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Upper mantle anisotropy beneath Japan from shear wave splitting

Maureen D. Long∗, Rob D. van der Hilst

Department of Earth, Atmospheric, and Planetary Sciences, Massachusetts Institute of Technology,
Room 54-520, 77 Massachusetts Ave., Cambridge, MA 02139, USA

Received 2 March 2005; accepted 5 March 2005

Abstract

In this study, we utilize data from 64 broadband seismic stations of the JapaneseF-net network to investigate the three-
dimensional pattern of anisotropy in the subduction system beneath Japan. We have compiled a database of approximately 1900
high-quality splitting measurements, selected by visual inspection of over 25,000 records ofS, SKS, andSKKSphases atF-net
stations, covering a wide range of incidence angles, incoming polarization angles, and backazimuths. Analysis of the variations of
measured splitting parameters with these parameters allows us to consider complexities in structure such as multiple anisotropic
layers, dipping symmetry axes, and small-scale lateral variations in anisotropic properties. Here we focus on the presentation
of the splitting measurements themselves; a detailed interpretation in terms of tectonics and mantle flow is beyond the scope of
this paper.

In the southern part of theF-net array, along the Ryukyu arc, we find that fast directions are consistently trench-parallel, with
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splitting times of 1 s or more. Moving northward along the array, the measured splitting patterns become more com
with significant variations in apparent splitting parameters that indicate complex anisotropic structure. Additionally, m
fast directions vary significantly over short length scales, and stations separated by less than 100 km often exhibit very
splitting behavior. This increase in complexity of anisotropic structure coincides geographically with the complicat
morphology of the subducting Pacific plate. At stations on Hokkaido, to the north, and Kyushu, to the south, we s
evidence that the fast direction of anisotropy may rotate from trench-parallel close to the trench to subduction-paralle
away from the trench, which may correspond either to a change in stress conditions and/or volatile content, or to a c
flow regime.
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1. Introduction

Elastic anisotropy in the Earth’s mantle can manif
itself in the azimuthal dependence of body and surf
wave propagation speed (Hess, 1964; Forsyth, 1975), a
E-mail address:mlong@mit.edu (M.D. Long). discrepancy between propagation speeds of Love and
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Rayleigh waves (e.g.,Crampin, 1977), and shear wave
splitting or birefringence (e.g.,Savage, 1999). Seismic
anisotropy is often assumed to have hexagonal symme-
try (i.e., transverse isotropy) with an axis of symme-
try that is either horizontal (i.e., azimuthal anisotropy)
or vertical (i.e., radial anisotropy), but other orienta-
tions may, of course, occur. Seismic anisotropy in the
upper mantle is a consequence of the strain-induced
crystallographic or lattice preferred orientation (LPO)
of intrinsically anisotropic mantle minerals, princi-
pally olivine. The relationships between deformation
and LPO in olivine have been explored experimentally
(e.g.,Zhang and Karato, 1995) and theoretically (e.g.,
Tommasi et al., 2000; Kaminski and Ribe, 2001), and
can also be inferred from petrographic examination of
mantle-derived rocks (e.g.,Christensen, 1984; Nicolas
and Christensen, 1987). With known or assumed rela-
tionships between tectonic processes and strain, on the
one hand, and between strain and anisotropy (through
LPO), on the other, observations of seismic anisotropy
can provide us with information about causes, mech-
anisms, and consequences of deformation in Earth’s
interior (Silver, 1996). Shear wave splitting measure-
ments are an especially powerful tool for characterizing
anisotropy because birefringence is an unambiguous
indicator of anisotropy (Babǔska and Cara, 1991).

We aim to use shear wave splitting to investigate
subduction-related processes – e.g., stress generation
and accommodation of deformation, melt production,
and migration – in the upper mantle. These processes
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deformation but their interpretation is particularly
difficult in subduction zone settings. There is a diverse
range of processes that could potentially affect the
three-dimensional anisotropic structure of subduction
zones, including corner flow in the mantle wedge in-
duced by viscous coupling between the slab and wedge
material, trench-parallel flow in the mantle wedge (due
to transpression) or beneath the slab (due to slab roll-
back), formation and migration of melt, flow around
the slab edge, frozen lithospheric anisotropy in the
slab, and anisotropic structure in the overriding plate.
Additionally, new experimental studies suggest that the
relationships between strain and resulting LPO can be
dramatically altered by the presence of a small amount
of water or other volatiles (Jung and Karato, 2001;
Karato, 2004) or by the presence of melt (Holtzman et
al., 2003). Subduction-associated processes, therefore,
are likely to lead to anisotropic structures that are more
complicated than the simple single-layer anisotropic
models that are often assumed when interpreting
splitting measurements. Various studies have explored
the effects of more complicated anisotropic models
on splitting measurements, such as multilayered
anisotropy (Fryer and Frazer, 1984, 1987; Silver and
Savage, 1994;̈Ozaleybey and Savage, 1994; Levin et
al., 1999, 2000), dipping symmetry axes (Hartog and
Schwartz, 2000; Chevrot, 2000; Chevrot and van der
Hilst, 2003), and smooth variations in fast axis orienta-
tion with depth (Saltzer et al., 2000). However, the in-
terpretation of shear wave splitting measurements in the
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re still poorly understood and even the actual pa
f mantle flow above and below slabs of subduc

ithosphere is not well known. Knowing the distrib
ion of seismic anisotropy can help address these is
e.g.,Park et al., 2002). The presence of anisotropy
he upper mantle beneath subduction zones has
ell established (e.g.,Ando et al., 1983; Fischer an
ang, 1994; Hiramatsu and Ando, 1996; Fouch
ischer, 1996; Iidaka and Obara, 1997; Fischer e
998, 2000; Park and Levin, 2002). A diverse rang
f splitting behavior has been associated with dif
nt subduction zones. Both trench-parallel and tre
erpendicular fast directions have been inferred (
usso and Silver, 1994; Park and Levin, 2002), wherea
t other stations above subduction zones no splitti
bserved (Fischer et al., 1998).

