
1. Introduction
The Cook Inlet region of south-central Alaska is located toward the eastern end of the 4,000 km-long Aleu-
tian–Alaska subduction zone, where the Pacific plate subducts under North America. Plutonic rocks and 
basin-deposited strata indicate that subduction has persisted in this region for more than 200 Ma (Fisher & 
Magoon, 1978; Jarrard, 1986). The Cook Inlet segment of the subduction zone exhibits abundant seismicity 
down to approximately 200 km depth, as well as active volcanoes (Figure 1). Here, we use recordings from 
these intraslab earthquakes to characterize the anisotropic structure of the subduction zone.

Plate motion has often been linked to shearing and flow in the upper mantle (Long & Wirth, 2013), in-
cluding viscous coupling between the downgoing slab and the overlying mantle (van Keken, 2003). Shear-
wave splitting has been utilized to study anisotropy in both the crust and upper mantle in various regions 
around the globe (Savage, 1999; Silver & Chan, 1991). In subduction zones, it is predicted that multiple 
types and layers of olivine fabrics and other sources of anisotropy may be present (Jung & Karato, 2001; 
Karato et al., 2008; Silver & Savage, 1994). Changes in olivine fabric have been evoked to explain sharp tran-
sitions of shear-wave splitting fast directions from arc-parallel in the arc and forearc to arc-perpendicular 
in the backarc without requiring a change in mantle flow direction (Nakajima & Hasegawa, 2004; Kneller 
et al., 2005). However, even a small presence of other mantle minerals, such as antigorite, can have a strong 
influence on the observed splitting pattern (Horn et al., 2020). Furthermore, organized melt channels can be 
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a source of anisotropy (Holtzman & Kendall, 2010). Although there are exceptions (Hammond et al., 2010; 
Schlaphorst et al., 2017), most local splitting studies around the globe have suggested that the mantle wedge 
is the main anisotropic structure in the subduction system (Abt et al., 2009; León Soto & Valenzuela, 2013; 
Long & van der Hilst, 2006; Nakajima & Hasegawa, 2004). In the Alaska subduction zone specifically, ani-
sotropy has been suggested to be present in the mantle wedge and in the subducting Pacific lithosphere and 
subslab asthenosphere (Christensen & Abers, 2010; Hanna & Long, 2012; Karlowska et al., 2021; McPher-
son et al., 2020; Perttu et al., 2014; Song & Kawakatsu, 2013; Venereau et al., 2019).
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Figure 1. Active tectonic setting of the Aleutian-Alaskan subduction zone, south-central Alaska. Cyan arrows show the plate vectors for the subducting Pacific 
plate (PA) relative to fixed North America (NA) (Argus et al., 2011). Red lines denote active faults (Koehler et al., 2012). Magenta curves are the 20 –160 km 
contours of the subduction interface, that is, the top of the Pacific plate (Hayes et al., 2018). Yellow bounded region denotes the surface and subsurface extent 
of the Yakutat block (YK) (Eberhart-Phillips et al., 2006). Red triangles represent active volcanoes. Black dashed lines are inferred slow slip and tremor 
events from various sources (Fu & Freymueller, 2013; Li et al., 2016; Ohta et al., 2006; Wech, 2016; Wei et al., 2012). Green and white beachball is the seismic 
moment tensor of the January 24, 2016 Mw 7.1 Iniskin earthquake. Orange and white beachball is the seismic moment tensor of the November 30, 2018 Mw 7.1 
Anchorage earthquake. Also marked is the aftershock zone of the 1964 Mw 9.2 earthquake (Davies et al., 1981). Black and white dashed line, through Redoubt 
volcano, denotes the profile for all cross sections shown in this study. A = Anchorage, F = Fairbanks.
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Globally, the two most common splitting patterns for local splitting studies are arc-parallel and a transition 
from arc-parallel in the forearc to arc-perpendicular in the backarc (Long & Wirth, 2013). There have been 
few local splitting studies in Alaska, they all lack dense station coverage in the backarc, and they show a 
range of different splitting patterns for various sections of the subduction zone. Karlowska et al. (2021) used 
23 Transportable Array (TA) stations and observed arc-parallel fast directions in the forearc transitioning 
to arc perpendicular in the backarc. Wiemer et al. (1999) used three stations and showed arc-parallel fast 
directions in the forearc, along with several arc-perpendicular measurements in the backarc near Redoubt 
volcano. Christensen et al. (2003) published preliminary results that show roughly the opposite transition 
(arc-perpendicular in the forearc to arc-parallel) occurring further northeast where the slab dip is shallow; 
these results were included in the compilation by Long and Wirth (2013). Hacker and Abers (2012) showed 
only a single example. Yang et al. (1995) showed a mostly arc-parallel pattern in the Shumagin Islands.

