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1. Introduction

ABSTRACT

Many aspects of subduction zone geodynamics remain poorly understood, including the pattern of flow in the
mantle surrounding subducting slabs. Because of the relationship between deformation and seismic anisotropy,
measurements of shear wave splitting in subduction zones can shed light on this pattern of flow. While observa-
tions of splitting in subduction zones are numerous and robust, the source and geodynamical implications of the
anisotropy remain imperfectly constrained. The Alaska subduction zone, associated with the subduction of the
Pacific plate beneath North America, is a particularly complex tectonic setting. Dramatic lateral variations in
slab morphology, seismicity, and volcanic character are present beneath the region, and previous splitting obser-
vations and modeling studies have suggested the possibility of significant along-strike mantle flow in the region.
Here we present SKS splitting measurements from more than 50 stations of the permanent broadband AK
network located throughout Alaska. Splitting patterns show significant regional variability, but proximate
stations often exhibit similar splitting behavior. Stations in southern Alaska exhibit nearly trench-normal fast
directions, while in southeasternmost Alaska fast directions trend parallel to the plate boundary. A group of
stations in the eastern part of the array exhibit predominantly null splitting, while stations to the northwest of
this group tend to exhibit ~1 s or more of splitting with fast directions that are roughly NE-SW. Stations east
of the Kenai Peninsula region exhibit complicated splitting patterns that suggest complex anisotropy. We discuss
a number of potential factors that may contribute to the complexity in splitting patterns observed in Alaska,
including frozen anisotropic structure in the overriding plate lithosphere, asthenospheric shear due to absolute
plate motion, trench-parallel flow in the mantle wedge, two-dimensional entrained flow beneath the slab, and
mantle upwelling at the slab edge.

© 2012 Elsevier B.V. All rights reserved.

permanent broadband network in Alaska and interpret the results
in terms of mantle flow processes.

The pattern of mantle flow in subduction zones remains poorly
understood, but is likely substantially more complicated than an ideal-
ized two-dimensional model, which invokes corner flow in the mantle
wedge above the slab and entrained flow beneath it. This is particularly
true in subduction systems with significant complexities, which can
include complicated slab morphology, complex overriding plate struc-
ture, and the presence of a slab edge. Alaska is an example of such a
complicated subduction zone. A simple 2D flow model for Alaska is
likely inadequate, but the controls on the three-dimensional pattern
of mantle flow beneath Alaska remain poorly understood. Shear
wave splitting is an important tool for characterizing mantle flow,
and can yield insight into the geometry of seismic anisotropy (a con-
sequence of deformation) in the upper mantle beneath a seismic
station. Here we present SKS splitting measurements from the AK
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As a shear wave travels through an anisotropic medium, it is split
into orthogonally polarized components aligned with the fast and
slow axes of propagation, a phenomenon known as shear wave bire-
fringence or splitting. The orientation and time delay of the compo-
nent pulses at the receiver reflect the geometry, strength, and extent
of anisotropy along the entire ray path. SKS phases are often used in
shear wave splitting studies because the P-to-S conversion at the
core-mantle boundary controls the initial polarization of the wave
before it undergoes splitting in the mantle on the receiver side. Because
any contribution to SKS splitting from the lower mantle is generally
thought to be small (e.g., Meade et al., 1995; Niu and Perez, 2004),
splitting parameters measured from SKS waves are often assumed
to reflect anisotropy within the upper mantle and (perhaps) the crust.

The primary mineral phase in the upper mantle is olivine,
(Mg,Fe),Si04, which has a single-crystal shear anisotropy of ~18% at
upper mantle conditions (e.g., Mainprice, 2007). When an aggregate
of olivine undergoes shear deformation in the dislocation creep re-
gime, it develops a lattice-preferred orientation (LPO) and becomes
anisotropic on length scales relevant for seismic wave propagation.
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For most temperature, pressure, stress, and volatile content condi-
tions relevant to the upper mantle, the fast axis of shear wave prop-
agation is generally parallel to the direction of maximum shear
(e.g., Karato et al., 2008; Zhang and Karato, 1995). For the simple
case of horizontal mantle flow with a vertical gradient in flow ve-
locity, the fast shear wave propagation direction thus generally
corresponds to the direction of mantle flow beneath a seismic sta-
tion. There are, however, many possible complications to this simple
relationship. In the presence of partial melt, aligned melt pockets can
produce shape-preferred orientation (SPO), producing anisotropy
that may not be directly related to the flow field (e.g., Zimmerman
et al, 1999). Another possible complication is so-called B-type
olivine fabric (Jung and Karato, 2001), which changes by 90° the
relationship between strain and the resulting anisotropy. This fabric
likely predominates in relatively cold conditions with high shear
stresses and significant water content (Jung et al., 2006; Karato
et al., 2008), which may be found in the shallow corner of the mantle
wedge in subduction settings (Kneller et al., 2005, 2008). In addition
to complications from melt and B-type olivine fabric, complex an-
isotropic structures such as multiple and/or dipping layers of anisot-
ropy will influence the splitting patterns at individual stations,
causing variations in apparent splitting with backazimuth for SKS
phases (e.g., Chevrot and van der Hilst, 2003; Silver and Long,
2011; Silver and Savage, 1994). All these issues demand that caution
be exercised when interpreting splitting patterns in terms of physi-
cal processes in the upper mantle, particularly in subduction zones.

