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S U M M A R Y
In this study we have determined detailed Vp and Vs seismic velocity models of the Ionian
lithosphere subducting beneath the Tyrrhenian basin and of the surrounding mantle, by apply-
ing a post-processing technique to a large sample of local earthquake tomography studies.

Our seismic velocity models permit us to infer the presence of low velocity anomalies
within the slab, which we interpret as regions that are partially hydrated by fluids released
during the subduction process. A petrological interpretation of the velocity anomalies gives
new details on the magmatism of the volcanic Aeolian arc. Furthermore our velocity models
provide a more detailed description of the boundary of the slab and its connection with the large
seismically active Tindari-Letojanni strike slip system. Finally these results allow describing
in detail some features of the slab as the presence of lateral and vertical tears. In conclusion,
the obtained models provide some constraints for inferences on mantle circulation, and on the
geodynamical evolution of the central-western Mediterranean.

Key words: Seismic tomography; Subduction zone processes; Rheology: crust and litho-
sphere.

1 I N T RO D U C T I O N

The tectonic setting of the Tyrrhenian-Apennine system (Fig. 1) is
the result of a complex convergence (0.6–0.8 cm yr−1) between the
Eurasian and African plates (Anzidei et al. 1999; Hollenstein et al.
2003; Carminati & Doglioni 2004; Rosenbaum & Lister 2004),
which has been active since the Cretaceous (145–65 Ma). After
the Alpine orogenesis (55–28 Ma), the geodynamic evolution of
the Tyrrhenian-Apennine system was driven by the eastward mi-
gration of the subduction of the Ionian lithosphere (Malinverno &
Ryan 1986). The presence of the Ionian slab is supported by the
occurrence of intermediate and deep earthquakes, which define a
Wadati-Benioff zone, from the surface to a depth of at least 500 km
(Bruno et al. 1999 and references therein).

The Ionian lithosphere is about 125 km thick (Panza & Suhadolc
1990; Gvirtzman & Nur 2001; Pontevivo & Panza 2006) and at least
130 Myr old (Catalano et al. 2001). It is composed of a 6–8 km thick
Cenozoic (<65 Myr) sedimentary cover overlying a 8–9 km thick
Mesozoic (150–130 Myr) oceanic crust; the latter is a remnant
of the former Tethyan realm (Catalano et al. 2001). The remain-
ing 100–110 km is composed of lithospheric mantle harzburgite
(Blatt & Tracy 1996).

The roll-back of the subducting Ionian slab (10 Ma) produced
the opening of the extensional backarc Southern Tyrrhenian basin
(Kastens et al. 1988). At that time lithospheric rifting separated

the Calabrian block from the Sardinian basement (Goes et al.
2004). This event led to the formation of new oceanic crust, which
formed the Vavilov Basin to the west (4.3–2.6 Myr, Sartori 2003;
8.5–4.5 Myr, Argnani 2000), and the Marsili Basin to the south east
(2.0–1.7 Ma, Argnani 2000; 1.6 Myr, Kastens et al. 1988).

Several studies (Peacock 2001; Dobson et al. 2002) reveal
that deep-water circulation processes influence the occurrence of
deep earthquakes, and the existence of a link between the duc-
tile/brittle strain accommodation and hydration/dehydration reac-
tions of slab/mantle mineral phases.

The subduction process carries water into the Earth’s interior
(Poli & Schmidt 1995; Dobson et al. 2002 and references therein),
while its subsequent release, through dehydration reactions, reg-
ulates the long-term budget of water on the planet’s surface and
the slip rate on the plate interface, controls plate buoyancy, and
may trigger intraslab earthquakes and arc volcanism (Peacock &
Hyndmann 1999).

Hydration and dehydration reactions in the subducted ultra-
mafics, by far the most volumetrically abundant rock type, have
relevant effects on the mechanical properties of the rocks and con-
sequently on P- and S-waves velocities (Hacker et al. 2003).

If the subducting oceanic lithosphere is sufficiently cold and old,
hydration (several wt. per cent H2O) up to 6 GPa (corresponding
to depths of about 200 km) results in 5–15 per cent lower seismic
velocities than the surrounding mantle (Connolly & Kerrick 2002;
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Figure 1. Schematic geological map of southern Italy. The red line is the contact between African and European plates. The Malta escarpment (black dashed
line) is the passive margin, which collects the oceanic Ionian lithosphere to the Sicily channel region (continental part of the African Plate). The black lines
(R-R’, S-S’ and H-H’) are the traces of the vertical sections discussed in this work.

Hacker et al. 2003). Furthermore, Jung & Karato (2001) suggested
that water reduces the seismic wave velocity through enhanced
anelasticity. Serpentinized harzburgite within the descending plate
could form a potentially major reservoir for additional fluids
(Peacock 2001; Rupke et al. 2004), and could hydrate the man-
tle immediately above the slab (Davies & Stevenson 1992). The
fluids released by dehydration reactions in the ultramafic portion
of the slab are not uniquely destined to migrate into the overlying
mantle wedge, but at least for steeply subducting slabs (more than
50◦ dip), may in part flow up-dip within the slab (Abers 2005).

In the last decades, many tomographic studies (Piromallo &
Morelli 2003; Spakman & Wortel 2004; Montuori et al. 2007;
Chiarabba et al. 2008; Neri et al. 2009) have been performed to de-
fine the seismic velocity field in the crust and upper mantle beneath
the Tyrrhenian-Apennine system in order to provide constraints for
models of geodynamic evolution of the western Mediterranean Sea.