There have been numerous SKS splitting studies in Alaska and its subduction zone over the past decade 
(Christensen & Abers, 2010; Hanna & Long, 2012; McPherson et al., 2020; Perttu et al., 2014; Venereau 
et al., 2019). These studies benefitted from temporary enhanced station coverage in the easternmost sub-
duction segment, where a gap in volcanism is associated with subduction of the thick Yakutat terrane (Fig-
ure 1) (Eberhart-Phillips et al., 2006; Ferris et al., 2003; Rondenay et al., 2010). In this eastern segment, the 
SKS splitting pattern abruptly transitions from arc-perpendicular southeast of the 70 km depth contour of 
the subduction interface to arc-parallel northwest of the 70 km contour (Christensen & Abers, 2010). The 
arc-parallel pattern is usually attributed to along-arc flow in the mantle wedge, while the arc-perpendicular 
pattern is attributed to a combination of entrained asthenospheric flow in the plate convergence direction 
beneath the subducting Pacific plate, as well as fossil anisotropy within the subducting plate (Christensen & 
Abers, 2010; Hanna & Long, 2012; McPherson et al., 2020; Perttu et al., 2014; Venereau et al., 2019).

Here, we focus on a recent deployment of seismic stations in the Cook Inlet region to establish a large data 
set of shear-wave splitting measurements from local intraslab earthquakes. We identify three regions of 
splitting measurements: Region L1a in the backarc region, revealing arc-normal splitting arising from cor-
ner flow in the wedge; Region L2 overlying the cold part of the mantle wedge, revealing a NE-SW splitting 
direction oblique to the arc; Region L3 in the forearc region, revealing arc-normal splitting arising from 
anisotropy in subducted oceanic lithosphere (and possibly the crust). These local S splitting results provide 
a valuable complement to previous studies of SKS shear-wave splitting in Alaska. To investigate possible 
anisotropic structures that could explain our observations, we perform preliminary forward modeling to 
provide predicted splitting directions. A more extensive modeling effort is needed to systematically allow 
for a wide range of possible subsurface anisotropic models, while also considering all 678 local S and 360 
SKS measurements.

2. Data and Methods
We measure shear-wave splitting for S waves from local intraslab earthquakes and also for SKS waves from 
teleseismic earthquakes. Our study focuses on local S splitting, and the SKS analysis is included in the 
supplement.

We examined local intraslab earthquakes recorded between January 1, 2015 and November 30, 2017 by sta-
tions from Southern Alaska Lithosphere and Mantle Observation Network (SALMON; network ZE) (Tape 
et al., 2017), TA (EarthScope Transportable Array), and the permanent networks of AVO (Alaska Volcano 
Observatory; network AV) and AEC (Alaska Earthquake Center; network AK) (Figure 2). In total, there are 
84 stations that were active for all or part of this period. The SALMON network included an arc-normal 
line of broadband receivers traversing the Cook Inlet segment of the Alaska subduction zone at Redoubt 
volcano. This combination of networks, specifically SALMON, provides enhanced station coverage of the 
forearc, arc, and backarc.

Our region of interest contains stations and local earthquakes and is bounded by longitudes −156° to − 148° 
and latitudes 59°–62°. For our time period of interest, there are 12,095 events Ml ≥ 1.5 in the Alaska Earth-
quake Center catalog. Only ray paths with angles of incidence smaller than 37° (0° is vertical incidence) 
were considered in order to avoid contamination of particle motions (Nuttli, 1961). Incidence angles and 
ray paths were determined using TauP (Crotwell et  al.,  1999) and the standard 1D velocity model used 
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for locating earthquakes in southern Alaska (Table S1). Automatic S phase picking (Ross et al., 2016) was 
performed to identify candidate S waves for measurement. Our target period range of 0.2–1 Hz for splitting 
measurements led to an expectedly drastic reduction of the data set, as generally only the larger events 
(Ml > 3) had sufficient signal-to-noise levels (Figure S4).

