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Abstract Recently, a number of source-side shear wave splitting measurements that directly constrain
anisotropy in the upper mantle beneath subducting slabs have been published. Such measurements have
yielded an observational foundation on which to base our understanding of the dynamics of the sub-slab
mantle. Here we compile measurements from recent studies of source-side splitting beneath slabs that
employ identical measurement and processing techniques. We use this compilation to test the predictions of
a number of recently proposed conceptual models for the dynamics of the sub-slab mantle, including
those that invoke three-dimensional return flow beneath slabs, strong radial anisotropy in suboceanic
asthenosphere that is entrained via subduction, and a model based on the correlation between sub-slab
splitting behavior and the age of the subducting lithosphere. We find that a model in which fast splitting
directions are determined by slab age matches the observations better than either the 3-D return flow or
radial anisotropic models. Based on this observation, we propose that the sub-slab mantle is characterized by
two distinct anisotropic and mantle flow regimes. Beneath younger lithosphere (<95Ma), we propose that
the sub-slab mantle is characterized by 2-D entrained flow resulting in an entrained mantle layer. Beneath
older lithosphere (>95Ma), the entrained layer is thin and effectively serves as decoupling layer; the
dynamics of the sub-slab region beneath old lithosphere is therefore dominated by three-dimensional return
flow. This variation in the amount of mechanical coupling may be facilitated by the onset of small-scale
convection beneath older lithosphere.

1. Introduction

Subduction zones are vital to our understanding of plate tectonics and mantle circulation, yet our grasp of
many aspects of subduction dynamics remains poor; this is particularly true for the sub-slab mantle. Our
most direct observational constraints on the dynamics of the sub-slab mantle come from measurements of
seismic anisotropy [e.g., Long, 2013, and references therein]. Seismic anisotropy in the Earth’s upper mantle
arises from the tendency of olivine, the dominant upper mantle mineral, to develop a lattice-preferred
orientation (LPO) in regions where dislocation creep is the dominant deformation mechanism [e.g., Karato
et al., 2008]. Shear wave splitting measurements can therefore be used to infer patterns of mantle flow, as
typical olivine LPO fabrics are such that the seismically fast axes of the crystals tend to align with the direction
of maximum extensional strain [e.g., Karato et al., 2008]. When shear waves encounter an anisotropic
medium, they split into fast and slow polarized waves [e.g., Vinnik et al., 1989; Silver and Chan, 1991] and the
polarization of these waves, along with the delay time between them, can be measured. The orientation
of the fast wave, known as the fast splitting direction (ϕ), contains information about the strain geometry and
the delay time (δt) between them contains information about the strength of anisotropy and/or the thickness
of the anisotropic layer.

A common technique for isolating the contribution to shear wave splitting from anisotropy in the volume of
mantle directly beneath a subducting slab involves measuring the splitting of SK(K)S phases arriving at
seismic stations located above a subduction zone and applying a correction for the effect of anisotropy in the
mantle wedge [e.g., Long and Silver, 2009; Abt et al., 2010]. While this approach provides a first-order picture of
anisotropy beneath slabs, it is problematic when trying to place detailed constraints on sub-slab anisotropy.
Measurements using this method are limited by the (often sparse) location of seismic instrumentation, which
results in poor lateral and depth sampling of the sub-slab mantle. Another shortcoming is that shear wave
splitting from SK(K)S phases reflects the integrated effect of anisotropy along the entire (receiver side)
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raypath. This means that each
measurement reflects a combined effect of
anisotropic signal from the sub-slab
mantle, the subducting slab, the mantle
wedge, and the overriding plate, making it
very difficult to isolate the contribution
beneath the slab. While corrections for
wedge anisotropy based on local S splitting
studies can be applied, these corrections
are inexact, as anisotropy in the mantle
wedge is usually very complex [e.g., Wirth
and Long, 2012; McCormack et al., 2013;
Long and Wirth, 2013].

An alternative method for measuring
sub-slab anisotropy utilizes the so-called
source-side shear wave splitting technique
[e.g., Vinnik and Kind, 1993; Russo and Silver,
1994;Müller et al., 2008a; Russo, 2009; Russo
et al., 2010; Foley and Long, 2011; Di Leo
et al., 2012; Lynner and Long, 2013, 2014],
which measures splitting of teleseismic
S phases originating from earthquakes in
subducting slabs. A major limitation of this

technique is that anisotropy beneath the receiver must be correctly accounted for. In our previous source-
side splitting studies [Foley and Long, 2011; Lynner and Long, 2013, 2014] compiled here, we restricted our
analysis to seismic stations for which the upper mantle anisotropy has been well characterized and exhibits
only the simplest possible splitting patterns, corresponding to either an apparently isotropic upper mantle or
a single flat laying anisotropic layer. (Examples of SK(K)S splitting patterns at such stations can be found in
Foley and Long [2011] and Lynner and Long [2013, 2014]). Strict adherence to these criteria leads to high-
quality data sets with minimal contamination from anisotropy beneath the receiver. This method provides
direct constraints on anisotropy beneath subducting slabs while avoiding the complexities of the mantle
wedge; additionally, it can provide detailed information about the variation of anisotropy both with depth
and along strike (see Lynner and Long [2013] for additional discussion of the source-side splitting method).

A puzzling observation that has emerged from recent studies of shear wave splitting beneath subducting
slabs is that the simplest model for sub-slab mantle dynamics, which invokes two-dimensional entrained
mantle flow due to the motion of the overriding plate and simple (A-, C-, or E-type) olivine LPO fabrics, does
not correctly predict splitting observations in many subduction zones worldwide. Specifically, this simple
model would predict generally plate motion-parallel fast shear wave splitting directions. Overall, however,
global sub-slab splitting data sets reveal a mix of trench-parallel, trench oblique, and plate motion-parallel
(referring to the motion of the lower plate relative to the upper plate) fast splitting directions [e.g., Peyton
et al., 2001; Long and Silver, 2008, 2009; Foley and Long, 2011; Di Leo et al., 2012; Lynner and Long, 2013, 2014].
This rich variety of observations necessitates a model for sub-slab mantle dynamics and/or anisotropic fabrics
that is more complex than a simple single layer of entrained mantle beneath a subducting slab with simple
olivine LPO.

Several different models have been proposed to explain sub-slab observations of seismic anisotropy,
including 3-D return flowwith a strong trench-parallel component [e.g., Russo and Silver, 1994; Long and Silver,
2008, 2009], aligned serpentinized or fluid-filled cracks within slabs [Faccenda et al., 2008; Healy et al., 2009],
B-type olivine fabric in the sub-slab mantle [Jung et al., 2009], and a layer of entrained asthenosphere with
strong radial anisotropy beneath slabs [Song and Kawakatsu, 2012, 2013]. In addition to these proposed
models, we recently documented sub-slab fast splitting directions for circum-Pacific subduction zones that
correlate well with the age of the subducting lithosphere (Figure 1), leading us to propose a conceptual
model in which sub-slab mantle anisotropy is controlled by slab age [Lynner and Long, 2014] and adding to
the list of possible models which explain patterns of sub-slab anisotropy. In order to discriminate among

Figure 1. Schematic view of the fast directions of source-side shear
wave splitting for all of the regions used in this study. The high-
lighted color represents the most commonly observed fast direction
for different subduction segments, with white corresponding to
trench-parallel fast directions and black to plate motion parallel
splitting directions. The background is color coded to the age of the
oceanic lithosphere from Müller et al. [2008b]. A general correlation is
apparent between trench-parallel fast directions and older subduct-
ing lithosphere, while plate motion-parallel fast directions correlate
with younger plate ages.
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these models, detailed shear wave
splitting data sets with good spatial and
depth coverage that utilize raypaths
with a range of azimuths and incidence
angles are needed. In this study, we
compile several recent source-side
shear wave splitting observations [Foley
and Long, 2011; Lynner and Long, 2013,
2014] into one data set against which
we can test the predictions made by
each conceptual model of sub-slab
anisotropy. All sub-slab observations in
this compilation were made using
identical processing and measurement
techniques. Specifically, we compile
observations from the Tonga,
Caribbean, Scotia, Alaska-Aleutians,
Central America, Kurile, Northern
Honshu, Izu-Bonin, Ryukyu, and
Sumatra subduction zones (Figure 2).