Nevertheless, the resolution of the velocity models of the region
is still inadequate for investigating structure within the subduct-
ing lithosphere, and the velocity fields are not reliable enough to
allow petrological inferences about the mineral phases existing at
high pressure and temperature in this geodynamic context. Here
we present P and S seismic velocity models of the Ionian slab
obtained from high-resolution seismic tomography based on local
earthquake data inversion (double-difference tomography tomoDD
algorithm of Zhang & Thurber 2003), further optimized by apply-
ing the weighted average model method (WAM; Calò 2009; Calò
et al. 2009, 2011). Application of the double-difference tomography
method to other regions has revealed new structural details within
downgoing slabs, providing direct constraints on the petrological
models, e.g. in northern Japan (Zhang et al. 2004) or in northern
Chile (Dorbath et al. 2008).

After the WAM method reliability assessment, we interpret the
resulting velocity anomalies in terms of phase equilibria governing

the progressive dehydration of silicates in the ultramafic portion
of the subducted lithosphere. These observations provide relevant
insights on the possible influence of intraslab mineralogy with the
H2O-release/retention.

2 DATA S E L E C T I O N

The data employed by this study are the first arrival times of P
and S waves, for earthquakes located in the southern Tyrrhenian
and recorded during the period 1981–2005 by national (Istituto
Nazionale di Geofisica e Vulcanologia; INGV) and local seismic
networks. The data set was updated with arrival times, not included
in the INGV catalogues, picked out on waveforms recorded from
three temporary arrays (in 1993, 1994 and 2002).

The seismicity of the region can be subdivided into two main
subsets (Fig. 2). The first set contains the shallow earthquakes
(hypocentral depth less than 40–50 km; blue points in Fig. 2) pro-
duced by the brittle behavior of the upper portion of the thinned
southern Tyrrhenian lithosphere. The second set contains the deep
events (hypocentral depth down to 500–600 km; green points in
Fig. 2) mostly located in the eastern part of the southern Tyrrhenian
Sea, between the Aeolian archipelago and the Calabrian coastline.
The hypocenters of this latter set are located in a well-developed
Wadati-Benioff zone having average dip of 69◦–72◦ (at depth of
100–300 km) and NW polarity (Chiarabba et al. 2005; Calò et al.
2009; Neri et al. 2009). We have performed preliminary hypocen-
tral locations and optimizations of the 1-D Vp and Vs input models
using a procedure that optimizes the hypocentral coordinates, the
velocity models and the mean station residuals by minimizing be-
sides the L2 norm of the residuals times their coherence in the offset
domain (Giunta et al. 2004; Calò 2009).

We have used a subset of 1,800 earthquakes containing both
shallow and deep events down to a depth of 350 km (419 events
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Figure 2. Map with the earthquakes (dots) and seismic array (red triangles)
used to obtain the Vp and Vs models. Blue dots are the shallow events (Z <

50 km) while the green dots are the deeper ones (Z > 50 km).

located between 40 and 350 km of depth; Figs 2 and 3), to construct
seismic velocity models using the TomoDD inversion code (Zhang
& Thurber 2003). Subsequently, we have applied the WAM post-
processing method (Calò 2009).

The events of our subset were recorded by at least 10 stations and
fit the observed data with RMS (weighted mean square residual)
less than 0.50 s after relocation with an optimized 1-D model (Calò

2009). The data set consists of 28,873 P- and 9,990 S- absolute
arrival times recorded by 183 seismic stations and mostly located
inside the target area, supplemented by 55,467 P- and 23,992 S-
differential times.

When a LET (local earthquake tomography) technique is applied
to study subduction zones it is necessary to reconstruct properly
the crustal heterogeneities, because these affect the ray-paths of the
deep events, and theirs related travel times.

The data set was chosen to allow reliable reconstruction of the Vp
and Vs distributions even in the shallow layers of the investigated
volume. Fig. 3 shows the projection of the P wave ray-paths as
straight lines on a horizontal and N-S and W-E vertical planes.

3 C O N S T RU C T I O N O F T H E V E L O C I T Y
M O D E L S A N D T H E WA M T E C H N I Q U E

The velocity models presented in this study are the result of a pro-
cedure that allows high resolution and reliability of the obtained
velocity distributions. In this procedure we first ran the tomoDD
code (Zhang & Thurber 2003) to solve the Vp and Vs structures
and hypocentral locations. Then the post-processing WAM method
(weighted average model) was run to increase the volume of inves-
tigation and to improve the reliability of the velocity models (Calò
2009; Calò et al. 2009, 2011).

The double-difference tomography code (Zhang & Thurber 2003)
has been developed to solve event locations and velocity structure
simultaneously by using both absolute and differential travel-time
data. This process overcomes the limitation of the double-difference

Figure 3. P-wave ray paths traced as straight lines. Earthquakes and seismic stations are indicated by black points and red triangles, respectively.
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location method (Waldhauser & Ellsworth 2000) by taking into
account explicitly the path anomaly biases between pairs of events.
In theory, double-difference tomography has the ability to relocate
accurately large numbers of earthquakes both in absolute and rel-
ative locations as well as to characterize more precisely the local
velocity structure. Many areas have been studied by using this tech-
nique at local and regional scale (Zhang & Thurber 2003; Shelly
et al. 2006; Dorbath et al. 2008), allowing a detailed description of
the Vp and Vs velocity structures within slabs.

