calculating the great-circle paths. While
the numerical experiment of Chen and Park (2013) suggests that the
uncertainties associated with the actual delay time measurements (via
cross-correlation) are themselves relatively modest, other factors likely
contribute to the overall uncertainty in scattering point location. We
estimate that the scattering points are likely well constrained to within
a few hundred km, but we hesitate to interpret our scattering point
maps on length scales smaller than that.

In our interpretation, we considered whether surface wave multi-
pathing, or other scattering effects due to isotropic boundaries, might
contribute to our observations. Previous studies have demonstrated
multipathing for Rayleigh waves along the west coast of North America,
with later wave packets arriving after the main Rayleigh wave (Ji et al.,
2005). Surface wave scattering due to isotropic structure was also
documented by Yu et al. (2017), who showed that SH waves scatter to
Love waves due to the (isotropic) structure beneath the Southern Ca-
lifornia continental borderland. While they cannot be ruled out, iso-
tropic scattering and multipathing effects are unlikely to be the primary
explanation for the QL waves documented in this study, as the scat-
tering of Love to Rayleigh energy requires gradients in seismic aniso-
tropy (Park, 1997). The fact that we observe Rayleigh waves in the time
window between the arrival of the Love waves and the main Rayleigh
waves (but long after the arrival of relevant body wave phases) implies
that a gradient in anisotropy beneath our study region is needed to
explain our observations.
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4.2. Depth distribution of the inferred anisotropy

The surface waves examined in this study have a dominant period of
~100 s. Calculations of the depth sensitivity of cross-mode coupling
between toroidal and spheroidal modes with periods near 100 s indicate
that the maximum sensitivity is near a depth of ~150 km, with sig-
nificant sensitivity over the ~100-200 km depth range and at least
some sensitivity to upper mantle structure outside of this depth range
(Chen and Park, 2013; see their Fig. 9). Beneath our study region on the
edge of a passive continental margin, the depth of maximum sensitivity
(~150 km) corresponds to asthenospheric upper mantle beneath the
oceans (where the maximum depth of the lithosphere is ~100 km; e.g.,
Fischer et al., 2010). Beneath the continent, however, it is more am-
biguous as to whether QL observations are more sensitive to anisotropy
in the lithospheric mantle, in the asthenosphere, or a combination of
the two. In continental interiors, the lithosphere can be as much as
~200-250 km thick (e.g., Fischer et al., 2010), so QL scattering within
continental interiors likely reflects lithospheric anisotropy and de-
formation (e.g., Chen and Park, 2013). Along passive continental
margins, however, the lithosphere is often thinner, perhaps reflecting
thinning during extension associated with continental rifting during
supercontinent breakup. Observations of the lithosphere-asthenosphere
boundary (LAB) by Rychert et al. (2007) beneath the northeastern U.S.
reveal a lithospheric thickness of ~100 km. Closer to our study region,
Evans et al. (2019) found evidence for thin lithosphere (~70-80 km)
beneath the central Appalachian Mountains, with somewhat thicker
lithosphere (~120 km or perhaps greater) beneath the Coastal Plain to
the east. In the southeastern portion of the U.S., magnetotelluric data
has been interpreted as requiring a thick (~200 km or more) litho-
spheric root beneath the Coastal Plain (Murphy and Egbert, 2017).
While reconciling this result with seismic velocity models based on
surface wave tomography is not entirely straightforward, it is possible
when anelastic effects are considered (Murphy and Egbert, 2019).

In any case, for scattering points that map to the onshore portion of
the passive margin, it is ambiguous as to whether the observations re-
flect anisotropy in the asthenospheric upper mantle, the lithosphere, or
(most likely) a combination of the two. For scattering points that map at
or near the coastline, it is plausible that the generation of QL phases is
related to the contrast between anisotropy in the asthenospheric upper
mantle beneath the oceanic plate just offshore, and anisotropy either in
the mantle lithosphere or in the sublithospheric mantle onshore (de-
pending on the local lithospheric thickness value). For scattering points
that map well offshore, QL phases may mainly reflect a lateral contrast
in anisotropy within the asthenospheric upper mantle. In all cases, it is
important to keep in mind that sensitivity kernels for cross-mode cou-
pling at 100 s (Chen and Park, 2013) indicate that sensitivity is dis-
tributed throughout the upper mantle, with significant sensitivity
throughout the 100-200 km depth range, and so possible contributions
from both the lithosphere and the asthenosphere should be taken into
account.