Shear wave splitting measurements can pro
powerful tool for characterizing upper man
resence of complicated three-dimensional anisot
tructure remains extremely difficult and non-uniq

Our long-term goal is to meet these challenges
igorous integration of seismological data analysis
eodynamical (flow) modeling. Japan, the geogra
al region of our primary interest, is well suited for su
n approach. First, the region is very well instrume
ecause of the need for continuous monitoring of s
ic and volcanic activity, and data from several bro
and seismic networks are freely available. Secon

s fairly well located with respect to both global se
icity (especially for teleseismic events in the 40–◦
picentral distance range, although azimuthal cove

or events at 85◦ and beyond is considerably poor
nd local seismicity from slab earthquakes. Third,
lab morphology associated with the subduction o
acific and Philippine plates beneath Eurasia (Fig. 1)

s known from travel time tomography (e.g.,van der
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Fig. 1. (a) Station map forF-net, along with relevant tectonic fea-
tures. Circles indicate the locations ofF-net stations as of mid-2002.
The locations of trenches (solid lines) and slab contours at 100 km in-
tervals (dotted lines) are shown, afterGudmundsson and Sambridge
(1998)and Engdahl et al. (1998). Arrows indicate the directions of
plate motions, and rectangles indicate the study areas ofNakajima
and Hasegawa (2004)(top) andSmith and Fouch (submitted for
publication)(bottom). (b) The locations of allF-net stations men-
tioned by name in the text.

Hilst et al., 1991; Fukao et al., 1992) and seismic-
ity (e.g., Engdahl et al., 1998; Gudmundsson and
Sambridge, 1998).

As a first step toward achieving the long-term goal,
we present here a large dataset of shear wave splitting
measurements fromF-net, a network of 64 broadband
stations in Japan (Fig. 1), and establish evidence for
complex anisotropic structure in the upper mantle
beneath the array. In the denser parts of the network,
the average station spacing is of the order of 70–80 km
(equivalent to the station spacing envisioned for the
USArray component of Earthscope). Our splitting
database contains approximately 1900 measurements,
with as many as 55 high-quality measurements for in-
dividual stations. We explore in detail the dependence
of splitting on backazimuth, incoming polarization
azimuth, and incidence angle. We address several
specific questions. What are the characteristic splitting
patterns atF-net stations, and what is the range of
splitting behavior over the array? Over what spatial
length scales does splitting behavior change or stay
constant, and what can this tell us about different styles
of deformation in the upper mantle? Are splitting
patterns atF-net stations generally consistent with
simple, single-layer anisotropic models, or do we
see evidence for complexity in anisotropic structure
beneath Japan? Do features of the splitting map for the
F-net network correlate with tectonic features? What
do ourF-net splitting results tell us generally about
interpreting splitting measurements in subduction zone
e
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nvironments?

ig. 2. A map of events used in this study, March 19
ay 2004.
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2. Data and methods

We utilize data fromF-net (Fig. 1), a network of 82
broadband stations that is administered by the Japanese
National Research Institute for Earth Science and Dis-
aster Prevention (NIED). We have processed data for a
subset of 64 stations of theF-net array, which were in-
stalled in or before 2001 and were collectively known
as the FREESIA array. The firstF-net stations were
installed in early 1995.F-net data is made available
on the web by NIED (www.fnet.bosai.go.jp). Despite
relatively high levels of cultural noise in Japan and
the proximity of manyF-net stations to the ocean,

the data quality forF-net stations is very high and we
found only three stations (TYM, TTO, and IWT) with
insufficient data quality to carry out a detailed splitting
analysis.

We have selected recordings of teleseismic direct
Sphases for epicentral distances from 40 to 80◦, SKS
from 85 to 120◦, andSKKSfrom beyond 105◦. At some
stations we have also analyzed localSphases from deep
slab earthquakes. A map of events used in this study
is shown inFig. 2. Coverage forSKSandSKKSis re-
stricted to certain backazimuthal ranges, but backaz-
imuthal coverage for directSphases is adequate, and,
in addition, there is abundant local seismicity. We con-
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ig. 3. (A) A raw, unfiltered seismogram at station SGN, with the expe
arth model shown. (B) The record has been bandpass filtered betwee
as been deconvolved (seeChevrot, 2000) and windowed around the SK
hown. In the top trace, the transverse component is overlain with th
ransverse component matches the derivative of the radial componen
cted arrival times forSKS(ac),SKS(df), SKKS, andSdifffrom theiasp91
n 0.02 Hz and 0.125 Hz. A clearSKSarrival can be seen. (C) The seismogram
S phase; the radial (bottom) and transverse (middle) components are
e time derivative of the radial component. As expected, the shape of the
t. Vertical bars indicate the time window used in the splitting analysis.