We used the software package MFAST (Savage et al., 2010; Teanby et al., 2004; Wessel, 2000), which makes 
splitting measurements using the eigenvalue minimization method of Silver and Chan (1991). From the 
Alaska earthquakes, we obtained 678 high-quality splitting measurements. Each measurement consists of a 
fast polarization direction ϕ and delay time δt for a given event–station pair. Each measurement is assigned 
a grade based on its quality. We only considered the highest-quality measurements (grade A), which have 
signal-to-noise ratio (SNR) > 4, error of δϕ (one standard deviation) < 10°, δt < 1.2 s, and no other ϕ and δt 
pair produces a high-quality solution. Figure 3 shows an example of a grade A local splitting measurement 
made at backarc SALMON station HLC5. If the determined initial polarization of the shear wave is within 
20° of ϕ or the orthogonal slow direction, the measurement is considered null. Null measurements indicate 
that the shear wave was polarized parallel to either the fast or slow axis or that no splitting occurred. We do 
not consider null results as there is much ambiguity in interpreting them. We also manually inspected each 
measurement, discarding those that showed signs of cycle skipping or non-linear particle motions.

Shear-wave splitting directions are often interpreted within the context of plate motions (Long & Beck-
er, 2010). In our shear-wave splitting maps, we display plate velocities in five different reference frames: 
NNR-MORVEL (Argus et al., 2011), spreading alignment (Becker et al., 2015), a reference frame related 
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Figure 2. Seismic stations in the study region of south-central Alaska. The stations are colored by project or operator: ZE (SALMON; magenta), YE (MOOS; 
green), AV (AVO; gray), TA (EarthScope; white), and AK (AEC; white). Red triangles are active volcanoes, including Augustine, Redoubt, and Spurr. Black 
and white dashed line represents the profile through Redoubt volcano for cross-sections in other figures. Subduction contours of 50, 100, 150, and 200 km are 
plotted as black lines (Hayes et al., 2018).
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to global SKS splitting (SKS5) (Becker et al., 2015), a hot spot reference frame (MM07-M) (Morgan & Mor-
gan, 2007; Doubrovine et al., 2012), and a fixed North America reference frame. While considering a fixed 
North America reference frame, we acknowledge that the region of south-central Alaska is not actually 
fixed to interior North America but in fact moves a few mm/yr to the southwest (Freymueller et al., 2008). 
In general, for these reference frames, at (−150°, 59°) the Pacific plate moves northwest at ∼52 mm/yr and 
at (−155.3°, 60.5°) the North American plate south-southwest at ∼10–20 mm/yr.

3. Results
We obtain 748 high-quality (grade A) local S shear-wave splitting measurements from earthquakes in the 
Cook Inlet region. These includes 678 measurements from events >50 km depth, assumed to originate with-
in the subducting slab, and from 70 events <50 km depth, which originate in the crust or within a portion 
of the subducting slab that is in contact with the continental Moho. The crustal measurements are included 
in some figures, but our main analysis is on the measurements from deeper events.

The 678 measurements arise from earthquakes having a mean magnitude M1 3.20 and mean depth 99 km 
(Figure S4). The measured splitting times are in the range of δt = 0.06–0.79 s with an average of 0.33 s. Fig-
ure S5 shows the 678 shear-wave splitting results superimposed on a map of the Cook Inlet and their rays 
traced through a cross section profile of the subduction zone. A subset of 357 measurements, focusing on 
the mantle wedge region, is shown in Figure 5.

To facilitate discussion and interpretations, we categorize the local S splitting observations into regions, 
defined by eye, using two approaches: (1) careful examination of patterns found in individual station maps 
(Richards,  2020b), and (2) examination of spatially the smoothed dataset (Richards,  2020a). The region 
boundaries are manually drawn in where there are abrupt transitions in the splitting fast direction. We 
identify four splitting regions, from west to east:

•  Region L1b, plate convergence parallel pattern (north-northwest to south-southeast) for the deepest 
events (≥∼150 km) recorded at backarc stations (Figures 5 and 6).

•  Region L1a, arc-perpendicular pattern in the arc and backarc (Figures 5 and 6).
•  Region L2, mostly arc-parallel pattern in the forearc region (∼60–80 km subduction interface contour) 

(Figure 5, Figures S11 and S12).
•  Region L3, fast directions sub-parallel to the plate convergence direction in the western portion of the 

Kenai Peninsula (Figure S7).