4.3. Comparison with previous anisotropy studies

Because QL observations provide constraints on upper mantle ani-
sotropy that are complementary to those provided by SKS splitting
measurements, it is instructive to compare our results to SKS splitting
observations and to surface wave tomography models that include
azimuthal anisotropy. We first consider southern Greenland, which
displays robust Love-to-Rayleigh scattering (Fig. 9). Observations of
splitting beneath Greenland are relatively sparse, and mostly limited to
coastal regions, but a few studies have explored upper mantle aniso-
tropy using SKS measurements (Ucisik et al., 2005, 2008). In particular,
Ucisik et al. (2008) documented a sharp transition in SKS fast splitting
directions between the northern portion of Greenland and its southern
portion. It is possible that this transition is contributing to the scattering
observations shown in Fig. 9C and D, although our raypaths are
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effectively propagating nearly parallel to this boundary, rather than
across it. Inferences on lithospheric thickness beneath central and
southern Greenland are not particularly consistent, with receiver
function studies suggesting that it is thin (~80 km; Kumar et al., 2009)
and surface-wave studies suggesting a thick (and anisotropic) litho-
spheric keel of at least ~120 km (Darbyshire et al., 2018). It is am-
biguous, therefore, whether the transitions in anisotropy suggested by
our QL observations beneath Greenland lie within the lithospheric
mantle, the asthenosphere, or both. Darbyshire et al. (2018) suggested
that the lithospheric mantle beneath Greenland has been hetero-
geneously deformed by past tectonic episodes during the assembly and
evolution of the continent, an argument that provides a possible me-
chanism for lateral transitions in anisotropy that might give rise to QL
phases. Another intriguing possibility is that the asthenospheric upper
mantle beneath Greenland has accumulated a relatively strong, aniso-
tropic texture via successive cycles of postglacial isostatic rebound,
which has been considerable in this region (e.g., Huybrechts, 2002). It
is unclear, however, whether hysteresis associated with glacial-uplift
cycles would be large enough to produce significant texture, or whether
successive deformation episodes would cause texture to reset. In any
case, our measurements suggest that there is substantial heterogeneity
in upper mantle anisotropy beneath the central and southern part of
Greenland, and this represents an interesting target for future study.

While not the main focus of this paper, we also note the intriguing
observation of QL phases that are apparently generated by anisotropic
gradients in the central Atlantic Ocean (Supplementary Fig. S3). The
detailed pattern of azimuthal anisotropy beneath the Atlantic Ocean
basin is not well understood, because of the dearth of seismic stations
located within the oceanic region. Global azimuthal anisotropy models
derived from surface wave measurements (e.g., Debayle and Ricard,
2013) hint at some complexity in the anisotropy patterns in the central
Atlantic basin, but the resolution of these global models is relatively
coarse. A (presumably) localized disturbance of the basin-wide upper
mantle flow field beneath Bermuda, in the form of vertical upwelling in
the asthenospheric upper mantle, was suggested by Benoit et al. (2013).
This suggestion was based on a documented lack of SKS splitting
(consistent with vertical mantle flow) measured at a seismic station on
Bermuda; subsequent geochemical work (Mazza et al., 2019) has also
provided support for the idea of localized upwelling beneath the region.
We speculate that the Love-to-Rayleigh scattering generated beneath
the Atlantic Ocean Basin documented in Fig. S3 is related to this lo-
calized mantle upwelling, and/or to the complexity in azimuthal ani-
sotropy structure suggested by the models of Debayle and Ricard
(2013). Again, while our QL observations cannot tightly constrain the
geometry of, or mechanism for, the gradient in anisotropy, they do
suggest that the Atlantic Ocean basin would be an interesting target for
future work.

