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Many subduction zones exhibit significant retrograde motion of their arc and trench. The observation
of fast shear-wave velocities parallel to the trench in such settings has been inferred to represent
trench-parallel mantle flow beneath a retreating slab. Here, we investigate this process by measuring
seismic anisotropy in the shallow Aegean mantle. We carry out shear-wave splitting analysis on a dense
array of seismometers across the Western Hellenic Subduction Zone, and find a pronounced zonation of
anisotropy at the scale of the subduction zone. Fast SKS splitting directions subparallel to the trench-
retreat direction dominate the region nearest to the trench. Fast splitting directions abruptly transition
to trench-parallel above the corner of the mantle wedge, and rotate back to trench-normal over the
back-arc. We argue that the trench-normal anisotropy near the trench is explained by entrainment
of an asthenospheric layer beneath the shallow-dipping portion of the slab. Toward the volcanic arc
this signature is overprinted by trench-parallel anisotropy in the mantle wedge, likely caused by a
layer of strained serpentine immediately above the slab. Arcward steepening of the slab and horizontal
divergence of mantle flow due to rollback may generate an additional component of sub-slab trench-
parallel anisotropy in this region. Poloidal flow above the retreating slab is likely the dominant source
of back-arc trench-normal anisotropy. We hypothesize that trench-normal anisotropy associated with
significant entrainment of the asthenospheric mantle near the trench may be widespread but only
observable at shallow-dipping subduction zones where stations nearest the trench do not overlie the
mantle wedge.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Seismic anisotropy in the Earth’s upper mantle is commonly at-
tributed to the preferred alignment of olivine crystals caused by
finite strain field associated with viscous flow (McKenzie, 1979).
Anisotropy is measurable by quantifying the birefringence of shear
waves that propagate vertically through an anisotropic layer and
accumulate a time offset δt between a fast component polarized
in a vertical plane of azimuth φ, and an orthogonal slow compo-
nent (Silver and Chan, 1991). At subduction zones, two domains
of anisotropy are frequently observed: a domain of trench-parallel
fast directions between the trench and volcanic arc, and a domain
of trench-normal directions over the back-arc (e.g., Russo and Sil-
ver, 1994; Long and Becker, 2010). Trench-normal anisotropy is
commonly attributed to the lattice-preferred orientation (LPO) of
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A-type olivine crystals induced by back-arc corner flow. By con-
trast, at subduction zones exhibiting significant slab advance or
retreat, trench-parallel anisotropy is often inferred to represent
trench-parallel flow driven by the trench-normal motion of the
slab (Russo and Silver, 1994; Long and Silver, 2009). Such a pattern
of flow, often termed toroidal, in which sub-slab mantle is forced
to escape around the retreating slab and into the mantle wedge (in
the case of slab retreat), has been inferred from laboratory (Buttles
and Olson, 1998; Kincaid and Griffiths, 2003; Schellart, 2004;
Funiciello et al., 2006) and numerical (Piromallo et al., 2006;
Stegman et al., 2006; Schellart et al., 2007) experiments. However,
in many of those studies, toroidal flow is confined to the region
near and beyond the slab edge, and it is unclear how pervasive
trench-parallel flow might be beneath and above the interior por-
tion of the slab.

Alternatively, mechanisms that do not require rollback-driven,
trench-parallel sub-slab flow have been proposed to explain
trench-parallel anisotropy. These mechanisms place the source
of trench-parallel anisotropy within the slab or in the overlying
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Fig. 1. A. Study area and location of the MEDUSA stations (dots). Dashed gray lines indicate the projections of the North and South lines shown on Fig. 4. The black line with
barbs marks the trench in the northern segment. The thinner black line in the southern segment indicates the bathymetric trench, which is distinct from the deformation
front (not shown) further to the southwest (Royden and Papanikolaou, 2011). Dashed gray curves indicate the depth to the Wadati–Benioff Zone in the Southern segment
(Papazachos et al., 2000). Other major tectonic features include (Royden and Papanikolaou, 2011): the Kefalonia Transform Fault (KTF), the Central Hellenic Shear Zone (CHSZ,
yellow shading), the North Anatolian Fault (NAF), the front of the internal Pindos ophiolite (thin black line with open barbs), and the active volcanic arc (orange triangles).
The trench retreat velocity is indicated in a hotspot reference frame (Hatzfeld et al., 2001). The motion of Apulia in an absolute reference frame (Pérouse et al., 2012) is
indicated with a black arrow. B. Teleseismic events used for SKS splitting measurements along both seismic lines. Circles are plotted every 10◦ of angular distance from
Central Greece. The station (N002) and event (2008130) associated with the measurement shown in Fig. 2 are outlined in A and B.
fore-arc mantle wedge. Examples of such mechanisms are: serpen-
tine-filled cracks in the downgoing slab (Faccenda et al., 2008),
B-type olivine fabrics in the cold, hydrated mantle wedge nose
(Jung and Karato, 2001), 3D convective instabilities (Behn et al.,
2007), and flow driven by slab curvature (Kneller and van Keken,
2008). Distinguishing between these various models requires re-
liable constraints on the depth-distribution of the anisotropic
sources, which shear-wave splitting from teleseismic arrivals does
not easily provide. Splitting of local S-waves generated along the
Wadati–Benioff Zone or in the slab has proven to be an effec-
tive tool to discriminate between wedge and sub-wedge anisotropy
when compared with teleseismic shear wave splitting. Using this
methodology, Long and Silver (2009) established that ∼90% of
subduction zones exhibit trench-parallel anisotropy in the sub-
slab mantle. Notable exceptions featuring sub-slab trench-normal
anisotropy include Cascadia (Currie et al., 2004) and Central Alaska
(Christensen and Abers, 2010).

