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ABSTRACT
North America provides an important test for assessing the cou-

pling of large continents with heterogeneous Archean- to Cenozoic-
aged lithospheric provinces to the mantle flow. We use the unprec-
edented spatial coverage of the USArray seismic network to obtain 
an extensive and consistent data set of shear wave splitting intensity 
measurements at 1436 stations. Overall, the measurements are con-
sistent with simple shear deformation in the asthenosphere due to 
viscous coupling to the overriding lithosphere. The fast directions 
agree with the absolute plate motion direction with a mean differ-
ence of 2° with 27° standard deviation. There are, however, devia-
tions from this simple pattern, including a band along the Rocky 
Mountain front, indicative of flow complication due to gradients in 
lithospheric thickness, and variations in amplitude through the cen-
tral United States, which can be explained through varying contri-
butions of lithospheric anisotropy. Thus, seismic anisotropy may be 
sourced in both the asthenosphere and lithosphere, and variations 
in splitting intensity are due to lithospheric anisotropy developed 
during deformation over long time scales.

INTRODUCTION
North America is a rich target for geophysical studies due to its di-

verse tectonics, ranging from Cenozoic to recent active tectonics in the 
west, to stable continental craton in the center, to Mesozoic oceanic 
lithosphere in the east. Shear wave splitting observations are a power-
ful tool to investigate the geometry of deformation in the upper mantle. 
SKS waves are commonly used to image anisotropic fabrics beneath 
seismic stations (Vinnik et al., 1984; Silver and Chan, 1991) resulting 
from alignment of minerals in the lithosphere or underlying astheno-
sphere. Shear in the asthenosphere due to viscous coupling at the base 
of lithospheric plates or vertical coherent deformation through the crust 
and lithosphere during tectonic interactions are both invoked as mecha-
nisms for fabric development. Interpretations of the splitting data are 
limited by seismic station locations, so continental-scale interpretations 
require an extensive seismic array. The deployment of the USArray 
Transportable Array (TA) seismic network, which covers much of the 
United States with ~70 km station spacing, permits imaging of mantle 
fabric beneath North America. The two-year recording period for each 
station yields a sufficient number of seismograms from earthquakes in 
the optimal magnitude and distance range to obtain good splitting.

Upon entering an anisotropic volume, a shear wave splits into a fast 
wave polarized parallel to the fabric symmetry axis and an orthogonally 
polarized slow wave. These waves arrive at a station with a time separation 
due to their velocity difference. We determine a delay time, dt, and fast 
polarization azimuth, j, of the layer from the seismic waveforms. These 
observations are interpreted to reflect either current asthenospheric plastic 
flow or fabrics due to older tectonic deformations (Silver, 1996).

METHODS
Instead of using standard procedures such as the Silver and Chan 

method (Silver and Chan, 1991) for determining SKS splitting param-
eters, j and dt, from individual seismograms, we employ a multichannel 
method (Chevrot, 2000) by fitting a sinusoid to a new quantity, splitting 
intensity, SI, as a function of back-azimuth of sources. The advantage of 
this method is the use of records from many back-azimuths even if the 
signal to noise ratio is low. The amplitude and phase of the fit to the back-
azimuthal dependence yield dt and j, respectively. j is interpreted as the 
preferred orientation of the fast axes (a) of olivine crystals, and dt is re-
lated to the strength and/or thickness of the anisotropic layer. Modeling 
observations at a station with a single j and dt is equivalent to assuming a 
single anisotropic layer, which is not required for modeling splitting inten-
sity (e.g., Monteiller and Chevrot, 2011), but useful for visualization of a 
large data set and comparison with other splitting measurements.

The measurements are made on 860,000 seismic traces recorded at 
1436 USArray TA stations. For each station, we record ~200 magnitude 
6–7 teleseismic earthquakes with good back-azimuthal coverage (see Fig. 
DR1 in the GSA Data Repository1). In the epicentral distance range used, 
87°–120°, the SKS phase is well resolved without interference of other 
high-amplitude phases such as S and ScS. All seismograms are processed 
in the same way: (1) the SKS phase arrival was determined visually; (2) 
SKS horizontal components were rotated to radial and transverse compo-
nents; and (3) a low-pass fourth-order Butterworth filter with minimum 
period of 10 s was applied. We then compute splitting intensity using 
MATLAB interfaces (Monteiller and Chevrot, 2011). For dt values that 
are small (<2.5 s) in comparison with the dominant period of the SKS 
wave (>10 s), SI is measured by projecting the transverse component, T(t), 
on the radial component derivative, R′(t):
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SPLITTING INTENSITY MEASUREMENTS
We present splitting measurements (Fig. 1) at USArray TA and Caltech 

