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Abstract

Alaska provides an ideal tectonic setting for investigating the interaction between subduc-
tion and asthenospheric flow. Within the span of a few hundred kilometers along-strike,
the geometry of the subducting Pacific plate varies significantly and terminates in a sharp
edge. Furthermore, the region documents a transition from subduction along the Aleutian
Arc to strike-slip faulting along the Pacific Northwest. To better understand mantle in-
teractions within this subduction zone, we conduct an SKS shear-wave splitting analysis
on passive-source seismic data collected between 2011 and 2018 at 239 broadband seis-
mometers, including those from the Transportable Array (TA). Anisotropic fast directions
in the east of our study area parallel the Queen Charlotte and Fairweather transform faults,
suggesting that the ongoing development of lithospheric anisotropy dominates the results
there. However, our observed delay times (6t=1-1.5s) obtained across the study region
may also imply an asthenospheric contribution to the splitting pattern. Our splitting ob-
servations exhibit slab-parallel fast directions north-west of the trench and a rotation of
fast directions around the north-eastern slab edge. These observations suggest the presence
of toroidal asthenospheric flow around the edge of the down-going Pacific plate. We sug-
gest that Wrangell Volcanic Field (WVF) volcanism might be caused by mantle upwelling
associated with this flow. Splitting observations closer to the trench can be explained by
fossil anisotropy within the downgoing Pacific-Yakutat plate combined with entrained sub-
slab mantle. The geometry of the slab, including its variable dip and its abrupt eastern

edge, thus plays an important role in governing mantle flow beneath Alaska.

1 Introduction

The tectonics of southern Alaska are dominated by the northward subduction of
the Pacific plate beneath the North American plate (Figure 1). South-central Alaska ex-
hibits a so-called “corner geometry” because it lies at the north-eastern vertex of the Pa-
cific plate, which is bounded to the east by transform faults and to the north by subduc-
tion [Eberhart-Phillips et al., 2006; Jadamec and Billen, 2010]. Here, the Pacific plate
subducts beneath North America at a rate of ~50 mm/yr [Sauber, 1997]. Active volcan-
ism is abundant in Alaska but its relationship to subduction is debated [e.g., Martin-Short
et al., 2016]. The subduction geometry is heterogeneous along strike, transitioning from
a steeply dipping slab under the Aleutians to shallow subduction at the eastern end of

the subduction zone, which is associated with a paucity of volcanism known as the De-
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nali Gap [Nye, 1999; Christenson et al., 2010; Rondenay et al., 2010; Martin-Short et al.,
2016]. This setting is further complicated by active collision and accretion of the Yakutat
terrane (Figure 1), which is occurring at the easternmost boundary of the subduction zone
[Eberhart-Phillips et al., 2006; Wang and Tape, 2014]. The Yakutat terrane is a region

of over-thickened oceanic crust that has been converging with the Alaskan margin for >
23 Ma, and has led to broad continental deformation and uplift of the coastal Chugach-St.
Elias ranges range [Christenson et al., 2010; Plafker and Berg, 1994; Koons et al., 2010].
Furthermore, subduction of the thick, buoyant, Yakutat crust is believed to have caused
the flattening of the subducting slab and cessesion of volcanism in the Denali Gap [Chris-
tenson et al., 2010; Plafker and Berg, 1994]. The variation of mantle flow geometry along
strike beneath the Alaskan margin is poorly constrained. South-central Alaska is there-
fore an ideal place to study the interaction between present-day mantle flow and varying

subduction geometries.

A further unexplained tectonic feature of the region is the Wrangell Volcanic Field
(WVEF: Figure 1), which lies just east of the eastern edge of the subducted Yakutat terrane.
The WVF has experienced a northwestward progression of volcanic activity over its his-
tory [Richter et al., 1990], perhaps associated with the subduction of Yakutat crust beneath
Alaska. Many of the lavas sampled from the WVF exhibit a transitional or calc-akaline
affinity suggestive of arc magmatism, with the anomalous presence of adakitic and tholei-
itic lavas in some locations [Preece and Hart, 2004]. There is little seismic evidence for
subducted material beneath the WVF and its causes remain unknown [Martin-Short et al.,
2016]. 3D geodynamic modeling by Jadamec and Billen [2010, 2012] predicts vertical up-
welling beneath the WVF associated with quasi-toroidal mantle flow around the slab edge,
potentially explaining the volcanism in the area. Furthermore, the tomographic imaging of
Martin-Short et al. [2018] suggests that the WVF lies directly above the eastern edge of
the subducted Yakutat terrane, potentially explaining its unusual characteristics. The geo-
chemical study of Brueseke et al. [2019] also shows that subducting slab-edge upwelling
and flat-slab defocused fluid-flux are mechanisms which might explain volcanism at the

WVE

Studies of seismic anisotropy in this region will provide insights into mantle defor-
mation geometry, the origins of volcanism, and will help test predictions from previous
geodynamic modeling of 3D asthenospheric flow in the area [e.g. Jadamec and Billen,