Alaska is a complex tectonic region. The south-central margin of
Alaska exhibits concave curvature toward the subducting Pacific
plate, meaning that subduction changes along-strike from normal to
highly oblique subduction that transitions to a transform fault in the
southeast (Fig. 1). Slab morphology is complicated (e.g., Eberhart-
Phillips et al., 2006; Kissling and Lahr, 1991), and the edge of the
slab likely introduces complexities in the flow field (e.g., Honda,
2009; Jadamec and Billen, 2010; Kincaid and Griffiths, 2003; Peyton
et al., 2001; Piromallo et al., 2006). The age of the slab changes signif-
icantly along-strike, from approximately 60 Ma to 20 Ma going west
to east (Miiller et al., 1997); this implies that the physical properties
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Fig. 1. Tectonic setting of the study region. Major faults are shown in black (Lesh and
Ridgway, 2007) along with contours of the subducting slab at 50 km intervals as in-
ferred from seismicity (Gudmundsson and Sambridge, 1998). The absolute motions
of the Pacific and North American plates in the NUVEL-1A reference frame (Argus
and Gordon, 1991) are shown with gray arrows; the relative motions of the plates
are shown with the double black arrows. The dashed red line indicates the approxi-
mate location of the edge of the slab at depth (e.g. Jadamec and Billen, 2010).

of the slab (e.g. density and thermal structure) also vary along-strike.
The crustal structure of the overriding plate is also very complicated.
The far-field backarc region is relatively simple, with ~25 km thick
crust, but within about 500 km of the trench, the crust is thicker
and laterally variable, averaging 35-45 km (Veenstra et al., 2006).
This area exhibits significant compressive crustal stresses, with many
thrust events and a strong seismic-interseismic stress cycle (Ali and
Freed, 2010). These complications are compounded by continuing post-
glacial rebound that may impact the stress field in some regions more
than others (Larsen et al., 2005). In addition to potentially affecting
mantle flow, these upper plate complications may also contribute
another source of coherent and probably very complicated anisotropy
if “fossil” anisotropy due to past tectonic processes exists in the over-
riding plate lithosphere (e.g. Silver, 1996).

In spite of the popularity of the shear wave splitting technique,
there are few published studies of shear wave splitting in Alaska, in
part due to the paucity of seismic stations. The data that have been
published suggest varied and complex anisotropy (Christiensen and
Abers, 2010; Wiemer et al., 1999; Yang et al., 1995). Splitting mea-
surements from the temporary BEAAR network in south-central Alaska
(Christiensen and Abers, 2010) reveal a strong trench-parallel signal
in the north, with a distinct and sharp switch to trench-normal
south of the Hine's Creek fault. This abrupt transition is surprising
in its sharp localization, but perhaps unsurprising in its approximate
location. As suggested by Christiensen and Abers (2010), this E-W
line marks a boundary where the depth to the slab is shallower
than 70 km and the mantle wedge is therefore very small. The line
also marks the lateral transition in crustal thickness, where the
overriding crust becomes significantly thicker (Veenstra et al., 2006).
All these factors potentially contribute to a substantial change in an-
isotropic structure. While the dense network is ideal for constrain-
ing the location of this change in splitting parameters, a more
regionally extensive SKS splitting study may help to better constrain
the regional variations in anisotropy.

This study aims to shed more light on the overall regional aniso-
tropic signature through examination of SKS splitting at 54 permanent
broadband stations from the AK network (Fig. 2). We processed and
analyzed SKS arrivals to determine the splitting parameters ¢ (fast
splitting orientation) and 6t (delay time). We consider both individual
SKS measurements (null and non-null) and the backazimuthal patterns
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Fig. 2. Map of broadband stations of the AK network used in this study. For stations
shown in red, we examined the data but did not identify any high-quality measure-
ments, mainly due to poor data quality and/or a short deployment time. The boxes cor-
respond to the subregions that are shown in Figs. 7-10.
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Fig. 3. Event distribution used in this study. a. Map projection of the 242 individual events that yielded at least one useable null or non-null measurement. b. Histogram of back-
azimuths for all arrivals in the data set (660 measurements total). Each radial grid line indicates 12 measurements.

of splitting at individual stations. The goal of this work is to examine
both the detailed splitting behavior at individual stations and the
regional variability in splitting patterns, and to interpret the measure-
ments in terms of subduction-related flow in the upper mantle, which
ultimately should shed light on the complex dynamics of the Alaska
subduction zone. A broad regional view of shear wave splitting in Alaska
is particularly important in light of the planned EarthScope deployment
in the region; while the current station coverage is relatively sparse, an
understanding of regional-scale splitting patterns will help to frame
important unanswered questions relating to mantle dynamics beneath
Alaska.

2. Data and methods
2.1. Data, preprocessing, and measurement methods

The AK network is a permanent broadband regional network
maintained by the Alaska Earthquake Information Center (AEIC) in
Fairbanks, Alaska. The stations in the network were deployed over
several years, beginning in 1998. The network reaches across main-
land Alaska and includes many surrounding islands, but the bulk of
the stations are concentrated in the Denali region in south-central
Alaska. For this study, all stations with continuous records of more
than one year were included, and all data available for each individual
station were considered. Because some stations have been running
for more than a decade and others are relatively new, the amount of
data processed at each station is variable. Thus statistics such as
total number of measurements are not entirely meaningful when
compared among stations. In all, we measured splitting at 54 different
stations, with deployment durations of two to twelve years. Fig. 2
shows a map of all stations included in our study.

We examined SKS arrivals from earthquakes of depth >30 km and
magnitude >5.0 at epicentral distances 88°-130° from the station.
We examined more than 20,000 unique station-earthquake pairs,
producing a total of 660 well-constrained splitting measurements
(both null and non-null) from 242 individual earthquakes. The

backazimuthal coverage, shown in Fig. 3, is non uniform, as is typical
for SKS splitting studies. We observe SKS arrivals from three distinct
directions that correspond to the vast majority of arrivals in our
dataset. Fortunately, the spread of arrival directions is sufficient to
characterize the anisotropy at most stations. Stations that do not
have sufficient backazimuthal coverage to meaningfully constrain
splitting parameters individually usually have very few results.
These stations are still useful, however, when considered in concert
with the rest of the stations in the network. As a whole, the network
has reasonably good backazimuthal coverage, leading to confident
assessments of splitting parameters, and allowing robust inferences
about anisotropic structure.