The observed differential arrival times can be calculated from
both waveform cross correlation techniques for similar waveforms
and absolute catalogue arrival times. In our work we calculated
differential times from the absolute arrival times catalogue only.

However, also in tomoDD the initial parameters that are imposed
to obtain the 3-D velocity models (e.g. initial model velocity values,
model parameterization, data selections, etc.) may strongly affect
the results.

Therefore we applied the WAM method (Calò 2009; Calò et al.
2011) to overcome some limitations of the velocity models ob-
tained with the standard tomographic codes. The WAM method
is a post-processing technique that may be used with any tomo-
graphic inversion code. This method is based on sampling models
compatible with data sets using different input parameters and then
synthesizing results in a weighted average model.

Several tests, carried out with both synthetic and experimental
data (Calò 2009), have shown that as the order N of the WAM in-
creases (i.e. the number of the models used to construct the WAM),
the resulting model tends asymptotically to the true velocity distri-
bution. The method is therefore able to reconstruct velocity distri-
butions more reliably than a generic single tomographic inversion.

We obtained final P and S velocity distributions by averaging,
with the WAM method, 27 double-difference tomography models
obtained with different input parameters. In particular, besides some
tomographies performed using various selection rules of absolute
and differential data, others carried out with 1-D and 3-D starting
models and with deformed and translated grids, we picked out
several inversions relative to different azimuth of the horizontal
edges of the initial inversion grid. The average angular step of the
rotations was about 20◦ and the total azimuth coverage was 180◦

(Calò et al. 2009; Calò 2009).
Fig. 4 shows horizontal and vertical sections of the checkerboard

test (Zhao et al. 1992) obtained with the same procedure described
above. This test was carried out with a synthetic data set contain-
ing the calculated absolute and differential data corresponding to
the experimental distribution of events and stations, perturbed by
random errors with a standard deviation proportional to the mean
location RMS.

The test shows that bodies characterized by 6 per cent veloc-
ity contrasts and with average dimension of 28 km × 28 km ×
24 km (X, Y and Z, respectively) are well recovered in the inves-
tigated volume. For this work the investigated volume is defined
by considering the part of the model with derivative weight sum
(DWS, Toomey & Foulger 1989) greater than 100. Furthermore, we
determined the weighted standard deviations (WSD) of the WAM
velocity estimates to assess the reliability of the resulting model.
The WSD parameter is useful to evaluate the dependence of the
inversion results on the input parameters used to reconstruct each
model. We observed by synthetic tests that WSD is strongly anti-
correlated to the restoration of the true velocities (Calò et al. 2008,
2009; Calò 2009). In most of the investigated volume, the WSD
values are smaller than 0.06 km s−1, and do not exceed 0.12 km s−1

in the border areas (Calò et al. 2009).

In Appendix A the results obtained by the inversions of two com-
pletely independent subsets of events are also reported. The subsets
were constructed selecting events with odd and even numbers in the
earthquake list in order to get a random distribution of the data. Each
subset contains 900 events. This test allows estimating the contribu-
tion of the random noise in the reconstruction of the velocity model
(Koulakov et al. 2009).

The sections S-S’ (Appendix A) show that the velocity models are
very similar at all depths. The models should be compared between
them and also to the model obtained with the whole data set. The
Vp and Vs sections report very similar velocity structures for the
three data sets.

This test demonstrates that the noise included in our data does
not influence significantly the inversion results, supporting the reli-
ability of the obtained velocity models.

However, we have to note that the small differences observed
between the models should also be related to the lower resolving
power of the experimental information in the inversions performed
with the two subsets with respect to the results obtained with the
whole data set because they were calculated only with half of the
data.

In the following paragraphs we discuss the results of our 27th
order WAM tomography. The main features of the final Vp and
Vs models were stable in the sampling of the model space carried
out within the WAM procedure. Furthermore, we carried out many
inversions with different 1-D and 3-D input models (Calò et al.
2009). For these inversions we tested perturbations of the initial
model that reach 13 per cent of the initial seismic velocities.

Similar tests were performed to assess the reliability of the Vs
model. Also these tests provided good results although the resolved
region is much smaller because of the smaller amount of data.

Finally, checkerboard test together with the other assessment tests
already presented in Calò et al. (2009) and Calò (2009), support the
reliability of the detailed velocity models obtained through double-
difference tomography followed by WAM post-processing.

4 T O M O G R A P H I C R E S U LT S

The main results of the southern Tyrrhenian Vp and Vs velocity
models are presented in four horizontal slices (Fig. 5) and three
vertical sections (H-H’, S-S’ and R-R’; Figs 1 and 6) that are repre-
sentatives of the studied area. For the description (and the interpre-
tation) of the seismic velocity anomalies we assume a thickness of
the Ionian lithosphere of 125 km, as suggested by several authors
(Panza & Suhadolc 1990; Gvirtzman & Nur 2001; Pontevivo &
Panza 2006).

4.1 Horizontal Vp and Vs slices

The Vp section at a depth of 80 km (Fig. 5a) shows a high velocity
body (8.2 < Vp < 8.8 km s−1, label 1) that dominates most of the
investigated area. This body represents the top of the Ionian slab.
At this depth the Ionian slab is dipping about 20◦–30◦ NW and it
appears limited in the northeastern and southwestern part (black
dashed lines). A thin lower Vp area (7.0 < Vp < 7.7 km s−1, label
2), elongated in NNE-SSW direction, is also noticeable inside the
Ionian slab. The corresponding Vs section (Fig. 5e) shows a high
velocity body (4.75 < Vs < 5 km s−1, label 1) that is thinner in the
central region, and a larger low anomaly beneath the Calabrian Arc
(3.8 < Vs < 4.2 km s−1, label 2). The two boundaries of the Ionian
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Figure 4. Horizontal (a) and vertical (b and c) sections of the initial checkerboard velocity model. Horizontal sections of the reconstructed checkerboard
model are at depths of 80 km (d), 125 km (e), 160 km (f), and 180 km (g). Vertical sections of the reconstructed checkerboard model (h and i).

slab observed in the Vp section are also visible in this model (black
dashed lines).

