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I N T RO D U C T I O N
The transition zone is characterized by global seismic discontinuities in the mantle at 410 km and 660 km depth (e.g. Dziewonski
& Anderson 1981; Helffrich 2000). The dominant mineral phases
are wadsleyite in the upper transition zone (between 410 km and
520 km) and ringwoodite in the lower transition zone (between
520 km and 660 km). Below the 660 km discontinuity lies the lower
mantle, whose dominant mineral phase is (Mg, Fe)SiO3 perovskite,
or bridgmanite (e.g. Bina & Wood 1987; Katsura & Ito 1989;
Shearer 1990; Ita & Stixrude 1992; Tschauner et al. 2014). Globally, there is mixed evidence for the presence of seismic anisotropy
at mid-mantle depths (transition zone and uppermost lower mantle), with some studies arguing for little to no anisotropy (e.g.
Fischer & Wiens 1996; Kaneshima 2014), globally present
anisotropy (Trampert & van Heijst 2002) or anisotropy only in
the upper transition zone (e.g. Fouch & Fischer 1996; Fischer et al.
1998). In the vicinity of subducting slabs, evidence for anisotropy
at mid-mantle depths from studies of shear wave splitting is accumulating (e.g. Wookey et al. 2002; Wookey & Kendall 2004; Foley
& Long 2011; Di Leo et al. 2012; Lynner & Long 2014).

C

Measurements of seismic anisotropy offer relatively direct constraints on patterns of deformation in the mantle (e.g. Savage 1999;
Long & Silver 2009). Seismic anisotropy arises from the alignment
of anisotropic minerals when deformed via dislocation creep, developing a lattice preferred orientation, or LPO (e.g. Karato et al. 2008).
Most shear wave splitting studies focus on the upper mantle, where
olivine is the dominant anisotropic mineral and the relationships between strain and anisotropy are relatively well known (Karato et al.
2008). In deeper regions of the mantle, the relationship between
strain and the resulting anisotropy is poorly understood. Despite
this limitation, measurements of anisotropy at mid-mantle depths
have the potential to offer significant insights into deep mantle dynamics.
Recently, progress has been made on several fronts in examining
and interpreting mid-mantle anisotropy. Mineral physics experiments have shown that wadsleyite and ringwoodite are anisotropic
(e.g. Tommasi et al. 2004; Mainprice 2007) and that wadsleyite can
develop LPO and contribute to seismic anisotropy (Kawazoe et al.
2013). A recent geodynamical study by Faccenda (2014) suggested
that the strains associated with subduction in the uppermost lower
mantle are sufficiently large to align perovskite grains resulting
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SUMMARY
Measurements of seismic anisotropy are commonly used to constrain deformation in the upper
mantle. Observations of anisotropy at mid-mantle depths are, however, relatively sparse. In
this study we probe the anisotropic structure of the mid-mantle (transition zone and uppermost
lower mantle) beneath the Japan, Izu-Bonin, and South America subduction systems. We
present source-side shear wave splitting measurements for direct teleseismic S phases from
earthquakes deeper than 300 km that have been corrected for the effects of upper mantle
anisotropy beneath the receiver. In each region, we observe consistent splitting with delay
times as large as 1 s, indicating the presence of anisotropy at mid-mantle depths. Clear
