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[1] The oceanic asthenosphere is characterized as a low vis-
cosity channel down to 200–300 km depth separating the cold
lithosphere from above, and it is intimately linked to a layer of
low seismic velocity and prominent seismic anisotropy
observed globally beneath ocean basins. While subduction of
tectonic plates in convergent margins is well recognized, the
fate of oceanic asthenosphere remains enigmatic. We demon-
strate that subduction of the oceanic asthenosphere character-
ized by weak azimuthal anisotropy and strong radial
anisotropy explains the essence of sub-slab shear-wave split-
ting patterns, where the fast splitting direction changes from
predominantly trench-parallel (or sub-parallel) under relatively
steep subduction zones to frequently trench-normal under
shallow subduction zones. To explain the observed splitting
time, the thickness of the subducted asthenosphere is estimated
to be 100 � 50 km. Citation: Song, T.-R. A., and H. Kawakatsu
(2012), Subduction of oceanic asthenosphere: Evidence from sub-
slab seismic anisotropy, Geophys. Res. Lett., 39, L17301,
doi:10.1029/2012GL052639.

1. Introduction

[2] The nature of the oceanic asthenosphere may be
understood from the perspective of mantle mineralogy
[Stixrude and Lithgow-Bertelloni, 2005], the presence of
hydrogen [Hirth and Kohlstedt, 1996; Karato and Jung,
1998] and/or the presence of a small amount of laminated
melt [Kawakatsu et al., 2009], which may explain the low
seismic velocity, low viscosity and seismic anisotropy
observed in the oceanic uppermost mantle. Such a low vis-
cosity channel has long been envisioned as the key to long
wavelength mantle convection and to maintain the long-term
stability of plate tectonics [e.g., Richards et al., 2001].
However, as plates subduct, it is unresolved whether the
oceanic asthenosphere simply subducts along with the slab
[Ribe, 1992] or it is decoupled from the slab involving large-
scale trench-parallel flow as advocated in the past two dec-
ades [e.g., Russo and Silver, 1994; Long and Silver, 2008,
2009].
[3] Since the orientation of anisotropic mantle minerals is

influenced by the direction and evolution history of the finite
strain driven by mantle flows [e.g., Becker et al., 2008],
seismic anisotropy serves as the best proxy for the mantle

deformation and flow direction. When seismic waves travel
through an anisotropic medium, an incoming shear wave
(S wave), bifurcates into fast and slow quasi-S waves [e.g.,
Vinnik et al., 1984; Babuska and Cara, 1991], and the
polarization of the two quasi-S waves is controlled by the
anisotropy symmetry as well as the incoming S wave
polarization direction. The S wave polarized parallel or sub-
parallel to the horizontal plane is regarded as the quasi-SH
wave and the other S wave as the quasi-SV wave, and we
will respectively refer them as SH wave and SV wave for
simplicity following the convention of seismology for a
vertically stratified isotropic medium [Aki and Richard,
2002].
[4] To track mantle flows beneath subduction zones, we

revisit the behavior of sub-slab shear wave birefringence (or
splitting) compiled globally [Long and Silver, 2008, 2009].
We emphasize the importance of the dependence of the
shear wave fast splitting direction on the seismic wave
incidence angle and the slab dip, which are not taken into
considerations in previous analyses. As a result, we dem-
onstrate that observed sub-slab fast splitting directions and
splitting times could be understood through the observed
anisotropy property in the oceanic asthenosphere, if it sub-
ducts along with the oceanic lithosphere.

2. Sub-slab Shear Wave Splitting

[5] Sub-slab anisotropy is mostly derived from the anal-
ysis of up-going SKS wave splitting (10� < q < 15�, where q
is the incident angle) beneath seismic stations with some
correction for anisotropy in the mantle wedge and the top-
most subducted slab using local S wave splitting measure-
ments [Long and Silver, 2008, 2009]. In some cases, down-
going teleseismic S wave, with a larger incident angle (20� <
q < 40�), have also been analyzed to obtain sub-slab
anisotropy beneath earthquakes (or source-side splitting) by
correcting known splitting beneath the receiver [e.g.,
Kaneshima and Silver, 1992]. When local S wave splitting
analysis is not available, observations at stations close to the
trench are analyzed to infer sub-slab anisotropy. In principle,
the effect of anisotropy in the mantle wedge and the topmost
subducted slab is minimized. Since most observations and
interpretations on sub-slab anisotropy are from SKS wave
splitting measurements, we will primarily focus our discus-
sion on these observations.
[6] In general, sub-slab SKS fast splitting directions are