Using this compiled data set, we focus
on testing three plausible models for

sub-slab anisotropy: the three-dimensional return flow model [Russo and Silver, 1994; Long and Silver, 2008,
2009], the entrained radial anisotropy model of Song and Kawakatsu [2012, 2013], and the age-dependent
model suggested by Lynner and Long [2014], as these three models are the most consistent with the
first-order observations made by source-side splitting studies. The predictions of two additional models, the
B-type olivine model of Jung et al. [2009] and the serpentinized slab model [Faccenda et al., 2008], are not
considered to be consistent with first-order aspects of the source-side splitting data set, so we have not
tested these models in detail. Specifically, the Jung et al. [2009] model proposes a pressure-induced transition
to B-type olivine at depths greater than ~90 km, which would change by 90° the relationship between strain
and fast splitting directions. No such transition in fast splitting direction with event depth has been observed
[Foley and Long, 2011; Lynner and Long, 2013, 2014]. The serpentinized slab model proposed by Faccenda
et al. [2008] invokes aligned, serpentinized cracks in the subducting slab leading to strong trench-parallel
splitting. While this mechanism may play a role in the overall anisotropic signature, it is an unlikely candidate
to explain global patterns of source-side splitting, as source-side studies have shown consistent splitting at
depths of ~100 km and greater [e.g., Foley and Long, 2011; Lynner and Long, 2013, 2014], which is far below
the stability field for antigorite, the most likely serpentine mineral to be present [Ulmer and
Trommsdorff, 1995].

We focus our attention, therefore, on the three-dimensional return flow model [Russo and Silver, 1994; Long
and Silver, 2008, 2009], the strong radial anisotropy model of Song and Kawakatsu [2012, 2013] (Figure 2), and
our recently proposed age-dependent model [Lynner and Long, 2014]. To first order, the 3-D return flow
model makes a general prediction of trench-parallel fast splitting directions in the sub-slab mantle for
systems undergoing trench migration, with weak sub-slab anisotropy for systems with nearly stationary
trenches that may not have accumulated significant strain in the sub-slab mantle [e.g., Faccenda and
Capitanio, 2012]. This model invokes the rollback motion of the subducting slab as a cause of three-
dimensional return flow, in turn leading to a complex flow field directly beneath the slab with a dominant
component that is parallel to the trench (Figure 3).

The strong radial anisotropy model of Song and Kawakatsu [2012, 2013] (Figure 3) proposes that the
asthenospheric mantle beneath oceanic lithosphere is characterized by both azimuthal and radial
anisotropy in a specific combination (relatively strong radial anisotropy and relatively weak azimuthal
anisotropy). In this model, the downgoing plate entrains the mantle beneath it, as viscous coupling between
the slab and the subjacent mantle results in asthenospheric mantle that is dragged downward with the slab.
As the dip of the slab increases, the radial anisotropic component of the sub-slab anisotropy will have a

Figure 2. Map of all seismic stations at which source-side splitting mea-
surements in the compilation were made. Great circle paths connect
seismic stations to subduction zones where those stations were used to
constrain the sub-slab anisotropy from the studies of Foley and Long
[2011] and Lynner and Long [2013, 2014]. Yellow, green, blue, and red lines
connect stations to earthquake source regions in the Pacific (Tonga,
Central America, Alaska-Aleutians, and Japan-Ryukyu, respectively), while
gray, purple, and black lines connect stations to earthquake source
regions in Scotia, the Caribbean, and Sumatra, respectively.
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stronger effect on (nearly) vertically incident shear waves (e.g., SKS) than the azimuthal component, leading
to trench-parallel fast splitting directions for some raypath geometries. The specific combination of radial and
azimuthal anisotropy proposed by Song and Kawakatsu [2012, 2013] makes predictions about how shear
wave splitting should vary with incidence angle and event-station azimuth.

Lastly, our recently proposed age-dependent model [Lynner and Long, 2014] is based on the observation that
sub-slab fast splitting directions seem to correlate with the age of the downgoing lithospheric plate. In Lynner
and Long [2014], we measured splitting beneath the circum-Pacific and Sumatra slabs, examined correlations
among splitting parameters and many different subduction-related parameters (e.g., slab dip and
convergence velocity slab width), and found that only age of the subducting slab correlated well with
splitting. Specifically, we observed that younger slabs (lithospheric age< 95Ma) generally exhibit plate
motion-parallel fast directions, while older slabs generally exhibit trench-parallel fast orientations (Figure 1).
Based on this observation, we posit that older slabs (lithospheric age> 95Ma) are sufficiently decoupled
from themantle beneath them such that the sub-slab mantle undergoes 3-D return flow, while younger slabs
remain relatively well coupled to the subjacent mantle and entrain a relatively thick (~200 km) layer of mantle
beneath them. To first order, this model predicts trench-parallel fast directions beneath older subducting
slabs as long as trench migration is sufficient to induce 3-D return flow, and plate motion-parallel splitting
beneath younger slabs as the overriding slab entrains the subjacent mantle. This model, as well as the 3-D
return flow model [Russo and Silver, 1994; Long and Silver, 2008, 2009], assumes that the upper mantle is
characterized by typical olivine LPO fabrics (A, C, or E type).

2. Data: A Uniform Compilation of Sub-Slab Splitting Measurements

In order to test the various sub-slab anisotropy models, we have compiled a uniform data set of sub-slab
shear wave splitting measurements for the Tonga, Caribbean, Scotia, Alaska-Aleutians, Central America,
Kurile, Northern Honshu, Izu-Bonin, Ryukyu, and Sumatra subduction zones (Figure 2), based on the work of
Foley and Long [2011] and Lynner and Long [2013, 2014]. Although source-side measurements for other
subduction systems are available in the literature (e.g., South America [Russo and Silver, 1994; Russo et al.,
2010; Eakin and Long, 2013], Cascadia [Russo, 2009], and Indonesia [Di Leo et al., 2012]), we have chosen to
focus on measurements made using a uniform set of station selection criteria, raypath geometry selection
criteria, preprocessing methods, frequency content, measurement methodologies, and receiver-side
correction procedure. (Station correction values and examples of SK(K)S splitting used to constrain receiver-
side anisotropy can be found in each study from which observations were compiled; an example of the
receiver-side correction procedure can be found in Lynner and Long [2014], and a map of all the stations used
in this compilation can be seen in Figure 2.) This allows for consistency among the different studies and also
follows a stringent set of criteria for station selection (as detailed in Lynner and Long [2013]). Our process for
station selection and receiver-side anisotropy corrections circumvents some of the possible problems with