http://www.fnet.bosai.go.jp/
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sider splitting from these different types of shear wave
phases together; these phases take very different ray-
paths through the mantle and/or core, but they sample
the region beneath the stations in a very similar way. A
justification for this approach, which has been followed
by previous studies (e.g.,Hartog and Schwartz, 2000),
is contained in Section4.1. For teleseismicSphases, we
restrict our search to deep (>200 km) events to reduce
contamination from near-source anisotropy. For direct
Sphases, the polarization vector of the incoming wave
is determined directly from the seismogram by mea-
suring the direction of maximum polarization (Vidale,
1986). We apply a four-pole Butterworth bandpass fil-
ter with corner frequencies at 0.02 Hz and 0.125 Hz
to the data, and window around the phase of inter-
est based on the predicted traveltimes from theiasp91
earth model (Kennett and Engdahl, 1991). Records
were visually inspected for good signal-to-noise ratio
and waveform clarity; we compared the shapes of the
radial and transverse waveforms to ensure that energy
on the transverse component conforms to expectations
for anisotropy. A recording of anSKSarrival at sta-
tion SGN in various stages of processing is shown in
Fig. 3.

In order to be able to recognize complex anisotropy
better and obtain robust estimates of splitting parame-
ters we use two complementary methods for estimat-
ing the shear wave splitting parametersϕ and�t (the
polarization direction of the fast shear arrival and the
time separation between the orthogonal components,
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tor that maximizes the similarity in the pulse shapes
of the corrected horizontal seismogram components
(which therefore maximizes their cross-correlation).
The second method, due toChevrot (2000), uses the
variation of the amplitudes of the transverse com-
ponents with incoming polarization angle (which for
core-refracted phases such asSKSis equivalent to the
backazimuth). For a homogenous layer of anisotropy
with a horizontal axis of symmetry the amplitude of
the transverse seismogram componentT(t) is given
by:

T (t) ≈ −1
2(�t sin 2β) R′(t)

whereR′(t) is the time derivative of the radial wave-
form andβ is the angle between the incoming polar-
ization vectorp and the fast directionϕ. The ratio of
the transverse amplitude to the amplitude of the time
derivative of the radial component as a function of in-
coming polarization angle is known as the splitting
vector; in the case of a single horizontal anisotropic
layer we can retrieve (ϕ, �t) from the phase and am-
plitude of the sin(2θ) curve that best fits the observed
splitting vector. If the anisotropy is more complex, the
splitting vector would not show a simple sinusoidal
behavior and the (ϕ, �t) determined with the cross-
correlation method would depend on backazimuth (or
p for direct waves). In this case, the measured split-
ting parameters are merely “apparent” measurements
and must be interpreted with complex anisotropy in
mind.
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ig. 4. The results of the splitting analysis using theChevrot (200
sing the cross-correlation method, for station TKA. In panels (
anels (J–L), we display theChevrot (2000)results only for station
ector include a rose diagram (inset) showing the distribution o
iagram indicate the best fit from theChevrot (2000)method. Dire

riangle. Each plot shows the relevant splitting parameter plotte
or SK(K)Sphases. For directSphases, the polarization angle (
ngles for events with a backazimuth in the range 90–270◦ were t
idely different polarizations will plot 180◦ apart. This conventio

nterpretation.
. Splitting results

.1. Splitting patterns at individual stations

For each of the 64F-net stations we have measu
pparent splitting parameters as a function of inc

od (A) along with measured fast directions (B) and split times
nd (G–I), we show the results for stations SGN and TMR, respe
HSS, and FUJ. All error bars are 2σ. All plots of the Chevrot splittin
irections found with the cross-correlation method. Gray bars o
ses are marked with a circle; core-refracted phases are marke
st the incoming polarization angle, which is equivalent to the ba

as measured directly from the seismogram. Measured polariz
justed by adding 180◦, so that events with similar polarizations
s the splitting patterns easier to visualize, but in no way chang
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ing polarization angle. Because of the excellent data
coverage, with some stations having as many as 55
good recordings, we are able to characterize the split-
ting patterns in great detail. For six stations (marked
on Fig. 1), which are representative of the wide range
of splitting behavior present atF-net stations, we show
in Fig. 4 the results of both theChevrot (2000)and
the cross-correlation method. It is obvious from a vi-
sual inspection ofFig. 4 that a wide range of split-
ting behavior is observed atF-net stations. For stations
FUK and TKA (seeFig. 1 for station locations) the
Chevrot (2000)splitting vector is fit very well with
a sin(2θ) curve, and the measured fast directionsϕ