parallel or sub-parallel to the trench [Long and Silver, 2008,
2009] and appear distinct from the prediction of trench-
normal fast splitting direction based upon the classical slab
entrained flow with the A-type olivine fabric [Karato et al.,
2008], where the fast splitting direction manifests the flow
direction. We find that these trench-parallel fast splitting
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direction observations are typically associated with steep
subduction zones (d > 30–40�, where d is the slab dip).
However, studies in a few shallow subduction zones
(d < 20�) such as Cascadia [Currie et al., 2004], Mexico
[Stubalio and Davis, 2007], south-central Chile (S. P. Hicks
et al., Sub-slab mantle anisotropy beneath south-central
Chile, submitted to Earth and Planetary Science Letters,
2012) and Alaska [Christensen and Abers, 2010] show that
the fast polarization direction of SKS splitting measurements
at stations close to the trench is typically normal or sub-
normal to the trench when incident waves travel on paths
that point away from the slab dip (i.e., up-dip direction), and
thus is similar to predictions from the classical slab-
entrained flow. When splitting measurements from incident
waves traveling on paths that point in the direction of slab
dip (i.e., down-dip direction) are available, the fast splitting
direction appears varying with back-azimuth and is normal
or sub-normal to the direction of the incident wave
[Christensen and Abers, 2010; Hicks et al., submitted man-
uscript, 2012]. In all cases, the sub-slab SKS splitting time is
estimated from 0.5 seconds to about 2 seconds [Long and
Silver, 2008, 2009].

3. Observations of Asthenosphere Anisotropy

[7] Before inferring sub-slab flow from observations of
sub-slab shear-wave splitting, it is essential to recognize the
characteristics of anisotropy in the oceanic asthenosphere
beneath ocean basins prior to subduction. Analyses of Ray-
leigh waves (q = 90�) have shown that the oceanic
asthenosphere is characterized by azimuthal S wave anisot-
ropy [e.g., Montagner and Tanimoto, 1991; Maggi et al.,
2006] (�1–3%). In this instance, horizontally traveling SV
wave (q = 90�) is typically fastest along the current plate
motion direction, which is generally supported by the anal-
ysis of near-vertical SKS waves (q � 10–15�) [e.g.,
Montagner et al., 2000; Becker et al., 2012].
[8] However, it is often neglected in previous interpreta-

tions of sub-slab splitting patterns that the oceanic astheno-
sphere is also characterized by strong P wave and S wave
radial anisotropy of a few percent (up to 7% in central
Pacific) in the global scale [e.g., Gung et al., 2003; Nettles
and Dziewonski, 2008] through the classical Rayleigh
wave/Love wave discrepancy (q = 90�), where the horizon-
tally polarized SH wave is faster than the vertically polarized
SV wave (or SH > SV) [Aki and Kaminuma, 1963; Babuska
and Cara, 1991]. Radial anisotropy, frequently referred as
transverse isotropy, can be modeled using hexagonal
anisotropy with a vertical symmetry axis. Not emphasized
previously, inversion results of multiple S waves such as SS,
SSS, SSSS and SSSSS [Gaherty et al., 1996; Tan and
Helmberger, 2007] also indicate strong radial anisotropy
symmetry at oblique incident angles (q � 40–60�). Despite
constraining lateral variations of radial anisotropy can be
nontrivial [Ferreira et al., 2010], prominent radial anisot-
ropy of a few percent in the oceanic asthenosphere is a
robust feature [Beghein and Trampert, 2004] and it is
imbedded even in the reference Earth model [Dziewonski
and Anderson, 1981] and a recent global 1D model for
both P wave and S wave [Kustowski et al., 2008]. Since the
hexagonal symmetry with a horizontal fast symmetry axis
generally predicts weak radial anisotropy that is comparable
or smaller than azimuthal anisotropy, we find it necessary to

invoke orthorhombic symmetry with a strong radial com-
ponent to properly account for seismic observations in the
oceanic asthenosphere.