We preprocessed the data and made splitting measurements using
the SplitLab software package (Wiistefeld et al., 2008). We applied a
bandpass filter to each waveform, with corner frequencies of 0.01 Hz
and either 0.08 Hz, 0.10 Hz or 0.12 Hz, with the cutoff chosen manually
(depending on signal and noise properties of each earthquake-station
pair) to optimize waveform clarity. A window including at least one
period of the SKS arrival at that frequency was manually chosen. We
used both the rotation correlation method (e.g., Ando, 1984; Bowman
and Ando, 1987; Fukao, 1984), and the transverse component mini-
mization method (Silver and Chan, 1991) to determine splitting pa-
rameters. The use of two measurement methods simultaneously
helps to ensure that only the highest quality measurements are
retained in the data set, since measurement methods can disagree
in the presence of noise or for near-null measurements (e.g., Long
and Silver, 2009a; Monteiller and Chevrot, 2010; Vecsey et al.,
2008; Wustefeld and Bokelmann, 2007). We required that both
measurement methods agree for measurements retained in the
data set. We only considered events with clear SKS arrivals and a good
signal to noise ratio (approximately 3:1 or better) were considered. All
waveforms (corrected and uncorrected) and splitting measurement
error plots were visually inspected to ensure that SKS arrivals were
uncontaminated by other phases and that spitting measurements are
well constrained. We manually assigned a quality of “good,” “fair,” or
“poor” to each measurement, based on the signal-to-noise ratio of the

Fig. 4. Examples of typical splitting measurements. The left panels show the uncorrected waveform (dashed line, radial component; solid line, transverse component). The middle
panels show the initial (dashed line) and corrected (solid line) particle motion diagrams. The right panel shows the energy map of the transverse component for each possible split-
ting pair, with the best measurement shown with the crossed lines and the gray ellipse indicating the 95% confidence region. Three examples of split SKS waves are shown in a., b.,

and c.; an example of a null measurement is shown in d.
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uncorrected and corrected components, the linearity of the corrected
particle motion, the size of the error spaces, and how well the best-
fitting splitting parameters for each method agreed. For the vast
majority of measurements retained in the dataset, 20 errors are
less than ~20°-30° in ¢ and ~0.8-1.0 s in 6t. In a very few cases, we
retained measurements with 20 errors as large as 81° in ¢ and 2.9 s
in 6t, but such measurements were only retained if the two inde-
pendent measurement methods yielded very similar results; these
measurements were characterized as “poor” and were not used in
the computation of single-station average splitting parameters.
We characterized as null those SKS arrivals that exhibited linear
uncorrected particle motion; a null measurement indicates either
isotropy or alignment of the backazimuth with the fast or slow
axis of the anisotropic medium. Examples of typical measurements,
both null and non-null, are shown in Fig. 4.

2.2. Identification of station misalignments

During routine splitting analysis, we identified significant polari-
zation anomalies (that is, differences between the measured initial
polarization of the SKS phase and the backazimuth by more than
10°) at many stations, leading to a thorough investigation of possible
station misalignments. The AEIC is aware of misalignments at many of
the stations in the AK network (Doug Christensen and Roger Hansen,
personal communications), including a number of stations aligned to
magnetic north rather than true north and a swap of east and north
components at station SWD. The magnetic declination in Alaska is
more than 20° in some places (Finlay et al., 2010), so stations aligned
to magnetic rather than true north are fairly easy to identify. Although
there is relatively widespread awareness of alignment problems in the
AK network, accurate record of each individual misalignment in the
database is incomplete.

Because of the number of misaligned stations and the imperfect
knowledge of their true orientations, we carefully considered the pos-
sibility of misalignment at each AK station. Station misalignments can
be diagnosed through P wave polarization analysis (e.g., Schulte-Pelkum
et al, 2001), surface wave polarization analysis (e.g., Ekstrom and
Busby, 2008), or SKS polarization analysis (e.g., Lynner and Long, in
press). Here, we estimated station misalignments through polarization
analysis of SKS phases, which have been shown to yield estimates
of station misalignment that are nearly identical to those obtained
through P polarization analysis (Lynner and Long, in press). Initially,
we assumed that each station could be misaligned by any amount and
used the polarization of split and null measurements and the agreement
between the rotation correlation and transverse component minimi-
zation measurement methods for split SKS waves to constrain any
misalignment. Due to the unmistakable polarization of non-split SKS
pulses, the highest-quality nulls were given the most weight when
determining appropriate degrees of rotation to correct misalignments.
An initial survey of the best-fit station correction for each individual
SKS arrival was compiled to find an appropriate correction for each
station, and we applied one misalignment value to all events at each
station in our subsequent splitting analysis. The station DOT is an excep-
tion, having been misaligned when first deployed, but then apparently
fixed in November 2008. This change in alignment is reflected in the
corrected alignment used for our data processing.

We made a large number of corrections to stations that were not
noted as misaligned in the AEIC database. A few appear to be

relatively large and seemingly random errors in alignment that can-
not be easily explained; however, most corrections were small. Cor-
rections ranged from — 68° to + 22°. More stations than noted in the
database appear to be aligned to magnetic rather than geographic
north. The station SWD, for instance, is noted in the database to be
rotated 90° from north, but our study suggests that it is misaligned
by 68°, likely to magnetic north as well. A complete list of corrected
alignments can be found in Appendix A.

Misalignment of stations is an often overlooked but very impor-
tant factor in shear wave splitting analysis. Evans et al. (2006) show
through synthetic seismograms that rotated inputs lead to offsets in
¢ using the rotation correlation method and ¢ and 6t using the trans-
verse component minimization method. The different response of
the two methods to rotation makes interpretation especially difficult
when both methods are used together. As shown in Fig. 5, neglecting
to account for station misalignments causes many good arrivals to
be categorized as unusable (because results from the measure-
ment methods differ) and will affect calculated splitting parame-
ters for arrivals that are not discarded. The latter is potentially a
more significant problem, due to the fact that any physical mean-
ing inferred from the measurements will likely be incorrect. Re-
cently, Tian et al. (2011) published an investigation determining
constraints on misalignments of individual stations by comparing
the results of different splitting methods assuming a range of sta-
tion misalignments. Using synthetics as well as real data, they found
that the misalignment was correctly determined by the convergence
of just a few different splitting methods. They found that the conver-
gence of the transverse component minimization and rotation corre-
lation methods is a good indication of the actual orientation of a
station. This suggests that our approach is indeed sufficient to accu-
rately identify station misalignments.