and split times�t obtained from the cross-correlation
method show no systematic variation (and little scat-
ter) with incoming polarization azimuth. The average
splitting parameters obtained with the cross-correlation
method agree well with the (ϕ, �t) retrieved from the
Chevrot (2000)splitting vector. At stations TMR and
FUJ, however, the measured splitting patterns are strik-
ingly different from the simple splitting behavior at
FUK and TKA. Although there is ample evidence for
splitting and, therefore, for anisotropy, significant vari-
ations in apparent splitting with incoming polarization
angle are present in both theChevrot (2000)and cross-
correlation measurements. These observations suggest
that the anisotropy beneath TMR and FUJ is compli-
cated. The remaining two stations shown inFig. 4, SGN
and HSS, exhibit splitting behavior that is somewhat in
between the two endmember cases; at both of these
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Fig. 5. (a) A map of the types of splitting behavior observed atF-net
stations. At stations marked with a black square, the splitting behavior
is Category I (see text) and is consistent with a simple anisotropic
model. Category II stations are marked with a black triangle. At
stations marked with a gray circle, the splitting behavior is Category
III and is inconsistent with a simple model. Category IV stations, for
which the data quality is poor, are marked with an open diamond.
(b) A map of fast directions atF-net stations. We plot a fast direction
for all Category I and Category II stations.
tations there is significant variation in measured s
ing parameters with incoming polarization azimu
ut a significant part of the splitting signal appear
e consistent with a simple anisotropic model, an

s possible to find average splitting parameters tha
lain the main features of the splitting pattern.

.2. Geographical variations in splitting
arameters

We synthesize our database of over 1900 spli
easurements into a map of geographical varia
f shear wave splitting forF-net. This map is shown
ig. 5, along with contours of Wadati–Benioff seism

ty at 100 km intervals. We have somewhat arbitra
ivided the stations into four categories: (I) splitting
avior consistent with a single horizontal anisotro

ayer (e.g., FUK and TKA,Fig. 4); (II) splitting pat-
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tern deviates from a simple anisotropic model, but
meaningful average splitting parameters can still be
extracted (e.g., SGN and HSS,Fig. 4); (III) evidence
of anisotropy, but splitting pattern deviates strongly
from the predictions of a simple model and complex
anisotropic structure is very likely present (e.g., TMR
and FUJ,Fig. 4); (IV) data quality is insufficient. Cate-
gory II can be thought of as an “intermediate” category
between “simple” (Category I) and “complex” (Cat-
egory III) stations. For stations in Category II we do
compute average splitting parameters and we do ex-
pect them to have physical meaning, but we recognize
that there is probably a slight deviation from a perfectly
simple, homogeneous, single-layer anisotropic model.
For example, it could imply an anisotropic layer with a
slight dip, or a two-layer model where one layer is much
thicker and/or more anisotropic than the other. We rec-
ognize that by computing average splitting parameters
for Category II stations we are missing some subtle
aspects of the anisotropy beneath the station. This is
why we carefully distinguish between Category I and
Category II stations and invest a greater degree of con-
fidence in the average splitting parameters for Category
I stations. For all stations in Category I and Category
II, the average fast direction is indicated on the split-
ting map (Fig. 5). A summary of splitting behavior at
all F-net stations can be found in theAppendix A, both
in table form (Table A.1) and as a plot of circular his-
tograms (rose diagrams) showing the distribution of
measured fast directions at each station (Fig. A.1).
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nearly all stations exhibit a higher degree of complex-
ity than the stations in the southern part of the array,
which coincides geographically with the complex mor-
phology of the Marianas–Japan–Kuril slab compared
to the simple morphology of the Philippine slab. In the
northernmost part of the array, on Hokkaido, the fast di-
rections seem to rotate from trench-parallel for stations
vertically above the 100 km depth contour of the slab,
to trench-perpendicular for stations located farther to
the northwest of the trench.

4. Discussion

4.1. The range of splitting behavior at F-net
stations: implications for deformation

At severalF-net stations we observe splitting pat-
terns that are consistent with a single horizontal
anisotropic layer, but most stations exhibit more com-
plexity. Some of this complexity may be due double-
layer anisotropy, e.g., beneath SGN. The range in split-
ting behavior observed atF-net stations argues for a
range of possible anisotropic structures beneath the
Japanese islands, and for a range of deformation styles
or geometries. In some areas, most notably the Kanto-
Tokai region where slab morphology is most compli-
cated, stations that are separated by less than 70 km
often exhibit totally different splitting behavior. This
could be attributed to very shallow anisotropy, based
o 5;
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The splitting map for theF-net network exhibits sev
ral intriguing geographical variations. First, ther
uch variability in the character of splitting beh

or from station to station, and in some regions sh
ave splitting changes dramatically over lateral

ances as small as 50 km. A Fresnel zone argu
e.g.,Alsina and Snieder, 1995) would suggest that
east some of the observed signal has a shallow m
rigin. In the southernmost part of the array, along
yukyu arc, the fast directions are consistently tre
arallel. Moving northward along the array into
entral Kanto-Tokai region, the splitting behavior
omes more complicated and small-scale spatial v
ions become more pronounced. Both the measure
irections and the character of splitting patterns
apidly over this part of the network, although ma
tations in the central part of the array exhibit a fas
ection trending roughly NW–SE. In northern Hons
n a Fresnel zone argument (Alsina and Snieder, 199
avier and Chevrot, 2003), or it could be a consequen
f lateral heterogeneity in anisotropic structure on v
hort length scales. In other areas, most striki
long the Ryukyu arc, we observe splitting patte

hat are remarkably consistent over∼700 km length
cales. This geographic coherence in splitting beh
s likely a result of large-scale coherence of upper m
le flow patterns or other anisotropy-generating m
nisms.