4. Linkage Between Asthenosphere Anisotropy
and Sub-slab Shear Wave Splitting

[9] To demonstrate the effect of the anisotropy symmetry
on shear wave splitting directions, we construct elastic
stiffness tensors for azimuthal, radial and orthorhombic
anisotropy, and use the anisotropy parameter h to describe
the phase velocity upon oblique incidence [Takeuchi and
Saito, 1972]. To be consistent with observations in the
oceanic asthenosphere, azimuthal anisotropy of 2% is set
with a fast symmetry axis along the x1 axis, while radial
anisotropy is set at 4% and 3% for the P wave and S wave,
respectively, with a slow symmetry axis along the x3 axis.
Using the theory of the effective transverse isotropy medium
[Montagner and Nataf, 1986], orthorhombic anisotropy is
set up in a way such that effective azimuthal anisotropy and
effective radial anisotropy are equal to the setup in the cases
of azimuth anisotropy and radial anisotropy, respectively
(see also auxiliary material).1 As a representative value, h is
set at 0.95 equal to the median value observed in the oceanic
asthenosphere (h � 0.9–1) [Dziewonski and Anderson,
1981; Beghein and Trampert, 2004; Kustowski et al.,
2008] (Table S1 in Text S1).
[10] While there is no observable shear wave splitting

when the S wave polarization direction is parallel to the fast/
slow axis, it is informative to illustrate how the fast polari-
zation direction varies with different type of anisotropy
symmetry as a function of incident angle. Here we display
phase velocities of SV and SH waves along the fast sym-
metry axis, or the x1 direction (Figure 1 and Figure S1 in
Text S1). For an anisotropic medium with azimuth anisot-
ropy, the SV waves are faster than the SH waves except
when they are propagating along the fast symmetry axis, or
q = 90� (Figure 1a). In this case, the fast polarization direc-
tions of incoming S waves are always parallel or sub-parallel
to the fast symmetry axis, or the x1 axis. On the other hand,
for an anisotropic medium with radial anisotropy and a
vertical slow symmetry axis, the polarization of the fast S
wave is complicated by the strength of P wave and S wave
radial anisotropy, as well as the anisotropy parameter h that
defines phase velocities at oblique incident angles. We find
that radial anisotropy and h consistent with observations in
the oceanic asthenosphere always predict the SH wave as the
fast wave for all incident angles and thus the fast polarization
direction is normal to the surface projection of the propa-
gation direction (i.e., x1 axis) (Figure 1b). This is an
important prediction that is opposite to that from azimuthal
anisotropy (Figure 1a).
[11] Once observed azimuthal and radial anisotropy in the

oceanic asthenosphere are properly represented with ortho-
rhombic symmetry, we observe a classical point singularity
[Crampin, 1991] where the phase velocity of the SH wave
equals to that of the SV wave at an incident angle of about
23� (Figure 1c and Figure S2 in Text S1). The polarization
of the fast wave changes from the SV wave to the SH wave
across such a singularity and the velocity difference between

1Auxiliary materials are available in the HTML. doi:10.1029/
2012GL052639.
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them increases with the acute angle between the incident
angle and the location of the point singularity (Figure 1c).
While the location of the singularity depends on the relative
strength between radial anisotropy and azimuthal anisotropy
as well as h [Crampin, 1991], we illustrate how global
average of the anisotropy property in the oceanic astheno-
sphere dictates fast polarization directions upon different
propagation directions and incident angles.
[12] These results enlighten the fact that the fast polariza-

tion direction is not necessarily parallel to the anisotropy
symmetry axis, but it depends on the anisotropy symmetry
as well as the direction of incoming wave and the incident
angle [e.g., Chevrot and van der Hilst, 2003]. Although the
SKS wave, a pure SV wave, is decoupled from the SH wave

and is insensitive to radial anisotropy with a vertical sym-
metry axis, radial anisotropy with a tilted slow symmetry
axis can dictate SKS wave fast splitting direction, especially
at high tilted angle (>20�) [Chevrot and van der Hilst, 2003].
The change of the fast polarization direction as a function of
incident angle shown in Figure 1c can be also used to infer
the effect of slab dip for a near vertical incidence (e.g., SKS)
case, assuming that the direction of symmetry axes (x1 and
x3) rotate together with the slab dip. In such a case, the fast
polarization direction switches from SV to SH as the dip
angle increases. If the oceanic asthenosphere is subducting
along with the slab, it is reasonable to assume that the fast
symmetry axis (or the x1 axis) is tilted parallel to the slab dip
and the slow symmetry axis (or the x3 axis) is tilted at an
angle normal to the slab dip (Figures 2a–2c), a general case
where the direction of absolute plate motion is normal to the
trench.
[13] We illustrate equal-area stereo plots displaying pre-