At a depth of 125 km (Fig. 5b), the dip angle of the subducting
lithosphere is about 69◦–72◦ down to 250–300 km of depth (see
Fig. 6). The high Vp body characterizing the Ionian slab is very
narrow (about 50 × 50 km2 large, label 1) and mostly located in
the eastern part of the southern Tyrrhenian Sea. Low Vp anomalies
(7.0 < Vp < 7.7, label 2) covering an area of about 25 × 35 km2 are
located beneath the Calabrian arc. Low Vp areas (label 3) are also
observed beneath the Aeolian archipelago and NW (i.e. beneath the
Marsili basin). In the horizontal section of the Vs model (Fig. 5f),
the high seismic velocitiy values involve a larger area (label 1).
They are placed beneath the northern coastline of the Calabria and
in the westernmost part of Sicily. Low Vs regions are observed in
the southern part of the resolved area (beneath southern Calabria
and Sicily, label 2) and beneath the Aeolian archipelago (label 3).

The slice at a depth of 160 km (Fig. 5c) clearly shows the concave
shape of the Ionian slab (black dashed line), here highlighted by a
50–60 km large and 200–220 km long high velocity anomaly (label
1). In this slice the low Vp area just beneath the Calabrian arc is

somewhat discontinuous (label 2). The low velocity regions located
NW of the Aeolian arc are still present (label 3). At this depth the
Vs model (Fig. 5g) shows only a fragmented distribution of the high
values beneath the Tyrrhenian Sea (label 1) and few low anomalies
beneath the Calabrian arc (label 2).

The slice at a depth of 180 km (Fig. 5d) shows a clear sandwich
structure of the Ionian slab characterized by a thin (20–25 km, label
2) low velocity layer between two high Vp zones (label 1). It is
worth noting that at this depth the low Vp anomalies beneath the
Marsili area are no longer imaged. The corresponding Vs section
(Fig. 5h) displays an elongated high velocity anomaly 30–50 km
large (4.75 < Vs < 5 km s−1, label 1) that separates two low Vs
bodies (3.8 < Vs < 4.2 km s−1) located beneath the Calabrian arc
(label 2) and in the northwestern part of the Aeolian Archipelago
(label 3), respectively.

4.2 Cross section S-S’

The S-S’ vertical section, which crosses the central part of the
study area (Figs 1 and 6b and e), shows that the upper portion of the

C© 2012 The Authors, GJI

Geophysical Journal International C© 2012 RAS



6 M. Calò et al.

Figure 5. Horizontal sections of the Vp and Vs models at depths of 80, 125, 160 and 180 km. Red lines limit the well-constrained areas of the model (DWS >

100). The black dashed lines on the sections at a depth of 80 km are referred to the vertical tears bordering the Ionian slab. The black dashed line on the sections
at a depth of 160 km highlights the arcuate shape of the subducting lithosphere. The labels (1, 2 and 3) mark the high/low velocities discussed in this work.

Figure 6. Vertical sections of the Vp (a, b and c) and Vs (d, e and f) models. The black dashed lines in all the sections are the schematization of the estimated
thickness of the subducting Ionian lithosphere, while the red lines limit the well-constrained areas of the models (DWS > 100). The white dashed line in S-S’
is the projection of the top of the Ionian slab detected by Finetti (2005). The black dots in S-S’ are the projections of the earthquakes within 15 km of the
section. The labels (1, 2, 3 and 4) mark the high/low velocities discussed in this work.

slab is characterized by high values of both Vp and Vs (8.2 < Vp <

8.8 km s−1 and 4.75 < Vs < 5 km s−1). The thickness of this contin-
uous body (label 1 in Fig. 6) is 50–60 km and it dips steeply, together
with the hypocenters, towards the NW with an approximative an-
gle of 69◦–72◦ calculated in the part of the slab at 100–300 km of
depth.

Just below the high Vp and Vs zone, a thin heterogeneous area
composed of separate bodies (label 2 in Fig. 6) having values of

7.0 < Vp < 7.7 km s−1 and 3.8 < Vs < 4.2 km s−1 is visi-
ble. The size of these anomalies ranges between 20 and 30 km
in the horizontal direction, and 30 and 50 km in the vertical
one.

The portion of the slab underlying the low velocity bodies (that is
expected to have a thickness around 30–50 km assuming a 125 km
thick subducting lithosphere) is visible only in a few parts of our
models.