splitting of phases originating from depths as great as ∼600 km argues for a contribution
from anisotropy in the uppermost lower mantle as well as the transition zone. Beneath Japan,
fast splitting directions are perpendicular or oblique to the slab strike and do not appear to
depend on the propagation direction of the waves. Beneath South America and Izu-Bonin,
splitting directions vary from trench-parallel to trench-perpendicular and have an azimuthal
dependence, indicating lateral heterogeneity. Our results provide evidence for the presence
of laterally variable anisotropy and are indicative of variable deformation and dynamics at
mid-mantle depths in the vicinity of subducting slabs.
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D ATA A N D M E T H O D S
The source-side shear wave splitting technique uses direct S phases
to probe anisotropy near the seismic source by first removing any
effect from upper mantle anisotropy beneath the seismic station
(e.g. Vinnik & Kind 1993; Russo & Silver 1994). As in most shear
wave splitting studies, we assume the bulk of the lower mantle away
from subducting slabs is isotropic as there should not be sufficient
deformation to yield LPO development (Meade et al. 1995) and
therefore attribute any splitting not accounted for by structure beneath the receiver to anisotropy near the source (near the subducting
slab). Following Lynner & Long (2013, 2014), we select stations
located 40◦ –80◦ from the source regions for analysis. We have examined SK(K)S shear wave splitting patterns at each of the seismic
stations used in this study to constrain receiver-side anisotropy.
We restrict our analyses in this study to stations that exhibit simple patterns of shear wave splitting with sufficient backazimuthal
coverage (at least two quadrants represented). Only stations characterized by null measurements (indicating an apparently isotropic
upper mantle) or by consistent splitting (indicating a horizontal single layer of anisotropy) across a wide backazimuthal swath are used
in this study. Stations with insufficient backazimuthal coverage or
complex splitting that varies with backazimuth are not used (further details of receiver-side anisotropy corrections can be found in
Lynner & Long 2014). This is a conservative approach that minimizes potential errors due to inaccurate receiver-side corrections
through the selection of stations at which we are extremely confident in our characterization of the receiver-side anisotropic signal.
While this approach limits the number of stations we can use in this
study, our station distribution (Fig. 1 and Table S1) ensures good
azimuthal coverage beneath both the northwest Pacific and South
America (Fig. 1).
We selected earthquakes of magnitude Mw > 5.0 in both regions,
restricting our analyses to events deeper than 300 km. Every seismogram was bandpass filtered between periods of 8 and 25 s; this
filter is suitable for both the SK(K)S phases used to constrain the
receiver-side corrections and the direct S waves used in the sourceside splitting technique. We measured splitting parameters using
Splitlab (Wüstefeld et al. 2008). Each waveform was visually in-
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Figure 1. Map of the stations, red triangles, used in this study. Blue and
black lines represent great circle paths connecting events and the stations
at which those events yielded results for the northwest Pacific and South
America, respectively.