Figure 3. Conceptual diagrams of (left) the 3-D return flowmodel of Russo and Silver [1994] and Long and Silver [2008, 2009]
and (right) the strong radial anisotropy model of Song and Kawakatsu [2012, 2013]. The 3-D return flow model is charac-
terized by flow in the sub-slab mantle that has a strong trench-parallel component, induced by the rollback motion of the
slab. The strong radial anisotropy model is characterized by entrained mantle flow beneath a subducting slab; in this
model, the asthenospheric mantle beneath subducting plates is characterized by a strong radial anisotropy and a some-
what weaker azimuthal anisotropy. Specifically (see inset diagram), the fast direction of azimuthal anisotropy (blue arrow) is
oriented parallel to the flow direction, while the slow axis of radial anisotropy (red arrow) is oriented perpendicular to the
dip of the slab above it. Modified from Long and Silver [2008] and Song and Kawakatsu [2012].
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improper characterization of upper mantle anisotropy beneath the receivers, as this can result in substantial
errors using the source-side technique [Lynner and Long, 2013, 2014]. We examined SK(K)S splitting at every
station, and, in general, errors on individual splitting measurements used to constrain receiver-side
anisotropy are up to ~15° and 0.5 s for fast direction and delay time, respectively. Different stations have
different backazimuthal coverage, but when choosing stations we required consistency (within ~10° for fast
direction, which is less than error for a typical measurement) among several backazimuthal swaths.
Therefore, the effect of receiver-side anisotropy corrections on estimates of sub-slab splitting should be
minimal. We also applied more stringent quality control criteria to the measurements of Foley and Long
[2011] and Lynner and Long [2013], excluding some measurements for the Tonga, Caribbean, and Scotia data
sets that did not match the criteria used by Lynner and Long [2014].

Here we briefly summarize the observations from our previous studies for each subduction system, Figure 2.
The Tonga subduction zone is characterized by nearly trench-parallel sub-slab fast splitting directions; this
pattern persists for earthquakes down to transition zone depths (as deep as ~650 km), although we only use
measurements corresponding to event depths less than 250 km in this study, as our focus is on the upper
mantle. The Tonga study of Foley and Long [2011] is limited in backazimuthal extent, as all of the seismic
stations used are located in western North America (near the Baja Peninsula). The highly curved Caribbean
subduction zone exhibits trench-parallel splitting throughout the northern portion of the trench, while in the
southernmost region, plate motion-parallel splitting is seen [Lynner and Long, 2013]. The Scotia subduction
zone is marked by scattered sub-slab splitting directions, varying from plate motion-parallel to trench-parallel
ϕ, with the dominant direction being trench parallel [Lynner and Long, 2013; see alsoMüller et al., 2008a]. The
Central America, Alaska-Aleutians, and Ryukyu subduction zones are all characterized by dominantly plate
motion-parallel splitting directions, although the fast directions beneath Alaska are highly scattered [Lynner
and Long, 2014]. Northern Honshu and Izu-Bonin both are dominated by trench-parallel splitting [Lynner and
Long, 2014]. Finally, the Kurile and Sumatra subduction systems exhibit along-strike variations, with regions of
both trench-parallel and plate motion-parallel ϕ [Lynner and Long, 2014]. A sketch of the dominant fast
splitting directions in our compilation is shown in Figure 1.

3. Methods and Model Testing

A key issue in the interpretation of the sub-slab splitting data set is whether the measurements primarily
reflect frozen-in anisotropy within the slab itself, flow in the sub-slab mantle, or a combination of the two. In
this study we assume that the observations are solely due to anisotropy in the sub-slab upper mantle; we
neglect contributions from other parts of the system, such as the slab itself. There are three lines of evidence
to justify this assumption, as discussed in detail in Lynner and Long [2014]. First, our selection of stations that
lie in an updip direction means that raypaths are chosen to minimize the raypath length within the slab
(typically less than ~100 km even for the oldest slabs and less for younger slabs) relative to the raypath length
in the sub-slab mantle (typically several hundred kilometers). Second, we examined many different events
that yielded measurements at multiple stations and generally obtained very similar results for both fast
direction and delay time. For many of these examples, the path length through the slab varies among the
different raypaths, but the splitting measurements do not, suggesting that the primary contribution comes
from (relatively homogeneous) anisotropy in the sub-slab mantle. Third, and perhaps most convincingly, in
two regions (Sumatra and Kurile) we have documented an abrupt change in fast splitting direction along
strike [Lynner and Long, 2014]. While we would expect the properties of the oceanic lithosphere, particularly
its thickness, to vary with age, we would expect these variations to be smooth. Thus, any variations in
anisotropic properties of the slab itself due to frozen-in lithospheric anisotropy (or acquired via deformation
during subduction) should also vary smoothly. It is difficult to reconcile the abrupt change in splitting we
observe with the gradual nature of the acquisition of frozen-in anisotropy in the lithosphere. Therefore, our
interpretation of the sub-slab measurements is that slab anisotropy may make a modest contribution to the
observed splitting but is not likely to be the primary source. Our forward modeling approach thus
incorporates only anisotropy due to sub-slab mantle flow; we acknowledge, however, that it is not possible to
completely rule out some contribution from slab anisotropy.

In order to test quantitatively the three different models for sub-slab anisotropy, we make a series of
assumptions about elastic tensors and their orientations with respect to the slab geometry for each model.
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We then use a ray theoretical approximation to calculate the predicted splitting for each (nonnull) direct
S raypath in our data set. These calculations require knowledge of the takeoff angle and azimuth of the
downgoing S wave beneath the slab (derived from the station and event locations), the local slab dip, the
motion of the subducting plate, the local orientation of the trench, and the local age of the subducting
lithosphere. We used the TauP program [Crotwell et al., 1999] with the isap91 Earth model [Kennett and
Engdahl, 1991] to calculate the paths of the downgoing Swaves. Straight line approximations from the event
location to the pierce point at the 410-discontinuity were used to calculate the takeoff angles for each S ray in
the splitting data set. Although a straight line approximation for the raypath is imperfect, it should make little
difference in our calculations, as the angle between the ray propagation direction and the vertical is not
expected to change much in the upper mantle for the rays in our data set.

Slab dips at relevant depths were obtained from the compilation of Lallemand et al. [2005]. Lallemand et al.
[2005] report dips for the shallow (<125 km) and deep (>125 km) portions of slabs. Since we restrict event
depths in the compiled data set to those shallower than 250 km, the majority of events correspond to depths
consistent with the shallow dip reported in Lallemand et al. [2005], but for events deeper than 125 km, we use
the deeper dip estimates. Themotions of the subducting slabs were calculated from theMORVEL platemodel
[DeMets et al., 2010]. There is much debate about the correct reference frame when evaluating splitting
measurements relative to the mantle or to subducting slabs [e.g., Long and Silver, 2009]. Here we have chosen
to evaluate downgoing plate motions in the reference frame of the upper plate, as this is a natural reference
frame in which to evaluate subducting plate motion. Lynner and Long [2014] compared downgoing plate
motion vectors for this reference frame to those calculated in a no-net-rotation reference frame and a Pacific
hot spot reference frame for many of the subduction systems examined here and found that the differences
were generally minor. The local orientation of the trench was calculated by examining the orientation of
the 50 km contours of the subducting slabs in the global slab model of Gudmundsson and Sambridge [1998].
The azimuth of the rays is set by the event-station geometry.

We evaluated the age of the subducting lithosphere at a depth of 100 km in the subduction zone from the
slab age model of Cruciani et al. [2005]. Cruciani et al. [2005] did not, however, calculate slab age as a function
of depth for systems in which isochrons of seafloor lithospheric age are roughly parallel to the motion of
the subducting slab. In this case, the lithospheric ages likely vary minimally with depth, although faulting in
the subducting lithospheremay alter this relationship (and is very poorly known). In regions where there is no
calculation for lithospheric age at depth in the Cruciani et al. [2005] study, we use the seafloor age at the
trench, from the compilation of Heuret and Lallemand [2005].