In contrast to Greenland and the central Atlantic Ocean basin, there
are a plethora of recent studies of upper mantle azimuthal anisotropy
beneath ENAM, including those based on SKS splitting measurements
(Long et al., 2016; Aragon et al., 2017; Yang et al., 2017; Lynner and
Bodmer, 2017) and those based on surface wave measurements
(Wagner et al., 2018). Long et al. (2016) and Yang et al. (2017) both
examined SKS splitting at TA stations, and found evidence for complex
and laterally variable patterns of both fast directions and delay times.
Long et al. (2016) interpreted these patterns as reflecting a combination
of lithospheric and asthenospheric anisotropy, with orogen-parallel fast
directions throughout the Southern and Central Appalachian Moun-
tains, and predominantly null SKS arrivals observed at stations located
on the Coastal Plain of the southeastern U.S. Yang et al. (2017) docu-
mented patterns that were generally similar to those found by Long
et al. (2016) throughout eastern North America, although one excep-
tion was their finding of generally NNE-SSW fast directions, with re-
latively low delay times, in the region of null splitting identified by
Long et al. (2016). These differences are likely due to differences in the
frequency content, preprocessing procedures, and measurement
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strategies between the two studies. Aragon et al. (2017) measured SKS
splitting at stations of the dense MAGIC experiment and documented
generally NE-SW fast directions through most of the array, with a sharp
transition to more E-W fast directions to the east of the Appalachian
Mountains (beneath the Coastal Plain). Lynner and Bodmer (2017)
measured SKS splitting for broadband stations of the ENAM CSE, and
found striking, consistent, margin-parallel fast splitting directions,
contrasting both with the weaker and more complex splitting beneath
the Atlantic Coastal Plain onshore just to the west, and with the sim-
plest expectation that fast splitting directions would tend be parallel to
absolute plate motion beneath oceanic plates. Finally, Wagner et al.
(2018) generated azimuthally anisotropic phase velocity maps beneath
the southeastern U.S. from surface wave dispersion observations;
strikingly, they found evidence for generally weak and complex ani-
sotropy, with fast directions that varied both laterally and with depth.
At long periods (100-125 s), the phase velocity maps of Wagner et al.
(2018) show very weak anisotropy beneath the Atlantic Coastal Plain
region.

How do our inferences of lateral gradients in anisotropy compare to
the constraints on anisotropy provided by these earlier studies? Fig. 10
shows a map of SKS splitting observations for the southeastern U.S.
from Long et al. (2016) and Aragon et al. (2017) for the onshore por-
tion, and Lynner and Bodmer (2017) for the offshore portion, along
with a schematic diagram of QL scattering point locations from this
study. Taken together, these observations reveal a region of sub-
stantially complex anisotropy in the upper mantle. The splitting ob-
servations suggest a number of lateral transitions in upper mantle an-
isotropy, including (from west to east) changes from clearly orogen-
parallel fast directions beneath the Appalachian Mountains, to weak
and complex anisotropy beneath the Coastal Plain (perhaps with a
component of vertical flow in the asthenosphere, as suggested by Long
et al., 2010), to clear margin-parallel fast directions beneath the ENAM
CSE study region. While we lack well-resolved constraints on upper
mantle anisotropy beneath the Atlantic Ocean basin to the east of the
ENAM CSE, the global model of Debayle and Ricard (2013) hints at
some complexity in azimuthal anisotropy beneath this region. This may
suggest a further transition from margin-parallel fast directions near the
coast, as delineated by Lynner and Bodmer (2017), to a different regime
of azimuthal anisotropy further to the east.

When we compare the location of our mapped scattering points to
the SKS splitting patterns (Fig. 10), it is clear that QL observations made
in this study potentially sample a number of these transitions. For two
of the events shown in - Fig. 8 (2013-11-17 and 2016-12-25; Fig. 8A and
C), most of the scattering points lie offshore, near the region of the
ENAM CSE (and to its west). Beneath this region, the oceanic litho-
sphere is likely relatively thin (less than 100 km), and thus the depth of
peak sensitivity of Love-Rayleigh coupling at 100 s lies in the asthe-
nospheric upper mantle. This argues for at least some component of
complex flow in the asthenosphere, with a relatively sharp lateral
gradient along the ray path. The ray propagation direction for waves
that originate from earthquakes in and around the Scotia Arc and are
measured in eastern North America lies at an oblique angle (roughly
~50-60°) to the fast directions documented by Lynner and Bodmer
(2017), so it is plausible that the anisotropy in the upper mantle be-
neath the ENAM CSE region is contributing to the generation of QL
phases in our data set. For a third event in Fig. 8 (2016-08-19), the set
of scattering points seem to cross the shoreline, with some located
offshore and some located onshore, beneath the Coastal Plain or the
Appalachian Mountains. In this case, the QL phases may reflect the
transition between the relatively strong margin-parallel fast anisotropy
offshore (Lynner and Bodmer, 2017) and the relatively weak anisotropy
beneath the Coastal Plain (Long et al., 2016; Aragon et al., 2017). A few
scattering points (Fig. 8B) are mapped further inland, in and around the
Appalachian Mountains. For this subset of observations, it is plausible
that the transition from weak anisotropy beneath the Coastal Plain to
more coherent anisotropy at lithospheric depths beneath the
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Appalachians may be contributing to the observed scattering.