3. Results
3.1. Overall SKS splitting trends for Alaska

Fig. 6 shows all individual split and null measurements, plotted at
station locations; individual measurements are also shown in table
form in Appendix A. The dominant feature of the splitting parameters
in this region is a strong and laterally expansive trench-parallel signal
near the middle of Alaska. To the east of this region is a sharp transi-
tion to an area of overwhelmingly null measurements. Each of these
two regions comprises closely spaced stations with consistent split-
ting patterns, suggesting strong and coherent anisotropy that is dif-
ferent between the regions. Along the southern coast, the dominant
fast directions are approximately trench-normal, but splitting patterns
are complicated, with a region around —146° longitude that exhibits
many nulls and strong spatial variation in both ¢ and 6t. In southeastern
Alaska, splitting patterns are simpler, with fast directions that are
generally parallel to the coast. Island stations in the Aleutians and off
the west coast of Alaska are plagued by poor data quality and sparse
coverage, but generally show weak splitting. In all, splitting patterns
in Alaska are very complicated, but consistency between proximate
stations suggests that these measurements reflect real and meaningful
spatial variations in anisotropy.

In order to facilitate the interpretation of our measurements in
terms of physical processes, we divide the dataset into separate regions
that generally correspond to coherent spatial patterns. We divide the

Fig. 5. Examples of splitting measurements at misaligned stations for the case of uncorrected and corrected alignments. Each row shows, from left to right: initial horizontal com-
ponents of the waveform (solid, N; dashed, E), initial (dashed) and corrected for splitting (solid) particle motions using the transverse component minimization method, and initial
(dashed) and corrected for splitting (solid) particle motions using the rotation correlation method. a. Example of a split SKS arrival at station SWD. Top row shows the diagnostic
plots uncorrected for misalignment; bottom row shows plots that have been corrected for misalignment. b. Same as a., but for a null measurement at station PAX. Note the disagree-
ment between the methods when the stations are misaligned, and agreement when the misalignment is corrected. The correction at station SWD is — 68° and the correction to PAX

is +18°.
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Fig. 6. Map of all individual splitting measurements, both nulls (black crosses) and
non-nulls (red bars). Splitting parameters are plotted at the station locations. For
non-null splits, the orientation and length of the bar correspond to the fast direction
and delay time, respectively. Nulls are plotted as crosses with one arm aligned with
the backazimuth and the other aligned orthogonal to it. Symbols indicating plate mo-
tions and slab contours are as in Fig. 1.

study area into 4 parts (Fig. 6). Region 1, the northernmost section,
exhibits strong and fairly consistent splitting parameters with approxi-
mately trench parallel fast directions. Region 2, to the southeast of
Region 1, exhibits overwhelmingly null splitting patterns. Region 3,
along the southern coast of Alaska, is complicated by nulls and a large
spread of both ¢ and 6t, but suggests a pattern of trench-normal split-
ting in the direction of Pacific plate motion relative to North America.
Region 4 is comprised of mostly island stations in the far west and
western Aleutians. Splitting parameters here are not well constrained
due to poor data quality and sparse coverage, but show weak splitting
(less than 1s) with predominantly NE-SW fast directions, as well
many as null measurements.

3.2. Regional results

Robust analysis of Region 4 is somewhat hampered by poor data
quality and sparse coverage. The station distribution here is con-
trolled by the location of islands, and data quality is relatively poor.
This means there are fewer usable SKS arrivals than at the quieter in-
land stations. Some of these stations appear to reflect simple anisot-
ropy, and some reflect very complicated anisotropy (see Fig. 7). TNA
and SPIA appear predominantly null, though each also produced some
splits. NIKO and NIKH, located less than 4 km from each other, both
exhibit stronger splitting (delay times of ~1 s) with a fast axis that is
subparallel to the trench. UNV is located less than 200 km northeast of
NIKH and NIKO, but exhibits dramatically different splitting. The back-
azimuthal variations are complex, and the data suggest a complicated
anisotropic region. This is in stark contrast to the relatively simple
anisotropy suggested by the data at NIKO and NIKH.

Region 1 stations are located such that SKS phases sample the
mantle wedge, with the southern edge of the region approximately
coincident with the 100 km slab contour (Fig. 6). The fast directions
indicated by the splits (Fig. 8) are dominated by NW-SE fast direc-
tions and are thus overwhelmingly trench-parallel. The observed null
measurements are mostly from events at backazimuths very nearly
parallel or perpendicular to the fast axes (Fig. 8). These patterns are
consistent with relatively simple anisotropy beneath Region 1 stations.

-172° -170° -168°

-170° -168° -166"

-170°

-168° -166°

Fig. 7. Individual splitting measurements for stations in Region 4 (see maps in Figs. 2
and 6). a. Measurements for northwestern Alaska. b. Measurements for the Aleutian
arc. Stations are plotted as blue triangles. Splitting measurements are plotted at the
150 km pierce point for each arrival, with null measurements plotted as black crosses
and non-null measurements plotted as red bars. Gray arrows indicate the absolute
plate motion of the North American plate.

The stations in Region 2, in sharp contrast to the stations in Region 1,
show overwhelmingly null splitting patterns (Fig. 9), with only a few
split SKS phases observed. Any single observation of null splitting
may be consistent with several scenarios, including isotropic mate-
rial beneath the station, transverse isotropy with a vertical axis of
symmetry, or an initial polarization direction for the SKS phase that
is parallel to the fast or slow symmetry axis of the medium. In order
to categorize a station or region as truly dominated by nulls and to
rule out the third possibility, there must be sufficient backazimuthal
coverage to rule out the case in which the fast or slow direction of
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-148°

Fig. 8. Individual splitting measurements for stations in Region 1 (see maps in Figs. 2
and 6). Plotting conventions for the measurements and stations are as in Fig. 7.

splitting is coincident with the initial polarization (equivalent to the
backazimuth) of the SKS arrival. The backazimuthal coverage for
stations in Region 2 is far from ideal (Fig. 9), and at several of the
stations the backazimuths of the null measurements coincide with
the measured fast directions in Region 1 to the west. However, several
of the Region 2 stations do have sufficient backazimuthal coverage
to demonstrate that there are null SKS arrivals over a range of back-
azimuths. For example, stations SCRK, DOT, and DIV exhibit nulls
over several backazimuthal swaths (Fig. 9). This leads us to infer
that the predominantly null measurements observed in Region 2
likely reflect “apparent” isotropy in the underlying crust and mantle,

-146° —144°

—144°

Fig. 9. Individual splitting measurements for stations in Region 2 (see maps in Figs. 2
and 6). Plotting conventions are as in Fig. 7.

which could take the form of true isotropy, transverse isotropy with
a vertical axis of symmetry, or small-scale variations in anisotropic
structure that appear isotropic to long-wavelength SKS phases.