.2. Does splitting result primarily from upper
antle anisotropy?

Because shear wave splitting is a path-integr
easurement, without additional information it is
ossible to deduce the location of the anisotropy a

he path from a single measurement. We explain
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why we neglect contributions from the crust, the lower
mantle, and near-source structure.

First, we note that although the ray geometry
for the different types of phases used (S, SKS, and
SKKS) are quite different, their raypaths through the
anisotropic upper mantle beneath the array are nearly
identical and they sample the anisotropic region in
nearly the same way. It is probable that our measure-
ments contain some signal from crustal anisotropy,
as crustal rocks are often anisotropic and can fre-
quently have intrinsic shear wave anisotropy approach-
ing ∼50% (e.g.,Crampin, 1977). However, the split
times attributed to crustal anisotropy are typically
much smaller than those attributed to upper mantle
anisotropy (Silver, 1996; Savage, 1999) due to the
much shorter path lengths in the crust compared to
those in the upper mantle.Kaneshima (1990)stud-
ied shear wave splitting due to crustal anisotropy
in Japan and found split times less than 0.2 s, and
typically less than 0.1 s. We typically see a much
larger split time (e.g., 0.70–1.5 s) atF-net stations, but
we acknowledge that a small amount of contamina-
tion from crustal anisotropy is possible and, perhaps,
likely.

Another possible source of contamination is a con-
tribution from anisotropy in the lower mantle. We view
this possibility as unlikely for two reasons. First, pre-
vious studies of mineral physics and seismological re-
sults (Meade et al., 1995; Niu and Perez, 2004) argue
that most of the splitting ofSKS-type phases, which
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Next we consider possible contributions from near-
source anisotropy. Because most of the phases in our
dataset are directSphases, this is a serious concern. In
order to reduce the contamination by anisotropy in the
shallow mantle near the source we restrict our dataset
to events with hypocenter depths greater than 200 km.
However, anisotropy has been inferred to exist to depths
as great as 400 km or perhaps deeper in subduction
zone environments (e.g.,Fouch and Fischer, 1996;
Fischer and Wiens, 1996). If anisotropy near the deep
sources considered has a detectable effect on our split-
ting measurements, we would expect (1) that this effect
is similar for all stations of the array since the range of
wave vectors associated with the deep events consid-
ered in our study is fairly small and (2) that omitting
data from deep events would alter the inferred split-
ting parameters. We have investigated the possibility
of both types of expression. First, we investigated for
each deep earthquake the pattern of splitting parameters
across the array. Only one deep event (beneath Tonga)
produced a spatially coherent signal, with splitting of
∼1.5 s and a roughly N–S fast direction. To reduce pos-
sible bias from near-source anisotropy from this event,
we discarded data from this event. Any remaining long
wavelength imprint due to distant source-side structure
is unlikely to influence the character of the short wave-
length variations of splitting parameters across the ar-
ray. Second, we subdivided the set of deep events into
four geographic regions and two depth ranges, and we
inspected the effect on the splitting pattern at station
H ons.
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significant contribution to teleseismic shear w
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nstead, we observe that stations separated by
istances (∼100 km) often have completely differe
plitting patterns. This argues against a system
ontribution to the anisotropic signal from the low
antle.
SS of omitting data from any of these source regi
he results of this test are presented inFig. 6. In general
emoval of data from different groups of events does
ignificantly change the inferred splitting parame
or this station. Only one group of intermediate de
z< 400 km) events beneath the Fiji-Tonga region m
nduce some complexity to the splitting pattern (Fig. 6),
ut even here the effect is small compared to the
erved spatial changes in splitting parameters alon
rray. Finally, for stations in the Ryukyu arc we h
easured splitting for both teleseismic and local

vents. These two types of measurements give
imilar results, which precludes significant contam
ion from source-side or lower mantle anisotropy (
ig. 7).

We conclude, therefore, that most of the sp
ing signal we observe atF-net stations results fro
nisotropy located in the shallow mantle beneath th
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Fig. 6. (a) A map of the event distribution for station HSS, subdi-
vided into regions used in the hypothesis testing described in Sec-
tion 4.1. DirectSevents are indicated with circles; black circles in-
dicate events deeper than 400 km, and gray circles indicate events
between 200 km and 400 km depth.SK(K)Sevents are marked with
diamonds. (b) TheChevrot (2000)splitting vector for station HSS.
The splitting intensities for intermediate-depth events in the New
Hebrides–Tonga–Kermadec subduction zone are plotted with gray
triangles; all other events are plotted with black circles.

ceivers, and that contributions from the crust, the lower
mantle, and near-source anisotropy for directSphases
are negligible. By implication, data from directSand
SK(K)Sphases can be interpreted jointly for the pur-
pose of our study.