spected to ensure good signal-to-noise ratios. At a few stations,
we identified systematic polarization anomalies indicative of misalignments of the horizontal components (e.g. Tian et al. 2011) and
corrected for these misalignments (Table S1).
We employed both the eigenvalue-minimization and rotationcorrelation methods to determine the splitting parameters (fast direction, φ, and delay time, δt). The use of multiple measurement
techniques ensures reliable results (e.g. Lynner & Long 2012). We
only retained measurements for which results from the two methods were consistent, taking into account the 2σ error spaces. For
simplicity, in this paper we report measurements from the rotationcorrelation method. We required 2σ errors for φ and δt to be less
than ±25◦ and ±0.9 s, respectively. The non-weighted average errors in fast direction and delay time for the entire data set are 13.2◦
and 0.2 s, respectively. Null splitting measurements were classified
as such based on linearity of S-wave particle motion after the effects
of receiver-side anisotropy had been removed. In addition to the new
measurements presented here, we also include previously published
results from Japan (Lynner & Long 2014) made following the same
criteria listed above.

R E S U LT S
Non-null splitting measurements for the northwest Pacific and South
America are shown in Fig. 2; null splitting results are shown in
Fig. S1. All measurements are plotted in a geographical reference
frame relevant to the downgoing ray near the source. Beneath the
northwest Pacific, the data set includes 113 null and 88 non-null
measurements from 83 events at 29 stations; of these, 21 splits were
previously published by Lynner & Long (2014). Beneath South
America, we measured 68 split and 66 unsplit shear waves from 37
events at 23 different stations. All measured splitting parameters,
with their estimated errors, can be found in Table S2.
All regions examined in this study exhibit significant splitting
from deep earthquakes, with average delay times of ∼1 s, as well
as many null measurements. We primarily focus our interpretations
on the clearly split measurements. (The null measurements are generally consistent with the observed fast splitting directions, in that
their polarization directions often trend parallel or perpendicular to
the fast directions, but they generally exhibit more scatter.) Beneath
Japan and the southern Kurile arc, fast splitting directions generally
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in anisotropy in the lower mantle. Numerical calculations of LPO
development in polycrystalline MgSiO3 perovskite (bridgmanite)
suggest that fast directions of shear wave splitting would generally align with the direction of flow in the uppermost lower mantle
(Mainprice et al. 2008). Observationally, several studies using the
source-side shear wave splitting technique have found evidence for
anisotropy at mid-mantle depths (Chen & Brudzinski 2003; Wookey
& Kendall 2004; Foley & Long 2011; Di Leo et al. 2012; Lynner &
Long 2014).
A limitation of these previously published studies is that they rely
on limited ray path coverage and therefore offer poor azimuthal sampling, leaving our understanding of mid-mantle anisotropy patterns
incomplete. Here we examine source-side shear wave splitting for
events originating at transition zone depths beneath the Izu-Bonin,
Japan and South American subduction systems. A primary goal is to
explore whether these regions exhibit systematic lateral and/or azimuthal variations in splitting due to mid-mantle anisotropy, which
would suggest laterally variable anisotropic structure. We therefore target the northwest Pacific and South American subduction
systems, which both have abundant deep seismicity and excellent
azimuthal coverage using seismic stations from global networks.
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Figure 2. Source-side splitting results from events deeper than 300 km beneath the northwest Pacific (left-hand panel) and South America (right-hand panel).
Fast directions have been projected back along the ray path to reflect the geometry of anisotropy in the mid-mantle beneath the seismic source sampled by the
downgoing ray. Circles are plotted at event locations and the colour and size of the circle denote the largest delay time measured for that event. Orientations
and lengths of the black bars correspond to fast directions and delay times, respectively. Dashed grey lines show slab contours at 50 km intervals from the
compilation of Gudmundsson & Sambridge (1998).

trend in a NW–SE direction that aligns roughly normal to the strike
of the trench and roughly parallel to the motion of the downgoing
Pacific Plate (as do the null measurements). Beneath Izu-Bonin, the
fast directions exhibit a less coherent pattern with highly scattered
φ values. This scattered pattern is also mirrored by the null splitting
observations. In both regions, the delay times exhibit little variation
(Figs 2 and 3).
Beneath South America, we again observe splitting patterns that
are geographically variable. In the southern portion (latitudes ∼25◦ –
30◦ S), we observe variable fast splitting directions, while in the central portion of subduction zone (latitudes ∼12◦ –22◦ S) fast directions
are consistently trench parallel. Beneath Peru, in the northernmost
portion of the subduction system, we only obtained a few splitting measurements, but fast directions here follow either the strike
of the trench or the motion of the downgoing plate. In all three
of these areas, the null S arrivals generally follow similar trends
but are characterized by more scatter than is observed for the split
measurements. As with the northwest Pacific, we observe generally
consistent delay times, with an average δt of ∼0.9 s, Fig. 3.
A key question is whether the variability in observed fast directions beneath Izu-Bonin and southern South America represents
systematic variations in apparent splitting as a function of azimuth,
or merely scatter in the data. Fig. 4 shows the measured fast directions as a function of ray azimuth (with respect to trench strike)
for three subregions, including the highly scattered regions of IzuBonin and southern South America, along with the Honshu region
of Japan for comparison. These trends are also demonstrated in map
view in Fig. 5 and in cross section in Fig. 6. For Izu-Bonin and South
America, there is a clear and systematic variation of φ with ray ge-