Region 3 exhibits splitting patterns that are substantially more
complicated than the other regions (Fig. 10). Along the southern
edge of the Denali block, some stations show strong trench-normal
fast directions with varying ét, but other stations exhibit very compli-
cated splitting patterns, with individual measurements varying from
null to nearly 3 second delay times (Fig. 10). Most stations in Region
3 exhibit a variety of splitting behavior for different SKS arrivals, with
a combination of many split SKS arrivals and many nulls, as well as a
mix of different delay times and fast directions. The most extreme
complexity is concentrated around the bend in the trench to the
east of Anchorage. In the Kanai peninsula, patterns are dominated
by generally trench-normal fast directions. Down the coast to the
east, in southeast Alaska, splitting patterns are similar to those west
of Anchorage. Fast directions here are generally parallel to Pacific
plate motion relative to North America (Fig. 10).

There is some evidence for backazimuthal variation in splitting
parameters at individual stations, especially near the border between
Regions 1 and 2. An example for station MCK is shown in Fig. 11.
Arrivals at MCK from the west exhibit splitting behavior similar to
that observed most stations in Region 1, whereas arrivals from the
east are all null, similar to Region 2, and arrivals from the southwest
are mostly null with a few non-null measurements. Station MCK is
well placed to record the differing anisotropic properties of the
regions, since it is located close to the border between them. Con-
versely, we do not observe a coherent pattern of backazimuthal
variations at most stations; although the backazimuthal coverage at
most stations in our study is limited, the observations that we have
tend not to display an obvious coherent pattern of backazimuthal
variation. For example, station EYAK (Fig. 11) exhibits complicated
splitting parameters, but individual measurements appear to vary ran-
domly with backazimuth. This suggests that EYAK overlies laterally
contiguous, but complicated anisotropy. The complicated splitting pa-
rameters in Region 3 are probably not caused by adjacent regions of
simple anisotropy; instead, it is likely that multiple layers or compli-
cated heterogeneities extend over a relatively wide region below the
trench.

4. Discussion
4.1. Evaluating possible contributions to SKS splitting

Alaska is a highly complex tectonic setting, with many possible
factors contributing to the aggregate anisotropic signal. In addition
to flow and deformation in the mantle wedge and sub-slab mantle,
there may be a contribution from anisotropy within the slab itself
and from the overriding plate lithosphere. Multiple layers of anisot-
ropy, some of which may be dipping, are likely present here, as in
most subduction zones. Shear wave splitting studies in subduction
settings often ignore contributions from the slab and crust; however,
in Alaska it requires closer consideration. The slab morphology is
complicated (Eberhart-Phillips et al., 2006; Kissling and Lahr, 1991),
so anisotropy within the slab, such as from aligned serpentinized
cracks (Faccenda et al., 2008), would result in laterally homogeneous
splitting patterns. Because slab morphology may affect mantle flow
(e.g., Kneller and van Keken, 2007), the complex slab morphology
likely also complicates the resulting anisotropy. The presence of a
slab edge is also likely important in this region; flow around this
edge may complicate what might otherwise be a simple flow pattern
in both the wedge and the sub-slab mantle. Dipping layers of an-
isotropy are very likely present in any subduction zone; while a
dipping axis of anisotropic symmetry will cause complexities in split-
ting patterns, the dip of the layer is difficult to resolve with splitting
measurements alone (Chevrot and van der Hilst, 2003). The physical
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Fig. 10. Individual splitting measurements for stations in Region 3 (see maps in Figs. 2 and 6). Plotting conventions are as in Fig. 7.

interpretation of splitting measurements in a subduction setting must
therefore be done with care.

A single SKS splitting measurement cannot be used to constrain
the depth of anisotropy, since it represents the integration of the
effect of anisotropy along the ray path. However, combining shear
wave splitting measurements with other types of seismological data
and making some basic physical assumptions can provide a basis for
interpreting anisotropy in terms of physical processes. For example,
splitting parameters at stations overlying the wedge will likely reflect
a contribution from anisotropy due to flow in the mantle wedge,
whereas stations located closer to the trench will not. Considering
how the spitting signal changes with distance from the trench can
give insight into the contribution to splitting from anisotropy in the
wedge (e.g., Christiensen and Abers, 2010). Splitting signals from
stations relatively far from the trench can give insight to the contribu-
tion from mantle flow driven by the motion of the overriding plate.

We can also consider the possibility of contributions to SKS split-
ting anisotropy in the crust. SKS splitting is nearly always interpreted
in terms of mantle anisotropy (e.g., Long and Silver, 20093, and refer-
ences therein), but particularly in a region such as Alaska with a crust
that is relatively thick (Veenstra et al., 2006) and highly deformed
and faulted by past and ongoing deformation (e.g., Ali and Freed,
2010; Cohen and Freymueller, 2004; Ratchkovski and Hansen,
2002), possible contributions from the crust must be considered.
The only direct observational constraints on splitting due to crustal
anisotropy in Alaska come from the work of Wiemer et al. (1999);
the splitting delay times of 0.05-0.1 s for earthquakes at crustal depths
(z=20-40 km) as they are observed are much smaller than the SKS
delay times documented in this study. Other constraints on Alaskan
crustal anisotropy come from a reflection/refraction study by Brocher
et al. (1989) and a corresponding laboratory study of crustal anisotropy
of rocks from the Valdez Group by Brocher and Christensen (1990).
These studies suggest that while crustal P wave anisotropy is likely to
be locally strong (~5-9%), the S wave splitting delay times associated
with this anisotropy would likely be small. Therefore, while we cannot
completely rule out a contribution to our SKS splitting measurements
from the crust, we do not believe that it makes the primary contribution
to our data set.