These regions can be identified even from splitting maps of single stations. For example, TA.N19K reveals 
the transition from L1b to L1a, while ZE.HLC4 is exclusively L1a (Figure 6). Additional stations along the 
transect through Redoubt volcano can be seen in Figures S09–S13

For each region, we plot rose diagrams, which count the splitting directions within azimuthal sectors. In 
some cases, we display two average directions: average fast direction weighted by delay time (red) and aver-
age fast direction without considering delay time (green) (e.g., Figure 5).

As is shown in Figure S5, the local shear waves densely sample the subducting slab, shallow mantle wedge, 
and parts of the overriding plate. Ray tracing shows that some of the measurements have sub-horizontal ray 
paths before steepening at shallow depths to meet the 37° incidence angle requirement (Figure 5). There-
fore, most rays sample the wedge at incident angles greater than 37°. The region of the mantle wedge deeper 
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Figure 3. High quality (grade A) local splitting measurement, illustrated for station ZE.HLC5 for a M1 3.9 intraslab earthquake on January 25, 2016 at 109 km 
depth. The figure is a standard output file from the code MFAST. The labels below are for top left (TL), middle left (ML), and so on. The gray boxes in panels 
(TL), (TR), and (BL) show the time window used for the final measurement. (TL) Waveforms filtered 0.2–1.0 Hz for the east (e), north (n), and vertical (z) 
components. The solid line is the S arrival using dbshear (Ross et al., 2016). The dashed lines are the minimum start and maximum end times for windows 
used in the processing, as in (TR). (TR) Waveforms rotated into the SC91-determined (Silver & Chan, 1991) incoming polarization direction (p) and its 
perpendicular value (p⊥), for the original filtered waveform (top) and the waveforms corrected for the SC91-determined δt (bottom) for the window shown in 
gray. (ML) Fast direction ϕ and splitting delay time δt determined for each measurement window as a function of window number. (MR) All the clusters of 
five or more measurements, with the large X being the chosen cluster. (BL) Waveforms (top) and particle motion (bottom) for the original (left) and corrected 
(right) waveform according to the final chosen SC91 window. (BR) Contours of the smallest eigenvalue of the covariance matrix for the final chosen SC91 
measurement.
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than ∼100 km is sparsely sampled, and no part of the wedge deeper than ∼150 km is sampled, nor is the 
subslab mantle. In general, the forearc stations have ray paths through the slab and/or cold forearc mantle 
and arc/backarc stations have paths through the mantle wedge. All ray paths travel through the overriding 
plate.

3.1. Comparison of Local S and SKS

Our analysis of SKS data is provided in Section S1 and summarized in Figure 7. A comparison of our local 
S and SKS splitting results and regions is provided in Figure 8, based on the maps in Figure S5 (see also 
Figure 5) and Figure 7. The figures offer the following points:

1.  In the furthest west backarc region (outer mantle wedge), both local S and SKS offer a mix of fast direc-
tions, including NE–SW and NW–SE.

2.  In the inner mantle wedge, there is a conspicuous difference of about 45° between the E-W fast direction 
for local splitting (L1a) and the NE-SW fast direction for SKS splitting (L2).

3.  For the cold forearc mantle wedge, ray coverage is good for local S and poor for SKS. The predominant 
fast splitting direction from local S is NE-SW.

4.  In the forearc region of the Kenai Peninsula, both local S and SKS data reveal predominant NW-SE fast 
directions that are consistent with the plate convergence direction. The local S results imply that at least 
some of the anisotropy is between the intraslab earthquakes and the surface, that is, in the shallowest 
oceanic lithosphere or overlying crust.