ometry. For South America, rays that take off in the updip direction
(to the northwest) exhibit average fast directions ∼N15◦ E, while
rays that take off in the downdip direction exhibit average φ values
∼N50◦ W. Beneath Izu-Bonin, we observe a cluster of rays that take
off to the south (in a downdip direction close to the strike of the
trench) that exhibit fast directions that are ∼N70◦ W, while a group
of rays that take off to the northwest (along strike) and northeast
(updip) exhibit fast directions ∼N20◦ E and ∼N30◦ W, respectively.
In contrast, beneath Honshu there is considerably less scatter in the
observed fast directions, with no systematic trends.
DISCUSSION
An important feature of this data set is the observation of splitting (delay times ∼0.8 s) from events that originate as deep as
∼600 km beneath both the northwestern Pacific and South American regions. While measurements originating from depths greater
than ∼600 km are relatively sparse, they are present in each region
and are well-resolved measurements. This robust observation argues for the presence of anisotropy in the uppermost lower mantle
as well as at transition zone depths (Fig. 3). Interestingly, there does
not appear to be a strong dependence of delay time (or φ) on depth,
suggesting that anisotropy in the uppermost lower mantle may account for the bulk of the splitting signal. In all regions examined in
this study, we observe splitting for events that originate beneath the
wadsleyite stability field, so LPO of wadsleyite alone cannot be a
primary explanation. Ringwoodite, the most volumetrically important mineral in the lower transition zone, is anisotropic (∼4–8 per
cent Vs anisotropy; e.g. Wang et al. 2006; Mainprice 2007), but is
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Figure 3. Plots of delay time (top panels) and fast direction relative to the local strike of the trench (bottom panels) versus event depth for the northwestern
Pacific (left-hand panels, red) and South American (right-hand panels, blue) subduction systems. Error bars denote the 2σ errors associated with each
measurement.
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Figure 4. Plots of measured fast directions (diamonds) versus ray azimuth relative to local trench strike for source-side measurements made beneath Japan
(a), southern South America (b) and southern Izu-Bonin (c), as shown in the inset map. The green diamond represents a fast direction plotted at its equivalent
negative value.

also an unlikely primary explanation for our observations, as events
as deep as ∼600 km yield large delay times. Rays originating at
∼600 km depth cannot sample enough transition zone material to
accrue the observed ∼0.8 s of splitting.

We therefore propose that the most likely mechanism for our
observations is LPO of perovskite in the uppermost lower mantle
(given that the volume fraction of MgO is only ∼10 per cent; e.g.,
Mainprice 2007), perhaps with a small additional contribution from
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Figure 5. Plots of ray paths for measurements made beneath Japan (a), southern South America (b) and southern Izu-Bonin (c). Circles, black lines, and slab
contours are plotted following the same conventions as Fig. 2. Thick coloured lines represent ray paths of the different splitting measurements in each region as
seen from above. The colours of the lines denote the measured fast direction associated with a given ray path, as shown in the legend at the bottom right-hand
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anisotropy in the transition zone. Perovskite is anisotropic at lower
mantle pressures (∼10 per cent Vs anisotropy; Wentzcovitch et al.
2004) and deviatoric stresses may be sufficient to deform the uppermost lower mantle around subducting slabs via dislocation creep
(Cordier et al. 2004), thus generating LPO (Mainprice et al. 2008;
Faccenda 2014).
While we suggest that LPO of MgSiO3 perovskite represents the
most likely primary explanation for our observations, other mineral phases, such as dense hydrous phases, may also play some
role in generating mid-mantle anisotropy (e.g. Rosa et al. 2013;
Nowacki et al. 2014), but are unlikely as primary mechanisms for
the observed anisotropy. Phase D, a dense hydrous magnesiumsilicate phase, is substantially more anisotropic (∼18 per cent Vs
anisotropy) than perovskite and is stable throughout the upper lower
mantle (Mainprice et al. 2007; Mainprice & Ildefonse 2009). Phase
D, however, should be confined to hydrated regions such as the relatively cool interiors of subducting slabs. If LPO of phase D (or
any other source of anisotropy confined to the slab) was the primary
source of anisotropy in the mid-mantle, there should be a systematic
trend in delay time with the amount of slab material being sampled,
which is not observed (Fig. S2). If the anisotropy were confined