For each of the three models considered, we use an appropriate approximation for the elasticity of the sub-
slab mantle as follows. For the strong radial anisotropy model, we use the elastic tensor proposed by Song
and Kawakatsu [2012] to represent the anisotropy of the sub-slab mantle. We assume that the anisotropic
medium has an azimuthal orientation and dip controlled by the downgoing plate motion and the slab dip,
respectively, and rotate the elastic tensor accordingly for the local slab geometry (Figure 2), taking into
account the obliquity angle for systems with oblique convergence.

The 3-D return flow model [Russo and Silver, 1994; Long and Silver, 2008, 2009] invokes generally trench-parallel
sub-slab finite strains induced by trench rollback (Figure 3). In real subduction systems, a three-dimensional
flow field is likely to have substantial complications (e.g., complex flow around the edges of the slab and
perturbations to the flow field due to complex slab morphology), and for realistic three-dimensional slab
rollback models, the distribution of finite strain in the sub-slab mantle is also likely to be fairly complicated
[e.g., Buttles and Olson, 1998; Faccenda and Capitanio, 2012; Paczkowski et al., 2014]. In this study, we approximate
this complexity with a single layer of anisotropy with trench-parallel finite extension directions. This is a
significant simplification, but here we aim to capture only the first-order characteristics of this complex strain
field. A detailed comparison between the predictions of geodynamical models with realistic slab geometries and
sub-slab splitting observations is beyond the scope of this paper. Instead, wemake a simplified assumption that
3-D return flow induced by trench rollback will result in generally trench-parallel sub-slab strains, which we
approximate by assuming that the fast axis of anisotropy locally aligns with the trench strike in the horizontal
plane. We represent the elastic properties of the mantle using the elastic tensor from Chevrot and van der Hilst
[2003], which invokes a transversely isotropic (that is, hexagonal) approximation for upper mantle elasticity.
We further assume that every subduction system considered is undergoing some degree of trench migration
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and has a slab geometry that is suitable for inducing some degree of 3-D return flow. These assumptions
represent a highly simplified view of the three-dimensional sub-slab flow. A more realistic geodynamical
modeling study, which takes into account actual trench migration rates and background mantle flow and
calculates the distribution of finite strain directions for different subduction systems, has recently been
carried out [Paczkowski et al., 2014]. In this study, however, we use a simplified view of trench-parallel sub-slab
flow as a first approximation.

For the age-dependent model, we use the observations of Lynner and Long [2014] as a guide; our previous
study estimated an age of ~95Ma at the trench at which a transition from plate motion-parallel fast directions
to trench-parallel fast directions is generally observed (Figure 1). This estimate is borne out by an examination
of the full quasi-global data set compiled here; Figure 4 shows histograms of all measured fast splitting
directions for our compilation as a function of subduction region and plate age. Through examination of fast
splitting directions from Foley and Long [2011] and Lynner and Long [2013, 2014] and different lithospheric
ages (90Ma, 95Ma, and 100Ma), we find that the transition in fast splitting directions best corresponds to
a lithospheric age of 95Ma. In our model predictions, therefore, for systems with a lithospheric age less
than 95Ma, we assumed that the fast axis of anisotropy aligns with the motion of the downgoing plate
(as constrained by the slab dip and plate motion vector) as would be expected for simple entrained
two-dimensional flow. The hexagonal elastic tensor of Chevrot and van der Hilst [2003] was then rotated
according to the slab dip, downgoing plate motion, and local trench strike to approximate entrained flow. For
systems with a lithospheric age greater than 95Ma, we assumed that the fast axis of anisotropy lies in the
horizontal plane and is aligned with the local trench strike, following the same procedure as for the 3-D return
flow model.

Splitting predictions for each S raypath for each of the three models were calculated using the MSAT software
package [Walker and Wookey, 2012], which predicts splitting parameters by solving the Christoffel equation
for a uniform anisotropic volume. We focused only on predicting the fast splitting directions and did not
attempt to predict the delay times, for several reasons. First, from an observational point of view, δt values are
generally less well constrained thanϕ values. Second, there is little variability in average delay times between
different regions or within the same region [e.g., Lynner and Long, 2014]. Finally, because there is a direct

Figure 4. Histogram plots of measured fast splitting directions from our quasi-global source-side splitting data set, derived
from the studies of Foley and Long [2011], Lynner and Long [2013], and Lynner and Long [2014]. Individual panels show
(a and b) the deviation between the measured fast direction and the local strike of the trench and (c and d) the deviation
between the fast direction and the local motion of the downgoing. In Figures 4a and 4d, the measurements are color coded
according to geographic region, while in Figures 4b and 4c the measurements are color coded according to the age of the
subducting lithosphere (legends are on the right). These histograms confirm a primary finding from our earlier work [Lynner
and Long, 2014]: there is a correlation between fast splitting direction and age of the subducting lithosphere, with old slab
ages correlating with trench-parallel ϕ and young ages correlating with plate motion-parallel ϕ.

Journal of Geophysical Research: Solid Earth 10.1002/2014JB010983

LYNNER AND LONG ©2014. American Geophysical Union. All Rights Reserved. 7



tradeoff between layer thickness and anisotropic strength, predictions of absolute delay times are not
meaningful. We therefore focus on predicting the variability in the measured fast directions.

4. Results

For each model under consideration, we generated predictions of fast splitting directions for each of the 623
individual nonnull source-side shear wave splitting measurements in our compiled data set. These
predictions are shown in Figures 5, 6, S1, and S2 in the supporting information (with different plotting
conventions). We also show examples of the model predictions for the Song and Kawakatsu [2012, 2013]
model, the 3-D return flowmodel [Russo and Silver, 1994; Long and Silver, 2008, 2009], and the age-dependent
model [Lynner and Long, 2014] as a function of azimuth and takeoff angle for several selected regions in
Figures 7–9. We evaluate the fits between the model predictions and the splitting observations both
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Figure 5. Deviations between predicted and observed fast splitting directions for (top) the entrained radial anisotropy model, (middle) the 3-D return flow model,
and (bottom) the age-dependent model. For each raypath in the data set, we plot the observed fast splitting direction (thin bars), with the orientation of the
bars corresponding to the observed ϕ and the color of the bar corresponding to the difference between the model prediction and the observation in degrees (see
color bar at bottom). From left to right, we show predictions for the Alaska-Aleutians, the Japan-Ryukyu system, Tonga, and Central America. Beneath each panel,
we show the average misfit (in degrees, on the right) and the percentage of splitting predictions that fall within the 2σ errors of the corresponding measurement (on
the left) for the specific region and model being tested.
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qualitatively (via visual inspection) and quantitatively, with two different criteria to evaluate model fit. The
first criterion is the absolute value of the difference in fast direction between the measurement and the
model prediction in degrees (referred to here as misfit). We calculated average misfit values for individual
subduction systems for each model, as described below. The second is the percentage of model predictions
that fall within the 2σ errors of their corresponding measurement (referred to as data match) for each region.
We did not apply any weighting scheme in applying our model fit criteria and report simple nonweighted
averages throughout this study. Predicted fast splitting directions for each direct S raypath for each model
considered, measured splitting parameters with 2σ errors, station information, source locations, and variables
used in making the predictions for the various models (e.g., slab dip, plate motions, and trench strike) can be
found in Table S1.

