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ABSTRACT

Consistent with results of earlier tomographic studies, regional non-
linear P-wave travel time tomography depicts a slab of previously
oceanic lithosphere penetrating into the lower mantle beneath part
of the Aegean region. However, our results also suggest that the
slab is intensely distorted in the transition zone, with the lower
mantle penetration spatially confined to a relatively small area. The
deflection of the slab in the transition zone resembles that observed
beneath, for instance, the Izu Bonin arc and the Tyrrhenian Sea and
can be related to the slab roll-back that has accompanied back-arc
extension. In addition, joint P- and S- inversion indicates that the
deformed part of the slab is likely to be a bulk sound feature, which
is in remarkable agreement with our previous observations pertinent
to deflected slabs beneath western Pacific island arcs. The
difference between the shear and bulk sound signature of slabs that
either deflect in the transition zone or penetrate to larger depths thus
seems robust and may contain important information about the
interaction of downwellings with the upper mantle discontinuities.
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INTRODUCTION

As part of the Arabia-Africa-Eurasia collision zone, the Mediterranean
region has been shaped by the compression, extension, and rotation of
different lithospheric blocks and micro-plates. Plate interactions have
been constrained by seismicity [e.g. McKenzie, 1972; Dziewonski et al.,
1981; Jackson and McKenzie, 1988], the structure of subducted
lithosphere from tomography [e.g. Spakman et al., 1988; Wortel and
Spakman, 1992], satellite geodesy [e.g. Jackson et al., 1994; Reilinger et
al., 1997; McClusky et al., 2000], and geological and morphological
observations at different scales [cf. Armijo et al., 1996]. The
Arabia/Eurasia collision in eastern Turkey has caused westward
extrusion of the Anatolian block and southwestward motion and counter
clockwise rotation of Aegean (e.g. Armijo et al., 1996; McClusky et al.,
2000) which compounded the collision with the African plate in producing
the subduction of oceanic lithosphere along the Hellenic arc (cf. Armijo et
al., 1996; Wortel and Spakman, 2000). Here we focus on the interaction
of this slab with the upper mantle transition zone and on its relationship
with the southward arc migration and slab roll-back that accompanied
Aegean back-arc extension.

The high level of seismicity and the dense distribution of seismographic
stations in the study region (Figure 1) have produced adequate data
coverage for tomographic inversions of body-wave travel times. Regional
[e.g. Spakman et al., 1988, 1993] and global tomography [e.g. Van der
Hilst et al., 1997] have been used to suggest that the Aegean slab
penetrates into the lower mantle without much internal deformation.
However, unhindered slab penetration is not necessarily expected from
the reported relationship between slab morphology and trench migration
[e.g. Kincaid and Olson, 1987; Van der Hilst and Seno, 1993; Griffiths et
al., 1995; Zhong and Gurnis, 1995] and the evidence for fast Hellenic arc
migration (1 to 6 cm yr-1) inferred from moment tensor summation
[Jackson and McKenzie, 1988; Jackson et al., 1992] and geological
observations and satellite geodesy [e.g. Armijo et al., 1996]. Here we
present evidence for a more complex trajectory of mantle flow than
hitherto thought, with slab deflection in the transition zone beneath most
and lower mantle penetration beneath some of the study region. Bulk
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sound and shear wave speed images are presented to further
characterize the deformation of the slab.

DATA AND NON-LINEAR TOMOGRAPHY

The data used in our tomographic study were selected from an updated
version of the global data set by Engdahl et al. [1998]. Following the
approach of Widiyantoro and Van der Hilst [1996] we used single rays for
stations and events inside the study region (Figure 1) and summary rays
otherwise. For the summary rays we used events clustered in mantle
volumes of 1o x 1o x 50km and stations clustered in 1o x 1o area bins. We
thus produced 409,630 summary rays, and we used 203,721 single rays.
For the model parameterziation we also follow Widiyantoro and Van der
Hilst [1996] and embed a fine (0.5o x 0.5o) grid encompassing the study
region into a coarser grid outside of it. For the proper imaging of
heterogeneity on the length scale of the blocks used (i.e. 50 to 100 km)
we must account for effects of ray bending due to the lateral gradients in
elastic parameters. We do this by 3-D ray tracing in a non-linear
inversion scheme

