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S U M M A R Y
In this study, we derived the first 3-D P-wave seismic attenuation images (QP) as well as new
3-D VP and VP/VS models for the crust in southeastern Sicily. We used a large data set of local
seismic events occurring in the time span 1994–2013. The results of this tomographic study
have important implications on the seismic behaviour of the region. Based on velocity and at-
tenuation images, we identified distinct volumes characterized by different fluid content, which
correlate well with seismicity distribution. Moreover, the obtained velocity and attenuation
tomographies help us to provide a more complete picture of the crustal structure of the area.
High VP, high QP and high VP/VS values have been obtained in the crustal basement, below
a depth of 8 km, and may be interpreted as due to the presence of serpentinized peridotites.
Accordingly, the new model for the degree of serpentinization, retrieved from VP values, shows
that the basement has an average serpentinization value of 96 ± 3 vol.% at 8 km, decreasing
to 44 ± 5 vol.% at about 18–20 km.

Our joint interpretation of geophysical and petrophysical evidence suggests that the na-
ture and composition of the Hyblean upper lithosphere may differ from accepted and long-
established geological models, which consider this lithospheric block a continuation of the
Africa continental plate.

Key words: Composition and structure of the oceanic crust; Africa; Europe; Body waves;
Seismic attenuation; Seismic tomography.

I N T RO D U C T I O N

A number of geological and geophysical investigations have been
carried out to determine the structure and composition of the litho-
sphere of southeastern Sicily. Detailed data sets have been gathered
for the Hyblean upper crust, which consists of a Meso-Cenozoic
sedimentary-volcanic sequence (Bianchi et al. 1987). However,
there are no direct constraints for the buried Permo-Triassic base-
ment of this region (Bianchi et al. 1987; Finetti et al. 2005). The Hy-
blean Plateau is conventionally thought to be the uplifted emerged
portion of the Pelagian block, as the northern offshoot of the Africa
continental plate (Lentini et al. 1994) that would extend from Tunisia
to Sicily. However, a 30-yr study of deep-seated xenoliths embed-
ded in tuff-breccia deposits of Hyblean diatremes (e.g. Scribano
1987a; Scribano et al. 2006a), Late Tortonian-Lower Messinian in
age (Suiting & Schmincke 2010), led Manuella et al. (2013, 2015)
to propose a new lithospheric model for southeastern Sicily, and
neighbouring areas. This model, based on integrating petrologic
and geochemical data from Hyblean xenoliths and volcanic rocks

(Manuella et al., 2013, 2015) with recent geophysical data sets
(Giampiccolo et al. 2003; Brancato 2005), is also coherent with
palaeogeographic models (Biju-Duval et al. 1977; Burollet 1991;
Vai 1994, 2003; Catalano et al., 2000, 2001; Müller et al. 2008;
Domeier & Torsvik 2014; Granot 2016; Thibault et al. 2016); all
those works attest that Sicily and its off-shore areas are rooted on a
remnant of the ultraslow-spreading Paleo-Tethys Ocean as a part of
the Oman–Iraq–Levantine–Sicily–Texas oceanic seaway.

In recent decades, tomographic studies have been performed to
define the seismic velocity structure of the crust beneath the Hyblean
Plateau. The latter derive from either large-scale seismic tomogra-
phy (e.g. Di Stefano et al. 1999; Barberi et al. 2004), which rendered
a low detailed 3-D structure of the Hyblean lithosphere, as well as
P-wave local earthquakes tomography (Scarfı̀ et al. 2007; Brancato
et al. 2009; Musumeci et al. 2014) in which different techniques
and data sets were considered. All the velocity models available in
literature reveal several sharp lateral velocity perturbations high-
lighting marked crustal discontinuities that could be related to the
major tectonic structures.
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Unlike previous tomographies carried out in the area, thanks to
a vast amount of local events recorded by a permanent seismic net-
work in the period 1994–2013, other than new 3-D VP and VP/VS

models here we derive, for the first time, a 3-D P-wave attenuation
tomography (QP). In fact, 3-D P- and/or S-waves velocities are often
insufficient to acquire a reliable geological interpretation or indeed
any meaningful understanding of the physical processes involved;
therefore, the evaluation of the 3-D distribution of other physical
parameters is desirable (Rietbrock 2001). In particular, estimates
of seismic wave attenuation are important indicators of Earth het-
erogeneities, being not easily amenable to study using only seismic
velocities. Moreover, attenuation generally varies more dramatically
than seismic velocities when the chemo-physical features of rocks
change (i.e. Fehler et al. 1992).