First, we examine the circum-Pacific subduction zones (Figure 5), namely, the Kurile, Northern Honshu,
Izu-Bonin, and Ryukyu regions (which we collectively refer to as the Japan-Ryukyu system), Central America,
Alaska-Aleutians, and Tonga. Beneath the Japan-Ryukyu system, the age-dependent anisotropic model
matches the data best, with an average misfit of 30.0° and with 24.0% of the predictions matching the
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Figure 6. Deviations between predicted and observed fast splitting directions for (top) the entrained radial anisotropy model, (middle) the 3-D return flow model,
and (bottom) the age-dependent model. From left to right, we show predictions for the Sumatra, Caribbean, and Scotia subduction zones, as well as for the
global data set. The plotting conventions for the Caribbean, Scotia, and Sumatra regions are as in Figure 5. For the global map (far right), we plot symbols color coded
by the average deviation between the model predictions and observations for individual subduction segments.
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observations. Randomly oriented fast directions would match ~16% of the data and would have a misfit of
~45°; our result of an average misfit of 30.0° and 24.0% of observations matching the predictions is therefore
statistically significant (p< 0.05) when compared to a null hypothesis in which all fast directions are randomly
oriented. (In general, misfit values of less than ~38° and data match values greater than ~22% for all regions
tested are statistically significant (p< 0.05) when compared to randomly oriented fast directions.) Given the
amount of scatter in the data and the very simplified assumptions employed in each model, we do not expect
to be able match every observation, but our average misfit and data match values allow us to evaluate which
models predict the observations better than random chance. The second best fit was the 3-D return flow
model, which had an averagemisfit of 37.6° andmatched 18.4% of the data. Lastly, the strong radial anisotropy
model matched 8.8% of the data with an average misfit of 49.6°. Visual inspection of the model predictions
(Figure 5) reveals that both the age-dependent model and the 3-D return flow model generally match the
observations well for the Izu-Bonin, Honshu, and Hokkaido regions. For the Kurile and Ryukyu regions, the
age-dependent model generally fits the observations well (although there is scatter in the data), while the 3-D
return flowmodel does not do a good job of predicting the observations. Throughout the Japan-Ryukyu region,
the entrained radial anisotropy model generally does not do a good job of fitting the observations. While some
observations are predicted well, the majority of observations are predicted poorly.

Beneath Alaska and the Aleutians, we again found that the age-dependent model did the best job of
predicting the observations, with an average misfit of 29.6° and an overall data match of 28.8%. The strong
radial anisotropy model had the second best fit, with a 41.9° average misfit and a 20.0% data fit, while the
3-D return flow model had the poorest match with values of 50.9° and 12.0%, respectively. Qualitatively, it is
clear (Figure 5) that the age-dependent model does a good job of matching observations in the western part
of the subduction system, but the fit is less good beneath the eastern part. For both the 3-D return flow
model and the entrained radial anisotropy model, there is a mix of well-predicted and poorly predicted fast
directions throughout the region. Notably, none of the three models tested do a good job of reproducing the
observations beneath Alaska, which are highly scattered and may reflect a contribution from anisotropy
within the slab itself [Lynner and Long, 2014]. Model predictions for the Central American subduction system

Figure 7. Model predictions (blue bars) and observations (black bars) for the strong radial anisotropy model for the
(a) Northern Honshu, (b) Central America, (c) Sumatra, and (d) Tonga subduction zones, as a function of takeoff angle
and event-to-station azimuth. The orientation and length of the bars correspond to fast direction and delay time, respec-
tively. The distance from the center of the plot corresponds to the takeoff angle of the ray, while azimuth corresponds to
event-to-station azimuth. Next to each plot is a schematic of the local orientation of the trench and the motion of the
subducting plate with the dip of the slab (δ) used to generate the predictions. For Northern Honshu, we show measure-
ments located between 35.5°N and 40.3°; for Central America, we include all the measurements; for Sumatra, we show
measurements between 5°S and 5°N; for Tonga, we showmeasurements made south of 17.2°S. These geographical bounds
were chosen to correspond to the regions with relatively straight trench geometries.
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follow a similar pattern, with the age-dependent model having the best fit (21.8° average misfit and 38.5%
data match) and the entrained radial anisotropy model second (34.8° average misfit and 24.4% data match).
The 3-D return flow model does a very poor job of matching the observations beneath Central America, with
an average misfit of 56.2° and 2.6% of the predicted fast directions falling within the 2σ errors of the
corresponding measurement. In map view, the age-dependent model correctly generally predicts the
splitting patterns well throughout the subduction system (Figure 5) while the fit is poor throughout the
subduction system for the 3-D return flowmodel and the entrained radial anisotropy model exhibits a mix of
those measurements that are fit well and those that are fit poorly.

Figure 8. Model predictions (blue bars) and observations (black bars) for the 3-D return flow model for the
(a) Northern Honshu, (b) Central America, (c) Sumatra, and (d) Tonga subduction zones, as a function of takeoff angle
and event-to-station azimuth plotted following the same plotting conventions as Figure 7.

Figure 9. Model predictions (blue bars) and observations (black bars) for the age-dependent model for the
(a) Northern Honshu, (b) Central America, (c) Sumatra, and (d) Tonga subduction zones, as a function of takeoff angle
and event-to-station azimuth following the same plotting conventions as Figure 7.
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Beneath Tonga (Figure 5), all of the splitting measurements come from the northern portion of the
subduction zone where old (~110Ma) lithosphere being subducted, so the 3-D return flow and the age-
dependent model make the same predictions. Each of these models fit the observations well, with an
average misfit of 25.0° and a data match of 52.2% of the measurements. The strong radial anisotropy model,
in contrast, provides a poor fit to the data; this model matched none of the observations and had an average
misfit of 60.5°. In map view, the 3-D return flow and age-dependent models seem to do a generally good to
fair job of matching the observations, although as in other regions there is scatter in the
observations themselves.

Model predictions for the Caribbean, Scotia, and Sumatra subduction zones are shown in Figure 6. The
Caribbean subduction system exhibits a complicated geographical distribution of lithospheric ages; for a
portion of the subduction zone the lithosphere is older than 95Ma, but throughout the middle portion (where
the majority of measurements were made) the subducting lithosphere is just slightly younger (~94Ma) than
the 95Ma cutoff we employ in this study for the transition from plate motion-parallel to trench-parallel regimes
in the age-dependent model. The best fitting model for the Caribbean is the 3-D return flow model, which
has an average misfit of 36.4° and matches 23.1% of the data. The age-dependent model has a misfit value of
48.5° and matches 11.5% of the splitting measurements. The strong radial anisotropy model fails to match any
of the observations and has an average misfit of 56.0°. In map view (Figure 6), the 3-D return flowmodel does a
generally good job of predicting fast directions in the northern portion of the subduction zone, where the
observed fast directions clearly correlate with the strike of the trench. However, this model fails to predict a
group of observations in the southern portion of the subduction zone that exhibit nearly trench-perpendicular
fast directions, as do the strong radial anisotropy and age-dependent models. The age-dependent model
does a fair job of predicting fast directions in the northernmost portion, but due to the lithospheric age of
~94Ma in the central region, the model predicts plate motion-parallel fast directions when trench-parallel fast
directions are observed.