2010, 2012]. When a shear-wave enters an anisotropic medium, it splits into two orthog-
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onally polarized components that travel at different speeds and accumulate a delay time
[e.g., Silver and Chan, 1991]. The delay time ot between the fast and slow components
reflects the strength of anisotropy and the thickness of the anisotropic medium [e.g., Silver
and Chan, 1991]. The teleseismic phases SKS, SKKS and PKS are ideal for investigat-
ing upper mantle anisotropy because these phases exhibit near-vertical ray paths on the
receiver side of the Earth, thus sampling anisotropy directly beneath the stations. Such
measurements represent the path-integrated effect of anisotropy from the core-mantle
boundary (CMB) to the surface [e.g., Silver and Chan, 1991]. Due to mode conversion

at the CMB, the SKS, SKKS and PKS phase analysis yields measurements that are not
contaminated by source-side anisotropy. In the upper mantle, seismic anisotropy occurs
due to the development of lattice-preferred orientation (LPO) of anisotropic minerals such
as olivine [e.g., Karato et al., 2008]. In the absence of shearing, the crystallographic fast
axes of these mineral grains are randomly oriented. However, in the asthenosphere, simple
shear imposed by plate motions or other macroscopic influences can encourage large-scale
alignment of the crystallographic fast axes. For example, under typical asthenospheric
conditions below stable lithosphere and in the presence of simple shear caused by plate
motion, the fast axes direction of shear-wave splitting (¢) is generally aligned with the
direction of maximum shearing, which can be indicative of flow in the asthenosphere [Sil-
ver and Chan, 1991; Hall et al., 2000]. However, in atypical mantle conditions, such as
the relatively low temperature, high water-content environment that exists within parts of
the mantle wedge at subduction zones, the fast direction may instead align perpendicu-
lar to the direction of maximum shear stress [Karato et al., 2008]. This is known as B-
type fabric. Furthermore, shear-wave splitting may also result from fossil anisotropy in
the lithosphere [e.g., Silver and Chan, 1988; Darbyshire et al., 2015; Gilligan et al., 2016]
or aligned structural heterogeneities (shape preferred orientation) such as melt intrusions
[e.g., Blackman and Kendall, 1997; Bastow et al., 2010; Holtzman et al., 2010]. Hence,

care must be taken in discerning the main source of the anisotropic signal.

We present a teleseismic shear-wave splitting study of lithospheric and astheno-
spheric anisotropy in south-central Alaska using data from 239 broadband seismometers,
including the newly-installed Transportable Array instruments (see acknowledgments for
detailed references). The station coverage is such that we are able to investigate a region
of steeply dipping slab, a region of flat-slab subduction, the abrupt slab edge and the tran-

sition from subduction to transform faulting along the Pacific Northwest. Our shear-wave
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splitting study is the first of its type to have such extensive spatial coverage across south-
central Alaska. By presenting additional splitting measurements spanning most of main-
land Alaska, our study expands on and is in agreement with previous shear-wave splitting
studies in this region [e.g. Christensen and Abers, 2009; Hanna and Long, 2012; Perttu et
al., 2014], therefore providing important new constraints on present-day mantle flow in the

region.

2 Tectonic Framework

The Alaskan lithsophere comprises several geologic terranes of various composi-
tions, which have been sutured to the northwestern margin of Laurentia since the late Tri-
assic [e.g. Plafker and Berg, 1994] (Figure 1). The geology documents a complex tectonic
history of volcanic arc accretion, subduction zone migration and movement along major

strike-slip faults [Colpron, 2007; O’Driscoll and Miller, 2015; Moore and Box, 2016].

The oldest rocks in Alaska are Proterozoic-to-Triassic miogeoclinal sediments de-
posited at the edge of the Laurentian margin [Colpron, 2007]. Over the past 200 Ma, the
region has grown mainly though accretion of volcanic, metamorphic and plutonic assem-
blages which have been brought to their modern positions though a combination of sub-
duction and migration along right-lateral strike slip faults [Plafker and Berg, 1994; Nok-
leberg et al., 2000]. The accretion of terranes began with the Yukon Composite Terrane
(YCT) in the Triassic, followed by the Arctic-Alaska Terrane (AAT) and Ocean Domain
Terrane (ODT), which make up the northern and north-western segments of Alaska [Col-
pron, 2007; Nokleberg et al., 2000] (Figure 1). The southern margin of Alaska has been
a site of northwards-verging subduction since the early Jurassic [Plafker and Berg, 1994].
[Finzel et al., 2011] describe its southwards growth in the context of three major accre-
tion events: The Wrangellia composite Terrane (WCT; mid-late Jurrassic), the Chugach

Terrane (Cretaceous) and the Yakutat Terrane (collision ongoing) [Moore and Box, 2016].