C© 2012 The Authors, GJI
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4.3 Cross section H-H’

The H-H’ section crosses the northeastern part of the subducting
slab (Fig. 1). Compared with the S-S’ section, the high Vp (and
Vs) bodies, corresponding to the upper part of the Ionian subducted
slab (label 1 in Figs 6a and d), is rather discontinuous. In particular
this body seems broken between 120 and 210 km depth in the Vp
section and between 120 and 180 km in the Vs one. Just below the
high velocities, the steeply elongated low Vp and Vs anomaly is
still present (label 2 in Figs 6a and d). The horizontal and vertical
dimensions of this low velocity anomaly are about 30 km and 70 km,
respectively. The deep low Vp bodies beneath the Tyrrhenian Sea
are also present, but they are confined to the northeastern part (labels
3 and 4 in Fig. 6a). This region of the southern Tyrrhenian basin
is approximately below the Palinuro seamount. If we assume a Vp
of 7.6–7.8 km s−1 for the upper mantle of the Tyrrhenian basin
(Chironi et al. 2000; Caielli et al. 2003 and references therein),
the thickness of the Tyrrhenian crust results of 20–25 km, marked
by a slight thinning towards offshore Calabria (grey dashed line in
Figs 6a and d). Finally, a shallow low Vs anomaly reaching a depth
of 15–18 km can be assigned to the upper crust and to the thick
plio-quaternary sedimentary cover (i.e. the Paola basin, Pepe et al.
2008).

4.4 Cross-section R-R’

This vertical section crosses the southwestern part of the Ionian slab
the Sicily and the Aeolian archipelago (Fig. 1). It displays the high
Vp body at the top of the slab detached by a thin subhorizontal low
velocity anomaly between 90 and 130 km (label 2 in Figs 6c and f).
Vs section shows a clear and larger low velocity anomaly separating
the high velocity bodies.

In the Tyrrhenian mantle wedge, the lowest Vp and Vs values
are mostly located between the Aeolian archipelago and the Mar-
sili seamount (labels 3 in Figs 6c and f). At shallow depths (down
to 30–40 km) the low Vp anomalies are mostly located beneath
the major volcano of the region (i.e. the Marsili seamount, la-
bel 4 in Fig. 6c) and beneath the Aeolian Islands. The high Vp
that characterizes the Ionian slab almost completely surrounds a
vertically elongated low Vp anomaly at a depth of 100–250 km.
In the cross-section the thinning of the Tyrrhenian crust from
Sicily towards offshore is also noticeable (gray dashed line in Figs
6c and f). This crustal thinning is in agreement with the results
of several studies carried out in the same region (Chironi et al.
2000; Caielli et al. 2003; Pontevivo & Panza 2006; and references
therein).

5 C O M PA R I S O N W I T H P R E V I O U S
S T U D I E S

Several seismic tomographic techniques have been applied for
studying the Ionian subduction zone. Vertical sections of recent ve-
locity models obtained with teleseismic data (Piromallo & Morelli
2003; Spakman & Wortel 2004; Montuori et al. 2007; Koulakov
et al. 2009) show high Vp bodies steeply dipping to about the
660 km discontinuity. All the authors agree that these bodies be-
long to the Ionian lithosphere subducting beneath the Tyrrhenian
basin. The thickness of these bodies is different in the models of
various authors; nevertheless it seems to be at least 80–110 km at
depths ranging between 100 and 300 km. However, the resolution

of these velocity models is low (vertical and horizontal resolutions
are estimated between 50 and 100 km; Piromallo & Morelli 2003;
Spakman & Wortel 2004; Montuori et al. 2007), and thus only
a qualitative comparison with our results can be made. Recently,
models providing a more detailed description of the geometry of
the Ionian subducting slab have been obtained by inversion of local
earthquake data. Neri et al. (2009) show, in agreement with our
results, a high Vp body that is continuous in the central part of
the slab and is laterally interrupted, while Chiarabba et al. (2008)
focused their attention on the relationships between the low Vp
anomalies detected in the Tyrrhenian mantle wedge and the fluids
released by the subducted Ionian lithosphere. In both models the
thickness of this high Vp body is 50–60 km and its position is in
agreement with our results. However, the mean spatial resolution
of the models of Neri et al. (2009) and Chiarabba et al. (2008) is
about 50 km for a depth ranging from 50 to 350 km. This resolu-
tion is similar to that of the above mentioned teleseismic tomogra-
phy models. Chiarabba et al. (2008) used the tomographic inver-
sion code developed by Thurber (1993) and modified by Eberhart-
Phillips & Reyners (1997) while Neri et al. (2009) used the standard
Simulps code (Evans et al. 1994). Both methods use only the ab-
solute travel times to determine the velocity model and hypocenter
locations.

In this work we used the tomoDD code (Zhang & Thurber 2003)
that uses absolute and differential travel times to solve for both the
Vp and Vs structures and the hypocenter locations. Moreover the
WAM method increased the extension of the investigated volume,
and the resolution and reliability of the final velocity models (Calò
2009). Furthermore, we have verified that velocity anomalies of
28 km × 28 km × 24 km are well recovered with the data set we
have used (Calò 2009).

The largest low Vp anomaly detected in the R-R’ section had been
roughly imaged by Chiarabba et al. (2008), because its horizontal
dimension is estimated to be about 40 km, while the low Vp anomaly
of the H-H’ section is comparable to that shown in the model of Neri
et al. (2009). The partial absence of the smallest velocity anomalies
within the slab in the above-mentioned models can be explained as
a lack of resolution (they are inadequate resolving features smaller
than 50 km). They also lack detailed information on the structure
of the deeper (and inner) part of the Ionian slab.

Finally, Neri et al. (2009) calculated only the Vp velocity model
(using only P-wave travel times) while Chiarabba et al. (2008) used
also S-P times to calculate Vp/Vs model. In our work we used P- and
S-travel times to determine simultaneously Vp, Vs and hypocentre
locations.