4.3. Is anisotropy located primarily in the
lithosphere or the asthenosphere?

The relative contributions of lithospheric and as-
thenospheric anisotropy have been hotly debated (see

Fig. 7. (a) The combined teleseismic splitting vector for all Ryukyu
arc stations is shown with gray circles. The dark line indicate the
best sin(2θ) fit to the teleseismic splitting data. Also shown are the
splitting results for nine local slab events; these results are plotted
in black. (b) For clarity, the individual teleseismic splitting results
have been removed and only local events are shown. The sin(2θ) fit
is the same as shown in (a). Events with hypocenter depths between
50 km and 100 km are plotted as triangles; those deeper than 100 km
are plotted as squares. All deep slab events are consistent with as
much splitting (or more) than the average teleseismic splitting, while
shallower slab events show little or no splitting. These results suggest
that anisotropy is concentrated in the deeper part of the superslab
mantle.

reviews bySilver, 1996and Savage, 1999) and it is
clear that in some continental regions contributions
from both must be considered (e.g.,Simons and van
der Hilst, 2003). We cannot rule out contributions from
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the lithosphere, but for the current presentation of the
results we assume that asthenospheric anisotropy con-
tributes significantly to splitting observed atF-net.
First, the magnitude of the splitting times forF-net sta-
tions (often larger than 1 s) may be difficult to explain
with lithospheric anisotropy alone, but would be con-
sistent with the large deformation that can be expected
at subduction zones. Second, there is significant obser-
vational evidence for an asthenospheric component in
subduction zones worldwide (e.g.,Fischer et al., 1998;
Fischer and Wiens, 1996; Fouch and Fischer, 1996;
Smith and Fouch, submitted for publication; Peyton
et al., 2001, and others). Furthermore, for stations that
are consistent with a simple anisotropic model (Fig. 5)
we expect that there is either little contribution from
lithospheric anisotropy or that the lithospheric and as-
thenospheric fast directions are closely aligned. The
complexity observed at other stations could be due to a
lithospheric contribution, however, and in our future
modeling of the splitting parameters both the litho-
spheric and asthenospheric contributions will be inves-
tigated more quantitatively.

4.4. Interpretation of F-net splitting in terms of
tectonic features

Perhaps the most striking feature of theF-net split-
ting map is the consistently trench-parallel fast direc-
tions along the Ryukyu arc (Fig. 5). It is worth noting
that both trench-perpendicular and trench-parallel fast
d ropy
h e.g.,
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mic splitting patterns (Fig. 7). While the usefulness of
this comparison is limited by the number of local events
located directly beneath Ryukyu stations, this compar-
ison seems to rule out significant contributions from
anisotropy beneath the slab. Additionally, it seems dif-
ficult to explain anisotropy in the mantle wedge with
trench-parallel flow due to transpression, as the conver-
gence direction at the Ryukyu arc is nearly perpendic-
ular to the strike of the trench. Therefore, it seems that
corner flow coupled with “unusual” LPO is the most
likely mechanism for the trench-parallel fast directions
in the southernmost part of the array.

A second striking feature in our dataset is the appar-
ent rotation of the fast direction from trench-parallel
close to the trench to trench-perpendicular farther in-
land; this is observed very clearly at Hokkaido stations
and is also present in the transition from northern
Ryukyu stations to southern Kyushu stations (Fig. 5).
It has been suggested byKarato (2004)that such a ro-
tation could be associated with the spatial variations in
water content and/or stress conditions.Karato (2004)
hypothesized that the rotation can be explained by sim-
ple corner flow in the mantle wedge, in which the pri-
mary flow direction is trench-parallel, in combination
with so-called “Type B” olivine LPO associated with
high stress and/or high H2O content (Jung and Karato,
2001) close to the trench. Farther away from the trench,
either the mantle material is dehydrated or the prevail-
ing stress conditions are lower, and a “Type A” olivine
LPO pattern is established. An alternate hypothesis is
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ow above the slab, due to transpression of the ov
ng mantle wedge (Mehl et al., 2003), trench-paralle
ow beneath the slab due to slab rollback or a s
ar mechanism (Peyton et al., 2001) or corner flow in
he mantle wedge induced by viscous coupling with
owngoing slab, along with the presence of an “exo
eformation-induced LPO pattern (Jung and Karato
001; Holtzman et al., 2003).

In an attempt to determine which of the above p
ibilities is most plausible we measured splitting fr
ocal events beneath the Ryukyu stations and comp
he observed splitting from local events to the teles
l

hat the rotation is associated with complicated fl
atterns in the upper mantle, perhaps associated

he kink in the Pacific slab beneath Hokkaido and a
iated with the confluence of the Pacific and Philipp
labs beneath southern Kyushu. Without fur
odeling we cannot distinguish between these
ypotheses but we note that the rotation from tre
arallel fast directions close to the trench to tren
erpendicular away from the trench that we observ
urF-net dataset has been observed in other subdu
ystems (e.g.,Smith et al., 2001; Margheriti et al., 199
akajima and Hasegawa, 2004), although the opposi

rend has also been observed (Levin et al., 2004).
A third striking feature of our splitting dataset is t

haracter of splitting patterns at stations in north
onshu (Fig. 5). The stations in northern Honshu a
outhernmost Hokkaido exhibit splitting patterns
re more complicated than a simple anisotropic m
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Fig. 8. The splitting vectors for five northern Honshu stations (IYG,
GJM, KSN, KSK, and SBT) are plotted with different symbols and
shading. Although the splitting patterns are clearly inconsistent with
a simple anisotropic model, they are coherent over long length scales.

would allow; however, the patterns at these stations
are coherent over long spatial length scales (shown
in Fig. 8). The splitting patterns obtained using the
Chevrot (2000)method exhibit significant departure
from a simple sin(2θ) variation; in fact, a sin(θ) pe-
riodicity seems to dominate the signal. This may in-
dicate the presence of a dipping axis of anisotropic
symmetry (Chevrot, 2000; Chevrot and van der Hilst,
2003), but more detailed forward modeling is needed to
confirm this interpretation. The presence of a dipping
axis of symmetry would be consistent with the domi-
nant tectonic feature beneath this group of stations, the
westward-dipping Pacific slab.