The Yakutat terrane is a region of thick (>20km) oceanic crust, thought to have

formed as an oceanic plateau 1500-2000 km to the south of its current position [e.g. Plafker

and Berg, 1994]. It was subsequently rafted north by motion on the Queen Charlotte/Fairweather

transform system [Worthington et al., 2012] and has been subducting beneath the southern
margin of Alaska for at least 23 Ma [Ferris et al., 2003]. Tomographic models [Eberhart-

Phillips et al., 2006; Rondenay et al., 2010] and receiver function studies [Ferris et al.,
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2003] reveal that thick crust of the Yakutat terrane has penetrated more than 600 km in-
land of the trench. Subduction of this thick, buoyant crust is likely responsible for flat-
tening of the slab in this region, which in turn has caused broad intraplate deformation
and a region of volcanic quiescence known as the Denali Volcanic Gap (DVG) [Eberhart-
Phillips et al., 2006; Rondenay et al., 2010; Koons et al., 2010; Jadamec et al., 2013; Finzel
et al., 2015]. South of the DVG, the Aleutian-Alaska volcanic arc follows the 100 km
depth contour of the subducting Pacific plate, implying a hydrated mantle wedge and suf-
ficient pathways for melt to reach the surface [Martin-Short et al., 2016]. Volcanism along
this arc began ca. 55 Ma, concurrent with a southwards jump in the position of the sub-

duction zone [Plafker and Berg, 1994].

Teleseismic body wave [Martin-Short et al., 2016] and surface wave [Wang and
Tape, 2014; Martin-Short et al., 2018] tomography studies image the subducting litho-
sphere as an elongate, high-velocity anomaly that extends from the Aleutian arc into Cen-
tral Alaska. These studies suggest that the eastern extent of the subducted Yakutat terrane
lies at or near the edge of the down-going Pacific lithosphere, which terminates abruptly
beneath South-Central Alaska [Martin-Short et al., 2016, 2018]. The slab dip is relatively
shallow where Yakutat crust is present, but steepens sharply beyond its northern edge [Qi
et al., 2007; Martin-Short et al., 2016]. Numerical modeling studies such as Jadamec and
Billen [2010] have addressed questions concerning the influence of the slab edge on as-
thenospheric flow geometry, and modeled a toroidal mantle flow around the slab edge.
The results of our study provide further constraints by investigating the pattern of seis-
mic anisotropy across the slab edge, allowing comparison over a large area of the model

domain of Jadamec and Billen [2010].
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Figure 1. Seismic stations used in this study (blue triangles) and composite geological terranes of Alaska.
The extent of the subducted Yakutat terrane as estimated by Eberhart-Phillips et al. [2006] is outlined in
black; its northwestern-most boundary delineates the Denali Gap, where there is an absence of volcanism, de-
spite the ample evidence for subduction. Stations AK stations CAPN, SSN, HDA, KLU, BMR and MLY are
labeled, in addition to TA station M22K. Solid arrows show the direction of absolute plate motion (APM) in
the hot spot (HS) and no-net rotation (NNR) reference frames [Gripp and Gordon, 2002]. Colored polygons
show the approximate extents of the five major composite terranes discussed in this paper: SMCT; Southern
Margin Composite Terrane, WCF; Wrangellia Composite Terrane, YCT; Yukon Composite Terrane, ODT;
Ocean Domain Terrane, AAT; Arctic Alaska Terrane [Colpron et al. 2007; Martin-Short et al. 2018]. Green

dashed line: the Denali Volcanic Gap; Red dashed line: the Wrangell Volcanic Field (WVF).
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3 Data Selection and Shear-Wave Splitting Analysis

Our teleseismic dataset was obtained from the IRIS Data Management Center (DMC)
and comprised all broadband seismograph stations in the region spanning 166-133°W and
53-72°N. This included the AK, AT, AV, CN, IM, NY, TA, XV, YE, and ZE networks.
We inspected seismograms of SKS and SKKS phases for earthquakes of mb>6 occur-
ring at epicentral distances of >88° from 2011 to 2018 (Figure 2). We also inspected all
earthquakes of mb>5.7-5.9 of depth >400km. In total 2233 earthquake-station pairs were
examined, and 582 were incorporated in the final dataset (Figure 2). Seismograms were
filtered prior to splitting analysis using a zero-phase Butterworth bandpass filter with cor-
ner frequencies of 0.04 and 0.3 Hz. Splitting parameters were constrained using the semi-
automated method of Teanby et al. [2004], which is based on the Silver and Chan [1991]
approach. The horizontal components are rotated and time-shifted to minimize the second
eigenvalue of the covariance matrix for particle motion within a time window around the
SKS pulse. This is equivalent to linearizing the particle motion and minimizing the tan-
gential component of the shear wave energy. A so-called ‘null’ measurement results when
the particle motion is linearized initially. Nulls indicate that the anisotropic fast direction
is either perpendicular or parallel to the backazimuth of the wave, or that the mantle be-
low the station is isotropic. Null measurements therefore have an inherent 90° ambiguity.
The Silver and Chan [1991] approach takes a single, manually picked, shear-wave analy-
sis window. In the cluster analysis approach of Teanby et al. [2004], however, the splitting
analysis is performed for a range of window lengths and cluster analysis is utilized to find
measurements that are stable over many different windows. All splitting parameters were
determined after analysis of 100 different windows. Once clusters of stable results have
been found, the final choice of ¢ and Jt corresponds to the measurement with the lowest
error (determined via an F-test to calculate the 95% confidence interval for the optimum
values for ¢ and dt) in the cluster with the smallest variance. Figure 3 shows an example

of the analysis, while Figure 4 shows an example of a null.