The high resolution of our models (especially of the deepest
parts) is therefore due to three major aspects. First, we used deep
and shallow events to calculate the velocity models. The presence
of ‘short’ ray paths related to the shallow events allows a high
resolution and reliability of the shallow structures. Consequently,
the parts of the ‘longer’ ray paths, mainly related to the deeper
events, result more constrained and able to better resolve deeper
structures. Second, we used double difference data. These data are
able to increase the resolution of the seismic velocities near the foci
(Zhang & Thurber 2003). This leads in a general improvement of
the whole model and consequently of the deeper structures. Third,
the post processing WAM method allowed a strong limitation of
artefacts because it reduces the dependence of the model from
the input parameters. We thus conclude that the double-difference
tomography together with the use of our post-processing method
allows obtaining more detailed and more reliable velocity models
than the previous studies.
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6 T H E I M A G E O F T H E I O N I A N S L A B
A N D P E T RO L O G I C A L I N F E R E N C E S

The velocity models we have obtained suggest that the Ionian slab
has a sandwich structure characterized with lower seismic velocity
regions inserted within a region of higher seismic velocities.

Eclogite (former oceanic crust; 8.4 < Vp < 8.7 km s−1) and
anhydrous harzburgite (upper mantle; 8.4 < Vp < 8.8 km s−1)
have similar seismic velocities at depth (Hacker et al. 2003), and
therefore are virtually undistinguishable in a LET. Since Catalano
et al. (2001) suggest an Ionian oceanic crust to be 8–10 km thick,
we interpret the high Vp (and Vs) layers in the upper portion of
the descending slab to be most likely composed of: (i) ∼10 km of
eclogite, and (ii) ∼50 km of anhydrous harzburgite.

Seismic profiles performed in the area with the near-vertical
reflection technique (CROP project; Finetti 2005) detected a thin,
strongly sloping reflective layer down to a depth of about 140 km,
which has been interpreted as the top portion of the Ionian slab
(white dashed line in the S-S’ cross section). Our Vp and Vs velocity
distributions match well the interpretation of Finetti (2005), and the
accuracy of the dip estimation and position of the Ionian slab.

Just below, i.e. most likely in the Ionian lithospheric mantle, there
is a 20–25 thick zone characterized by low Vp (7.0–7.7 km s−1) and
Vs (3.8–4.2 km s−1).

This zone is coincident with the inner, probably colder, por-
tion of the slab. We interpret these velocities as partially hydrated
(serpentinized) harzburgite areas separated by protrusions, perhaps
corresponding to less hydrated mantle regions. Serpentinite is also
characterized by low elastic wave velocities and high Poisson’s ra-
tio (Christensen 2004). The relation between decrease of Vp and
increasing of the serpentinization in peridotites (Christensen 2004)
suggests that values of Vp down to 7.0 km s−1 can be achieved
with a serpentinization of peridotite that could reach 20–30 per
cent in volume. It is worth noting that this low-velocity region
is practically aseismic, in agreement with the ductile rheology of
serpentine-bearing rocks (Peacock & Hyndmann 1999). These low-
velocity bodies disappear at a depth of 230–250 km, which is close
to the experimentally determined upper pressure bound required
for the stability of antigorite-chlorite assemblages in hydrous peri-
dotites: ca. 6.0 GPa at 600 ◦C according to Fumagalli & Poli (2005)
or a slightly higher pressure according to Hacker et al. (2003). The
vanishing of the low-velocity region at a depth greater than 230 km
could thus be ascribed to substantial dehydration of the serpentine-
group minerals to H2O-poor high-pressure DHMS phases (dense
hydrous magnesian silicates, e.g. the ’phase A’). These latter are
closely similar to anhydrous lherzolite minerals in their seismic
properties (Hacker et al. 2003).

The Vp and Vs WAMs display a mantle wedge in the Tyrrhe-
nian region, on the top of the Ionian slab, with low-velocity ver-
tically elongated areas (Vp ≤ 7.0 km s−1 and Vs ≤ 4 km s−1)
beneath the Stromboli and Marsili volcanoes (label 3 in Figs 5 and
6). The Vp/Vs distribution (obtained by dividing the two veloc-
ity models; Appendix B), shows that these areas are marked by
high values (Vp/Vs > 1.8). The spatial distribution of these low-
velocity and high Vp/Vs ratio bodies suggests that partial melting
triggered by a reservoir of slab-released fluids is likely to occur
at a depth ≤180 km. This depth is in a good agreement with the
Vp model of Chiarabba et al. (2008), experimental petrology con-
straints (Schmidt & Poli 1998) and geochemical/petrological mod-
els (Tommasini et al. 2007). The major volcanological inference is
that beneath Stromboli and Marsili volcanoes (at depth ≤40 km)
significant amounts of mantle partial melts (i.e. some thousands of
km3) have accumulated, and feed the present-day volcanic activity
(label 4 in Fig. 6).

Fig. 7a summarizes the main features of the velocity models
discussed in the S-S’ cross-section and illustrates two possible
pathways for the fluids released by dehydration of the ultramafic
portion of the slab: (i) an up-dip migration (within the subducted
ultramafic lithosphere) enhancing hydration of more superficial ul-
tramafic rocks, and (ii) a migration through transverse channels,
(e.g., bend faults, Kerrick 2002; Ranero et al. 2003), which can
deliver the fluids to the top of the subducted crust and hence to the
overlying mantle wedge. The dip angle and the depth reached by the
faults are mostly affected by the bending of the trench zone (Ranero
et al. 2003) identified bend faults dipping 45◦ and cutting at least
20 km into the Nicaragua slab that is dipping 65◦. The Vp horizontal
section at a depth of 80 km shows a low Vp area with elongated
shape in SW–NE direction inside the upper part of the subducting
lithosphere (Fig. 5 label 2). This main direction is almost parallel to
the bending axis of the slab and hence with the direction of the bend
faults. Therefore we suggest that a similar scenario occurs in the
Ionian slab in the bending caused by the steep roll-back, where deep
bend faults affect the subducting lithosphere allowing the hydration
of large volume of the Ionian upper mantle.