A successful model for subduction zone anisotropy must there-
fore account for this variability in addition to properly explaining
the spatial distribution of anisotropy at the scale of individual sub-
duction systems. It is likely that subduction zone anisotropy re-
flects a combination of several of the mechanisms listed above,
rather than a single ubiquitous process. In particular, the ge-
ometry of a given subduction zone influences where each of
these mechanisms is best expressed in measurements of seismic
anisotropy, and how the anisotropy associated with these mecha-
nisms constructively and/or destructively interferes with one an-
other.

In this study, we attempt to isolate different sources of aniso-
tropy based on shear-wave splitting in the Western Hellenic Sub-
duction Zone, a subduction system experiencing significant ret-
rograde motion of the slab (Fig. 1). Previous seismic anisotropy
studies in the region include: Pn-wave tomography (Hearn, 1999),
shear-wave splitting (Hatzfeld et al., 2001; Evangelidis et al., 2011),
and surface wave anisotropy (Endrun et al., 2011). These have re-
vealed significant trench-parallel anisotropy along the Hellenic arc,
as well as fast-directions parallel to the retreat of the Hellenic
trench correlating well with extensional deformation throughout
the back-arc domain (Jolivet et al., 2009). Here we focus on seismic
anisotropy closer to the trench using a station network of un-
precedented density. We show that this relatively small-scale sub-
duction system displays pronounced zonation of anisotropy that
can be attributed to the juxtaposition of several sources—each re-
latable to mantle flow or known subduction processes. We dis-
cuss our results in terms of the global variability in subduction
zone anisotropy and speculate on the geodynamic implications for
coupling between surface plates and the sub-asthenospheric man-
tle.

2. Methods

2.1. Study area: The Western Hellenic Subduction Zone

The Western Hellenic Subduction Zone (Fig. 1) is one of the
small-scale (<1000 km), rapidly evolving mobile belts accom-
modating the slow convergence between the European and Nu-
bian plates (Molnar, 1988; Hyndman et al., 2005; Faccenna and
Becker, 2010). It displays many classical features of subduction, in-
cluding a northeastward dipping slab that increases in dip from
20◦ to ∼45◦ around ∼100 km depth (Papazachos et al., 2000;
Piromallo and Morelli, 2003; Suckale et al., 2009; Pearce et al.,
2012), as well as an active volcanic arc in its southern por-
tion. The Western Hellenic Subduction Zone is characterized by
rapid southwestward retreat of the arc and trench since the late
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Eocene, coincident with widespread extension in the Aegean do-
main (McKenzie, 1978; Le Pichon and Angelier, 1979; Dewey and
Sengor, 1979). About 8–10 Myrs ago, Ionian oceanic lithosphere
of Triassic or Jurassic age began to subduct along the southern
portion of the trench (Royden and Papanikolaou, 2011). This led
to the present-day dichotomy between the Southern Hellenides,
where rapid trench retreat (30 mm/yr, southwestward with re-
spect to Eurasia) likely expresses rapid rollback of negatively buoy-
ant oceanic lithosphere, and the Northern Hellenides, where con-
tinental lithosphere subducts at a slower rate, and retreats by
5–10 mm/yr (Royden and Papanikolaou, 2011). Differential retreat
rates are accommodated in the overriding plate along the Kefalo-
nia Transform Fault and across the Central Hellenic Shear Zone in
a more distributed fashion. These characteristics make the Western
Hellenic Subduction Zone a natural laboratory for studying a range
of subduction processes on a relatively small-scale system, namely:
slab rollback in relation to upper-plate deformation, the dynamical
effects of along-axis variation in slab buoyancy, and slab edge dy-
namics.