We typically obtained between 2 and 6 good quality splitting measurements per sta-
tion. The backazimuthal distribution of station-earthquake pairs is uneven, with earthquake
locations dominantly in the western Pacific (Figure 2). This limits our ability to resolve
complex patterns of seismic anisotropy such as dipping or multiple anisotropic layers,
which manifest as backazimuthal variations in ¢ and 6t [e.g., Savage and Silver, 1993;

Liddell et al., 2017].

©2018 American Geophysical Union. All rights reserved.



209 For stations where we have good backazimuthal coverage, we find relatively little
210 evidence for variations in ¢ and dt, though some stations (e.g., E24K, MLY) do show
o some evidence of variation (Figure 5; see supporting information for a full set of these

212 plots). Abrupt changes in ¢ and 6t over very short (< 20°) backazimuth ranges would be

13 diagnostic of a two-layer, rather than a dipping layer anisotropic model (e.g., Liddell et

214 al., 2017), but the lack of evidence for such patterns means discriminating between lay-

215 ered and dipping fabric anisotropic models would be speculative a best.

16 To obtain a single pair of splitting parameters per station (which we acknowledge

17 assumes a single, horizontal, homogeneous anisotropic layer hypothesis), we use of the er-
218 ror matrix stacking procedure of Wolfe and Silver (1998). In the stack, increased weighting
‘19 is assigned to higher signal-to-noise ratio results, allowing them to exert greater control on
220 the determined splitting parameters.

221 Several seismograph stations used in this study have associated instrument mis-

222 orientations [Hanna and Long, 2012]. As far as we have been able to determine, these

223 usually time-dependent component azimuth issues are accurately reported by the IRIS

224 DMC in the seismogram headers, which our splitting analysis takes account of. In any

225 case, we omit any splitting measurements from our analysis whose incoming SKS polar-
226 ization azimuth does not closely parallel (<15°) the great circle path defined by the earth-
2 quake backazimuth.

228 4 Shear-Wave Splitting Results

9 Supporting information table T1 contains the splitting measurements determined at

all stations, in addition to stacks for each station and their associated uncertainties.

3 Our splitting results are shown in Figure 6, superimposed on a 200 km depth slice

235 through the S-wave mantle tomographic model of Martin-Short et al. [2016]. This depth

% slice was chosen because it clearly shows the location of the subducted slab within the as-

237 thenosphere, which is interpreted to be the most significant source of the observed anisotropic
38 signal (sections 5.4 and 5.5). The subducting Pacific plate appears as an elongate, high-

239 velocity (blue) anomaly that extends beneath the Aleutian volcanic arc and into south-

40 central Alaska. As demonstrated by Martin-Short et al. [2016], the tomographic model has

241 sufficient resolution to resolve features of the scale of the subducting Pacific plate. Our

42 splitting delay times range from 6t=0.4—1.95s.
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Figure 2. The global distribution of all the earthquakes (black dots) used in the study plotted with an az-
imuthal equidistant map projection. Red lines are plate boundaries from the model of Bird [2003]. The star

marks the center of the seismometer network we used.

Our results can be grouped in three broad categories. Firstly, we observe a pattern
of fast directions generally parallel to the strike of the subducting slab, which we refer
to thereafter as slab-parallel, north-west of the slab. Secondly, at the north-eastern edge
of the slab, these slab-parallel fast directions fan out and rotate around to the south, pro-
ducing an arcuate pattern of rotating fast directions around the subducting Pacific-Yakutat
plate at latitudes ~65°N, -147°W. Thirdly, closer to the trench, at stations such as CAPN,
SSN or M22K (Figure 1), fast directions are predominantly slab-perpendicular, paralleling

the subduction direction of the Pacific-Yakutat plate.
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ponents both before (top two) and after (bottom two) correction with calculated splitting parameters. (c) Top
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(f) Cluster analysis results for ¢ and dt for each of the 100 windows. These values were very stable over the

full range of windows.
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5 Discussion