In southeastern Sicily, crustal attenuation of seismic waves have
been studied by using different data sets and methods applied to
P- and S-waves and to the coda of the seismograms (e.g. de Lorenzo
et al. 2004; Giampiccolo et al. 2006 and references therein).
Giampiccolo et al. (2006) obtained a separate estimate of intrin-
sic and scattering attenuations showing that the intrinsic absorption
caused by the anelasticity of the medium is the main attenuative
feature of the Hyblean lithosphere.

Given that seismic velocity and attenuation have different and
complementary sensitivities to petrologic and petrophysical features
of the investigated volumes, jointly interpreting these two sets of
observations could help us to improve and reduce some of the
ambiguity in traditional interpretations on the nature and structure
of the crust in southeastern Sicily.

G E O L O G Y, T E C T O N I C S E T T I N G
A N D S E I S M I C I T Y

The Hyblean Plateau (Fig. 1) consists of a succession of about 10 km
thick Meso-Cenozoic carbonatic and volcanic sequence crosscut by
two main fault systems (Yellin-Dror et al. 1997). Along its west-
ern border, the Hyblean succession is dislocated about 4000 m
by the Scicli–Ragusa Fault System, a roughly NNE–SSW oriented
extensional structure (Cogan et al. 1989). To the east, the Malta Es-
carpment Fault System (MEFS), consisting of NNW–SSE trending
active normal to oblique faults, connects the Hyblean Plateau with
the Ionian abyssal plain, descending into the Ionian Sea down to
about 3000 m (Fig. 1).

In the northern margin, a deep trench (the Gela-Catania Foredeep;
Fig. 1) bounds the Hyblean region. It is filled with sediments de-
riving from a relatively thin accretionary wedge (the Gela Nappe)
(Lentini & Vezzani 1978), emplaced during the Middle Miocene
and Middle Pleistocene. Here, ENE–WSW trending normal faults
accommodate the northward down warping of the Hyblean Plateau
beneath the Sicilian fold and thrust belt (Finetti et al. 2005; Barreca
2014).

The carbonate levels of the southern part of the Hyblean Plateau
gently slope down to the floor of the Pelagian Sea. Most of the
Hyblean area was affected by vertical tectonics with alternating
upward and downward movements over time (Bianca et al. 1999),
up to the current Plateau uplift with the Pliocene pillow lavas at the
elevation of about 900 m a.s.l.

The sedimentary and volcanic cover was explored by deep oil
wells down to the depth of about 6 km, where Middle Triassic layers
were found. Conversely, there is no information about the Permo-
Triassic interval (Bianchi et al. 1987). The nature and composition

Figure 1. (a) Geological setting of the investigated area: a simplified struc-
tural scheme of southeastern Sicily and the Sicily Channel (after Lentini
et al. 2006); (b) Geological and structural sketch map of southeastern Sicily
(modified after Scarfı̀ et al. 2007). 1. Recent quaternary deposits; 2. Late
Pleistocene-Holocene Etnean volcanics; 3. Plio-Pleistocene Hyblean vol-
canics; 4. Appennine-Maghrebian units; 5. Meso-Cenozoic carbonate sedi-
ments; 6. Normal and strike-slip faults, and main thrust fronts. Earthquakes
selected from the INGV-OE catalogue (green circles) are also shown. Yellow
and black triangles represent the three-component short period and broad-
band stations of the permanent seismic network, respectively. Red square
marks the position of the Mineo Geothermal field.

of the buried Hyblean basement, underlying the Meso-Cenozoic
sedimentary-volcanic sequence, is still a matter of debate.