Finally, we emphasize that in the region under study
a rapid spatial variation in observed splitting patterns is
usually correlated with complexity in slab morphology.
In locations, where the slab morphology is simple, such
as along the Ryukyu arc or beneath northern Honshu,
the splitting behavior is generally consistent among sta-
tions separated by several hundred kilometers. Sections
of the array where splitting behavior changes rapidly
between stations separated by∼70 km or less, such
as the Kanto-Tokai region, or where splitting behav-
ior at individual stations is usually more complicated
than a simple anisotropic model would allow, such as
Hokkaido, are generally located above areas of compli-
cated slab morphology (Fig. 5). This correspondence

provides support for the idea that complicated slab mor-
phology may induce complex upper mantle flow pat-
terns, which in turn manifest themselves as rapid spatial
variations in shear wave splitting behavior.

4.5. Implications for other subduction zones

Our investigation has shown that the majority of
F-net stations exhibit variations in measured splitting
parameters with backazimuth and/or incoming polar-
ization direction that are inconsistent with a simple
anisotropic model. We emphasize the danger of inter-
preting a single splitting measurement at one of these
stations in terms of mantle anisotropy. For stations with
complicated splitting patterns, the splitting parameters
inferred from a singleSK(K)Sor teleseismicSwave ar-
rival can be misleading and the interpretation must be
based on of a large number of measurements covering
a range of backazimuths and/or incoming polarization
azimuths. AtF-net stations, complicated splitting pat-
terns at individual stations are commonplace; in fact,
stations that exhibit splitting patterns consistent with a
simple anisotropic model are the exception rather than
the rule. It seems likely that complex splitting is com-
mon in other subduction zones and in other tectonically
complicated regions. Therefore, caution should be ex-
ercised when interpreting a single splitting measure-
ment in terms of upper mantle anisotropy at stations
that overlie complex tectonic structure.
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.6. Comparison with previous studies

Two recent studies have investigated the split
f local S phases due to upper mantle anisotrop
apanese stations.Smith and Fouch (submitted f
ublication)used data from local slab events bene
subset of theF-net stations, whileNakajima and

asegawa (2004)exploited data from shallow an
ntermediate-depth earthquakes measured at s
eriod stations of the Hi-net array, which is a
perated by NIED. A direct comparison of local a

eleseismic splitting is difficult, but we find seve
oints of agreement between the main features o
ataset and these two studies.

The work of Smith and Fouch (submitted f
ublication)focused on a subset of theF-net network
nd covered the area from roughly 32 to 36◦N and
34 to 138◦W (seeFig. 1). Their dataset covers eve
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with hypocentral depths ranging from approximately
25 km to nearly 500 km. The three main features of their
dataset that are consistent with our work are as follows.
First, they find fast directions that trend consistently
NW–SE at a group of stations in the southern Kanto-
Tokai region (OHS, KNY, and NAA). We find simi-
lar NW–SE fast directions at stations KNY and NAA,
as well as nearby stations HKW and KNM. Secondly,
they identify a region to the southwest of the NW–SE
trending fast directions where fast directions trend ap-
proximately perpendicular, to the SW–NE. This is con-
sistent with our results for stations TGA and ISI in
this region. Finally,Smith and Fouch (submitted for
publication)note a consistent increase in the measured
splitting time with increasing hypocenter depth, with
the largest split times (associated with events from 400
to 500 km depth) of approximately 1 s. Although we
lack such depth resolution, their results for deep events
are quite consistent with the average split times we ob-
tain from teleseismic events at the stations in their study
region, which range from∼0.6 s to∼1.0 s.

The work of Nakajima and Hasegawa (2004)fo-
cuses on a region beneath the southern part of Tohuku,
covering the area from roughly 36 to 39◦N and 138 to
142◦E. The station density for the Hi-net network is
far higher than forF-net; there are only 9F-net sta-
tions located in theNakajima and Hasegawa (2004)
study area compared to approximately 75 Hi-net sta-
tions. Moreover, they only consider data from relatively
shallow earthquakes, and thus presumably sample the
c dif-
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tained byNakajima and Hasegawa (2004)(0.1–0.4 s).
This discrepancy highlights the greater sensitivity to
crustal anisotropy in the Shimizu et al. dataset.

5. Future work

We emphasize that the interpretations of the data
presented in this paper should be considered as
preliminary. We have assembled a large dataset for
shear wave splitting and have thoroughly investigated
the dependence of measured values for (ϕ, �t) on
parameters such as incoming polarization azimuth,
but the interpretation of splitting parameters is dif-
ficult and inherently non-unique, especially in the
presence of complex anisotropic structure. However,
we believe that our dataset affords us a chance to
characterize more quantitatively the three-dimensional
structure of the upper mantle. By bringing to bear
more sophisticated forward (numerical modeling
of geodynamic processes in the mantle wedge and
beneath the slab) and inverse (the inversion of shear
wave splitting measurements for three-dimensional
anisotropic structure) techniques, we will more fully
exploit the splitting dataset we have assembled.