4.4. Implications for the structure and dynamics of the ENAM passive
margin

Previous work on SKS splitting and anisotropic surface wave phase
velocity maps has suggested complex anisotropic structure at the edge
of the ENAM passive margin, particularly at latitudes between roughly
~32-40°N (corresponding to the states of Virginia, North Carolina, and
South Carolina). This finding is borne out by our observation of QL
phases at TA stations within ENAM. It is notable that for events origi-
nating in and around the Scotia subduction zone, whose ray paths
collectively sample the entire margin (Fig. 8), the vast majority of the
identified scattering points lie in and around the central portion of the
margin. While there are some exceptions (e.g., the sporadically ob-
served scattering points to the north of the main group in Fig. 8A), it is
clear that the scattering points are concentrated in this particular region
of ENAM. This suggests that there may be something unique about the
anisotropic structure of the lithospheric mantle, the asthenosphere, or
both beneath this portion of the margin. This, in turn, suggests either a
unique history of lithospheric deformation, a perturbation in the pre-
sent-day flow field in the asthenospheric upper mantle, or a combina-
tion of the two.

There are several possible scenarios that may explain why this
portion of the margin exhibits particularly complex anisotropic struc-
ture that finds expression in the generation of QL waves. One possibility
is that this region is undergoing small-scale or edge-driven convection,
yielding a relatively localized perturbation to the larger-scale asthe-
nospheric flow field. The concept of edge-driven convection, in which
gravitational instability at the edge of thick, cold, dense continental
lithosphere drives downwelling and associated upwelling return flow,
was proposed by King and Anderson (1998) and has been further ex-
plored by King and Ritsema (2000), King (2007), and Kaislaniemi and
van Hunen (2014), among others. The possibility of edge-driven con-
vection beneath the southeastern U.S. has been previously explored by
King (2007) and Long et al. (2010); the latter noted that the dominantly
null SKS splitting observed beneath the Coastal Plain region in Virginia
and the Carolinas (Fig. 10) could reflect predominantly vertical mantle
flow, perhaps corresponding to the downwelling limb of a small-scale
convection cell. King (2007) speculated that the Bermuda hotspot and
swell might correspond to the hypothetical upwelling limb of this
convection cell; Benoit et al. (2013) found some observational support
for this idea by documenting dominantly null SKS splitting beneath
Bermuda (again consistent with vertical mantle flow).

A related hypothesis is that lithospheric removal beneath the central
Appalachian Mountains has resulted in a localized perturbation to the
large-scale mantle flow field. A unique aspect of this portion of the
Appalachians is the appearance of anomalously young (~50 Ma) vol-
canic rocks in western Virginia and eastern West Virginia (Mazza et al.,
2014, 2017). Mazza et al. (2014) proposed a lithospheric removal
model to explain the presence of these volcanics, with asthenospheric
upwelling and decompression melting following the loss of lithosphere
due to gravitational instability. Recent observational support for
thinned lithosphere beneath the Central Appalachians has come from
seismic tomography (e.g., Schmandt and Lin, 2014; Wagner et al.,
2018), seismic attenuation measurements (Byrnes et al., 2019), and a
combination of receiver-function analysis and an electrical conductivity
model (Evans et al., 2019). It is likely that the anomalously thin li-
thosphere beneath the central Appalachians plays a role in perturbing
the asthenospheric flow field, as the North American Plate moves over
the mantle beneath (e.g., Evans et al., 2019). A similar set of processes
was explored in the context of the Atlas Mountains of Morocco (also
located along a passive margin) by Kaislaniemi and van Hunen (2014),
who delineated two different styles of edge-driven convection whose
interplay produces lithospheric thinning and melting. One question,
however, is whether the small-scale convection that may be produced
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by (or that may have resulted in) the thinned lithosphere beneath
western Virginia is spatially extensive enough to explain the QL scat-
tering over the fairly large area observed in this study.