The Hyblean region is thought to be the uplifted emerged portion
of the Pelagian block, as the northern offshoot of the Africa conti-
nental plate (Ben-Avraham et al. 1990; Lentini et al. 1994), which
would extend from Tunisia to Sicily. The model of the Africa conti-
nental plate is supported by Precambrian continental rocks (Burollet
1991) sampled in a few deep wells in the cratonic part of Tunisia.
Further support comes from the interpretation of deep seismic
soundings (Catalano et al. 2000; Chironi et al. 2000; Finetti et al.
2005). However, although the interpretation of seismic profiles may
be compatible with a thinned continental crust in some parts of the
Pelagian Block, it is still questionable since values of seismic veloc-
ities match either with lower continental crust or serpentinized peri-
dotites (Hyndman & Peacock 2003). Moreover, no direct evidence
validates the Africa continental model for the Central Mediter-
ranean (Bianchi et al. 1987; Burollet 1991; Finetti et al. 2005),
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because typical continental lithologies are totally absent in outcrops
and boreholes in Sicily and in its offshore areas, as well as in the
Hyblean xenolith suite (Sapienza & Scribano 2000).

On the other hand, the discovery and study of deep-seated xeno-
liths (Scribano 1987a,b) in the Hyblean diatremes (Carbone &
Lentini 1981), and in Lower Pleistocene basanite lavas (Scribano
1986), offer the opportunity to explore the inaccessible basement of
southeastern Sicily. The study of the Hyblean deep-seated xenoliths
led Scribano et al. (2006a,b) to find petrologic evidence supporting
the affinity of the Hyblean basement with an ultra-slow spreading
oceanic lithosphere rather than with the Africa continental plate:
(i) the dominance of mantle ultramafics over gabbroids, (ii) the oc-
currence of sheared oxide-rich gabbros closely resembling those
from oceanic fracture zones; (iii) secondary mineral assemblages
pointing to a fossil serpentinite-hosted hydrothermal system, in line
with the development of an oceanic core-complex (OCC) in which
a serpentinite-hosted hydrothermal system was active up to the
Middle Triassic. Felsic metamorphic and igneous rocks (e.g. felsic
metaigneous, metasedimentary rocks and granites), which may be
attributed to the Africa continental crust model, are absent in the
entire xenolith suite (Sapienza & Scribano 2000).

Based on the above evidence, a new lithospheric model was pro-
posed by Manuella et al. (2013, 2014, 2015), consistent with the
existence of a Palaeozoic oceanic basement, broadening from south-
eastern Sicily to the Sicily Channel, in continuity with the adjacent
Ionian oceanic basin. This belongs to the Oman–Iraq–Levantine–
Sicily–Texas oceanic seaway (Vai 1994, 2003), representing a rem-
nant of the Palaeo-Tethys ocean (Biju-Duval et al. 1977; Burollet
1991; Catalano et al. 2000, 2001; Müller et al. 2008; Domeier &
Torsvik 2014; Granot 2016; Thibault et al. 2016). The model was
built by integrating published petrologic and geochemical data from
Hyblean xenoliths and volcanic rocks from the Hyblean area and
the Sicily Channel, with recent geophysical observations for the
Hyblean Plateau (i.e. seismic attenuation and velocity values; Gi-
ampiccolo et al. 2003; Brancato 2005), and gravimetric and mag-
netic anomalies (Ciminale & Wasowscki 1989). In particular, a
positive Bouguer anomaly (120–130 mGal; Catalano et al. 2001)
and strong magnetic anomalies, (e.g. Arisi Rota & Fichera 1987;
Bianchi et al. 1987; Chiappini et al. 2000), support the oceanic
affinity of the lithosphere.

A recent investigation on the northern margin of the Hyblean
Plateau (Manuella et al. 2012; Barreca 2014) highlights the occur-
rence of a clayey diapiric intrusion into the carbonate series. This
body consists of a serpentinite-bearing clayey material (Manuella
et al. 2012). Considering that serpentinization commonly develops
in oceanic ridges, and the position of the discovered diapirs in prox-
imity of the transition between the African continental palaeomargin
and the Ionian oceanic basin (Permo-Triassic Ionian oceanic ridge;
Catalano et al. 2001), Barreca (2014) explained the diapirism with
the presence of an ancient oceanic transform fault probably link-
ing distinct segments of the Ionian oceanic ridge (Catalano et al.
2001; Barreca 2014). In addition, De Guidi et al. (2014) evidenced
active crustal doming processes at Mt. Etna, interpreted as the con-
sequence of hydration occurring in the altered oceanic-like crust.