Another argument about the most likely depth distribution of an-
isotropy can also be made on the basis of the lateral variations in
splitting patterns. For example, the results from station MCK (dis-
cussed above and shown in Fig. 11) offer a line of argument that the
differences in splitting patterns between Region 1 and Region 2 reflect
relatively deep lateral differences in anisotropy at depth, since SKS
phases arriving at MCK from the west seem to sample the relatively
simple anisotropic structure beneath Region 1 and SKS phases arriving
from the south and east exhibit the predominantly null splitting that

dominates Region 2. We attempt to constrain the depth of anisotropy
that causes these variations by calculating Fresnel zones for different
arrivals at this same station (e.g., Alsina and Snieder, 1995). At very
shallow depths the first Fresnel zones for frequencies relevant to SKS
energy (characteristic periods of ~8-10 s) at station MCK would overlap
significantly; for example, at a depth of 50 km, the first Fresnel zone
for an SKS arrival is ~80 km wide (e.g., Favier and Chevrot, 2003). In
general, this would tend to rule out very shallow structure as the
source of the observed strong backazimuthal differences (e.g., Alsina
and Snieder, 1995), and the largest contribution to the observed split-
ting likely comes from the asthenospheric mantle rather than the crust
and lithospheric mantle.

4.2. Geodynamic interpretation of SKS splitting for different regions

In order to identify the most salient first-order features of our SKS
splitting data set, we have computed single-station average splitting
parameters for stations where the splitting patterns are simple enough
that an average is physically meaningful, and plotted them on a map
(Fig. 12) along with the null measurements at Region 2 stations. One
of the most striking features of this map is the overwhelming pre-
ponderance of dominantly null stations in Region 2. This “apparent”
isotropy could be consistent with any one of several different sce-
narios: the mantle underlying Region 2 may be actually isotropic,
it may be anisotropic but includes small-scale heterogeneity (lateral
or vertical) that appears isotropic over large length scales, or it may be
anisotropic with a vertical axis of symmetry (that is, vertical transverse
isotropy or VTI).

Any scenario that invokes anisotropic heterogeneity to explain a
region of null measurements requires destructive interference of two
or more layers or regions of anisotropy. Complicated flow in the vicinity
of the edge of the subducting slab that varies over short length scales
may create heterogeneities that cause the region to appear isotropic. A
second possibility is that the striking transition in splitting from
NW-SE fast directions in Region 1 to predominantly null splitting in
Region 2 actually reflects a significant anisotropic domain boundary in
the overriding lithosphere, either in the crust, the lithospheric mantle,
or perhaps both. Given the location of Region 2 directly above the
inferred edge of the subducting slab, we believe that it is more likely
that mantle flow near the edge of the slab is the strongest contributing
factor in the abrupt change in anisotropy, rather than a transition in lith-
ospheric structure. Also, given the arguments above about the likely
small contributions to SKS splitting from the crust, and the arguments
based on Fresnel zone analysis for a primary contribution from astheno-
spheric depths, it is most likely that this transition reflects a change in
mantle flow. We emphasize, however, that the data do not completely
rule out a contribution from the crust or lithospheric mantle.
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a MCK

Fig. 11. Stereoplots of splitting patterns at stations MCK (a.) and EYAK (b.). Each mea-
surement is plotted at the location corresponding to the event backazimuth and
incidence angle. Bars indicate non-null measurements and dots indicate nulls. Mea-
surements are color-coded by quality, with “good” quality measurements shown in
red and “fair” quality measurements shown in blue. “Poor” quality measurements are
not shown.

One possible scenario for the effect of the slab edge on mantle
flow is that there is a strong change in the flow field here due to
slab morphology changes, and the apparent isotropy reflects a lack
of coherent fabric in the mantle as the regional flow field reorganizes
in response to the slab edge. A second, related, possible scenario is
that the null splitting reflects anisotropy with a vertical axis of
symmetry that is a consequence of predominantly vertical mantle
flow at the edge of the slab. Vertical mantle flow at a slab edge has been
proposed in other subduction systems (e.g., Civello and Margheriti,
2004), and mantle upwelling has been posited as an explanation for

unusual volcanism at Mt. Etna near the Ionian slab (Schellart, 2010).
This represents an intriguing possible explanation for our observation,
particularly in light of the proximity of Region 2 stations to the Wrangell
Volcanic Field.

We do note that shear wave splitting studies in the vicinity of other
slab edges (e.g., Eakin et al., 2010; Peyton et al., 2001) have found
strong splitting near the edge rather than a region of predominantly
null splitting. The study of Peyton et al. (2001) argued for toroidal
flow around the edge of the Kamchatka slab, while the dataset of
Eakin et al. (2010) in the vicinity of the Mendocino Triple Junction
found support for a local perturbation in mantle flow near the
southern edge of the Juan de Fuca slab. Both of these studies identi-
fied relatively strong splitting in the vicinity of slab edges; the re-
gion of null splitting that we observe near the edge of the Alaska
slab thus appears to be somewhat unusual when compared to other
regions.

Because SKS phases measured at stations in Region 1 sample a
large volume of mantle wedge material, we infer that these stations
likely reflect trench-parallel anisotropy in the mantle wedge. The
strong trench-parallel signal extends south to the location where
the depth to the top of the slab is approximately 100 km, and the
overriding crust thickens from ~26 km to as much as 45 km (Veenstra
et al, 2006). The thicker crust appears to have little effect on the
splitting parameters, however. The observed trench-parallel fast
directions are most likely due to trench-parallel flow in the mantle
wedge, as suggested by Christiensen and Abers (2010), as B-type
olivine fabric is not expected in the backarc part of the wedge (Kneller
et al,, 2005, 2008).