dicted fast polarization directions for all propagation direc-
tions and incident angles in models with azimuthal
anisotropy (Figures 2d and 2g), radial anisotropy (Figures 2e
and 2h) and orthorhombic anisotropy (Figures 2f and 2i).
Two cases with a slab dip of 15 degrees (Figures 2d–2f) and
40 degrees (Figures 2g–2i) are presented to demonstrate the
effect of slab dip on the shear wave fast polarization direc-
tion. Regardless of the slab dip, we find that azimuthal
anisotropy with a tilted fast symmetry axis predicts fast
splitting direction parallel or sub-parallel to the subduction
direction (x1 axis) (Figures 2d and 2g) upon incident angle
of SKS waves (10� < q < 15�), e.g., fast splitting direction is
universally normal or sub-normal to the trench. On the other
hand, radial anisotropy with a tilted slow symmetry axis
often results in fast splitting direction oblique to the trench
for shallow subduction (Figure 2e) and sub-parallel to the
trench for steep subduction (Figure 2h).
[14] Orthorhombic anisotropy with a tilted symmetry axis

reveals that fast splitting direction is strongly influenced by
the slab dip (Figures 2f and 2i). For a slab dip of 15 degrees,
the fast splitting direction is predominantly normal or sub-
normal to the trench (or along x1 axis) in the up-dip direction
(Figure 2f). The predicted splitting time is generally very
small for the near-vertical SKS wave from the down-dip
direction, but the fast splitting direction appears normal or
sub-normal to the direction of the incoming wave. We find
these predictions generally consistent with sub-slab SKS fast
splitting direction observed near the trench in shallow sub-
duction zones [Currie et al., 2004; Stubalio and Davis,
2007; Hicks et al., submitted manuscript, 2012]. For a sub-
horizontal slab (d < 10�), the SKS fast splitting direction is
always normal or sub-normal to the trench [Christensen and
Abers, 2010] (see also Figure S1c in Text S1).
[15] For a slab dip of 40 degrees, the fast splitting direc-

tion is predominantly parallel or sub-parallel to the trench (or
x2 axis) and it does not vary substantially with ray back-
azimuth (Figure 2i). This prediction is consistent with
observations of the so-called trench-parallel splitting obser-
vations in most of the subduction zones [13 out of 15 in
Long and Silver, 2009]. In these cases, the change of fast
splitting direction is controlled by the acute angle between
the tilted slow symmetry axis and the incident wave as well
as the location of point singularity, which is demonstrated in
Figure 1c. Finally, we note that our result does not depend
on the particular choice of anisotropy parameters presented

Figure 1. Phase velocities of the SV and SH waves for
(a) azimuthal anisotropy, (b) radial anisotropy and (c) ortho-
rhombic anisotropy. The result is calculated for incoming
waves whose surface projection is parallel to the x1 axis. Ste-
reo plots including results for incoming waves from all azi-
muths can be referred to Figure S1 in Text S1. Note that in
Figure 1c, the fast wave change from SV wave to SH wave
beyond 23�, which is consistent with (d) various seismic
observations at different incident angles used to constrain
seismic anisotropy in the oceanic asthenosphere.
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here and the conclusion remains over a wide range of para-
meters that satisfy observations in the oceanic asthenosphere
(Figure S2 in Text S1).

5. Discussions and Conclusions

[16] These results indicates that the orthorhombic anisot-
ropy that is consistent with the observed seismic properties
of the oceanic asthenosphere (including surface waves) may
explain the observations of sub-slab SKS splitting pattern, if
the oceanic asthenosphere subducts along with the slab. We
thus infer that the orientation of the sub-slab SKS fast
splitting direction is predominantly controlled by the nature
of anisotropy already in the oceanic asthenosphere and the
dipping angle of the slab. In the instances where the
incoming plate motion is oblique to the trench (see also
auxiliary material), the SKS splitting pattern is rotated with
respect to the incoming plate motion direction in shallow

subduction zones (Figure S3 in Text S1), but remains par-
allel or sub-parallel to the trench at steep subduction zones
since it is dominated by the effect of strong radial anisotropy
through the slab dip (Figure S3 in Text S1).
[17] To estimate the thickness of the entrained oceanic

asthenosphere globally, we calculate synthetic waveform
and compute SKS splitting times for various slab dips (see
also auxiliary material, Figure S4 in Text S1). To obtain a
first order estimate, we assume that the motion of the
incoming plate is normal to the trench for all cases with a
complete azimuthal coverage (see auxiliary material and
Figure S5 in Text S1). In general, the thickness of subducted
oceanic asthenosphere is about 100 � 50 km and it repro-
duces sub-slab SKS splitting times of 0.5–2 seconds
observed in global subduction zones (Figure 3). The thickness
in the southwest Pacific (Tonga-Kermadec, New Zealand)
appears thinner than that beneath the young plates in the
eastern Pacific (Cascadia, South America, Middle America),