Beneath Scotia, the 3-D return flow model provides the best fit, with an average misfit of 38.6° and a data
match value of 34.1%. In map view (Figure 6), it is clear that the model does a better job of predicting the fast
directions in the northern portion of the subduction zone. The strong radial anisotropy model provides a
similar misfit (39.0°) and matches 27.3% of the observations, so it performs nearly as well as the 3-D return
flow model. The age-dependent model fits the measurements the least well, matching only 25.0% with a
misfit of 43.2°. Again, looking at a map view, predictions from all threemodels do a particularly poor job in the
southern portion of the system (it is worth emphasizing again that the Scotia splitting data set has a large
amount of scatter in the observed fast directions). Finally, observations beneath the Sumatra subduction
system (Figure 6) are best matched by the age-dependent model, which correctly predicts 45.0% of the
observations and exhibits an average misfit of 21.6°. The strong radial anisotropy model yields slightly worse
misfit and data match values, 23.2° and 40.1%; the 3-D return flow model performs poorly, with an average
misfit of 48.6° and a data match of 9.4%.

When all of the subduction zones are considered as a whole, while no onemodel perfectly predicts the global
source-side shear wave splitting data set, the age-dependent model does a better job overall than the other
models at predicting the observations. A map view of the average misfit for individual segments of all
subduction zones (right panels on Figure 6) reveals that the age-dependent model generally does a good job
of fitting the observations for most regions, particularly Sumatra, the Aleutians, the Japan-Ryukyu region,
Central America, and Tonga, and only fails in a few specific regions (portions of the Caribbean and much of
Scotia). While the 3-D return flow model fits the observations well in certain regions (most of the Caribbean,
Scotia, Izu-Bonin-Honshu, Tonga, and the eastern and western edges of Sumatra), there are several regions in
which the fit is notably poor (Central America, southern Caribbean, the Aleutians, Ryukyu, and much of
Sumatra). The strong radial anisotropy model also does a very good job matching the observed splitting fast
directions in many regions (Sumatra, Scotia, and Central America) but does a poor job in others (the
Japan-Ryukyu system) and fails to match any of the observations in Tonga or the Caribbean. Our calculated
data fit metrics for the entire data set as a whole reveal that the age-dependent model matches 34.2% of the
observations globally and has an average misfit of 27.7°. The strong radial anisotropy model had a larger
average misfit (37.6°) and matched 23.8% of the data, and the 3-D return flow model matched only 14.8% of
the measurements and had the highest average misfit value (45.7°).
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5. Discussion

Several broad trends in the model predictions themselves are evident and are helpful in evaluating how well
the various models match the observations. It is worth noting that for both the age-dependent and 3-D
return flow models, the predicted fast directions for the range of direct S raypaths in this study are generally
very close to either the strike of the trench or (for the age-dependent model) the convergence direction.
Therefore, the degree of scatter in the predicted fast directions is relatively small for these models. (This is
particularly easy to visualize in Figures S1 and S2, which plot the predicted fast splitting direction for each
raypath in the data set for each model.) In contrast, the strong radial anisotropy model predicts a strong
dependence in predicted fast splitting direction as a function of incidence angle and (most importantly)
event-station azimuth. Therefore, this model predicts large and systematic variations in fast directions
depending on the event-station geometries of the rays (Figures S1 and S2). This is worth noting because, with
the exception of Scotia and the eastern portion of the Alaska-Aleutians, the actual source-side fast splitting
directions exhibit less variation in ϕ than generally predicted by the Song and Kawakatsu [2012] model.

Another observation worth noting is that none of the models do an especially good job predicting the
observed plate motion-parallel fast splitting directions observed beneath the southern portion of the
Caribbean subduction zone. We have previously argued [Lynner and Long, 2013] that the dynamic behavior of
the mantle in this region is constrained by the presence of the deep keel of the South American continental
lithosphere. The deep keel may create a barrier that prevents any southward mantle flow, leading to plate
motion-parallel stretching (and thus fast splitting directions) beneath the subducting slab. It is worth noting,
however, that recently published regionally specific mantle dynamics models which taking into account
the slab morphology and the presence of the South American continental lithosphere did not predict our
observations well [Miller and Becker, 2012]. In any case, such complications were not incorporated into any
of our simplified model predictions, which may explain why none of the models tested explain the
observations beneath the southern Caribbean very well. This failure highlights the continuing need for
regionally specific models that take into account the morphology and kinematics of individual subduction
systems. It also raises the possibility that the model parameters used to predict fast splitting directions
globally in each model might not be the best parameters for use in individual regions. (For example, the
amount of radial anisotropy in the Song and Kawakatsu [2012] model or the age at which the transition from
trench-parallel to plate motion-parallel fast direction occurs in the age-dependent model may vary slightly
between regions.)

We emphasize that we have taken a simplified approach to carrying out splitting predictions for different
models in this study, and thus, our conclusions come with some caveats. For example, we have used simplified
descriptions of slab morphology and kinematics, and for the 3-D return flow and age-dependent models,
we have used a simplified (hexagonal) representation of the elastic tensor. Our evaluation of the 3-D return flow
model in particular is highly simplified, in that we have assumed that for the case of subduction with trench
migration, the spatial gradients in mantle flow velocity are such that the direction of maximum finite extension
(and thus the fast axis of anisotropy) will always align parallel to the local strike of the trench. Finally, we
have assumed that all subduction systems are undergoing sufficient trench migration to induce a three-
dimensional return flow field beneath the slab, although trench migration rates are often imperfectly known
and are highly dependent on the choice of reference frame [e.g., Schellart et al., 2008; Funiciello et al., 2008;
Long and Silver, 2009]. This is a highly simplified view of sub-slab mantle dynamics and should only be thought
of as providing a rough, first-order evaluation of the predictions of the 3-D return flow model.

Recent numerical modeling work has sought to understand the conditions under which three-dimensional
return flow can create trench-parallel fast splitting directions beneath subducting slabs. Paczkowski et al. [2014]
found that the geometry of sub-slab anisotropy varies as a function of the slab geometry (dip and depth extent),
the backgroundmantle flow, and the degree ofmechanical coupling between the slab and the sub-slabmantle.
A detailed comparison between the predictions of these numerical models and the splitting compilation
presented in this study is underway. Nevertheless, our simplified framework, which approximates the sub-slab
fast direction as roughly parallel to the local strike of the trench, provides a generally good first-order
approximation for many subduction systems [Paczkowski et al., 2014].

Another caveat to our modeling approach is that our model predictions are dependent on the subduction
parameters used for each region (e.g., slab dip, lithospheric age, and convergence direction), and these
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parameters may be imperfectly known in some regions. In particular, the model variable that affects the
predictions of the age-dependent and the strong radial anisotropy models most strongly is the direction of
motion of the subducting plate. Defining this motion involves a choice of reference frame, and there is a
great deal of debate over the most appropriate reference frame in which to assess plate motions (and other
kinematic parameters that describe subduction). We have chosen to evaluate plate motions in the reference
frame of the lower plate relative to the upper plate, as this is a natural choice for a subduction system. A
different choice of reference frame, however, may impact the predictions of fast splitting direction for the
strong radial anisotropy and age-dependent models. Further work on the choice of reference frame for
kinematic variables in subduction systems may improve our understanding of this issue (see Long and Silver
[2009] for a more detailed discussion of reference frames for subduction systems). While several simplifying
assumptions are necessary in order to make predictions of splitting following the model setups described
above, our results do capture the first-order characteristics of the various models and yield valuable insights
into the dynamics of the sub-slab mantle.