A main challenge in comparing SKS and local S splitting is that the measurements are typically made in 
very different frequency ranges. Shear-wave splitting parameters are frequency dependent (Long & van der 
Hilst, 2006; Marson-Pidgeon & Savage, 1997; Wirth & Long, 2010), because different frequency waves for 
the same source–station pair are sensitive to somewhat different structures. Other difficulties arise from the 
different paths that the waves take. Even for overlapping S and SKS ray paths, the SKS wave has traveled the 
entirety of the mantle before reaching the point where the S wave originates. Allowing up to 37° incidence 
angles for the local S rays increases the difficulty in comparing with SKS splitting, because splitting param-
eters can vary depending on the angle at which the shear wave propagates through an anisotropic material. 
Thus, when comparing non-vertical ray paths of local events to vertical SKS paths in the same region, there 
may be differences in ϕ and δt. Therefore, it does not always make sense to compare directly a single station’s 
measurements for the two phases unless the local rays are nearly vertical, the SKS rays overlap with the 
local rays, and the anisotropy is thought to lie between the local event and the station. Even in the ideal case 
of overlapping vertical ray paths, the SKS waves have much larger Fresnel zones due to their lower frequen-
cies. For example, the first Fresnel zone for an SKS wave (dominant period 8–10 s) at 50 km depth is ∼80 km 
wide (Favier & Chevrot, 2003; Hanna & Long, 2012). Comparatively, assuming a velocity of 4.6 km/s (Ta-
ble S1) and a source at 100-km depth, the width of the first Fresnel zone at 50 km depth ranges from 8 to 
19 km for periods of 0.2–1.0 s (Spetzler & Snieder, 2004). Forward modeling, as discussed in Section 4.1, it is 
needed to identify a range of possible models that fit the observed local S and SKS splitting measurements.

4. Discussion
The dominant pattern of the local S data set (Figure S5) is one of arc-perpendicular fast directions, charac-
terizing region L1a. This can best be seen in Figures 5 and 6. Region L1a has splitting measurements with 
the majority of their ray paths in the mantle wedge. Due to the slab and station array geometry, these ray 
paths only exist for stations in the arc and backarc (Figure 5). Examining the relationship between δt and 
focal depth for stations with at least ∼50 km of wedge beneath them reveals that δt slightly increases as 
focal depth increases (Figure 9). For measurements at these stations, an increase in focal depth typically 
corresponds to a longer ray path in the mantle wedge and thus a longer delay time. For example, ray paths 
at station N19 K show that the path through the wedge is ∼110 km for focal depths near 150 km (δt ≈ 0.5 s) 
and only ∼75 km for focal depths near 85 km (δt ≈ 0.2 s) (Figure S9). Splitting studies at various subduction 
zones around the globe, including within Alaska (Christensen & Abers, 2010; Wiemer et al., 1999), suggest 
an anisotropic wedge and show that δt increases with path length in the wedge.
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This arc-perpendicular splitting pattern observed in region L1a is apparent in some other subduction zones, 
where it is often interpreted as 2D corner flow as olivine with A-type fabric is expected in the hot, dehydrat-
ed mantle wedge (Hall et al., 2000; Kneller et al., 2005; Long & Silver, 2008; Long & Wirth, 2013). Our ob-
servations support the common finding that the mantle wedge is a major contributing anisotropic structure 
in the subduction system, and we interpret the clear arc-perpendicular pattern in the arc and backarc to be 
2D corner flow of A-type fabric.

Many of the measurements in the forearc have fast directions approximately aligned with the arc (region 
L2) and have ray paths that sample the cold part of the mantle wedge (Figure 5, Figures S11 and S12). Wie-
mer et al. (1999) and Karlowska et al. (2021) also show an arc-parallel local splitting pattern in region L2 
as well as evidence of the sharp change in fast direction across the arc. The ray paths that sample the cold 
part of the mantle wedge all originate in the slab and have some path length in the slab. Furthermore, for 
this subset of measurements, the path lengths in the overriding crust are as large or larger than paths in the 
underlying cold mantle and in some cases the arc-parallel splitting pattern does align with geological trends. 
This makes it difficult to determine whether the main contributor to this splitting pattern is the underlying 
cold mantle, the slab, the overriding crust, or all three. Uchida et al. (2020) show a similar splitting pattern 
in the forearc of Japan and contribute the anisotropy to the crust.

The substantial increase in delay times from our crustal splitting measurements to these forearc measure-
ments suggest that there is contribution from the mantle (Figure 9). This is further supported by the fact 
that SKS splitting patterns in this region are arc-parallel and are even less likely influenced by crustal aniso-
tropy due to their long periods and minimal crustal sensitivity. These observations agree with the predicted 
90° rotation in fast directions that occurs in 2D corner flow with B-type LPO fabric in the cold hydrated por-
tion of the mantle wedge (Karato et al., 2008; Kneller et al., 2005). However, other explanations are possible 
for the change in splitting pattern observed in region L2, such as minerals other than olivine, metamorphic 
fabrics, aligned fluid-filled cracks, and other textures. The transition appears to take place above where the 
plate interface reaches the 80 km subduction interface contour.