Another related hypothesis for asthenospheric mantle flow in the
region in which we observe QL scattering was proposed by Lynner and
Bodmer (2017), who invoked three-dimensional mantle flow beneath
the region, with a component of flow parallel to the margin just off-
shore and a region of vertical flow beneath the Coastal Plain onshore.
They further pointed out that the relatively limited offshore data
(limited to the footprint of the ENAM CSE; Fig. 10) cannot completely
constrain the 3D flow field. Our observations of QL scattering in and
around the region of the ENAM CSE study area thus provides an in-
dependent line of evidence in support of some type of three-dimen-
sional flow regime in the asthenospheric mantle beneath this portion of
the margin. Future work that explores whether QL phases are observed
at the offshore stations of the ENAM CSE should help to shed additional
light on this possibility.

Finally, another potential scenario that could explain our QL scat-
tering results invokes the presence of lateral gradients in frozen-in li-
thospheric anisotropy. It is plausible that there are several distinct re-
gimes of lithospheric anisotropy beneath the region of QL scattering
identified in this study. These include the oceanic lithosphere offshore
the margin, the lithosphere beneath the Coastal Plain, which may be
anomalously thick and have unusual physical properties (Murphy and
Egbert, 2017, 2019), and the lithosphere beneath the Appalachian
Mountains and the central part of the North American continent. Based
on changes in shear wave splitting behavior over relatively short length
scales beneath the MAGIC array, Aragon et al. (2017) suggested that
there is a lateral transition in lithospheric anisotropy from the Appa-
lachian Mountains to the Coastal Plain beneath Virginia. Preliminary
observations from the active source component of the ENAM CSE
suggest that the oceanic lithosphere beneath the study region may ex-
hibit margin-parallel fast directions, similar to the observed SKS split-
ting (Shuck and van Avendonk, 2016). While it is plausible that these
likely transitions in lithospheric anisotropy contribute to the QL scat-
tering documented in this study, it is unlikely that all of the observed
signal can be attributed to the lithosphere, particularly for the scat-
tering points that lie offshore. Given that much of the sensitivity of QL
scattering is to structure in the depth range between ~100-200 km, it is
unclear whether the ~100 km thick oceanic lithosphere can be the
main source of the signal. Nevertheless, it is certainly possible that
lateral transitions in anisotropy within the lithosphere may contribute
to the QL observations we document.

5. Summary

We have processed a large amount of broadband seismic data from
stations located in eastern North America and found evidence for Love-
to-Rayleigh scattering, in the form of quasi-Love (QL) waves. This
scattering implies strong lateral gradients in azimuthal anisotropy in
the upper mantle. Our analysis reveals two significant geographic loci
of Love-to-Rayleigh scattering, with one region in and around southern
Greenland, and one region just offshore ENAM, with strong scattering
both offshore and just onshore at latitudes of 32-40°N. The latter region
coincides with the GeoPRISMS ENAM CSE study area, and therefore
SKS splitting measurements are available for this offshore region. These
previous measurements had suggested a transition from margin-parallel
flow in the asthenospheric upper mantle just offshore ENAM to more
vertical flow beneath the onshore portion of the margin. Our mapped
scattering points are consistent with the scenario in which QL waves are
generated either at this transition, or at the transition between localized
margin-parallel flow and flow that may be controlled by absolute plate
motion beneath the Atlantic Ocean basin to the east. It is possible that
lateral transitions in lithospheric anisotropy also play a role in gen-
erating QL phases, but given the peak sensitivity of 100 s surface waves
to structure at depths between 100 and 200 km, it is likely that

15

Tectonophysics 776 (2020) 228321

anisotropy in the asthenospheric mantle is the main source of the
scattering. Our observations provide an independent constraint on the
nature of upper mantle anisotropy in and around the ENAM region, and
suggest that there is a unique anisotropic signature in the region be-
tween 32 and 40°N latitude, as we do not observe strong scattering from
other portions of the margin. While the exact mechanism for the tran-
sitions in anisotropy suggested by our data cannot be uniquely de-
termined, the QL observations documented in our study are numerous,
robust, geographically consistent, and contain information about ani-
sotropic structure in the upper mantle that is complementary to other
types of seismic data. Future work on seismic anisotropy in and around
this region of the ENAM passive margin that integrates constraints from
SKS splitting, receiver-function analysis, surface wave dispersion, and
QL scattering would be desirable, and should shed light on the dis-
tinctive anisotropy signature and its causative mechanisms.
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.tecto.2020.228321.
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