2.2. Dataset and shear wave splitting analysis

Our dataset consists of teleseismic SKS waveforms recorded
by two dense arrays of broadband seismometers deployed in
2006–2009 as part of the MEDUSA experiment (Suckale et al.,
2009; Pearce et al., 2012). The arrays are oriented perpendicu-
lar to the trench across the Northern and Southern Hellenides
(Fig. 1), and are hereafter referred to as the North and South
lines, respectively (see Supplementary Material for station coordi-
nates). We selected waveforms originating from events of magni-
tude Mw � 6.0 located between 90 and 130◦ epicentral distance
from Central Greece based on earthquake catalog information from
the Preliminary Determination of Epicenters (PDE) Bulletin (USGS)
(Fig. 1). The corresponding rays reached the stations with incli-
nations i � 10◦ , which minimizes error in the splitting measure-
ments due to P-to-S conversions. The actual SKS waveform was
selected by visual inspection of the traces around an arrival time
predicted by the IASP91 model (Kennett and Engdahl, 1991) using
the TauP Toolkit (Crotwell et al., 1999). The time window em-
ployed for the measurements systematically encompassed at least
one SKS period (8–10 s). All waveforms were detrended and fil-
tered between 0.01 and 0.25 Hz to remove high-frequency noise.
Waveforms characterized by a well-defined pulse of energy on the
radial (R) and transverse (T) components, and displaying ellipti-
cal particle motion in (R, T) coordinates were deemed suitable for
splitting analysis. We applied an eigenvalue minimization method,
which consists of computing the smallest eigenvalue λ2 of the
correlation matrix of the R and T components time-shifted and ro-
tated by trial parameters (δtT, φT), and looking for the combination
of (δtT, φT) = (δt, φ) that minimizes λ2. We computed error bars
(σδt , σφ ) around (δt , φ) corresponding to a 95% confidence interval,
assuming that min(λ2) is the sum-of-squares of a χ2-distributed
noise process (Silver and Chan, 1991). We then corrected the
SKS waveforms for the effect of splitting and validated measure-
ments that allowed reconstruction of a radially polarized unsplit
SKS wave. After correction, acceptable measurements should fea-
ture (1) little energy on the T-component and (2) linear particle
motion in North–South or fast-slow coordinates (Fig. 2C–E) (i.e.,
no energy left on the corrected T-component). These features are
assessed by visual inspection. A total of 383 acceptable splitting
measurements originating from 26 events (Fig. 1; Supplementary
Table S3) were recovered, and are listed in Supplementary Tables
S4 (North line) and S5 (South line). To further assess the quality of
our measurements, we computed a signal-to-noise ratio (SNR) us-
ing the T-component of the SKS waveform and a window of the
same length immediately preceding it. An example of our splitting
methodology is illustrated in Fig. 2 for an SKS waveform originat-
ing from a Philippine trench earthquake recorded on the North line
(Fig. 1).

Monteiller and Chevrot (2010) recently showed that individ-
ual splitting measurements do not provide reliable estimates of
single-station anisotropy, particularly when SKS energy is weak or
moderate on the transverse component, which is often the case in
our dataset. We therefore computed average SKS splitting param-
eters for each station following the stacking procedure of Wolfe
and Silver (1998), which has been shown to yield unbiased, ro-
bust estimates of single-station anisotropy (Monteiller and Chevrot,
2010). At all stations that yielded at least two acceptable SKS split-
ting measurements, we stacked the λ2/min(λ2) maps (Fig. 2B)
from each measurement, and computed (δt , φ) and a 95% confi-
dence interval using the resulting map of stacked-λ2 normalized
by its minimal value. This method weights more heavily the mea-
surements that feature better-pronounced minima. These generally
correspond to waveforms that have higher SNR. We therefore did
not invalidate any measurement based on a low SNR, but instead
relied on the stacking method to automatically assign little weight
to low-SNR measurements. Stacked parameters are listed in Sup-
plementary Tables S4 and S5 for the North and South lines, re-
spectively. In the case of depth-dependent anisotropy, these tend
to be more sensitive to the shallowest/strongest anisotropic source
(Monteiller and Chevrot, 2010).

3. Results

3.1. Three distinct anisotropy domains

The stacked splitting parameters recovered from our analysis
outline three distinct domains of anisotropy (Fig. 3): near-trench
(NT), fore-arc (FA), and back-arc (BA). The NT domain (within
120–150 km of the trench along either line) is characterized by
trench-oblique/normal fast-directions averaging N021◦ ± 12◦ (stan-
dard deviation) in the North (based on a number of station aver-
ages n = 8) and N058◦ ± 11◦ (n = 4) in the South. Within this
domain, delay times decrease almost linearly from 1.0 to 0.5 s
with increasing distance from the trench along the North (and
possibly South) line (Fig. 4A, 4B). The most trench-oblique NT
fast azimuths are found in the North line, where they trend sub-
parallel to the Kefalonia Transform Fault (Fig. 3), which marks the
surface expression of the differential retreat between the North-
ern and Southern Hellenides (Royden and Papanikolaou, 2011).
A directional V-test (Berens, 2009) overwhelmingly rejects the hy-
pothesis that NT fast-directions are uniformly distributed (p =
2.8 × 10−6, n = 12, see Supplementary material for details), and
favors the alternative hypothesis that they are drawn from a dis-
tribution that averages N040◦ , which corresponds to the mean
direction of rapid trench retreat in the Southern segment in a
hotspot reference frame (Hatzfeld et al., 2001). By contrast, the
motion of the subducting plate in an absolute reference frame is
slower (∼1 cm/yr) and oriented N010◦ (Pérouse et al., 2012). The
NT domain transitions over a distance of less than 20 km into
the FA domain, where fast-directions are predominantly trench-
parallel, averaging N127◦ ± 22◦ and N157◦ ± 15◦ in the North
(n = 15) and South (n = 9) lines, respectively. Along the South
line, the trenchward half of the FA stations yield a high propor-
tion of null-measurements indicating a wide range of possible
fast-azimuths (Supplementary Tables S4 and S5). Delay times over
the entire FA domain are moderate (0.74 ± 0.21 s) and more scat-
tered than in other domains. Farthest to the east in the BA do-
main, SKS fast directions transition sharply back to trench-normal.
This transition occurs ∼275 km from the trench in the South
line (∼25 km northeastward of the active volcanic arc), which
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Fig. 2. Example SKS splitting measurement. This example corresponds to event 2008130 (Fig. 1B) recorded at station N002 (NT domain, Fig. 1A). A1–A2. Filtered traces
in N–S/E–W and R/T coordinates, respectively. B. Map of λ2/min(λ2) showing the best estimate of (δt , φ) (white dot) circled by the 95% confidence contour (white line).
C–D–E. Particle motion plots of the uncorrected (recorded) and corrected (unsplit) SKS waveforms in various coordinates (fast and slow anisotropic directions, R/T and N/E).
Unsplitting the SKS waveform yields a radially polarized wave: particle motion becomes linear (C), shows no energy on the transverse component (D) and aligns with the
wave back-azimuth (E).
is consistent with previous observations (Hatzfeld et al., 2001;
Evangelidis et al., 2011). A similar transition to trench-normal
anisotropy is observed ∼380 km from the trench in the North line,
despite the absence of a presently active volcanic arc in this region.