We also observe fairly large delay times for some ray paths that sample no mantle wedge at all (Figure S6). 
Rays from deep events traveling to stations in the forearc sample entirely the slab and overriding crust, and 
yet they can have δt comparable to the measurements with similar path lengths in the mantle wedge. The 
long delay times provide strong evidence that the lithosphere in the subducting slab is significantly aniso-
tropic. The measurements for paths in the slab lack any overall splitting pattern. However, a subset of the 
northernmost measurements, where the slab dip is more shallow, exhibits a roughly arc-parallel pattern 
(Figure S6). Naugler and Wageman (1973) show consistent north-south magnetic lineations related to Ter-
tiary Farallon ridge spreading. These lineations are located immediately adjacent to the Alaska subduction 
zone (Maus et al., 2009) and are roughly parallel to these northern splitting fast directions (ϕ). This pattern 
may be due to anisotropic structure within the subducting Pacific plate related to its fossil spreading direc-
tion, but this would only explain this small subset of measurements.

The western portion of the Kenai Peninsula (region L3; Figures S5 and S7) shows fast directions sub-paral-
lel to the plate convergence direction, has shallow focal depths (50–60 km), and exhibits short delay times 
(δt ≈ 0.2 s). There is no mantle wedge beneath this region; these rays sample the subducting Pacific litho-
sphere and the overriding plate. While these measurements could be influenced by anisotropy in the over-
riding plate, we interpret the splitting to be in the subducting lithosphere because we have shown that 
the slab is substantially anisotropic. Furthermore, the delay times from crustal earthquakes (Figure 9) are 
shorter than those observed from paths sampling the subducting Pacific lithosphere. This interpretation of 
a low crustal contribution to anisotropy is supported by the results of Wiemer et al. (1999).

Our observations require a model that can explain splitting patterns of arc-perpendicular in the backarc, 
arc-parallel in the forearc, and plate convergence parallel in the further trenchward forearc. With the ad-
dition of an anisotropic slab, multiple subduction zone mantle flow models could explain the observed 
splitting patterns. The models include 2D corner flow with B-type fabric (or similar) in cold forearc part of 
the mantle wedge (Long & Wirth, 2013) and three-dimensional flow from along strike variations in slab dip 
(Kneller et al., 2007).
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Figure 4. Cross section of the Alaska subduction zone along the profile shown in Figure 1. The slab geometry is 
slab2.0 (Hayes et al., 2018) (red line), and the Moho geometry is from Miller and Moresi (2018) (lower black line). (a) 
Full profile, including the trench. (b) Zoom-in on the upper left portion of (a). The triangular region represents the cold 
forearc part of the mantle wedge; its downdip extent is chosen as the point where the subduction interface is at 80 km 
depth. The colored arrows and symbols are described in the Discussion.
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Figure 5. Local splitting measurements sampling near or within the mantle wedge. The subset of 357 measurements 
is for all stations having a vertical distance of ≥50 km between the continental Moho and the subduction interface. See 
Figure S5 for the full data set of 678 measurements, including the easternmost Region L3. Five colored arrows denote 
plate velocities from different plate models (see main text). (top) Ray paths (middle) Measurements plotted at the 
midpoint of the straight line path between hypocenter and station. The regions, from west to east, are: L1b (orange) L1a 
(yellow), and L2 (blue). These regions exhibit convergence-parallel fast directions in the furthest west backarc (L1b), 
arc-perpendicular in arc (L1a), and arc-parallel in the forearc (L2). (bottom) Rose diagrams for the splitting regions.
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Geodynamic 3D mantle flow predictions from Jadamec and Billen (2010, 2012) show flow at 100 km depth 
for most of our region is approximately arc-perpendicular and becomes closer to the plate convergence 
direction further north and further into the backarc. This agrees with the fast directions of regions L1a, 
L1b, and L2 if B-type or similar fabric exists in the cold forearc mantle wedge. However, Abers et al. (2017) 
show that the cold forearc part of the mantle wedge in this region is relatively dry and thus is unlikely to 
support B-type fabric. Furthermore, Mehl et al. (2003) identify fabrics from exhumed mantle rocks found in 
the nearby relic Talkeetna arc and advocate that they are a product of arc-parallel flow in the mantle wedge. 
Kneller et al. (2007) show that along strike variations in slab dip and/or oblique subduction can produce 
different flow directions at different depths. Our region displays a change in slab dip along strike, oblique 
subduction, and a similar splitting pattern to the two examples in Kneller et al. (2007). This suggests that a 
model closer aligned with Kneller et al. (2007) is more likely than 2D corner flow with B-type fabric in the 
cold mantle wedge forearc.