5.1 Mechanisms of Seismic Anisotropy

The primary cause of seismic anisotropy in the upper mantle worldwide is the lat-
tice preferred orientation (LPO) of olivine [e.g., Zhang and Karato, 1995]. LPO fabrics
can develop in the asthenosphere in response to simple shear imposed by mantle flow
and/or the motion of the overlying plate [e.g., Bokelmann and Silver, 2002; Karato et al.,
2008; Conrad et al., 2007; Martin-Short et al., 2015]. In subduction zone settings such
as Alaska, where the mantle wedge is cooled and hydrated, B-type olivine LPO can de-
velop, giving rise to a 90° change in the anisotropic fast direction, ¢ [Karato et al., 2008].
A-type olivine LPO fabrics can also develop in the lithosphere in response to tectonic de-
formation [e.g., Silver and Chan, 1988; Vauchez and Nicolas, 1991; Bastow et al., 2007,
Liddell et al., 2017; De Plaen et al., 2014]. In addition to olivine LPO, the preferential
alignment of fluid or melt [e.g. Blackman and Kendall, 1997; Bastow et al., 2010], and the
layering of rocks with different seismic velocities [Backus, 1962] can also impact the re-
sults of regional SKS splitting studies. Combinations of multiple mechanisms influence
the observations in some regions [e.g., Bastow et al., 2010; Long and Becker, 2010]. In
the following sections, we explore each of these mechanisms as candidates to explain
our Alaskan observations. In doing so, we pay close attention to whether or not astheno-
spheric flow is deflected at the edge of the subducting Pacific plate [Eakin et al., 2009;
Mosher et al., 2014; Paczkowski et al., 2014; Jadamec and Billen, 2010], and whether B-

type olivine LPO is in evidence along an arc with variable slab-dip.

5.2 Seismic Anisotropy in Subduction Systems

At subduction zones, patterns in anisotropy may be extremely varied [e.g., Long,
2013; Walpole et al., 2017] and shear-wave splitting observations can represent anisotropic
contributions from the sub-slab mantle, the mantle wedge, the down-going slab and the

overriding plate, making interpretations challenging [e.g., Long and Silver, 2008].

A simple model of viscous coupling between the downgoing slab and mantle be-
neath implies entrained mantle flow beneath the subducting slab, which would yield split-
ting fast directions perpendicular to the strike of the slab [Long, 2013]. However, shear-
wave splitting studies [e.g. Smith et al., 2001] have long indicated complex anisotropy pat-

terns that cannot always be explained by such simple models. Previous observations at
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subduction zones worldwide reveal both slab-parallel and slab-perpendicular fast splitting
directions and large variations in 6t. Many subduction zones exhibit slab-parallel splitting,
which is incompatible with simple entrainment models and has been variously attributed
to three dimensional flow induced by trench rollback [e.g., Long and Silver, 2008], the
transition from A-type to B-type olivine LPO in the relatively cool, hydrated nose of the
mantle wedge [e.g., Karato et al., 2008; Kneller et al., 2005; Ohuchi et al., 2012] or the
effect of strong radial anisotropy within entrained flow that is steeply dipping [Song and
Kawakatsu, 2012]. By studying patterns of anisotropy along ~40,000 km of the global
subduction zone system, Walpole et al. [2017] found large variability in ¢, noting that
slab-parallel observations are only slightly more prominent than slab-perpendicular ob-
servations. Walpole et al. [2017] argue that slab-parallel shear-wave splitting can result
from the strong radial anisotropy of asthenosphere entrained at steeply-dipping subduction

zones, a view supported by the modeling work of Song and Kawakatsu [2012].

Geodynamic models show that the spatial extent of subduction-induced LPO and
synthetic shear-wave splitting parameters can vary as a function of slab buoyancy and ge-
ometry [e.g. Kneller and Van Keken, 2007; Faccenda and Capitanio, 2013; MacDougall
et al., 2017]. In particular, MacDougall et al. [2017] show that the “zone of influence”
of a subducting plate in the asthenosphere upon shear-wave splitting patterns changes
with varying slab geometry. Studying the effect of varying slab dip on SKS splitting pat-
terns, Song and Kawakatsu [2013] predict splitting fast directions that are sub-parallel to
plate motion direction (i.e. trench-perpendicular) where the slab dip is small (5-10°). For
a steeply dipping slab (>40°), the predicted splitting fast directions are trench-parallel
[Song and Kawakatsu, 2013]. By modeling the Mariana and Andean subduction zones,
Kneller and Van Keken [2007] investigate the influence of the strong slab curvature and
large along-strike variations in geometry. Modeling average Andean slab dips of 10-30°,
they predict trench-perpendicular stretching in regions of shallow slab dip. Slab-parallel
flow is predicted in the mantle wedge above the more steeply dipping slab region [Kneller
and Van Keken, 2007]. Geodynamic models of slab-edge environments also predict the
presence of toroidal flow of asthenospheric material around the side of slab from the un-
derside into the mantle wedge [Jadamec, 2016]. This pattern of flow also has a compo-
nent of upwelling, which is predicted to cause a concentration of null results in shear

wave splitting studies [Jadamec, 2016].
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a8 The pattern of shear-wave splitting results in our study region (Figure 6) features

a9 several abrupt shifts in fast directions that are consistent over long length scales (>200

50 km). This suggests several sources of anisotropy beneath different parts of Alaska, likely

ast at different depths. Consistent measurements at nearby stations are indicative of large-

52 scale layers of anisotropy, which we can link to tectonic processes. After comparing our

353 results with previous splitting studies in the Alaska region in the following section, we

54 discuss which mechanisms of anisotropy likely dominate across Alaska, and how they

55 relate to studies at subduction systems elsewhere.