3.2. Constraints on the depth-distribution of anisotropy

To assess the depth-distribution of anisotropy, we compare our
SKS splitting results with two co-located Generalized Radon Trans-
form (GRT) images computed from scattered teleseismic S waves
(Suckale et al., 2009; Pearce et al., 2012) (Fig. 4C, 4F). These im-
ages outline the subducting crust and Moho of the overriding
plate (Suckale et al., 2009; Pearce et al., 2012). A remarkable re-
sult is that for both lines, the sharp rotation in anisotropy be-
tween the NT and FA domains occurs almost directly above the
tip of the mantle wedge, where the top of the slab intersects
the Moho of the overriding plate (Fig. 4). This suggests that the
FA anisotropy has a significant mantle wedge component. While
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Fig. 3. Stacked SKS splitting parameters at MEDUSA stations (black circles, this
study) and from prior studies (open circles, Evangelidis et al., 2011). See Fig. 1 cap-
tion for symbols. The motion of Apulia in an absolute reference frame (Pérouse et
al., 2012) is indicated with a black arrow. Stations featuring only null measurements
are indicated as white circles. Stations featuring only one individual measurement
are shown as black circles. The corresponding individual measurements are shown
in Fig. 4.

a contribution from a deeper trench-parallel anisotropy source can-
not be ruled out, it would be less likely to generate an abrupt
NT–FA transition than a shallow source because of the broad-
ening of the SKS Fresnel zone with depth. A corollary to this
result is that the anisotropy recorded in the NT domain does
not originate in the mantle wedge. It is also unlikely that it
originates in the thick overriding crust-on-subducting crust sec-
tion imaged beneath the NT, given that a 50-km crustal section
with 1–2% anisotropy, as inferred from surface waves (Endrun et
al., 2011), would generate only 0.1–0.3 s of splitting. Addition-
ally, Pn-anisotropy (Hearn, 1999) reveals trench-parallel to North–
South fast-directions in the NT domain likely originating at sub-
ducting Moho depths, inconsistent with our SKS fast directions.
The fact that trench-oblique/normal fast-directions are observed
along both the South and North lines, where geologically distinct
lithospheres enter the system (Royden and Papanikolaou, 2011;
Pearce et al., 2012) does not support a lithospheric (subducting)
mantle origin for NT anisotropy. This is consistent with recent
observations of a weakly anisotropic Ionian lithosphere subduct-
ing in Calabria (Baccheschi et al., 2011). The most plausible in-
terpretation for NT fast-directions sub-parallel to the trench re-
treat direction is therefore that they originate in the sub-slab
asthenosphere, and represent LPO of A-type olivine induced by
trench-normal finite strain beneath the downgoing, retreating slab.
We favor a similar interpretation for the BA anisotropy, involving
trench-normal strain in the mantle overlying the subducting slab
(Jolivet et al., 2009; Brun and Sokoutis, 2010; Endrun et al., 2011;
Evangelidis et al., 2011). A schematic summary of the constraints
on the depth-distribution of anisotropy discussed above is pre-
sented in Fig. 5.
Fig. 4. Splitting parameters (stacked, bold black squares) projected along the two trench-perpendicular lines (Fig. 1). A, B: North line; D, E: South line. Individual splitting
measurements are given as open squares at stations where stacked parameters could not be computed. Colored rectangles indicate the mean fast-azimuth +/− its 1-σ
standard deviation for each domain. C, F: 2-D images of S-wave velocity perturbations computed from migration of scattered teleseismic S waves, with geologic interpretation,
for the North and South lines, respectively (modified from Pearce et al., 2012). Topography along the lines is plotted above each image. The boundaries of each anisotropy
domain as defined on Fig. 3 are indicated with dashed lines.
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Fig. 5. Schematic summary of the resolved depth-distribution of seismic anisotropy
in the Western Hellenic subduction zone. Dotted circles and horizontal bars repre-
sent trench-parallel and trench-normal anisotropy, respectively. The location of the
images from Fig. 4C and 4F is shown as a gray rectangle. The geometry and na-
ture of the subducting and overriding crust follows the interpretation of Pearce et
al. (2012). The shallow trench-parallel anisotropy indicated as thin black circles is
inferred from the surface wave study of Endrun et al. (2011) and the Pn-anisotropy
study of Hearn (1999).