(California Institute of Technology) Regional Seismic Network (CI) sta-
tions (Monteiller and Chevrot, 2011). These splitting parameters are typi-
cally derived from ≥30 high-quality splitting intensity measurements at 
each station. The measurements show smooth variations of both splitting 
parameters over short distances, in contrast with results of several previ-
ous studies (Liu, 2009; Refayee et al., 2014). We also show directions of 
absolute plate motion (APM) of North America computed from the model 
HS3-NUVEL 1A (Gripp and Gordon, 2002), with a fixed hotspot frame of 
reference (other reference frames are shown in Figure DR2).

We observe a complex pattern of splitting in the western part of North 
America (Fig. 1). j trends in Southern California deviate from a general 
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northeast-southwest trend of most of our measurements. In the Great Ba-
sin, we observe a pattern of fast polarization alignment in semicircles, con-
firming similar observations by Savage and Sheehan (2000), Liu (2009), 
and West et al. (2009). In the Central Plains and within the Trans-Hudson 
orogen, dt values are consistently less than 0.5 s, in contrast with the 1 s 
reported earlier (Silver, 1996; Fouch et al., 2000; Schutt and Humphreys, 
2001; Refayee et al., 2014). Our measurements reveal an increase in dt 
values from ~0.5 to >1 s in both the Gulf Coast and Superior province. 
Both regions with amplified dt are distinct and defined by measurements 
at >50 stations.

COMPARISON WITH APM
Anisotropy can reside in both the lithosphere and the asthenosphere. In 

the more rigid lithosphere, splitting measurements likely capture mantle 
fabrics produced by deformation during the tectonic evolution of North 
America (Silver, 1996). In contrast, current shear at the base of the litho-
sphere is the best candidate mechanism for aligning minerals in the as-
thenosphere (Vinnik et al., 1989). This sets up two simple end-member 
models: lithospheric fabrics should primarily parallel observed local 
geologic fabrics, but asthenospheric fabrics should align parallel to North 
America’s current APM, although deviations may result from more com-
plicated flow of the mantle (e.g., Becker et al., 2014).

In Figure 2, we plot our measurements on the scaled difference, 
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between j and North America APM directions (jAPM) computed from the 
fixed-hotspot model HS3-NUVEL 1A (Gripp and Gordon, 2002). The in-
set shows a histogram of angle differences between observed j and local 
APM (mean difference 2°, 27° standard deviation) showing good agree-
ment. Measured j values are essentially parallel to APM at most stations, 
except in the region from the central Great Basin to the Rio Grande Rift 
and southern Rocky Mountains. Reds and oranges in this figure delimit the 
areas where we observe large disagreement between j and jAPM. A promi-
nent deviation aligns with the Rocky Mountain front and the underlying 
boundary between thick cratonic lithosphere east of the front and thinner 

lithosphere to the west, suggestive of deviation of asthenospheric flow (e.g., 
Refayee et al., 2014). The clear agreement between observed j and jAPM 
supports the hypothesis that the source of most anisotropy is simple shear 
in the asthenosphere (Vinnik et al., 1989), but the regions of j-jAPM devia-
tion reflect either significant contributions to splitting intensity from the 
North American lithosphere (Silver and Chan, 1991) or deviations of as-
thenospheric deformation from the simple shear model (Conrad and Behn, 
2010). We note that the overall agreement with North American measure-
ments with model HS3-NUVEL 1A (similar to the observation of Yuan 
et al. [2011]) is not present with all APM reference models (Fig. DR2). 
Other models generally include less net rotation of the lithosphere, sug-
gesting that these SKS measurements can improve our understanding of 
coupling versus decoupling processes between the lithosphere and the me-
sosphere beneath North America once they are included in mantle dynam-
ics and plate motion studies (e.g., Becker, 2008; Kreemer, 2009; Zheng et 
al., 2014). For comparison, we also compare to anisotropy predicted from 
a flow model with a good agreement to global anisotropy measurements 
(Fig. DR3; Becker et al., 2014), but the agreement is poor (mean difference 
of 33° at a depth of 200 km), likely due to the difficulty in modeling the 
influence of variable continental lithospheric keel (Becker, 2008).