a6 5.3 Comparison with Previous Studies in Alaska

w57 Previous SKS splitting studies in Alaska have variously analyzed data from the per-
a8 manent AK network, the temporary Broadband Experiment Across the Alaska Range

59 (BEAAR), Alaska Receiving Cross Transect of the Inner Core (ARCTIC), and Multidis-
30 ciplinary Observations Of Subduction (MOOS) networks [AK: Hanna and Long, 2012;

51 BEAAR: Christensen Abers, 2009; BEAAR/ARCTIC/MOOS: Perttu et al., 2014]. Our re-

a2 sults corroborate previous work (Figure 7). Two main patterns of anisotropy emerge from
53 these previous studies: slab-parallel fast directions indicative of along strike flow in the
4 mantle wedge, and slab-perpendicular fast directions closer to the trench.

55 Hanna and Long [2012] argue that several factors contribute to their observed split-
a6 ting pattern: shear in the asthenosphere due to absolute plate motion (APM), slab-parallel
& flow in the mantle wedge and two-dimensional entrained mantle flow beneath the slab.

368 This corroborates the interpretations of Perttu et al. [2014] and Christensen and Abers

‘69 [2009], who suggest that their observed splitting pattern is influenced mainly by: (i) along-

a70 strike asthenospheric flow in the mantle wedge where slab depth is >70km and (ii) anisotropy
7 within or below the subducting Pacific/Yakutat plate where the slab is shallower than

372 70 km.

a73 5.4 Lithospheric Sources of Anisotropy

74 Anisotropy in the continental crust typically results in 6t=0.1-0.5s [Silver, 1996;

a7s Savage, 1999; Long, 2009]. It is also largely uncorrelated with that of the underlying

76 mantle [Lin et al. 2011]. Therefore, our 6t values (mean 6t= 1.195s) require a mantle con-
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tribution to the anisotropy. We calculate the splitting time produced by a vertical incident

ray traveling through a single anisotropic layer of thickness L [Silver and Chan, 1991] as:

where € is the average % anisotropy, L is the anisotropic layer thickness, and S is
shear-wave velocity. Using our observed mean 6t=1.19s, 8 =4.48km/s [ak135 mantle
velocities, Kennett et al., 1995], and € =4% [upper estimate of the strength of anisotropy

to 200 km depth, Savage, 1999], we find L = 133 km.

Some of our splitting parameters vary over short length scales. According to Fres-
nel zone arguments, this observation points towards a shallow source of anisotropy [e.g.
Alsina and Snieder, 1995]. The length-scale of changes are in fact sometimes shorter
than the width of the Fresnel zone at the base of the lithosphere (~125km). A partic-
ularly dramatic change in ¢ is evident from slab-parallel north-west of the slab to slab-
perpendicular closer to the trench where the subducting slab is shallower at stations such
as CAPN, SSN or M22K (Figure 1). Beneath south-central Alaska, the Yakutat litho-
sphere subducts at a shallow angle until ~600 km inboard of the trench [e.g., Eberhart-
Phillips et al., 2006]. If there is alignment between fossil anisotropy in the continental
lithosphere and underlying oceanic lithosphere, then the overall lithospheric contribution
may be large at stations on the subducted Yakutat terrane, whose outline is indicated by
the thick blue contour in Figure 6. We do not see evidence for a significant contribution to

the splitting signal from other Alaskan terranes, however (Figure 1).

In the southeastern corner of our study area, fast directions parallel the direction of
motion of the Fairweather and Queen Charlotte transform faults, a clear example of litho-
spheric anisotropy, whose development is ongoing. Our observations of delay times with
an average of 6f = 1.19s can be compared to measurements along the San Andreas Fault
to the south of our study area. The San Andreas is an archetypal example of a two-layer
splitting case [Silver and Savage, 1994; Polet and Kanamori, 2002; Ozalaybey and Sav-
age, 1995]. In central and southern California, the splitting delay time associated with the
upper, ‘lithospheric’ layer of San Andreas fault-parallel layer of anisotropy is considered
relatively small (6t<0.7 s), consistent with the region’s thin lithosphere. Corroborating this
hypothesis from a Fresnel zone point of view, stations to the west of the fault in south-

ern/central California, show evidence for only a single layer of anisotropy, not associated
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with the fault. In contrast, further north in California, a 115-125 km-thick layer of fault
parallel anisotropy is observed Ozalaybey and Savage [1995], akin to our results. We also
observe that fast directions approximately parallel the Fairweather and Queen Charlotte
transform faults up to ~100 km east of the fault, consistent with the hypothesis of a rel-
atively thick lithospheric anisotropic layer (Figure 6). Away from the Fairweather and
Queen Charlotte transform fault, alignment of fast polarization directions with structural
trends are less clear. Thus, in the following sections we explore the role asthenospheric

flow might play in governing our results.