6. Summary

We have assembled and processed a large database
of teleseismic shear wave (S,SKS, andSKKS) splitting
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t stations HRO, ONS, and KZK. This is consistent w
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ndly, we note that the split times we obtained for
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re considerably larger than the highest split times
easurements for the broadbandF-net array in Japa
or each station we analyzed records covering a
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ngles, and we looked for variations in measured s

ing parameters that could be indicative of comp
nisotropic structure. Most of theF-net stations ex
ibit splitting behavior that is more complicated th
simple, homogenous, single-layer anisotropic m
ould allow. We observe two endmember scenario
eographical variations in splitting behavior. In so
arts of the array, most notably the Ryukyu arc,
bserve splitting behavior that is consistent betw
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eparated by as little as 70 km exhibiting comple
ifferent splitting patterns. We cannot rule out a lit
pheric contribution but our observations seem m
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Fig. A.1. Rose diagrams showing the distribution of fast directions measured with the cross-correlation method at 55F-net stations. For stations
in Category I and Category II, the best-fitting fast direction found with theChevrot (2000)method is marked with a gray line. For station
locations, categorizations, and best-fitting splitting parameters, seeTable A.1. Stations with poor data quality (IWT, TTO, and TYM) are not
shown on this figure; rose diagrams for stations TKA, SGN, TMR, FUJ, FUK, and HSS are shown inFig. 4.
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consistent with significant complexity in anisotropic
structure in the asthenospheric upper mantle beneath
much of Japan. Our observations allow several pre-
liminary interpretations in terms of tectonic processes,
but the long-term goal of this work is to combine geo-
dynamical modeling and inversion of shear wave split-
ting measurements to obtain a quantitative model of the
three-dimensional anisotropic structure beneath Japan.
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Appendix A

Here, we provide a summary of our splitting mea-
surements at all stations. InFig. A.1, we plot circular
histograms (rose diagrams) showing the distribution
o tion
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Table A.1 (Continued)

Station name Lat Lon ϕ (◦) �t (s)

ONS 36.15 138.98 −64 0.78
TAS 31.19 130.91 45 0.75
TKA 31.51 130.79 52 0.63
UMJ 33.57 134.04 56 0.78
URH 42.93 143.67 87 0.68
WTR 34.37 136.58 70 0.56
YTY 34.28 131.04 −20 0.73
ZMM 26.23 127.31 45 0.55

Category II
CHS 35.70 140.86 43 0.73
HID 42.82 143.41 −50 0.28
HSS 42.96 141.23 −37 0.78
ISI 34.06 134.46 50 0.33
KMU 42.24 142.97 −79 0.59
KNM 35.72 137.18 −74 1.10
KNY 34.87 138.07 −31 0.26
KSK 38.25 140.59 −34 0.41
KYK 30.37 130.41 71 0.37
KZK 37.30 138.52 −38 0.34
MMA 41.16 140.41 59 0.38
NAA 35.22 137.37 −48 0.39
NMR 43.37 145.75 80 0.72
NOK 34.14 135.35 45 0.45
NRW 34.76 133.53 −64 1.09
NSK 34.34 132.00 −30 0.39
SGN 35.51 138.95 −48 0.54
SBR 33.50 130.26 −49 0.38
TKO 31.89 131.23 16 0.33
TMC 32.60 130.92 11 1.40
TNK 44.78 142.08 −13 0.54
TSA 33.17 132.82 71 0.27

Category III
ABU 34.86 135.57
ASI 36.65 139.42
FUJ 35.23 138.42
GJM 39.95 140.12
HKW 35.09 138.14
IMG 42.39 140.14
INN 33.47 131.31
IYG 40.12 141.59
IZH 34.13 129.21
JIZ 34.91 139.00
KIS 33.86 135.89
KNP 43.76 143.71
KSN 38.97 141.53
OHS 34.68 138.01
SBT 37.97 139.45
SMZ 34.99 138.52
TGA 35.18 136.34
TGW 33.97 132.93
TKD 32.81 131.39
TMR 41.10 141.39
TNR 34.91 137.89
f fast directions measured with the cross-correla
ethod. For all stations in Category I and Categor

he average fast direction measured with theChevrot
2000)method is shown with a gray line.Table A.1
rovides station coordinates for all stations as we
est-fitting splitting parameters (ϕ, �t) for stations in
ategory I and Category II.

able A.1
tation coordinates forF-net stations, along with best-fitting splitti
arameters for all Category I and Category II stations

tation name Lat Lon ϕ (◦) �t (s)

ategory I
AMM 28.15 129.30 46 0.65
FUK 32.71 128.76 −59 1.13
HRO 37.22 140.88 −46 0.38
IGK 24.41 124.18 53 1.10
KFU 35.75 138.57 −34 0.79
KGM 26.75 128.22 47 0.58
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Table A.1 (Continued)

Station name Lat Lon ϕ (◦) �t (s)

YAS 35.65 135.16
YMZ 36.92 140.25
YSI 35.19 132.89
YZK 35.09 134.46

Category IV
IWT 35.93 139.74
TTO 35.83 138.12
TYM 34.97 139.84
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