Overall, our comparison between model predictions and splitting observations demonstrate that there is a
correlation between sub-slab splitting behavior and subducting plate age and that an age-dependent model
provides a better match to the observations than either the 3-D return flow model or the strong radial
anisotropy model. Based on this observation, we propose a new conceptual model for sub-slab mantle
dynamics that can explain the transition in splitting directions with plate age (Figure 10). We propose that
beneath young (<95Ma) subducting slabs, those slabs entrain a layer of sub-slabmantle as they subduct; this
layer has a thickness on the order of ~200 km and is dominated by typical upper mantle olivine LPO fabrics
(A-, C-, or E-type LPO) [e.g., Karato et al., 2008]. (In this study we have approximated these fabrics using an
elastic tensor with hexagonal symmetry; a full investigation of the effect of different fabric types will be
carried out in the future.) In this layer, simple shear deformation results in finite strain ellipses oriented parallel
to the motion of the overriding plate, resulting in generally plate motion-parallel fast axes of anisotropy.
Beneath this entrained layer, there may be a layer whose dynamics are controlled by trench migration; if
the slab is rolling back, this layer will be dominated by three-dimensional return flow with a strong trench-
parallel flow component. In turn, such a flow regime results in anisotropic fast axes that are generally aligned
parallel to the trench. Several geodynamical modeling studies have provided evidence for such a complex
flow regime [e.g., Becker and Faccenna, 2009; Honda, 2009; Faccenda and Capitanio, 2012, 2013; Schellart and
Moresi, 2013; Di Leo et al., 2014; Li et al., 2014].

In such a multilayered system, the thickness of the respective layers and the raypaths used will determine the
dominant splitting patterns. Beneath young oceanic lithosphere, we expect that direct S phases experiencing
source-side shear wave splitting (i.e., the raypaths used in this study) will mainly sample the entrained layer
directly beneath the slab, leading to plate motion-parallel fast directions (Figure 10, left). It is possible that
other raypath geometries (e.g., SK(K)S phases for stations located on the overriding plate) may sample the
deeper layer and reflect an integrated signal from both anisotropic regions. This may explain why different

Figure 10. Schematic diagram of our preferred age-dependent flow model. (left) Beneath young (<95Ma) lithosphere,
downgoing slabs entrain a thick layer of mantle beneath them (light green). A deeper layer (dark green) participates in
three-dimensional return flow induced by trench migration; however, direct S rays taking off from slab earthquakes mainly
sample the entrained sub-slab layer, and the deeper layer does not contribute significantly to the observed anisotropy. This
model would therefore predict fast directions that are mainly parallel to the motion of the downgoing plate (white arrows
at bottom of diagram). (right) Beneath old (>95Ma) lithosphere, the entrained layer is thin and the sub-slab mantle is
efficiently decoupled from the downgoing slab. This allows for three-dimensional return flow (dark green layer) to
dominate, and source-side splitting measurements (white arrows at bottom of diagram) mainly reflect dominantly trench-
parallel flow directly beneath the slab.
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raypaths and phase types (i.e., SKS versus direct S) seem to reflect different splitting patterns for the same
subduction system (e.g., Central America, as discussed in Lynner and Long [2014]).

Beneath older slabs (slabs with a lithospheric age of 95Ma or older at a depth of 100 km), we hypothesize a
change in the amount of mechanical coupling between the downgoing slab and the mantle beneath it.
Specifically, we propose that old slabs are poorly coupled to (but not completely decoupled from) to the
subjacent mantle; this decoupling may take the form of a thin, weak layer directly beneath the slab that
accommodates the shear between the slab and the mantle beneath (Figure 10, right). If this layer is
sufficiently thin, it will not contribute significantly to the observed anisotropy [e.g., Long and Silver, 2008,
2009]. For this case, we would expect much of the sub-slab mantle to be dominated by 3-D return flow if the
trench is migrating with respect to the mantle around it. For the old lithosphere case, source-side S splitting
measurements will mainly reflect anisotropy in the sub-slab layer dominated by 3-D return flow, and fast
directions will be generally parallel to the trench (with some local complications due to slab morphology,
complex strain geometry, and other factors).

Our age-dependent model for sub-slab anisotropy has interesting implications for our understanding of
sub-slab mantle dynamics, as it implies different flow regimes beneath subducting slabs of different ages. If
old slabs are poorly coupled to the mantle beneath them and therefore entrain little mantle material when
they subduct, this has implications for global patterns of mantle flow and for models of mass transfer
between the upper and lower mantle reservoirs. The age-dependent change in the nature of mechanical
coupling beneath slab suggested by our model is important for both global and regional geodynamical
models of sub-slab dynamics [e.g., Becker and Faccenna, 2009; Honda, 2009; Schellart and Moresi, 2013;
Faccenda and Capitanio, 2012, 2013].

While this conceptual model does a good job of predicting the observed splitting patterns (right panels on
Figure 6), the mechanism which controls the transition from entrained flow directly beneath the slab to weak
mechanical coupling and thus mantle flow with a significant along-strike component at a lithospheric age of
~95Ma needs to be explained. In particular, we seek a mechanism capable of explaining the relatively rapid
transition from plate motion-parallel to trench-parallel splitting that we observe. This lateral transition is
particularly dramatic in Kurile and in Sumatra [Lynner and Long, 2014] (see Figures 4 and 7), occurring over a
length scale of a few hundred kilometers at most (and thus over a lithospheric age range of ~10Ma).
Importantly, this transition does not seem to be associated with either a decrease in delay time or a gradual
rotation from plate motion-parallel to trench-parallel ϕ.

One potential mechanism that may be consistent with a relatively rapid transition in sub-slab dynamics at a
lithospheric age of ~95Ma is small-scale convection (SCC) beneath old oceanic lithosphere [e.g., Korenaga
and Jordan, 2003; van Hunen et al., 2005; van Hunen and Čadek, 2009; Wirth and Korenaga, 2012]. SCC is a
result of the increasing gravitational instability of old, cold, and dense oceanic lithosphere and results in
small-scale upwellings and downwellings that dominate the flow field directly beneath the lithosphere. In
this way, SCC can interfere with (and at least partially destroy) the usual mantle flow regime beneath oceanic
lithosphere [e.g., Huang et al., 2003; van Hunen et al., 2005], which consists of simple shear between the
moving plate and the mantle beneath it. Put another way, SSC can be thought of as acting to decrease the
coupling of the motion of lithospheric plates from the mantle beneath it.

How might the onset of SSC affect the dynamics of the sub-slab mantle once a plate has begun to subduct?
One possibility is that any amount of decoupling of the slab and subjacent mantle once subduction of a
lithospheric plate begins is greatly enhanced by SSC. We envision a scenario in which the dynamics of the
mantle beneath typical oceanic lithosphere is dominated by plate motion, even after the onset of SCC. Once
the plate begins to subduct, however, the dynamics of the sub-slab mantle becomemuchmore complicated,
and SCC may help to enhance decoupling in this complicated geometry. In this proposed scenario,
subducting slabs may entrain less mantle (or entrain it less efficiently). Another related hypothesis is that if
SSC results in warmer, less viscous asthenosphere directly beneath the lithosphere, when the slab begins to
subduct it may entrain a thin layer of relatively low viscosity material, which acts as a decoupling layer
(see discussions in Long and Silver [2009] and Phipps Morgan et al. [2013]). In any case, we suggest that
beneath old lithosphere that has been affected by SSC, the slab is largely decoupled (although likely not
entirely) from the mantle beneath it, allowing 3-D return flow to dominate. The idea that the coupling
between oceanic lithosphere and the subjacent asthenospheric mantle (and thus the pattern of seismic
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anisotropy resulting from mantle flow) is disrupted beneath old lithosphere by SSC is supported by previous
work. For example, van Hunen and Čadek [2009], motivated by the observation that azimuthal anisotropy
beneath older lithosphere (40–60Ma) in the Pacific is smaller than that beneath younger lithosphere
[e.g., Montagner, 2002], showed that SSC can account for a reduction of azimuthal anisotropy beneath older
lithosphere by a factor of 2 due to the disruption of the coherency of flow beneath lithosphere being acted upon
by SSC. The dynamic effects of SSC are, however, still debated and more work is needed to understand the
interplay of SSC, anisotropy, and mantle dynamics. The details of the dynamic regime beneath old slabs that
have been affected by SSC remain to be explored, but it is plausible that the disruption of the usual lithosphere-
asthenosphere coupling regime allows for a flow field similar to that shown in Figure 10 beneath old lithosphere.