Our interpretation of local splitting results is depicted in Figure 4b. The two-headed red arrow in the Pa-
cific plate represents anisotropic structure in the subducting lithosphere. The overlying red bars represent 
local splitting observations that correspond to the two-headed red arrow and thus anisotropy in the slab 
lithosphere. The backarc shows 2D corner flow (orange curved arrow) with a change in mineral, structure, 
or flow in the cold forearc mantle (blue triangle), and the overlying orange and blue bars are the observed 
splitting patterns that correspond to anisotropy in their underlying and same colored regions. The depicted 
transition from arc-perpendicular splitting in the backarc (orange) to arc-parallel in the forearc (blue) due to 
a change in flow direction has been previously predicted (Kneller et al., 2007) and is supported by the local 
splitting observations and subduction geometry of this study.
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Figure 6. Local splitting measurements for stations TA.N19K (a) and ZE.HLC4 (b), both west of Redoubt volcano. TA.N19K exhibits the transition from L1a 
(east) to L1b (west), while ZE.HLC4 is dominantly L1a (arc normal).
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Figure 7. SKS measurements in this study. All 360 high-quality measurements are shown. (top) Cross section showing ray paths. The green dashed line at 
100 km depth shows where the splitting measurement is projected to in the map below. (middle) SKS splitting measurements, each plotted with its orientation 
parallel to ϕ and length scaled to δt. Black and white dashed line represents the cross section seen above. Plate motion vectors are described in Figure S5. The 
interpreted splitting regions from west to east, are: T1 (orange), T2 (yellow), and T3 (magenta); (bottom) Rose diagrams for the splitting regions.
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4.1. Forward Modeling

Forward modeling involves specifying an anisotropic model and a set of ray paths and then calculating 
the expected fast direction of splitting and delay time for each raypath. We performed forward mod-
eling for a preliminary set of anisotropic structures to provide a stronger foundation for interpreting 
subsurface structures from the splitting results in our regions. Anisotropic model parameters include: 
thickness and orientation of layer, anisotropic mineral type, orientation of anisotropic fabric within lay-
er, and strength of anisotropy. The fabrics were generated in MSAT (Walker & Wookey, 2012) by taking 
the elasticity tensor of olivine (for most models), mixing 20% of the full anisotropic tensor with 80% of 
its isotropic average (equivalent to 20% alignment of crystals), and then rotating the fast direction as 
appropriate. This is done in one or two layers. We assumed the dominant anisotropic signal is in the 
mantle and thus used incidence angle at the mantle midpoint of the raypath in the forward modeling 
calculations.

Our forward modeling of various mantle fabrics showed that no simple one-layer or two-layer model fit all 
of the data well. Some of the fabrics tested include: horizontal fabric aligned in the direction of plate motion 
(azimuth − 20°), dipping 45° down the dip of the slab (azimuth 300°), foliation parallel to the slab surface, 
an along-strike fast fabric, and two layer tests by combinations of some of the listed fabrics. These models 
represent realistic physical settings. For example, the foliation parallel to slab surface model is generated using 
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Figure 8. Comparison of local splitting (top row: from Figure S5) and SKS splitting (bottom row: from Figure 7) results, plotted as rose diagrams of measured 
fast directions. The number below each rose diagram indicates the number of measurements; the total number of measurements is 678 (local S from non-
crustal events) and 360 (SKS). The SKS region T2 spans local regions L1a and L2, but most of its measurements cover the area corresponding with L1a.
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a serpentine (antigorite) anisotropy tensor with partial foliation. The along-strike fast fabric is represented 
by olivine fast axes aligned horizontally along strike, as postulated by either along-strike flow from SKS or 
B-type fabric (azimuth 30°). Figure 10 shows a comparison of modeled and observed splitting parameters for 
stations that sample the hot part of the mantle wedge (N19K) and the colder forearc mantle wedge (N20 K). 
The splitting patterns shown by these stations exhibit the previously discussed sharp transition from region 
L1a to region L2. The fabric here represents 2D corner flow, fits N19K well, but not N20K. This demonstrates 
that a simple fabric cannot fit all the observations, and that the modeling may need to consider a change in 
fabric across this region.