4. Geodynamic interpretation

4.1. Seismic anisotropy induced above and beneath a retreating slab

In this section we discuss our results in the context of pre-
vious numerical and analog studies of mantle flow around a re-
treating slab. We first focus on the generic, robust flow pat-
terns that arise beneath and above a homogeneous slab undergo-
ing rollback, and their seismic anisotropy signature. Adjustments
to the generic models that are relevant to the Hellenic sub-
duction zone will be further discussed in Section 4.3. Tank ex-
periments (Buttles and Olson, 1998; Kincaid and Griffiths, 2003;
Schellart, 2004; Funiciello et al., 2006) and 3D numerical models
(Piromallo et al., 2006; Stegman et al., 2006; Schellart et al., 2007;
Faccenda and Capitanio, 2012; Li and Ribe, 2012) predict that flow
beneath a retreating slab is strongly coupled to the surrounding
asthenosphere and should be dominantly trench-normal (poloidal)
beneath the interior of the slab and show a strong toroidal compo-
nent (return flow) near and beyond the slab edges. This contrasts
with models that include a thin low viscosity decoupling layer im-
mediately beneath the slab, which enhances the sub-slab, trench-
parallel component of flow (Long and Silver, 2009). However, the
relationship between flow direction and seismic anisotropy is not
straightforward. Faccenda and Capitanio (2012, 2013) modeled the
development of LPO in olivine–enstatite aggregates advected in a
3D slab rollback flow field. They established that the supra-slab
domain should be dominated by trench-normal anisotropy due to
simple shear in the flow entrained by the retreating slab. Further,
they found two distinct regions of anisotropy in the sub-slab do-
main (Fig. 6A). At shallow levels, simple shear beneath the slab
generates a layer of trench-normal fast axes. The thickness of this
layer is on the order of 100 km, but may be thicker beneath wider
slabs that drive a stronger poloidal flow component. At greater
depths within this entrained layer, the fast axes remain trench-
normal but plunge parallel to the slab. Faccenda and Capitanio
(2012, 2013) found that this layer systematically overlies a deeper
layer, or “core” of trench-parallel fast-axes, which is generated by
pure-shear in the slab retreat direction. This anisotropic core is
strongest near the slab edges, where the divergence of the hor-
izontal sub-slab flow is greatest. Beneath the interior portion of
the slab, the deep trench-parallel anisotropy is weak, and SKS fast-
azimuths largely reflect the shallower trench-normal layer. Closer
to the slab edge, the stronger trench-parallel core starts to de-
structively interfere with the shallow trench-normal layer, yielding
short SKS delay times. Near and beyond the slab edges, simple
shear aligns the olivine fast-axes parallel to the toroidal (return)
flow (Fig. 6A). The toroidal flow seems to disrupt the trench-
normal anisotropy both above and below the slab interior over a
horizontal distance from the slab edge that is comparable to 2–3
times the slab width, resulting in trench-oblique SKS fast azimuths
close to the slab edge.

The Faccenda and Capitanio (2013) model is consistent with our
observation of strongly expressed trench-normal anisotropy in the
BA and NT domains (Figs. 3, 6). NT anisotropy could indeed reflect
a shallow sub-slab layer of entrained asthenospheric mantle, while
BA anisotropy could reflect its supra-slab counterpart. If this is the
case, then the sub-slab trench-normal layer should not be confined
to the NT domain and should extend northeastward beneath the
FA domain. As we discussed in Section 3.2 the abrupt transition
between trench-normal and trench-parallel anisotropy above the
tip of the mantle wedge strongly suggests that the trench-parallel
Fig. 6. Conceptual model for the zonation and depth-distribution of anisotropy above and below a retreating slab. A. Main features from the Faccenda and Capitanio (2013)
model (see Section 4.1 for details). Mantle flow is shown as gray arrows, olivine fast-axes as green bars/dotted circles, and the resulting SKS splitting measurements as black
bars on the map view. The upper sub-slab domain consists in an entrained layer of trench-normal fast-axes (ELTN) overlying a deeper core of trench-parallel fast-axes (CTP).
The CTP is best expressed near the slab edge, where it destructively interferes with the ELTN to yield weak SKS splitting (black bars). Beneath the slab interior, the ELTN
dominates the signal and generates trench-normal fast SKS azimuths. Beyond the slab edge, SKS fast-azimuths outline the toroidal pattern of the return flow. B. Same as A,
with an additional mantle wedge source of trench-parallel anisotropy (e.g., a supra-slab layer of sheared serpentine). This additional component disrupts the SKS splitting
pattern (blue bars) and results in the formation of three distinct regions of anisotropy, similar to what is observed in the Western Hellenic Subduction Zone.
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FA anisotropy must have a strong mantle wedge component. This
component (whose nature will be discussed in Section 4.2) may
destructively interfere with an underlying trench-normal layer, ac-
counting for the large proportion of null measurements in the
trench-ward half of the FA domain. Further, the observed arc-ward
decrease in delay times in the NT domain (Fig. 4A, 4D) may be in-
dicative of a diminishing expression of the sub-slab trench-normal
layer as one moves away from the trench. The Faccenda and Cap-
itanio (2012, 2013) models provide two possible explanations for
the waning contribution of sub-slab trench-normal anisotropy arc-
ward from the trench. One is the arc-ward steepening of the
olivine a-axes parallel to the steepening Hellenic slab, which would
result in shorter associated SKS delay times. The other is destruc-
tive interference between the trench-normal sub-slab layer and an
even deeper trench-parallel core, which would be situated beneath
the arc-ward portion of the FA domain.