The main seismic activity of the region, according to Bianca
et al. (1999) and Azzaro & Barbano (2000), is related to the off-
shore MEFS, whereas weaker shocks are due to secondary inland
faults (e.g. the Scicli-Ragusa Fault System). Consequently, the seis-
mic activity occurs mostly through strong releases of energy, with
long (hundreds of years) intervals of quiescence. In the last millen-
nium, two destructive earthquakes reached macroseismic magnitude
7 (I = X-XI MCS): the 1169 February 4, and 1693 January 9 and

11 events (Boschi et al. 1995). Three other earthquakes (in 1125,
1542 and 1818) exceeded macroseismic magnitude 5.8 (Azzaro &
Barbano 2000). The strongest instrumentally recorded seismic
event, and the last important event to occur in this region after 50
yr of seismic quiescence (Amato et al. 1995), took place on 1990
December 13 (ML = 5.4). After such event, an unusual 3-d long
quiescence was observed, until December 16, when an ML = 4.6
earthquake occurred, followed by a sequence of at least 300 after-
shocks (Brancato et al. 2009). The lack of large aftershocks after
the ML = 5.4 earthquake, the time gap between the main shock
occurrence and the beginning of the aftershock sequence, the dif-
ferent focal mechanism between the main shock (strike slip) and the
ML = 4.6 event (normal), and the significantly different stress drop
(�σ ≥ 500 bar versus �σ ∼75 bar; Di Bona et al. 1995) suggest
that the ML = 5.4 earthquake was an isolated event.

Finally, in the last 25 yr, only low to moderate magnitude events
(Mmax = 4.2) have been recorded, more frequently occurring along
the eastern coastal sector and in the northwestern border of the
Hyblean plateau.

S E L E C T I O N O F E A RT H Q UA K E
DATA S E T

Seismic activity in southeastern Sicily is monitored by the Isti-
tuto Nazionale di Geofisica e Vulcanologia, Osservatorio Etneo
(INGV-OE) permanent seismic network. The network configura-
tion includes both short period and 24-bit digital stations equipped
with broad-band (40 s) sensors (Fig. 1b). More than 1000 events
with magnitude 1.0 ≤ ML ≤ 4.2 were recorded from 1994 to 2013
by the local seismic stations. Data used in this tomography study
are P- and S-waves arrival times, manually picked, and waveforms
of a data set of earthquakes selected from the INGV-OE Catalogue
(Gruppo Analisi Dati Sismici 2017), routinely located by using the
Hypoellipse code (Lahr 1999) and the minimum 1-D model by
Musumeci et al. (2003). For the most powerful events, travel-time
data picked also at the southernmost stations of the nearby local Mt.
Etna permanent network were used (Fig. 1b).

From the whole data set, we selected 715 earthquakes with: (i)
at least, five P and three S readings, (ii) root-mean-square (RMS)
residuals smaller than 0.5 s; (iii) hypocentral horizontal and vertical
errors lower than 2.0 and 3.0 km, respectively.

The selected earthquakes are mainly concentrated in the eastern
sector of Hyblean Plateau (both inland and offshore) and west-
ward; relatively seismically quiet zones are observed in the central
part of the area (Fig. 1b). Many events, though close to the seis-
mic network, occur offshore, and, therefore, their locations have a
higher than 180◦ (220◦, on average) azimuthal GAP. In most local
earthquake tomography studies, earthquakes with GAP > 180◦ are
a priori rejected, since it is believed that this modus operandi in-
creases the reliability of the results (e.g. Husen & Smith 2004 and
references therein). This criterion is grounded on the assumption
that the accuracy of source locations inside the network is better
than that outside. This choice, however, significantly shrinks the
data set. Koulakov (2009) demonstrated that rejecting the sources
outside the network is contraindicated in local earthquake tomog-
raphy. On the contrary, the inclusion of events located outside the
network for 3-D tomography helps obtain better resolution in veloc-
ity estimation. This is because events slightly outside the network
but having many clear picks may often be much better constrained
than earthquakes inside the network but with few picks, as in our
case (see Scarfı̀ et al. 2007; Musumeci et al. 2014). Indeed, our
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out-of-network earthquakes are recorded by a similar average num-
ber of stations as the weaker local events located inside the network
area. It is worth stressing that these earthquakes are not clustered
in specific localized areas, therefore we do not expect important
smearing of the resulting anomalies. On this basis, we decided not
to exclude them at this stage of the analysis. The a posteriori reso-
lution of the model confirmed that including the earthquakes with
GAP higher than 180◦ did not prevent the quality of our tomographic
inversion.