Splitting measurements are strongly dependent on incidence angle and some of the lateral variation in the 
observed splitting patterns could be due to changes in incidence angle rather than fabric. Our forward mod-
eling does take incidence angle into account and can not produce good fits for all parts of the mantle wedge 
from our simple models. This indicates that further modeling is needed, including lateral variations in the 
chosen model fabrics, to produce the sharp changes in splitting patterns shown across the previously defined 
regions. Rather than engage in increasingly complex ad hoc modeling with large numbers of free parame-
ters, we stop after the simple tests done here and defer more realistic, geodynamically plausible models to 
future studies.

5. Conclusion
We have analyzed shear-wave splitting in the Cook Inlet region of the Alaska subduction zone for local S 
waves from intraslab earthquakes and for teleseismic SKS waves. Recording of intraslab earthquakes from 
SALMON stations (2015–2017) and nearby stations provides enhanced sampling of the mantle wedge, rel-
ative to coverage from SKS data. Our analyses provide new constraints on mantle flow and anisotropic 
structures in the Cook Inlet region.
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Figure 9. Average local splitting time versus event depth. The correlation between depth and δt suggests that the mantle wedge is anisotropic. (a) Each large 
filled in circle is the average δt of all measurements from events having depths ±5 km from the target depth. The error bar shows the standard deviation. Each 
individual measurement is plotted as a blue dot (depth ≥50 km; 678 measurements) or green x (depth < 50 km; 70 measurements). (b) Same as (a) but for the 
subset of 357 measurements sampling the mantle wedge (e.g., Figure 5).
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The following conclusions can be made about anisotropy in the Alaska subduction zone.

1.  The correlation between depth of local event and δt for stations overlying ≥50 km of wedge indicates that 
the mantle wedge is anisotropic.

2.  The dominantly arc-perpendicular and plate convergence fast directions for local measurements that 
sample the wedge suggest 2D corner flow in the arc/backarc (Figure 4b).
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Figure 10. Predicted splitting for an anisotropic fabric with a 45° dip and 300° dip direction, which approximates the orientation of the subducting slab. (a) 
Upper-hemisphere stereonet showing strength of anisotropy and splitting directions. Gray lines point to exit points of rays from six earthquakes to N19 K and 
sampling the mantle wedge. The bold numbers 1–6 are labeled in (b and c) as well. (b) Map-view splitting along ray paths, predicted (black bar) and observed 
(gray bar). The text number is depth in km. (c) Ray paths in cylindrical projection showing depth versus distance from station. In (b) and (c), open circles 
denote earthquakes labeled by depth in (b); triangle denotes the seismometer; dashed line in (c) shows nominal 40 km upper-plate Moho; filled circles show ray 
mantle midpoint half way from earthquake to Moho. (d) and (e): same as (b and c) but for station N20K. Five different events are considered. Models generated 
by MSAT (Walker & Wookey, 2012).
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3.  The sharp transition to arc-parallel fast directions for local events sampling the cold forearc wedge indi-
cates a change in mineral, structure, or flow when compared to the rest of the mantle wedge.

4.  The arc-parallel forearc and arc-perpendicular backarc local splitting patterns corroborate the observa-
tions of Wiemer et al. (1999) and Karlowska et al. (2021) and provide improved data coverage for this 
region.

5.  The large splitting delay times for local ray paths that mainly sample slab indicate that the subducting 
Pacific lithosphere contains significant anisotropy.

6.  Both local S and SKS datasets show plate convergence fast directions at the Kenai Peninsula where there 
is no underlying mantle wedge.

The differences in local S and SKS splitting patterns (Figure 8) and interpreted mantle dynamics shed light 
on the importance of combining local and teleseismic datasets when studying subduction zone anisotropy. 
It also emphasizes the need for a better understanding of the frequency dependence of splitting measure-
ments and sensitivities of each phase. Finally, the inability of the simple forward model fabrics to fit all the 
observed splitting patterns suggests that the anisotropy variations are not due to variable ray angles, but 
require distinct differences in the anisotropy regime below the arc, forearc, and subducting plate.

Data Availability Statement
All waveforms used in this study are publically avaialable at IRIS. All splitting measurement data can be 
found in Richards (2020b). Further analysis and figures from this study, beyond the supplementary materi-
al, can be found in Richards (2020a).
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