SKS phases measured at stations in Region 3 sample little or none
of the mantle wedge, so the observed anisotropy likely reflects flow
beneath the Pacific plate, since the wedge is very small or nonexistent
beneath these station locations. The middle part of Region 3 is directly
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Fig. 12. Map of single-station average splitting parameters (black bars) for those
stations where patterns are relatively simple and physically meaningful averages
could be obtained (no measurement is shown at stations where this is not the case).
Values were obtained by taking a simple (non-weighted) average of all “good” and
“fair” quality measurements. For Region 3 stations that are overwhelmingly dominated
by nulls, individual null measurements are shown with gray crosses (the few non-null
measurements at these stations are not shown). Black arrows indicate the relative plate

motion.
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south of Region 2 (Fig. 2), and shows a large amount of complexity, with
complicated backazimuthal dependence of splitting parameters. There
are many null measurements, as well as many split SKS arrivals with
different fast directions and delay times. There is no simple model
that can explain these complex splitting patterns, but we suggest that
the most likely explanation is a combination of anisotropy from sub-
slab mantle flow, frozen anisotropy in the subducting slab, and per-
haps a contribution from frozen anisotropy in the overriding plate
as well. While contributions from lithospheric anisotropy in either
the slab or the overriding plate may be needed to explain the com-
plex splitting patterns, we do not have an obvious explanation for
why this particular part of Region 3 shows more complexity in split-
ting than other surrounding regions. Fast directions in both the east-
ern (southeast Alaska), and the western (west of Anchorage) parts of
Region 3 are predominantly parallel to Pacific plate motion relative
to North America. Upper mantle deformation induced by the relative
motion of the Pacific and North American plates is a likely source of
the recorded anisotropy. For Region 3 stations located to west of An-
chorage, SKS phases have long path lengths in the sub-slab mantle,
and a large contribution to the subduction-parallel fast directions
from entrained flow beneath the subducting slab is likely. It is
worth noting that if this interpretation is correct, then the Alaska
subduction zone exhibits different sub-slab mantle flows than
most subduction zones worldwide, which tend to be dominated by
trench-parallel fast directions (and thus perhaps trench-parallel
sub-slab flow) (e.g., Long and Silver, 2009b). The trench-
perpendicular fast directions observed at Region 3 stations near
the trench also contrast with the roughly trench-parallel fast direc-
tions observed at stations NIKO and NIKH further to the west
(Fig. 7).

4.3. Comparisons with previous studies

A comparison between our measurements and previously pub-
lished shear wave splitting data in Alaska is instructive. The splitting
patterns in Christensen and Abers (Fig. 13) suggest a strong trench
parallel fast axis in the northern part of the BEAAR array and a trench
perpendicular fast axis closer to the trench. Christiensen and Abers
(2010) interpret this pattern as being due to along-strike flow in
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Fig. 13. Comparison between results obtained in this study (black bars and gray
crosses, see Fig. 12) and those obtained for stations of the BEAAR array (Christiensen
and Abers, 2010). Individual non-null BEAAR measurements are shown with purple

bars.

the mantle wedge, and two-dimensional entrained flow below the
slab. They observe a sharp change in the fast axis that corresponds ap-
proximately with the 70 km slab contour. In regions where the slab is
shallower than 70 km, Christiensen and Abers (2010) argue that the
wedge is too narrow to contribute significantly to the anisotropy;
therefore, the trench-parallel fast directions to the north are most
likely due to along-strike flow in the mantle wedge (Christiensen
and Abers, 2010). Our data are generally consistent with this sce-
nario, but our dataset covers a wider region (and shows more com-
plexity at individual stations) than was evident from the BEAAR
network data.

A recent geodynamical modeling study by Jadamec and Billen
(2010) created a three-dimensional numerical model of buoyancy-
driven deformation in the Alaska subduction zone. They employed a
realistic slab geometry and compared their results with the splitting
data from the BEAAR network presented in Christiensen and Abers
(2010). Their models emphasized the importance of toroidal flow
around the edge of the slab, which in turn is expected to produce
complex anisotropic patterns (Jadamec and Billen, 2010). Our ob-
served splitting parameters in Regions 1 and 3 are generally consis-
tent with the predictions of the Jadamec and Billen model, but are
also consistent with the hypothesis of Christiensen and Abers (2010)
of trench-parallel flow in the mantle wedge and trench-perpendicular
flow beneath the slab. We do note that although the predominantly
NW-SE fast directions we observe at Region 1 stations are generally
consistent with mantle flow around the edge of the slab, as predicted
by Jadamec and Billen (2010), this model does not make an explicit
prediction of predominantly null measurements right at the slab
edge, as we observe in our data. This observation may require a
smaller-scale perturbation to the regional flow field, a contribution
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Fig. 14. Cartoon sketch of some physical processes that may be contributing to the
upper mantle anisotropy reflected in our SKS splitting dataset. These include shear in
the asthenosphere driven by absolute plate motion in the northern part of the study
area, along-strike flow in the mantle wedge as suggested by Christiensen and Abers
(2010), and plate-boundary-parallel shear in the southeastern part of the study area.
The red arrow indicates the rapid mantle flow around the slab edge suggested by Jada-
mec and Billen (2010). The area dominated by null measurements at the edge of the
slab may be a result of lithospheric anisotropic heterogeneity, mantle upwelling at
the slab edge, isotropic mantle, a lack of coherent mantle flow resulting from small-
scale disturbances in the mantle flow field due to the slab edge, or a combination of
these processes.
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from heterogeneous anisotropy in the overriding plate lithosphere,
or both.