COMPARISON WITH GEOLOGICAL BASEMENTS, 
MAGNETIC AND GRAVITY ANOMALIES, AND 
LITHOSPHERIC THICKNESS

To assess whether lithospheric anisotropy correlates with structural 
grain in crustal geological provinces, we plot our results over basement 
province boundaries, magnetic and gravity anomalies, and modeled litho-
spheric thickness (Fig. 3). Delay times within the Archean Superior prov-
ince and along the Phanerozoic Gulf Coast are distinctly higher (>1 s) than 
those in the Proterozoic Central Plains (<0.5 s) (Fig. 3A). When compared 
with magnetic anomalies (Fig. 3B), a common proxy for basement geol-
ogy texture (Maus, 2010), there is a strong correlation between the trends 
of magnetic anomalies and j in the Superior province region. The effect 
of North America’s lithospheric thickness is shown by comparing splitting 
with Bouguer gravity anomalies (Kucks, 1999) (Fig. 3C) and model litho-
spheric thickness (Yuan and Romanowicz, 2010; Yuan et al., 2011) (Fig. 

Figure 1. SKS splitting measurements at USArray Transportable Ar-
ray stations plotted on topography of North America. Black lines are 
orientation of fast polarization directions, j, line length is proportional 
to delay time, dt, and colors represent interpolated dt among stations. 
White lines are absolute plate motion directions based on fixed hotspot 
model HS3-NUVEL 1A (Gripp and Gordon, 2002). CP—Central Plain; 
GB—Great Basin; GC—Gulf Coast; RG—Rio Grande Rift; RM—Rocky 
Mountains; SP—Superior province; TH—Trans-Hudson orogen. A line 
length representing 1 s delay time is shown in the lower left.

Figure 2. Splitting results plotted on scaled difference between mea-
sured fast polarization azimuth (j) values and absolute plate motion 
(APM) direction at station locations. Colors represent calculated dif-
ference D (in seconds; see text for definition). Labels of geological 
regions are same as in Figure 1. Inset shows histogram of angular 
difference (Diff.) between j and APM directions calculated from the 
fixed hot-spot plate motion model HS3 NUVEL 1A, which is widely 
accepted to represent the motion of the overlying lithosphere. A line 
length representing 1 s delay time is shown in the lower left.
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3D). The transition between thick and thin lithosphere is visible in the dt 
>1 s signal at Gulf Coast stations. Correlations between these dt values, low 
gravity anomalies, and thin lithosphere, and the agreement of fast directions 
and APM (Fig. 2), suggest an asthenospheric origin for anisotropy in the 
Phanerozoic Gulf Coast region. We note a strong signal with fast axes paral-
lel to the trend of the Oklahoma aulacogen (red circle in Fig. 3C), a failed 
rift from the Neoproterozoic-Cambrian breakup of Rodinia (Gilbert, 1983).

Bokelmann and Wüstefeld (2009) proposed that magnetic anoma-
lies in the crust and seismic anisotropy in the mantle are subparallel in 
the Superior province, and showed a correlation between alignments of 
magnetic anomalies and anisotropy for a few stations. We investigate this 
hypothesis by forward-modeling splitting intensity versus back-azimuth 
patterns (Chevrot, 2006) at two representative locations in the Trans-
Hudson orogen (station C24A) and the Superior province (station B33A) 
(Fig. 4). Although j trends in both regions are subparallel to local APM, 
we observe a contrast between dt estimates: dt < 0.5 s in the Tran-Hudson 
orogen, but dt > 1.0 s in the Superior province. We compare our mea-
surements with magnetic anomalies (Fig. 4B), a proxy for lithospheric 
fabric, and highlight the average lithospheric fabric in the Trans-Hudson 
orogen (~0°) and Superior province (~70°). We define a two-layer aniso-
tropic structure to model (Fig. 4C) The orientation of asthenospheric fab-
ric beneath these two regions is set to the APM value of 67.5°, but the 
lithospheric fabrics between 30 and 200 km depth (chosen to match the 
lithospheric thickness determined by Yuan et al. [2011]) (Fig. 3D), are set 
according to magnetic fabrics. The anisotropy strength, g, defined as the 
ratio of the square of the fast and slow shear velocities minus 1, is set to a 
uniform value of 0.02. We also assume that the incoming SKS waves ar-
rive vertically, justifiable given actual incidence angles of 10°–13°. There 
is excellent agreement between our modeled and measured splitting in-
tensities at both stations. Although the model chosen is non-unique, and 
there are tradeoffs between strength and thickness of anisotropic layers, 
this simple model explains contrasting measurements in areas with similar 
lithospheric thickness well. In the Superior province, which has a thick 
lithosphere and magnetic textures aligned with local APM, the observed 
dt > 1 s can be explained by the constructive delay time addition from 
both asthenospheric APM fabrics and lithospheric textures. In contrast, 
the smaller dt < 0.5 s of the Trans-Hudson orogen, which has equally thick 