to subducting slabs, rays sampling large volumes of slab material
would show larger delay times than those sampling little slab material (with some dependence on the orientation of anisotropy). This
would result in larger delay times for rays traveling in a downdip
direction than for those in an updip direction. Such a trend in delay
time is not observed in our data set, however. This lack of trend
is particularly obvious beneath South America, where rays traveling to the east (in a downdip direction) sample long paths (100 s
of km) of slab material, while those traveling to the northwest (in
an updip direction) sample little slab material (<100 km). Despite
this difference in slab sampling, all rays exhibit similar delay times
(Fig. 5 and Fig. S2) arguing against slab anisotropy as a primary
explanation for our observations.
Another striking feature of this data set is the geographic variability we observe in the geometry of mid-mantle anisotropy, both
between different subduction systems and within individual regions.
Beneath Honshu and the central portion of South America, we observe fast splitting directions that do not vary significantly with
azimuth (Fig. 2), despite having similar azimuthal coverage as the
variable regions, Fig. 5. However, there is a pronounced difference
in geometry between the two systems: beneath Honshu, φ values

Downloaded from http://gji.oxfordjournals.org/ at Yale University on April 13, 2015

c)

130˚

b)

1549

1550

C. Lynner and M.D. Long

b) 0

a) 0
410

410

660

660

1500

1500

c)

0
410

-0.7

660

0.7

dVp (%)
0

30

60

90

Fast Direction (°)
1500

Figure 6. Ray paths plotted on top of isotropic P velocity anomalies (as indicated by the colour bar) from the tomographic model of Li et al. (2008) for Japan
(a), southern South America (b) and southern Izu-Bonin (c) Colours of the ray paths follow the same conventions at Fig. 5. Thick black lines represent the slab
contours from Gudmundsson & Sambridge (1998).
130˚

140˚

150˚

−70˚

50˚

−60˚

50˚

40˚

40˚

30˚

30˚

130˚

140˚

−10˚

−10˚

−20˚

−20˚

−30˚

−30˚

150˚

0

−70˚

1

2

3

−60˚

4

Figure 7. Same as Fig. 2, except that source-side splitting results are plotted at 800 km (uppermost lower mantle) pierce points for each downgoing ray. Ray
paths were calculated using TauP (Crotwell et al. 1999) with the isap91 earth model (Kennett & Engdahl 1991). Other plotting conventions are the same as in
Fig. 2.

tend to align with the motion of the downgoing plate, while beneath
central South America, fast directions generally align with the strike
of the trench. Beneath Izu-Bonin and southern South America, the
systematic variability in observed fast directions as a function of ray
azimuth (Figs 4–6) suggests laterally heterogeneous deformation in
the uppermost lower mantle within the subduction system. This

is illustrated further in Fig. 7, which shows the splitting observations beneath both regions plotted at 800 km deep pierce points (in
the uppermost lower mantle) for each ray. When plotted using this
convention, the variable splitting observations separate into distinct
coherent groups, supporting the notion that the primary source of
anisotropy is in the uppermost lower mantle and providing further
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C O N C LU S I O N
Source-side shear wave splitting measurements for rays originating below 350 km beneath the Japan/Kurile, Izu-Bonin, and South
America subduction systems reveal significant anisotropy (with
∼1 s delay times) at mid-mantle depths. In combination with
previously published observations (Wookey et al. 2002; Chen &
Brudzinski 2003; Foley & Long 2011; Di Leo et al. 2012; Lynner &
Long 2014), our measurements suggest that mid-mantle anisotropy
in subduction systems is likely a global feature. Furthermore, our
observation of consistent splitting with delay times ∼0.8 s for events
as deep as ∼600 km indicates the presence of anisotropy in the