7 G E O DY NA M I C A L I M P L I C AT I O N S
A N D C O N T R I B U T I O N S O F T H E N E W
I M A G E S O F I O N I A N S L A B

The horizontal slices of the Vp and Vs models (Fig. 5) show
an Ionian slab that changes in size with depth. In the Vp its
lateral extension varies between 80 and 160 km reaching the
minimum (i.e. its maximum lateral shortening) at a depth of
125 km.

Figure 7. (a) Sketch displaying the velocity anomalies detected on S-S’ Vp and Vs sections; (b) 3-D representation of the high Vp (>8.15 km s−1) Ionian
slab. The yellow dashed lines mark the lateral shortening of the slab, while the black dots are the earthquakes used in this work; (c) 3-D sketch showing the
shape of the subducting slab and the relative positions of the low velocity anomalies within the Ionian lithosphere.

C© 2012 The Authors, GJI
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A three-dimensional representation of the Vp model (Fig. 7b)
shows that the upper portion of the Ionian slab where Vp>

8.15 km s−1 has the shape of an asymmetric hourglass with its
narrowed width at a depth of 100–130 km (yellow dashed lines in
Fig. 7b). Furthermore, it is possible to see that the hypocenters of
the earthquakes used to obtain the velocity model are located, with
similar geometrical features, within the dipping high Vp slab. This
characteristic shape suggests the coexistence of vertical and lateral
tears of the Ionian slab, and leads us to infer that it is laterally
blocked because it is still anchored to the African continental litho-
sphere (in the western part, beneath the Sicily) and to the Adriatic
one (in the eastern part, beneath the Apennines). The presence of
the vertical tears is shown in the horizontal section of the Vp model
at a depth of 80 km (Fig. 4, black dashed lines) and agrees with
the results discussed by Rosenbaum et al. (2008). However our Vp
and Vs models suggest also the presence of horizontal tears (yellow
dashed line in Fig. 7b) that are also shown by the sequence of the Vp
horizontal sections (Fig. 5). Although this blockage laterally lim-
its the subduction of the Ionian slab, the roll-back is still active in
its central part (as evidenced by the seismicity), down-sucking the
slab and consequently tearing it laterally at the borders. Several Au-
thors have suggested the existence of lateral tears in the Ionian slab
(Wortel & Spakman 2000; Spakman & Wortel 2004; Rosenbaum
et al. 2008). The velocity models presented here allow a more de-
tailed description of such tears showing also some strong differences
between the eastern tear and the western one (Figs 5, 6 and 7). The
eastern lateral tear is observed at a depth of 100–130 km, it is more
developed than the western one and, if we consider as the border
of the subducting lithosphere the vertical tear displayed in Fig. 5,
penetrates into the Ionian slab for about 100 km.

The western lateral tear is less developed (it affects the slab only
for few dozen of km) and affects the Ionian lithosphere at a depth
ranging between 100 and 180 km.

Interesting is also to observe the different pattern of the Vp/Vs
model in the sections crossing the tears (Appendix B). Section R-R’,
passing near to the Etna volcano, exhibits high values of the Vp/Vs
ratio at a depth of 100 km, while the section H-H’ show very weak
variations of Vp/Vs at that depth.

The 3-D sketch of the geodynamic context of the southern Tyrrhe-
nian region (Fig. 7c) is derived from the interpretation of the Vp
and Vs anomalies in Fig. 6 (R-R’, S-S’, H-H’) with the assumption
that the average thickness of the Ionian lithosphere is about 125 km
(black dashed lines in Fig. 6, Gvirtzman & Nur 2001; Pontevivo &
Panza 2006).

We recall that the low velocity volumes recovered in our model
are interpreted as partially hydrated (serpentinized) harzburgite.
Indeed other tomographic studies have also detected low velocity
regions but they are mainly located below the Ionian lithosphere
(Piromallo & Morelli 2003; Spakman & Wortel 2004; Montuori
et al. 2007). Furthermore, their size and amplitude cannot be related
to our velocity models and they have been interpreted as lateral
mantle flows (Faccenna et al. 2005), and thus considered outside of
the Ionian lithosphere.