Figure 3. A: Splitting results plotted on 
geological basements of North America 
(Foster et al., 2006). A line length rep-
resenting 1 s delay time is shown in the 
lower left of A–C. B: Splitting results plot-
ted on magnetic anomalies (Maus, 2010). 
Color represents interpolated anomaly in 
nT. C: Splitting results plotted on Bouguer 
gravity anomalies (Kucks, 1999), with red 
circle showing location of Oklahoma au-
lacogen. Color represents interpolated 
anomalies in mgal. D: Contour map of 
scaled difference in Figure 2 in compari-
son with lithospheric thickness of North 
America (Yuan et al., 2011). Labels of geo-
logical regions are same as in Figure 1.

Figure 4. A: Splitting measurements in Trans-Hudson orogen (TH) and 
Superior province (SP) regions. Test stations C24A (purple inverted 
triangle) and B33A (brown inverted triangle) are shown. Black lines 
are orientation of fast polarization directions, green lines are geologi-
cal basement boundaries, white lines are state boundaries, and scale 
bar shows range of delay time. Blue arrow is average absolute plate 
motion (APM) direction. B: Measurements plotted on top of magnetic 
anomaly map, which serves as proxy for lithospheric fabric. Purple 
and brown bars represent average angles of lithospheric fabric in 
these regions. C: Two-layer model diagram showing fast directions in 
all layers (Lithos—lithosphere; Asthenos—asthenosphere). D,E: Cal-
culated back-azimuthal (BAZ) variations of splitting intensity at sta-
tions C24A and B33A. SI—splitting intensity. Open and filled circles 
are measured SI and calculated SI at these two stations, respectively.
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lithosphere but magnetic trends that are ~70° from APM, can be explained 
by misalignment of lithospheric and asthenospheric fabrics. For the north-
ern Great Lakes region, these variations of fabrics agree well with those 
reported at depths of 70 and 250 km by an independent three-dimensional 
full-waveform inversion study (Yuan et al., 2011). The conclusion of the 
importance of anisotropy in both the lithosphere and asthenosphere is con-
sistent with previous studies including both surface waves and splitting 
measurements (e.g., Marone and Romanowicz, 2007; Yuan and Romano-
wicz, 2010; Yuan et al., 2011) as well as some local splitting studies (e.g., 
Levin et al., 1999; Deschamps et al., 2008). These results from splitting 
intensity across North America demonstrate the power of such measure-
ments which allow for greater lateral resolution, comparable to station 
spacing, when compared to surface wave studies, while remaining sensi-
tive to depth variations in anisotropic fabrics in a way that traditional SKS 
splitting measurements are not (e.g., Vinnik et al., 1989; Silver, 1996).

SUMMARY
The majority of our j measurements parallel local APM trends, in-

dicating that asthenospheric fabrics produced by shear between North 
American lithosphere and deeper mantle are the dominant source of ob-
served shear wave splitting at TA stations. Deviations from this associa-
tion from the Rocky Mountain front and to the east occur in two distinct 
regions: areas where lithospheric thickness varies on a short spatial scale, 
and regions where continental geologic fabrics, as defined by magnetic 
and gravity anomalies, do not parallel local APM trends. Splitting de-
lay times are enhanced in regions where asthenospheric and lithospheric 
fabrics are subparallel. Specifically: (1) upper mantle fabrics beneath the 
southern Rocky Mountain region are complicated by the transition from 
thin to thick lithosphere, which causes deviations from APM directions 
(Fig. 3); (2) delay times attain a regional high value along the Gulf Coast 
due to strong asthenospheric APM fabrics in a region of thin lithosphere 
(Fig. 3); and (3) in the north-central United States, there is a contrast in 
observed splitting between the Superior province and the Trans-Hudson 
orogen where lithospheric texture alignment, relative to local APM, plays 
an important role in enhancing or diminishing delay times. 
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