It is also useful to consider comparisons between our measure-
ments and shear wave splitting studies in other subduction zones.
As mentioned above, the trench-perpendicular fast directions that
we observe in south-central Alaska at stations close to the trench,
which mainly sample the mantle beneath the slab, are fairly unusual
in the global dataset of subduction zone splitting measurements
(e.g., Long and Silver, 2009b) and contrast with measurements at
Aleutian stations NIKO and NIKH, which exhibit fast directions that
are nearly trench-parallel. Comparisons with other subduction sys-
tems where possible mantle flow around slab edges has been sug-
gested is also instructive; the similarities (and differences) between
our measurements and data sets from the Kamchatka and Juan de
Fuca subduction systems were discussed above. Another useful analog
to the Alaskan slab edge may be Italy, where several studies have
provided extensive documentation of SKS fast directions that are con-
sistent with toroidal flow beneath the subducting Calabrian slab (e.g.,
Baccheschi et al., 2008; Civello and Margheriti, 2004; Lucente and
Margheriti, 2008), and there may be flow around the slab edge in this
region as well. In particular, Lucente and Margheriti (2008) suggested
that an area of low splitting delay times may correspond to a region of
predominantly vertical flow associated with the fragmentation of the
slab at depth, a model that is somewhat similar to the possibility of
vertical flow associated with the region of null splitting that we ex-
plore here. It is worth noting, however, that the sub-slab fast direc-
tions observed in Italy are dominantly trench-parallel, which contrasts
with the trench-perpendicular fast directions we document in south-
central Alaska.

4.4. Our preferred model for mantle flow beneath Alaska

A schematic cartoon indicating some of the possible contributions
to the observed SKS splitting patterns is shown in Fig. 14, and here we
summarize our preferred model for anisotropy and mantle flow be-
neath our study region. Our preferred explanation for the trench-
parallel splitting observed in Region 1 is that it is due to trench-
parallel flow in the mantle wedge, driven by toroidal flow around
the slab edge (Jadamec and Billen, 2010), by the complex slab mor-
phology (Kneller and van Keken, 2007), or by some other mechanism.
The predominantly null region we observe in Region 2 is most likely
due to either complex, small-scale variations in mantle flow that
give rise to very small-scale anisotropic heterogeneity or to predom-
inantly vertical flow which results in a vertical axis of anisotropic
symmetry. An intriguing possibility is that there is a localized mantle
upwelling at the edge of the Alaska slab, as has been suggested for
other regions (e.g., Schellart, 2010), but the data do not allow us to
distinguish among the several possibilities. In any case, the distinctive
splitting pattern in Region 2 most likely reflects the effect of the slab
edge on the mantle flow field. Region 3 stations located directly to the
south of Region 1 likely reflect a primary contribution from entrained
flow beneath the downgoing slab, while stations in the southeast part
of the AK array located near the Pacific-North American transform
boundary likely reflect plate-boundary-parallel shearing in the
upper mantle. The northernmost station shown in Fig. 14 has a fast
direction parallel to the absolute plate motion of the North American
plate, and likely reflects shear in the asthenospheric mantle due to
this plate motion.

4.5. Looking ahead to USArray in Alaska

Unfortunately, the SKS splitting data set presented here is insuf-
ficient to distinguish among the possible models for mantle flow
beneath Alaska. Our data do indicate that the dynamics of this re-
gion are much more complicated than the classical model of two-
dimensional corner flow, and that this region warrants further

study. The USArray Transportable Array, part of the EarthScope
project (www.earthscope.org), is slated for deployment in Alaska
starting in ~2014 and we expect that the spatially dense data set
from the Alaska TA stations will shed light on the details of the
complex anisotropic structure suggested by our observations.
Given the predominantly null splitting that we observed at stations
that overlie the slab edge, it is particularly important that future
studies of SKS splitting using TA data in Alaska pay careful atten-
tion to the delineation and interpretation of null SKS measure-
ments. Seismological observations that place constraints on the
depth distribution of anisotropy (such as surface wave dispersion
or anisotropic receiver function analysis) will be an invaluable
complement to SKS splitting data sets, and the combination of dif-
ferent types of seismological analyses to constrain depth-dependent
seismic anisotropy should be a high priority for studies using Alaska
TA data.

5. Summary

We examined more than 20,000 SKS waveforms measured at sta-
tions of the AK network and measured shear wave splitting parame-
ters (¢ and 6t) in order to study mantle flow in the Alaska subduction
system. In the northern part of the array, observed fast splitting direc-
tions are overwhelmingly trench parallel, and splitting patterns at indi-
vidual stations are remarkably consistent. To the east of the Denali
block, at stations that roughly overlie the edge of the subducting
slab at depth, there is a region dominated by null measurements.
The transition from strongly trench parallel to null is sharp and can
even be seen at some stations (e.g. MCK) in the backazimuthal vari-
ation of splitting measurements. South of the null region is a small
region of extremely complicated splitting measurements that also
exhibit complicated backazimuthal dependence. To either side of this
region along the coast, splitting measurements are predominantly
parallel to Pacific plate motion.

Overall the splitting patterns presented in this study are com-
plicated, and could be consistent with several different hypotheses
for mantle flow in the vicinity of the slab. While our data set does
not uniquely constrain a model for upper mantle flow beneath the
study region, our preferred model for the observed splitting pat-
terns can be summarized as follows. Far from the trench in the
northernmost part of the study area, plate-motion-parallel shear
in the asthenosphere dominates. Closer to the trench, the mantle
flow field is predominantly controlled by subduction-related pro-
cesses. Stations located closest to the trench predominantly reflect
flow beneath the subducting slab, which is roughly trench-parallel
in the Aleutians with a transition to entrained flow at stations
close to the eastern edge of the slab. Predominantly NW-SE fast
directions observed in the central part of our study area reflect
trench-parallel flow around the slab edge, similar to models pro-
posed by Christiensen and Abers (2010) and Jadamec and Billen
(2010). Stations that overlie the slab edge exhibit predominantly
null splitting, which is most likely due to small-scale variations
in mantle flow associated with the slab edge or to predominantly
vertical flow at the slab edge. Stations in the southeastern part of
Alaska reflect plate-motion-parallel shear in the upper mantle in
the vicinity of the transform plate boundary.

While our dataset appears to reflect a contribution from a number
of different physical mechanisms, it is insufficient to uniquely deter-
mine the pattern of mantle flow in the mantle wedge, beneath the
slab, and in the vicinity of the slab edge. The limited geographical cov-
erage of the AK network represents the most important limitation on
our ability to constrain the mantle flow patterns in the Alaska subduc-
tion zone. The USArray Transportable Array (TA) is scheduled to de-
ploy in Alaska starting in 2014, and this experiment will provide an
excellent opportunity to study this region further and to come to a
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more complete understanding of the mantle dynamics of the Alaska
subduction zone.
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