The model of the Ionian slab with vertical and lateral tears is also
supported by secondary constraints coming from the geochemistry
of recent magmatism of southern Italy. It is commonly accepted
that the ‘African’ mantle has an isotopic signature enriched in ra-
diogenic lead (HIMU = high-µ, where µ is the 238U/204Pb ratio)
with 206Pb/204Pb ≥ 19.4. The HIMU isotopic signature is present in
the recent mafic magmatism around Sicily (Ustica, Hyblean plateau,
Etna, Pantelleria, Sicily Channel, Figs 1 and 8, Rotolo et al. 2006
and references therein), but disappears in the Alicudi-Vesuvio tran-

sect, to reappear at Mt. Vulture (Fig. 8, De Astis et al. 2006). We
suggest that the lack of the HIMU isotopic signature in the Aeolian
magmatism (with the exception of Alicudi, Peccerillo et al. 2004)
is due to the shield action of the Ionian slab insulating the mantle
source of the Aeolian magmatism from the ‘African’ mantle (Fig. 8).
Other authors interpreted this feature as a result of a slab window
(Gasperini et al. 2002). However the splitting analysis of the SKS
phases splitting (Baccheschi et al. 2007, 2008) suggests a lateral
flow of the African mantle around the slab. Doglioni et al. (1999,
2007) suggest that the Tyrrhenian mantle circulation plays a fun-
damental role on the subduction process and, consequently, on the
fore-arc African mantle. They suggest that ENE-WSW Tyrrhenian
mantle flows push both the slab and the African mantle eastward
facilitating the moving back of the slab. Our results are consistent
with the suggestion made by other authors (Faccenna et al. 2005;
Rosenbaum et al. 2008 and reference therein) whereby a shield-
ing Ionian slab can explain most of the geochemical features on
the magmatism in the study region. Our results support a model
of mantle circulation where the African and Tyrrhenian flows both
play a fundamental role in the geodynamics of southern Italy.

Besides the influence on the magmatism of southern Italy, the Io-
nian slab plays an important role in recent lithospheric deformation
of eastern Sicily. It is worth noting that the most salient topograph-
ical and shallow geological features of the study region, namely the
Malta escarpment (topographic expression of the passive margin
between the continental portion of the African Plate and the Ionian
oceanic crust), the Etna volcano, the strike slip system Tindari-
Letojanni (see Fig. 1) and the Aeolian volcanoes (Vulcano, Lipari
and Salina), are aligned approximately in S–N direction (Fig. 8).
Here we observe that the western boundary of the reconstructed
Ionian slab at a depth of 80 km (corresponding approximately to
the top of the slab) coincides with this alignment. Pondrelli et al.
(2004) suggested the presence of this spatial ’coincidence’ through-
out GPS and seismicity analyses. Here this feature is clearly imaged
by the Vp model providing a new constrain for this structural pat-
tern. Furthermore this observation demonstrates the importance of
studying the relationships between deep and shallow structures for
better understanding some mechanisms of great active structures
that involve the terrestrial crust.

8 C O N C LU S I O N S

The detailed reconstruction of Vp and Vs models allows us to in-
fer new hypotheses on the structure of the Ionian slab and of the
surrounding mantle. The vertical sections show high Vp and Vs
bodies (8.2 < Vp < 8.8 km s−1 and 4.75 < Vs < 5 km s−1)
50–60 km thick and dipping 69◦–72◦ NW in its steepest part. We
assign these velocity distributions to the upper portion of the sub-
ducting Ionian slab, which is most likely composed of eclogite and
harzburgite having similar seismic properties at that depth (Hacker
et al. 2003). Just below, corresponding to the inner portions of
the slab, discontinuous low velocity bodies (7.0 < Vp < 7.7 km
s−1 and 3.8 < Vs < 4.2 km s−1), a few dozens of km wide have
been interpreted as partially hydrated (serpentinized) harzburgite.
The presence of fluids in this portion of the subducted lithosphere
is ascribed to the pervasive presence of fault bends that affect
the whole oceanic crust and the upper lithospheric mantle dur-
ing the bending and subsequent stretching of the steep slab. During
the subduction, slab-released fluids are delivered into the overly-
ing mantle wedge, triggering the magmatism in the volcanic arc,
whereas additional fluid aliquots find pathways within the slab itself

C© 2012 The Authors, GJI
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Figure 8. Sketch showing the influence of the Ionian slab on the mantle circulation of the region. The reconstructed shape of the subducting lithosphere allows
relating, beside the mantle circulation, the shallow active structures of the Sicilian crust.

affecting the inner ultramafic portion of the subducted lithosphere.
This low-velocity region is aseismic, in agreement with the duc-
tile rheology of serpentine-bearing rocks (Peacock & Hyndmann
1999), and disappears at depths of approximately 230–250 km,
which is the experimentally determined upper pressure bound re-
quired for the stability of antigorite-chlorite assemblages in hydrous
peridotites.

The 3-D reconstruction of the high Vp body (Vp > 8.15 km
s−1) shows that the upper part of the Ionian slab has a shape of
an asymmetric hourglass with its narrowed width at a depth of
100–130 km. This geometry of the Ionian slab suggests both an
arcuate shape and the presence of vertical and lateral tears of the
subducting lithosphere. These features affect the geochemistry of
recent magmatism of southern Italy because the Ionian slab, playing
the role of a shield, does not allow the African mantle to be involved
in the backarc volcanism (namely the Alicudi-Vesuvio transect) as
has been observed during the tracing of the HIMU isotopic signa-
ture of the Italian magmatism (De Astis et al. 2006; Rotolo et al.
2006).
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A P P E N D I X A

Figure A1. Panels (a) and (b) display the S-S’ sections of the Vp and Vs models calculated using the whole data set. Panels (a1) and (b1) show the results of
the inversions obtained selecting the odd numbers of event list and panels (a2) and (b2) the even ones. The well-resolved area of the inversions performed with
the two independent events is smaller because we adopted the same DWS threshold (DWS = 100) that we used to obtain the model with the complete data set.
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A P P E N D I X B

Figure B1. Vertical sections of the Vp/Vs model computed by dividing the Vp and Vs WAMs. The well-resolved area is enclosed by DWS values of the Vs
model. The threshold used is DWSs = 200.
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