Figure 2. Stereo plots of fast polarization directions upon different type of anisotropy symmetry and slab dip. X1 and X2

represent the direction of fast axis and the orientation of the trench, respectively. The direction of the bar represents the polar-
ization of the fast wave projected on the horizontal plane (or X1–X2 plane) at a given back azimuth and incident angle and its
length indicates the arrival time difference between the fast wave and slow wave, equivalently the splitting time. (a–c) The
model geometry with azimuthal anisotropy, radial anisotropy and orthorhombic anisotropy in the subducted oceanic
asthenosphere, respectively. (d–f) Fast polarization directions predicted for a slab dip of 15� and anisotropy symmetry shown
in Figures 2a–2c, respectively. (g–i) Fast polarization directions predicted for a slab dip of 40� and anisotropy symmetry
shown in Figures 2a–2c, respectively. Incident angles of the SKS wave and the S wave are shown in white and light brown
regime, respectively. The strength of azimuthal anisotropy, radial anisotropy and h are the same as those in Figure 1.
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but thicker than that beneath the old plates in the north-
western Pacific (Japan, Kamchatka, Izu-Bonin, Mariana). It
is, however, premature to precisely estimate the thickness of
subducted asthenosphere without high-resolution regional
anisotropic model beneath the incoming plate for different
subduction zones, but it appears difficult to argue against
subduction of oceanic asthenosphere itself.
[18] As noted by Long and Silver [2008, 2009], Aleutians

and Ryukyu subduction zones show minimum splitting time
(�0.3 seconds or less). Since sub-slab splitting is dictated by
the anisotropy property of the oceanic asthenosphere beneath
the incoming plate, one sensible interpretation in the context
of asthenosphere subduction is that the asthenosphere
anisotropy property of the incoming plate may be signifi-
cantly different from the global average, which can influence
splitting time as well as splitting direction (Figure S6 in
Text S1). Another possibility is that the strong anisotropy in
the wedge above the slab may make it difficult to see sub-slab
anisotropy from SKS splitting.
[19] We conclude that asthenosphere subduction is sub-

stantial (�100 � 50 km thick) on a global scale, supporting
a significant coupling between the subducting slab and the
oceanic asthenosphere, and potentially defying strong
buoyancy associated with the oceanic asthenosphere for
limited entrainment [e.g., Phipps Morgan et al., 2007; Long
and Silver, 2009]. This result also provides a new perspec-
tive on the nature of the oceanic asthenosphere. While any of
the olivine fabrics (A, D, E-type with slip in a-axis direction)
will show radial anisotropy for a horizontal flow [Mainprice,
2007; Karato et al., 2008], the strength of radial component

is comparably weaker than the azimuthal anisotropy and
inconsistent with seismic observations. The presence of
horizontal melt layer could boost the strength of radial
anisotropy [Mainprice, 1997; Kawakatsu et al., 2009].
However, as the oceanic asthenosphere subducts along with
the subducting slab, any melt that may be present is likely
solidified, which significantly reduces the strength of radial
anisotropy. To maintain the anisotropy property in the oce-
anic asthenosphere during subduction, the background solid
fabric must also display orthorhombic symmetry with a
strong radial component, which may be influenced by the
greater pyroxene content prior to melting [Mainprice and
Silver, 1993], oriented melt pockets [e.g., Holtzman et al.,
2003; Holtzman and Kendall, 2010], simultaneous activa-
tion of different slip systems [e.g., Ohuchi et al., 2011] or/
and transpression deformation [e.g., Tommasi et al., 1999].
[20] In any case, if subduction of the oceanic astheno-

sphere (�100� 50 km) is continuing down to the deep upper
mantle, as inferred from this study, the mass flux and geo-
chemical mixing associated with the entrained mantle via
subduction may have been underestimated and deserve to be
revisited. Future examination and validation of global
asthenosphere subduction against other hypotheses [Russo
and Silver, 1994; Long and Silver, 2008; Faccenda et al.,
2008; Jung et al., 2009] can be done by examining splitting
measurements from oblique incident teleseismic S waves
(20� < q < 40�), which are expected to display considerable
azimuthal variation in the fast splitting direction and some-
times differ from SKS splitting measurements (Figure 2).
This will be an important and immediate subject for the
future research. In addition, the linkage between surface
wave azimuthal anisotropy and SKS splitting in subduction
zones may be generalized from the assumption of a hori-
zontal fast symmetry axis [Montagner et al., 2000] to a tilted
slow symmetry axis or more general orthorhombic symme-
try. Last but not least, the simultaneous analysis of in-situ
OBS observation data for the surface wave dispersion and the
shear wave splitting will undoubtedly help to better constrain
the relative strength between azimuthal and radial anisotropy
and to further verify the basis of our inference.
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