T O M O G R A P H I C I N V E R S I O N
P RO C E D U R E

Best reference 1-D model

The importance of an adequate reference velocity model prior to
3-D tomographic inversion, due to the non-uniqueness of the solu-
tion of the linearized inverse problem, has been mentioned by many
authors (e.g. Kissling et al. 1994). However, this issue has frequently
been underestimated in a number of tomographic studies, leading
to blunders and biases on the results. Local 3-D tomographies avail-
able in the literature for the study area (Scarfı̀ et al. 2007; Brancato
et al. 2009; Musumeci et al. 2014) are all based on the use of the
1-D minimum velocity model by Musumeci et al. (2003) as start-
ing model, which is routinely used by the analysts of INGV-OE for
local seismicity location. Actually, the velocities of the minimum
1-D model approach the average of the 3-D model elements in each
layer, weighted by the total ray length in each element. Therefore,
the initial reference model should be constructed using similar dis-
tribution of sources and receivers as the data set analysed for the 3-D
structure (Kissling et al. 1994). Based on this, we calculated a new
reference minimum 1-D model following the inversion calculation
scheme of the VELEST code (Kissling 1995), which simultane-
ously inverts arrival times for 1-D velocity structure, station correc-
tions and hypocentres. The minimum 1-D velocity model represents
the least square solution of the coupled hypocentre-velocity model
parameter relation. It is obtained by a trial-and-error process and
represents the velocity model most closely reflecting the a priori
information provided by other studies, and leading to a minimum
average of RMS for all selected earthquakes (Kissling et al. 1994;
Husen et al. 1999). The inversion was performed by using the whole
data set of 715 selected earthquakes. The a priori information that
we considered includes both the seven layers 1-D minimum velocity
model (MOD1, Fig. 2a) published by Musumeci et al. (2003) and
the 1-D P-wave velocities (MOD2; Fig. 2a) retrieved from linear in-
terpolation of the 3-D VP model obtained by Brancato et al. (2009).
Compared to MOD1, this latter model is more detailed in the whole
investigated depth range. Therefore, we began the inversion with a
large number of thin layers (2 km thick), and then combining layers
for which velocities converged to similar values during the inversion
process (Kissling et al. 1994; Raffaele et al. 2006). The final layer-
ing of the minimum 1-D model emerged from this process. In both
inversions, the input file for the S-wave model was derived from the
P-wave assuming VP/VS = 1.8, in accordance with Musumeci et al.
(2003) and Piana Agostinetti & Amato (2009).

The new computed minimum 1-D models (MinMOD1 and Min-
MOD2 in Fig. 2a) satisfies the following requirements: (i) the earth-
quake locations, station delays, and velocity values do not change
significantly from one iteration to the next; (ii) minimize the av-
eraged residual time and (iii) they are consistent with the a pri-
ori information (Kissling 1995). In general terms, both resulting

Figure 2. (a) Minimum 1-D models (MinMOD1 and MinMOD2) obtained
in the present study by using, as a priori information, the minimum 1-D
model by Musumeci et al. (2003; MOD1) and the 1-D model derived from
Brancato et al. (2009; MOD2); (b) Hypocentre stability test. Grey dots:
coordinate difference between randomized input and 1-D locations. Black
dots: difference after inverting with the randomized input data.
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Table 1. Number of P and S pickings used for the 3-D VP and VP/VS tomographies. Subscripts refer to the weight assigned to both P- and S-wave
readings (0, full weight; 1, 3/4 weight; 2, 1/2 weight; 3, 1/4 weight; 4, no weight). An onset time accuracy (s) is associated with the P (<0.05,
0.05–0.10, 0.10–0.15, 0.15–0.20) and S (<0.100, 0.100–0.175, 0.175–0.250, 0.250–0.300) weights, respectively. No accuracy is associated to
the 4 weight.