Like Bijwaard and Spakman [2000], Widiyantoro et al. [2000] used a
step-wise procedure to solve the non-linear travel-time inversion for
variations in S-wavespeed. In the main step ray paths and travel times
are updated by 3-D ray tracing through intermediate realizations of the
model. The 3-D ray tracing is based on the pseudo-bending method by
Koketsu and Sekine [1998]. The system of normal equations resulting
from this step is then solved in 100 iterations of LSQR, an efficient
iterative algorithm due to Paige and Saunders [1982] and first applied to
seismic tomography by Nolet [1985]. This procedure was employed in
this study and repeated twice, upon which the data variance was
reduced by 69%. We remark that the images produced by this partitioned
non-linear inversion are comparable to those of a one-step linearization,
for instance Kárason and Van der Hilst [2001] who used more seismic
phases and an irregular grid for model parameterization, but the
progressive updating of the ray paths and the slowness field results in
somewhat larger magnitudes of the wavespeed perturbations (cf. Figures
2a-c and 2d-f).
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SLAB DEFORMATION IN THE TRANSITION ZONE

The subducted slab of largely oceanic lithosphere of the African plate
stands out as a dipping structure of higher than average P-wavespeed
that extends beyond the Wadati-Benioff seismic zone in the upper
mantle beneath the Aegean region (Figure 2). This result concurs with
the previous images of deep subduction in this region [e.g. Spakman et
al., 1988, 1993]. The non-linear inversion also reveals a dipping slab-like
feature in the upper mantle to the north of the region of our main focus
(Figure 2c). This largely aseismic structure is located near the Vrancea
seismic zone and may be related to an earlier episode in the multi-stage
closing history of the Tethys ocean. This structure is, however, less
obvious in the Kárason and Van der Hilst [2001] model and further
investigation is necessary.

Here we focus on the deeper part of the Aegean slab since our
tomography reveals greater structural complexity than hitherto assumed.
Our images confirm earlier findings [e.g. Spakman et al., 1993; Van der
Hilst et al., 1997] of high wavespeed structures continuing into the
shallow part of the lower mantle. However, our new model also suggests
that this occurs only beneath a small fraction of the study region and
provide instead striking evidence for intense deformation of the slab
upon its interaction with the 660-km discontinuity. Much like the slabs
beneath the Izu Bonin arc [Van der Hilst et al., 1991; Fukao et al., 1992;
Van der Hilst and Seno, 1993] and the Tyrrhenian Sea [Spakman et al.,
1993; Facenna et al., 1996], the Aegean slab appears to be deflected to
an almost horizontal position in the transition zone. This is also evident in
images drawn from the recent model by Kárason and Van der Hilst
[2001] (Figure 2).

Results of various structural resolution tests, e.g. Figures 3 and 4,
suggest that the transition zone structure is resolved by the P-wave data
used. In general, the resolution is good for the mantle region along the
slab including the fast anomaly in the lower mantle. However, it degrades
in mantle regions away from the slab due to decreasing sampling by
seismic rays. Note that there exists some degree of vertical smearing
particularly beneath the eastern European shield.
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To characterize further the structure in the transition zone we also
present bulk sound and shear images from previous joint (global)
inversions of P- and S-wave travel times [Kennett et al., 1998]. The
observations that interest us most here are the mute bulk sound signal
in the lower mantle and the broadening of the fast bulk sound structure
in the transition zone over much of region where slab deflection can be
inferred from the P wave models discussed above (Figure 5a).
Intriguingly, such broadening does not occur in the shear model (Figure
5b) even though the resolution is good (Figures 5 c, d). Instead, the
lower mantle shear maps reveal a pronounced but spatially localized
fast shear anomaly confined to the area where the results of P-wave
inversion suggest slab penetration into the lower mantle (Figure 2).

DISCUSSION AND CONCLUSIONS

While the results presented here are consistent with local slab
penetration in the lower mantle, they also suggest severe distortion of
the flow trajectory across the transition zone with evidence for the
deflection of the Aegean slab above the 660 km discontinuity. The broad
region of fast P-wave propagation in the transition zone beneath a large
part of the Aegean region is in agreement with the model by Bijwaard
and Spakman [2000], as presented in Wortel and Spakman [2000]. This
region is also characterized by high values of bulk sound speed (Figure
5a) whereas the penetrating slab is depicted more clearly by shear
anomalies (Figure 5b). This observation concurs with Widiyantoro et al.
[1999], who suggest that deflected slabs in the transition zone beneath
Izu Bonin and Tonga are bulk sound features, but we do not yet
understand whether it is due to composition, rheology or thermal
structure of the slab.