uppermost lower mantle as our observations cannot be explained
only in terms of anisotropy at transition zone depths. A likely mechanism for anisotropy in the uppermost lower mantle is deformation
in the dislocation creep regime at high deviatoric stresses induced
by slabs impinging on the high-viscosity lower mantle, resulting
in LPO of MgSiO3 perovskite (Faccenda 2014). We observe generally consistent delay times in all regions examined in this study,
suggesting that the magnitude of mid-mantle anisotropy is uniform. In contrast, we observe striking variations in measured fast
splitting directions, both between and within individual subduction
systems. Beneath southern South America and Izu-Bonin, we have
documented systematic variations in φ with azimuth, while beneath
central South America and Japan measured fast directions do not
vary with azimuth. Our observations suggest that mid-mantle deformation is heterogeneous, indicating lateral variations in mid-mantle
dynamics beneath subducting slabs, especially beneath southern
South America and Izu-Bonin. Our measurements suggest that subducting slabs play an important role in deforming the surrounding
mantle as they sink into the deeper portions of the mantle, and that
the deformation patterns are heterogeneous both within and among
individual subduction systems.
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support to our interpretation of laterally heterogeneous mid-mantle
anisotropy.
Beneath southern South America, rays that travel northwestward show roughly trench parallel fast directions (similar to the
splitting seen in the central portion of South America), but rays
that sample in an eastward (downdip) and southward direction
(along strike) are marked by very different fast splitting directions
(Figs 5 and 6). When the observations are plotted at 800 km depth
(Fig. 7), the splitting measurements tend to group into regions of
coherent splitting. In the southernmost area, the splitting is trench
oblique (roughly paralleling the motion of the downgoing slab),
while the rest of the southern and central South America shows
trench parallel orientations. This heterogeneous splitting pattern
indicates laterally heterogeneous anisotropy beneath southernmost
South America, likely indicating variable deformation geometry of
the slab itself and/or the subslab mantle. Experimental constraints
on the relationship between LPO development and mantle flow for
mid-mantle minerals are absent, but first-principles calculations of
the glide systems of bridgmanite have been carried out (Mainprice
et al. 2008). This work suggests that the LPO of polycrystalline
bridgmanite in the uppermost lower mantle would result in fast
splitting directions that roughly align with the direction of shear.
This would suggest that in the southernmost region of South America, mid-mantle deformation likely corresponds to 2-D entrainment
of the subslab lower mantle with the downgoing slab, while beneath
the rest of South America the observations are more consistent with
trench parallel flow.
Beneath Izu-Bonin, the splitting pattern is even more complicated, with rays traveling southward (downdip, nearly along strike)
having a different φ than either those that head to the northeast
(along strike) or northwest (updip), again indicating laterally varying deformation beneath the slab. In this region, a possible scenario
for the geometry of mantle flow and deformation is different beneath the portion of the slab that has stagnated atop the 660 km
discontinuity and the shallower portion where the slab is subducting normally (Figs 6 and 7) arguing for variable subslab dynamics.
The southernmost portion of Izu-Bonin is characterized by trenchparallel splitting and therefore (using the relationship between strain
anisotropy for bridgmanite described above) trench parallel flow. In
contrast, the rest of the subduction zone is characterized by variable, largely trench-oblique fast orientations, consistent with variable deformation geometries beneath the slab. These inferences also
contrast with observations beneath Japan, which suggest generally
entrained mantle flow beneath the subducting slab, despite the fact
that both regions experience slab deflection atop the 660 km discontinuity. As with southern South America, laterally varying deformation of mid-mantle material beneath Izu-Bonin can account
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