4.2. Anisotropy in the fore-arc portion of the mantle wedge

As discussed above, FA trench-parallel fast-directions likely
originate in the mantle wedge, and are well expressed even in the
thinnest portion of the wedge (Figs. 4, 5). Jung and Karato (2001)
and Kneller et al. (2005; 2007) have proposed that B-type olivine
fabrics formed under hydrous high-stress/low-temperature condi-
tions expected near the tip of the mantle wedge could produce
such trench-parallel fast directions when sheared in a trench-
normal flow. Alternatively, trench-parallel flow (Long and Silver,
2009) or trench-parallel stretching due to slab curvature (Kneller
and van Keken, 2008) could generate trench-parallel fast-azimuths
if A-type olivine constitutes the prevalent wedge fabric. All these
mechanisms would, however, predict a correlation between wedge
thickness and delay time over the NT domain, which is not ob-
served.

Thus, we prefer an alternative model in which the trench-
parallel fast directions reflect LPO in a thin layer of serpentine
located immediately above the subducting slab and sheared in
a trench-normal direction (Katayama et al., 2009; Jung, 2011;
Wagner et al., 2013). Such a layer could generate split times of
1 s with a thickness of only ∼10 km, allowing it to be well ex-
pressed in the SKS measurements even in the thin mantle wedge
“nose”.

4.3. Implications for the Hellenic subduction system

Our results are best explained by a model that combines
(1) a shallow mantle wedge source of trench-parallel anisotropy
(e.g., a thin supra-slab layer of serpentine), which is primar-
ily sampled over the FA domain, and (2) rollback-driven finite
strain, which is primarily sampled over the NT and BA domain
(Fig. 6B). This model is compatible with the hypothesis that the
negative buoyancy of the Hellenic slab drives widespread south-
westward asthenospheric flow (Faccenna and Becker, 2010) po-
tentially linked to the extensional deformation of the overriding
plate (Jolivet et al., 2009). Further, our data suggests that the sub-
slab flow field is largely trench-normal beneath the slab interior
and that the trench-parallel anisotropy originates in the man-
tle wedge. This contrasts with previous interpretations of sparser
anisotropy measurements invoking widespread trench-parallel flow
of mantle escaping beneath the slab interior to accommodate
the retreat of the Hellenic slab (Jolivet et al., 2009; Brun and
Sokoutis, 2010; Evangelidis et al., 2011). It is possible that the
along-trench variation in slab buoyancy between the Northern and
Southern segments drives a component of sub-slab trench-parallel
flow (Capitanio and Faccenda, 2012). However, recent models in-
corporating differential retreat rates due to along-trench buoyancy
gradients predict fast-SKS azimuths dominantly parallel to the re-
treat motion and no strong trench-parallel anisotropy (Faccenda
and Capitanio, 2013). We therefore favor a model in which the
return (locally trench-parallel) flow from the sub-slab to the supra-
slab domain is confined to near (<100 km, Kneller and van
Keken, 2008) and beyond the slab edges. In the framework of the
Faccenda and Capitanio (2013) study, the slight obliquity of the
NT fast-azimuths in the Northern Hellenides may be indicative of
proximity to the northern slab edge. If this is the case, we expect
that shear wave splitting measurements carried out further North
(around 42◦N) would image the toroidal flow pattern around the
northern slab edge in a fashion similar to what is observed south
of the Cascadia subduction zone (Zandt and Humphreys, 2008).
Such a study would help resolve the debate on whether the true
Northern edge of subduction (around which asthenospheric return
flow takes place) is in the North of the Northern Hellenides, or
between the Southern and Northern Hellenides.

Several authors have suggested that the differential retreat rates
between the Northern and Southern Hellenides could be accom-
modated by a slab tear. While some studies advocate a vertical
tear that would trend parallel to the Kefalonia Transform (e.g.,
Royden and Papanikolaou, 2011), others propose a horizontal tear
propagating southward toward the most negatively buoyant por-
tions of the slab (e.g., Spakman et al., 1988; Wortel and Spakman,
2000). Seismic imaging supports a continuous transition between
the subducting lithospheres in the Northern and Southern seg-
ments at depths shallower than 100 km (Pearce et al., 2012),
but cannot rule out a deeper tear coincident with the transi-
tion between oceanic and continental subducting crust. Suckale et
al. (2009) argued that such a tear could account for the signifi-
cant three-dimensionality they found in supra-slab mantle prop-
erties. If such a tear existed, it would accommodate about 100
km of differential retreat (Royden and Papanikolaou, 2011), which
is commensurate with the effective elastic thickness of the sub-
ducting lithosphere in both segments (∼70 km, Royden, 1993;
Pearce et al., 2012). It is therefore unlikely that such a tear would
allow a large inflow of asthenosphere through the slab, and there-
fore induce a fully developed return flow beneath the Central
Hellenic Shear Zone (Fig. 3). Such a return flow would cause a
strong asymmetry in seismic anisotropy with respect to the Cen-
tral Hellenic Shear Zone, with a toroidal pattern in the fast-SKS
azimuths over the Northern Hellenides, which is not observed. Fur-
ther, the remarkable similarity between the anisotropy distribution
in the Northern and Southern Hellenides in spite of the present-
day slow trench retreat in the North suggests (1) some degree of
along-trench continuity in the processes that cause anisotropy (i.e.,
mantle strain) and (2) that the anisotropy zonation was acquired
>10 Myrs ago when the entire system was uniformly retreating
(Royden and Papanikolaou, 2011). Alternatively, it could indicate
ongoing rollback of the deeper portion of the slab beneath the
Northern Hellenides, which is not expressed in the surface GPS
velocities.