The occurrence of slab deflection beneath this region of active tectonics
and changing plate boundaries needs not surprise us. Van der Hilst and
Seno [1993] and Van der Hilst [1995] noticed that in the western Pacific
many convergent margins that have recently undergone significant
trench migration are underlain by slabs that are deflected or kinked in the
transition zone.



International Journal of Tomography & Statistics6

Inspired by earlier work [Kincaid and Olson, 1987], Griffiths et al. [1995]
conducted analog (tank) experiments to show that lateral trench
migration - if fast enough - can cause the deflection and/or kinking of the
subducted slab. Zhong and Gurnis [1995] investigated this system in
more detail by numerical modelling and demonstrated the dynamic feed
back between changes in slab morphology in the transition zone, slab
roll-back, and trench migration at Earth's surface.

Cenozoic plate reconstructions suggest significant extension and
concommitant lateral migration of the Hellenic arc [cf. Armijo et al., 1996;
Duermeijer et al., 2000]. Seismic moment tensor summation provides
evidence for modern-day back-arc extension in the southern Aegean
region [Jackson and McKenzie, 1988; Jackson et al., 1992], and the
satellite geodesy [Jackson et al., 1994; McClusky et al., 2000]
demonstrates that the Aegean plate is currently moving nearly
southward, partly in response to the collision of the Arabian plate with
eastern Turkey. Trench migration may be due to roll back of the Aegean
slab triggered by the slab encountering the more viscous lower mantle
[Zhong and Gurnis, 1995], which would well explain the extensional
stress regime of the overriding plate and may have facilitated the
southwestward extrusion of the Aegean plate. Alternatively, the latter
was the more active agent and pushed the trench southward and thus
triggering slab roll back. It is more likely, however, that both mechanisms
have been working simultaneously in a dynamically self-consistent
system. The rate of the trench retreat may have been enhanced by the
lateral migration of slab detachment beneath the region to the west of the
Aegean [Wortel and Spakman, 1992, 2000].
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Figure 1
Map of the study region. Dots and open boxes depict epicenters of
earthquakes with (0 < z < 70 km) and (z > 70 km), where z is the
hypocenter depth; while triangles depict seismographic stations. Thick
lines indicate the position of the cross sections displayed in Figure 2.
Abbreviations: A = the Aegean Sea; B = the Black Sea; M = the
Mediterranean Sea.
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Figure 2

Vertical sections across the Aegean convergent margin through the P-
wave models plotted as wave speed perturbations relative to ak135
developed by Kennett et al. [1995]. (a)-(c) Our model; contour scales
are from –3.0% to +3.0%. (d)-(f) The model by Kárason and Van der
Hilst [2001]; contour scales are from –1.5% to +1.5%. Open dots depict
earthquake hypocenters of magnitude > 5.5 on the Richter scale,
projected from a distance of up to 55 km on both sides of the plane of
section. For our model, (a)-(c), mantle regions poorly sampled by
seismic rays are blacked out and those fairly sampled are shaded by
the greenish color.
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Figure 3

Hypothesis test. (a)-(c) Model input i.e. a layer cake model synthesized
from the images shown in Figure 2(a)-(c). The input slab model is
stripped to allow the investigation of vertical smearing. (d)-(f) Recovery
of the hypothetical slab model. Notice that the fast slab lying flat in the
transition zone and the fast anomaly in the lower mantle are well
recovered.
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Figure 4

Layer anomaly maps. (a)-(c) Solutions representing upper mantle,
transition zone and lower mantle structures. (d)-(f) Recovery of
chequered pattern at corresponding depth intervals.
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Figure 5

Close-up of global bulk sound and shear wave speed models for the
layer anomaly map directly above the 660-km discontinuity (Kennett et
al., 1998). (a) Bulk sound speed. (b) Shear wave speed relative to
ak135. (c) Recovery by P-wave data for impulsive synthetic anomalies
with horizontal dimension 10.0o x 10.0o and +2.0% perturbations plotted
in the percentage of the recovered amplitude. (d) The same as (c), but
recovered by S-wave data with comparable ray coverage.