5.5 Asthenospheric Sources of Anisotropy
5.5.1 Anisotropy Around the Slab Edge

The teleseismic body wave tomography study of Martin-Short et al. [2016] indi-
cates a sharp slab edge beneath south central Alaska at ~145°W, 65°N (Figure 6). The
splitting geometry appears to change across this feature, transitioning from a dominantly
slab-parallel orientation west of slab edge to a fan-like pattern eastwards of the slab edge.
The observed pattern of anisotropy east of the slab termination zone is similar to that pre-
dicted by the 3D instantaneous mantle flow models of toroidal flow around the Alaskan
slab edge [Jadamec and Billen, 2010, 2012]. This flow geometry implies a decoupling of
the sub-slab mantle and mantle wedge from the lithospheric plate motion [Jadamec and
Billen, 2012]. However, our observations do not appear to match the model north-west
of the slab, where we observe slab-parallel fast directions and the modelled flow predicts
predominantly slab-normal fast directions. Jadamec and Billen [2010, 2012] also show that
localized vertical upwelling occurs in the mantle near the WVF, for the preferred models
using the SlabE115 slab geometry and buoyancy (Figure 8). This suggests that WVF vol-
canism may be in part driven by localized mantle upwelling upwelling associated with the
toroidal asthenospheric flow around the edge of the Pacific-Yakutat slab [Piromallo et al.,
2006; Strak and Schellart, 2014; Jadamec, 2016]. The interpretation of our splitting obser-
vations as toroidal asthenospheric flow at the slab edge, in combination with the presence
of a low velocity anomaly in the tomography beneath the WVF provides tentative evi-

dence for the latter hypothesis for volcanism origin in the WVF.

The 3D flow around the slab edge appears to be competing with the influence of ab-

solute plate motion (APM) as one moves further away from the trench, in the south-west
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Figure 8. Comparison between the modeled mantle velocity field of Jadamec and Billen [2010] and our
shear-wave splitting observations. Left: the velocity field at 100-km depth from an instantaneous flow model
with composite viscosity (Figure from Jadamec and Billen [2010]). The displayed slab geometry slabE115
was preferred by Jadamec and Billen [2010] on the basis of a comparison between their modeled flow vec-
tors and observed shear wave splitting results. Right: our SKS splitting observations overlain on a 200-km
depth slice through the S-wave tomography model of Martin-Short et al. [2016]. A similar pattern of 3D flow
around the north-east slab edge is observed in the instantaneous mantle flow field and the shear-wave splitting

observations.
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and northern-most regions of our study area. This is consistent with the flow field mod-
elled by Jadamec and Billen [2010], suggesting a decrease in the magnitude of the slab
edge-induced 3D flow away from the trench. However, due to variations in APM depend-
ing on the chosen model or reference frame (Figure 6), it is hard to determine the extent
to which fast directions are aligned with APM away from the subduction zone. Thus, it
is also challenging to determine the northern extent of the influence of slab-parallel flow
induced by mantle flow around the slab edge. Geodynamic studies [e.g. Piromallo et al.,
2006; Kirdly et al., 2017] show that the generalized length scales of toroidal flow are in

the range of 900-2000 km.

The dip of the down-going Pacific-Yakutat slab varies significantly along strike from
nearly zero (flat slab subduction) below south-central Alaska to steeply dipping beyond
30°- 35°further west along the Aleutian-Alaska arc [Eberhart-Phillips et al., 2006; Song
and Kawakatsu, 2012; Hayes et al., 2018]. The modeling work of Kneller and Van Keken
[2007] has been shown that variations in slab dip and geometry along strike can result
in a shift in splitting fast directions similar to that observed in our results immediately
northwest of the slab. We therefore propose that in this region the near-vertical sinking
of the arcuate slab with variable dip causes pressure gradients in the mantle wedge and
the slab-parallel fast directions This process occurs in addition to the slab-parallel fast
directions associated with toroidal flow that occurs around the northern tip and eastern
slab edge [e.g. Jadamec and Billen, 2010, 2012]. We also cannot preclude the possibility
that slab depth might also be a controlling factor to the mantle flow pattern, as modeled

by Lin [2014] in the Chilean subduction zone.

Tian and Zhao [2012] produced a tomographic model of P-wave velocities and anisotropy
from local earthquakes, at depths of <190 km beneath south central Alaska. They also ar-
gue for a similar flow around the slab edge driven by a varied slab geometry a long strike
that yields slab-parallel fast directions in the mantle wedge and sub-slab mantle. However,
their interpretation includes the presence of a significant “Wrangell” slab east of the slab
imaged by Martin-Short et al. [2016]. Jadamec and Billen [2010, 2012] developed and
tested two slab geometries for the Alaska-Wrangell slab, one with a deeper Wrangell slab
segment (SlabE325) and another with a shorter Wrangell slab (SlabE115). The flow field
associated with the preferred model in Jadamec and Billen [2010, 2012] using SlabE115
appears much more similar to our shear-wave splitting observations than that associated

with a geometry featuring deep suduction beneath the WVF. This supports the interpreta-
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tion of Martin-Short et al. [2016] with regard to WVF subduction and lends credence to
the idea that the observed toroidal splitting pattern is caused by flow around a truncated

Pacific-Yakutat slab beneath south-central Alaska.