P0 P1 P2 P3 P4 S0 S1 S2 S3 S4

No. of observations 2986 970 546 356 0 586 1263 912 154 4

minimum VP models tend to converge, however, in the depth range
3–10 km MinMOD2 shows VP values lower than MinMOD1, ca.
15 per cent on average (Fig. 2a). The performance of MinMOD2
is somewhat more satisfactory than that of MinMOD1, in terms of
RMS and data variance reduction (35 per cent versus 20 per cent and
49 per cent versus 33 per cent, respectively). Based on this result,
MinMOD2 was chosen as starting model for the 3-D tomography.

Stability tests are required for testing the robustness of the min-
imum 1-D model, yielding insights into the coupled hypocentre
velocity problem for the specific data set and allowing the detec-
tion of eventual outliers as well (i.e. Scarfı̀ et al. 2007; Arroyo
et al. 2009). As suggested in the user’s guide of the VELEST code,
we performed a test of stability randomly perturbing the starting
hypocentre locations by an amount of up to 7 km both in horizontal
and vertical directions (e.g. Raffaele et al. 2006). Then, we anal-
ysed the differences with respect to the original (i.e. not perturbed)
hypocentre locations. We carried out five such random experiments
and the maximum of the differences between the solutions was taken
as a measure of stability (Fig. 2b). Thus, we removed those events
with horizontal or vertical location variation greater than 4 km
(62 earthquakes), obtaining a final data set including 653 well lo-
catable events that will be used for the next 3-D inversion.

3-D VP and VP/VS tomography

One of the most popular algorithms for local earthquake tomography
is SIMULPS (Thurber 1983; Evans et al. 1994) and its derivatives.
This software uses a damped, iterative, least-squares algorithm that
simultaneously calculates hypocentre coordinates and the velocity
model on a 3-D grid, where velocity values are defined at the grid-
nodes and are linearly interpolated between the nodes. A total of

4858 P- and 2919 S-absolute arrival times were inverted for 3-D VP

and VP/VS velocity models by using the SIMULPS12 version, as
modified by Thurber (1993) and Eberhart-Phillips (1993). All the
S-waves phases were picked on the horizontal components of the
three components seismic stations in order to avoid mispicks. The
picking errors associated to P- and S-wave arrivals are shown in
Table 1.

A key point in the 3-D inversion approach is the model
parametrization, which depends on the average station spacing and
earthquake distribution (Haslinger 1998). Based on the P and S ray
paths of the selected data we used a regular horizontal grid cen-
tred on 15.00◦E, 37.11◦N, with 10 km × 10 km node spacing (e.g.
Scarfı̀ et al. 2007) covering an area of 110 km × 110 km (Fig. 3a).
In the vertical direction, we used a grid spacing of 4 km, covering a
depth range from the surface down to 28 km. To calculate ray paths,
the pseudo-bending technique (Um & Thurber 1987) was used it-
eratively. Station elevations were taken into account, by including
station correction terms in the 3-D inversion. The outer nodes of
the horizontal grid (displaced sufficiently far from the interior grid
points) and those of both shallower and deeper layers were kept
fixed during the inversion. A linear interpolation of the new calcu-
lated minimum 1-D P-velocity model (MinMOD2) was used as the
1-D initial reference model for the 3-D inversion (Fig. 4b), with the
initial VP/VS ratio value equals to 1.78 at all nodes, as resulting from
the 1-D inversion. It is worth noting that this value is greater than
the global average found in continental crust (about 1.73), but close
to the expected one for mafic rocks (e.g. Christensen & Mooney
1995).