4.4. New constraints for the interpretation of seismic anisotropy at
subduction zones

Our study reports a new occurrence of sub-slab trench-normal
anisotropy in close proximity to the trench. This contrasts with
the observation of sub-slab trench-parallel anisotropy at ∼90% of
subduction zones worldwide (Long and Silver, 2009; Foley and
Long, 2011). Interestingly, the numerical models of Faccenda and
Capitanio (2013) predict two sub-slab domains of anisotropy. The
upper sub-slab domain typically features strong trench-normal
anisotropy driven by the advance of the subducting plate, while
the lower sub-slab domain features trench-parallel fabrics induced
by pure shear in the slab retreat direction. Faccenda and Capitanio
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(2013) further argue that the deeper trench-parallel anisotropy
should be better expressed in subduction systems with limited
along-trench extent and/or displaying faster trench migration than
plate subduction. The Western Hellenic Subduction Zone displays
both of these characteristics, and yet shows well expressed sub-
slab trench-normal anisotropy in the NT domain. However, we
cannot rule out the possibility of sub-slab trench-parallel fabrics
closer to the arc that could contribute to the anisotropy in the FA
domain.

It is noteworthy that the Nazca, Juan de Fuca, Rivera, Pacific
(beneath Alaska) and Hellenic slabs, which all display trench-
normal anisotropy in the NT domain (Polet et al., 2000; Currie
et al., 2004; Soto et al., 2009; Christensen and Abers, 2010;
Hicks et al., 2012), have a shallow-dipping slab (<35◦) near the
trench. This allows land-based stations to sample a portion of the
NT domain that does not overlie the mantle wedge, and thus pro-
vide a direct window with which to investigate the sub-slab as-
thenosphere. By contrast, more steeply dipping slabs would result
in the trench-parallel mantle wedge signal being expressed imme-
diately arc-ward of the trench, perhaps inhibiting the formation of
a clear NT zone of trench-normal anisotropy. We therefore propose
that sub-slab trench-normal anisotropy could be more widespread
than previously thought, but only observable at stations that are
close enough to the trench, or beneath slabs that have a shallow-
dipping portion. A steeper slab would also result in steeply dip-
ping trench-normal fast-axes immediately beneath the slab, which
would limit their contribution to the splitting of SKS waves, and
allow the underlying trench-parallel sub-slab core to be better ex-
pressed. This model could be tested by future studies using ocean
bottom seismometers to extend SKS datasets seaward of the trench
toward the outer rise.

Among the few subduction zones that feature NT trench-normal
anisotropy, Alaska is perhaps the one that allows the most per-
tinent comparisons with the Western Hellenic Subduction Zone.
Alaska features a rapid transition from well-expressed trench-
normal anisotropy near the trench to trench-parallel anisotropy
near and beyond the volcanic arc (Christensen and Abers, 2010).
This transition appears most abrupt in map view when splitting
measurements are relocated to depths greater than 50 km along
the SKS ray path. Further, the transition roughly correlates with the
onset of a high-attenuation region of the mantle wedge, and the
trench-parallel delay times generally increase with wedge thick-
ness. Christensen and Abers (2010) therefore proposed an interpre-
tation similar to our model for the Hellenic Subduction, in which
FA trench-parallel anisotropy in the wedge overpowers a sub-slab
source of trench-normal anisotropy that is best expressed near the
trench. They attributed wedge anisotropy to trench-parallel flow
distributed throughout the high-attenuation portions of the wedge.
We cannot propose the same interpretation for the Western Hel-
lenic subduction due to (1) the lack of correlation between de-
lay times and wedge thickness, and (2) the observation of robust
trench-parallel anisotropy even in the thin mantle wedge nose,
which is unlikely to develop strongly anisotropic fabrics through
mantle flow (Kneller et al., 2007).