5.5.2 Slab-Perpendicular Anisotropy

One of the most striking and consistent features of our results is the transition from
slab-perpendicular to slab-parallel splitting directions northwestwards across the slab (in
the northeastern-most part of the delimited Yakutat terrane delimited in Figure 6.). The
shift in dominant influence from slab-parallel flow in the mantle wedge to the combina-
tion of sub-slab entrained flow and lithospheric anisotropy in the Yakutat terrane could
explain the dramatic contrast in splitting directions that occurs across small length scales

(<100 km).

Splitting measurements from stations west of the volcanic arc and Denali Volcanic
Gap appear to follow southwestwards the curvature of the downgoing slab as constrained
from the tomography of Martin-Short et al. [2016], which suggests a steeply dipping slab
at great depths (>200km) in this region. This implies that the mantle wedge is sufficiently
thick to provide a source of anisotropy capable of producing the observed delay times.
Thus, we suggest that these slab-parallel results are caused mainly by asthenospheric flow

in the mantle wedge along the strike of the slab.

Slab-perpendicular results around stations such as CAPN and M22K are consistent
with the study of Hanna and Long [2012] (Figure 6). These authors argue that a sub-slab
layer of entrained asthenosphere is responsible for this pattern; an interpretation that is
consistent with splitting observations at other zones of shallow subduction Long and Sil-
ver [2009]. East of the volcanic arc, where the Yakutat terrane is subducting, the man-
tle wedge is thin (<100km) and the dip of the subducting lithosphere is relatively shal-
low due to the presence of thick Yakutat crust. Thus the main asthenospheric source of
anisotropy is the sub-slab mantle. We suggest that the slab-perpendicular splitting results
may be caused by a thick asthenospheric layer entrained beneath the downgoing Yakutat
slab. The slab-perpendicular measurements can therefore be interpreted as resulting from a
combination of lithospheric (fossil anisotropy within the subducting Yakutat) and astheno-

spheric (sub-slab mantle entrained by the drag of the subducting plate) sources.
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509 Several stations above the subducted Yakutat terrane (e.g. KLU, BMR) display a

s10 consistent, N-S orientated splitting pattern (Figure 6). This may be the result of entrained

1 asthenospheric flow beneath the Yakutat lithosphere, a particularly thick or highly anisotropic
s12 section of Yakutat lithosphere itself, or by alignment of fossil anisotropy directions within

13 the Yakutat and overlying continental lithosphere. There is a notable change in splitting

514 geometry between this N-S orientated pattern south of the WVF and a predominantly SE-

515 NW orientated pattern to the north. If the N-S orientated pattern is related to the presence

16 of Yakutat lithosphere, then this abrupt change implies that subduced Yakutat lithosphere

517 is not present to the north of the WVF. Thus these volcanoes may have formed at a slab

s18 edge, which is a conclusion supported by the imaging work of Martin-Short et al. [2018].

“19 Figure 9 illustrates the main conclusions from our study showing the processes driv-
520 ing seismic anisotropy at the Alaskan subduction zone.
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521 Figure 9. Summary sketch of mechanisms driving anisotropy in Alaska.
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6 Conclusions

We have performed a shear-wave splitting study of upper mantle anisotropy in south-
central Alaska using data from a large collection of seismic networks, including the Trans-
portable Array (TA). In doing so, we place new constraints on the tectonics and man-
tle geodynamics at the south-central Alaskan subduction margin. Anisotropic fast direc-
tions (¢) vary over short length scales (~50km) suggesting relatively shallow sources of
seismic anisotropy in some areas. For example, in the vicinity of the Queen Charlotte
and Fairweather transform faults, ¢ parallels these faults, consistent with a lithospheric
source of anisotropy. However, the high delay times (6t=1-1.5s) obtained across the
study region require an asthenospheric contribution to the anisotropic signal. We develop
our interpretations using both shear-wave splitting observations and an S-wave tomog-
raphy model of Alaska. The pattern of fast directions wrapping around the slab edge
implies a three-dimensional toroidal mantle flow in this area 9. Upwelling at the slab
edge associated with this asthenospheric flow may thus be the cause of volcanism in the
Wrangell Volcanic Field (Jadamec and Billen, 2010, 2012). Closer to the trench, we ob-
serve a 90°rotation in ¢ from slab-parallel to slab-perpendicular, correlating with the lo-
cation of the Yakutat terrane. This dramatic change in fast directions across the Yakutat
subduction region can be interpreted as resulting from the influence of fossil lithospheric
anisotropy within the Yakukat terrane, supported by the imaging work of Martin-Short et
al. [2018] and by the geodynamic modeling of Jadamec and Billen, [2010, 2012]. How-
ever, high delay times obtained across the Yakutat region (6t~1.5s) also suggest entrained
sub-slab mantle flow as an anisotropic source. Ultimately, we infer that that variability
in slab geometry exerts first order control on the pattern of mantle flow in south-central

Alaska.
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