The onset time of small-scale convection is still poorly constrained and subject to debate, although it has
been studied both experimentally [e.g., Davaille and Jaupart, 1994] and numerically [e.g., Korenaga and
Jordan, 2003]. Many complications exist in determining scaling laws for onset of SSC, such as the inclusion of
temperature-dependent viscosity and the effects of shearing due to the motion of the overriding plate
[e.g., van Hunen et al., 2003]. The lack of consensus on the onset time of SSC makes it somewhat difficult to
evaluate its plausibility as a mechanism for a change in sub-slab anisotropy, but a range of onset times from
50Ma to 100Ma have been suggested in the literature [e.g., Ritzwoller et al., 2004; Korenaga and Jordan, 2004;
Dumoulin et al., 2005; Korenaga, 2009]. The onset time depends strongly on asthenospheric viscosity and
activation energy, leading to large uncertainties, as both parameters are poorly known [Dumoulin et al., 2005;
Korenaga, 2009]. It is also worth noting that after the onset of SSC, the longitudinal rolls of SSC grow in size
with increasing time [Korenaga and Jordan, 2003]. It may be that SSC needs to be acting for some amount of
time in order for convection to be sufficiently vigorous and acting on a large enough volume of mantle to
sufficiently disrupt the coherency of flow directly beneath the plate to decrease the coupling between the
slab and the subjacent mantle. In any case, given the range of onset times that have been suggested and the
age at which we observe a transition in sub-slab splitting behavior (~95Ma), SSC may be a plausible
mechanism to explain the difference in behavior.

An age-controlled transition in sub-slab splitting behavior has been previously suggested based on the
observation of predominantly plate motion-parallel fast SKS splitting directions beneath Cascadia and Mexico.
Specifically, Long and Silver [2009] proposed a transition to predominantly trench-parallel fast splitting
directions at a lithospheric age of ~10Ma. Most of the sub-slab splitting estimates used in the Long and Silver
[2009] compilation were based on SK(K)S measurements that had been corrected for the effect of wedge
anisotropy. Based on our more recent and more accurate source-side splitting compilation, we suggest here
instead a transition in sub-slab splitting behavior at a considerably larger lithospheric age of ~95Ma.

In this paper we have discussed the possibility that the onset of small-scale convectionmay provide amechanism
for partially decoupling older slabs from the mantle beneath them and suppressing the entrainment of sub-slab
mantle. Other mechanisms may be possible, however, and the nature and extent of mechanical coupling
between the oceanic lithosphere and the asthenospheric mantle beneath it remains poorly understood. The
question of how well plates are coupled to the asthenosphere beneath them is intimately related to questions
surrounding the nature of the lithosphere, asthenosphere, and the boundary between them, which remain
poorly understood [e.g., Fischer et al., 2010]. Various models for the nature of the asthenosphere have been
proposed based on seismologic observations of the oceanic lithosphere-asthenosphere boundary (LAB), which
generally yield evidence for a sharp boundary with a large velocity contrast [e.g., Kawakatsu et al., 2009; Rychert
and Shearer, 2009, 2011; Schmerr, 2012]. Various models have been proposed to explain the nature of the LAB,
including those that invoke the presence of partial melt in the asthenosphere [e.g., Kawakatsu et al., 2009;
Schmerr, 2012; Naif et al., 2013] or a role for grain boundary sliding [Karato, 2012; Olugboji et al., 2013]. The
dynamic behavior of the sub-slab mantle, as manifested in seismic anisotropy, is likely controlled at least in part
by the nature of the oceanic asthenosphere and the LAB, and further work on the nature of the oceanic
lithosphere-asthenosphere system is crucial to our understanding of sub-slab mantle flow.

6. Summary

Understanding the dynamics of the sub-slab mantle is of utmost importance to our understanding of
subduction systems and how subducting slabs interact with the surrounding mantle. In this study, we have
compiled a data set composed of detailed measurements of seismic anisotropy beneath subducting slabs
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from previously published source-side shear wave splitting studies [Foley and Long, 2011; Lynner and Long,
2013, 2014]. We used this compilation to test the predictions of three plausible models for sub-slab
anisotropy and mantle dynamics: the strong radial anisotropy model of Song and Kawakatsu [2012], which
invokes two-dimensional entrained mantle flow beneath slabs, the 3-D return flow model [Russo and
Silver, 1994; Long and Silver, 2008, 2009], which argues for generally trench-parallel strain beneath slabs, and a
new age-dependent anisotropic model, which invokes a difference in sub-slab mantle flow patterns beneath
slabs of different lithospheric ages.

We generated predictions of fast splitting directions for 623 direct S rays in our compilation that exhibited
source-side sub-slab shear wave splitting and compared them to the observations; our model comparisons
included the Tonga, Caribbean, Scotia, Alaska-Aleutians, Central America, Kurile, Northern Honshu, Izu-Bonin,
Ryukyu, and Sumatra subduction zones. We found that the age-dependent model provides the best fit to the
observations globally; when individual subduction zones are considered, the age-dependent model was found
to be the best fitting model for all regions except Scotia and the Caribbean. For the global data set, the
age-dependent model successfully matched 34.2% of the model predictions, with an average misfit of 27.7°.
The other two models were less successful at matching the observations, with the strong radial anisotropy
model matching 23.8% of the measurements with an average misfit of 37.6° and the 3-D return flow model
matching 14.8% of the observations with an average misfit of 45.7°.

Based on this observation, we propose two distinctive regimes of anisotropy and mantle flow beneath
subducting slabs. Beneath young slabs (>95Ma), we suggest that slabs entrain a thick layer of sub-slab
mantle. In this layer, the finite strain orientations align locally with the plate motion and slab dip, while A-, C-,
or E-type olivine fabrics dominate in the sub-slab mantle. Beneath this entrained layer, we propose that there
is deeper region of sub-slab that participates in three-dimensional return flow induced by trench migration.
For younger slabs, source-side shear wave splitting measurements mainly sample the entrained layer,
resulting in fast directions that are generally parallel to the motion of the downgoing slab. Beneath older
slabs (>95Ma), we propose that the sub-slab mantle is sufficiently decoupled from the slab itself to enable
three-dimensional returnmantle flow directly beneath the slab. Source-side measurements for these systems
mainly sample sub-slab flowwith a strong trench-parallel component, resulting in dominantly trench-parallel
fast splitting directions. This sub-slab decoupling beneath old lithosphere is likely accommodated via a
substantial thinning of the sub-slab entrained layer, such that it does not contribute significantly to the
observed splitting.

A possible mechanism for the difference in mechanical coupling beneath old versus young slabs is the onset
of small-scale convection beneath old oceanic lithosphere, but the details remain unclear, and other
mechanismsmay be possible. We suggest that the dynamic behavior of themantle beneath subducting slabs
is likely intimately related to the properties of the oceanic LAB and the oceanic asthenosphere, which remain
to be fully understood. Future work on the dynamics of the sub-slab mantle that includes more realistic slab
morphologies and flow fields and investigates different olivine fabric types should continue to shed light on
this important aspect of subduction systems.
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