A recent study by Song and Kawakatsu (2012) pointed out
that orthorhombic symmetry combining azimuthal and strong ra-
dial anisotropy constitutes a more realistic model for astheno-
spheric LPO than transverse isotropy (Silver and Chan, 1991). Un-
der this assumption, Song and Kawakatsu (2012) showed that
trench-normal fast axes would only generate trench-normal fast
SKS splitting if the fast axes are dipping at a shallow angle (<15◦).
More steeply dipping fast-axes would instead produce sub-slab
trench-parallel SKS splitting. This result has important implications
on how the entrained sub-slab layer of trench-normal fast-axes
would be expressed as fast SKS azimuths. It suggests that as the
entrained layer steepens parallel to the slab dip, a transition from
trench-normal to trench-parallel anisotropy would occur beneath
the slab. Following this approach, Song and Kawakatsu (2012,
2013) proposed that the anisotropy rotation observed in Alaska re-
flects the progressive steepening of a sub-slab asthenospheric layer
with strong radial anisotropy entrained beneath a steepening slab
and sheared in a trench-normal direction. Their model accounts
for the back-azimuthal dependence of the splitting directions while
correctly predicting the measured delay times (underestimated by
the Christensen and Abers (2010) model, even when consider-
ing strong wedge anisotropy), as well as the increase in delay
times away from the trench. Interestingly, the Song and Kawakatsu
(2013) model provides an explanation for sub-slab trench-parallel
anisotropy that does not require strong lateral motion of the trench
(retreat or advance), which is a characteristic of the Alaskan sub-
duction (Schellart et al., 2011). It is unclear, however, to what ex-
tent the Song and Kawakatsu (2012, 2013) model can explain the
abruptness of the transition between trench-normal and trench-
parallel anisotropy beneath the progressively steepening Alaskan
slab, as the model predicts a smooth rotation of the fast axes with
increasing slab dip.

In the Western Hellenic subduction zone the change in slab dip
from 20 to 45◦ is potentially more abrupt and occurs at a depth
of ∼100 km (Papazachos et al., 2000; Piromallo and Morelli, 2003;
Suckale et al., 2009; Pearce et al., 2012). If the entrained sub-slab
layer of trench-normal fast axes predicted by the Faccenda and
Capitanio (2012, 2013) models undergoes commensurate steep-
ening, it could constitute a sub-slab source of trench-parallel
anisotropy with an abrupt onset arc-ward of the 100 km slab
depth contour, complementing trench-parallel anisotropy originat-
ing in the mantle wedge and perhaps at greater sub-slab depths
(Fig. 6B) in the FA domain. This would be consistent with the
better-expressed trench-parallel anisotropy beneath the arc-ward
portion of the FA domain in the Western Hellenic Subduction Zone,
but cannot explain the abrupt NT–FA transition, which occurs
trench-ward of the 100 km slab depth contour (Fig. 3). This model
requires strong radial anisotropy in the subducting asthenosphere,
which is characteristic of the asthenosphere beneath most oceanic
plates (e.g., Nishimura and Forsyth, 1989). In the Hellenic subduc-
tion, the subducting asthenosphere is not well characterized due to
its complex history and heterogeneity (juxtaposition of oceanic and
continental microplates). However, lateral slab motion could pro-
mote the development of strong radial anisotropy in the subduct-
ing asthenosphere through pure shear beneath the slab, especially
in such a small-scale subduction system (Song and Kawakatsu,
2012, 2013). Finally, we note that the back-azimuthal dependence
of our individual splitting measurements (Supplementary mate-
rial) in the NT domain does not appear consistent with the Song
and Kawakatsu (2012) model. However, the back-azimuthal depen-
dence likely reflects a range of complex mechanisms that are diffi-
cult to deconvolve from one another. Those include a pronounced
layering of anisotropy with a complex geometry (dipping layers
with three-dimensional geometries) as well as strong heterogene-
ity in the anisotropic fabrics.

5. Conclusions

We present new shear-wave splitting measurements on a dense
station network in the Western Hellenic Subduction Zone, a small-
scale subduction system undergoing slab rollback. We interpret
trench-normal fast-azimuths in the near-trench and back-arc do-
mains as indicative of sub-slab and supra-slab trench-normal fast-
axes (respectively), both induced by rollback-driven mantle flow.
We argue that most of the trench-parallel anisotropy observed
in the fore-arc domain originates in the mantle wedge and lo-
cally overprints the rollback-induced anisotropy. Our interpretation
suggests that the retreating slab is mechanically coupled to the
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surrounding mantle, and entrains significant volumes of astheno-
sphere towards the base of the upper-mantle. This contrasts with
a frequently proposed alternative model where a weak decoupling
layer forms beneath the sinking slab, allowing sub-slab mantle to
escape horizontally through trench-parallel flow.

We further suggest that while similar mantle flow patterns can
be expected at most retreating subduction zones, their anisotropic
expression may be strongly modulated by the local slab dip. Specif-
ically, it is possible that most subduction zones feature both a
shallow region of trench-normal anisotropy and a deeper region of
trench-parallel anisotropy beneath the slab. At subduction zones
characterized by a shallow-dipping slab portion (e.g., Cascadia,
the Western Hellenic Subduction Zone) it may be easier to sam-
ple the shallow trench-normal anisotropy with land-based sta-
tions. At the majority of subduction zones, however, a steep slab
would result in a poorly expressed trench-normal layer overly-
ing a deep trench-parallel layer immediately beneath the fore-
arc domain, thereby promoting well-expressed trench-parallel sub-
slab anisotropy. These predictions should motivate future high-
resolution studies of anisotropy with methods that can resolve
depth-variations (e.g., surface waves), and detailed comparisons of
the anisotropy zonation at various subduction settings.
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