The choice of the damping value in local earthquake tomogra-
phy is one of the critical tasks to ensure meaningful inversion re-
sults (Eberhart-Phillips 1986). Low damping values will produce a

Figure 3. (a) Horizontal grid, displayed as black stars (outer nodes are not shown), and P-waves ray tracing of the selected data, obtained by the pseudo-bending
method (Um & Thurber 1987); (b) example of trade-off curve between model variance plotted versus data variance, after one iteration, for a range of damping
values for VP. The optimal damping parameter leading to the best 3-D velocity model is also indicated (8 s2).
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Figure 4. (a) Map and S–N and W–E cross-sections of selected earthquakes relocated with the new 3-D velocity model; the location of the 1990 earthquake
is also reported with a white star; (b) minimum 1-D P-wave velocity model (solid line) and 1-D VP model (dotted line) used as starting model for the 3-D
tomography; (c) RMS comparison between the minimum 1-D locations and those obtained after the 3-D tomographic inversion; (d) epicentral shift of event
locations after the 3-D inversion.
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complex model presenting a relatively large reduction in data vari-
ance, whereas high damping values will generate a fairly smooth
model having a small data variance reduction. To find the best
damping parameter for VP, we set a large damping value for VP/VS

and a series of single-step inversions was performed for different VP

damping values. The trade-off curve between data variance and solu-
tion variance (Fig. 3b) was examined and a value of 8 s2 was chosen
to solve for the 3-D VP model (Fig. 3b), based on a significant re-
duction of data variance with only a moderate increase in the model
roughness. The convergence of tomographic inversion towards to a
stable solution was obtained after five iterations and the final 3-D VP

model provided a variance improvement of 68 per cent, compared
to that of the initial 1-D model. The estimated standard deviation is
±0.25 km s−1.

The VP/VS structure was obtained by inverting S–P times rather
than calculating VS from S arrival times alone. Inverting for VP/VS

instead of VS is based on the assumption that in areas with lower VS

resolution and high VP resolution, VP/VS is better estimated from
an initial average VP/VS value than from a homogenous VS model
(Eberhart-Phillips & Reyners 1997; Husen et al. 2000). This is of
special importance for data sets with fewer S- than P-pickings, such
as ours (Table 1). The damping parameter was determined by ap-
plying the same procedure as VP (e.g. Fig. 3b). In particular, after
we obtained the appropriate damping value for VP, we set the latter
and the full procedure is performed by varying the VP/VS damping
values. Among all tested damping, we chose 16 s as the appropri-
ate value for the 3-D VP/VS inversion. Following the approach of
Haslinger (1998), Husen et al. (2000), and Rowlands et al. (2005),
we jointly inverted for both VP and VP/VS starting from the obtained
3-D VP model and the constant value of 1.78 for VP/VS. This proce-
dure guarantees that in areas where there is a good S-data coverage,
deviations from the initial VP/VS ratio can be resolved. Conversely,
in areas of poor resolution, VP/VS will remain at a reasonable value,
consistent with the average of the data set under consideration. The
3-D VP model was strongly overdamped, as it was the result of a 3-D
inversion. The final VP/VS model yielded a variance improvement
of 33 per cent and a standard deviation of ±0.025.

Fig. 4(a) shows a map and cross-sections of the 3-D relocated
events. The final event locations resulted in a reduction in the abso-
lute RMS residuals, with 96 per cent of events having a final RMS
residual smaller than 0.20 s (Fig. 4c). Moreover, the average RMS
estimated for final tomographic inversion is 0.08 s, 47 per cent less
if compared with the average RMS (0.15 s) calculated for the same
earthquakes located with the new minimum 1-D model. In spatial
terms, most of the relocated events show epicentres which do not
exceed 4 km shifts with respect to the initial locations (Fig. 4d),
whereas the changes in focal depth are more relevant. In fact, ob-
tained hypocentres appear more tightly clustered when compared to
the original locations, the seismogenic horizon mainly being located
at about 20 km (Fig. 4a).

Figs 5(a) and 6(a) show the computed VP and VP/VS models
at different depths, respectively, and the S–N and W–E vertical
cross-sections along traces reported in the panel relative to 0 km
depth.

Several measurements of resolution are commonly used in assess-
ing the reliability of tomographic models. A good first impression
of resolution can be obtained from the ray paths distribution. By
looking at Fig. 3(a), it is clear that a high number of crossing rays is
present in the central area of the study region. Therefore, the highest
resolution may be here expected.

In order to examine the resolution more quantitatively, the deriva-
tive weight sum (DWS) and the diagonal element of the resolution

matrix (RDE; Haslinger et al. 1999) are useful. In SIMULPS, the
DWS quantifies the relative ray density in the volume of influence of
a model node, weighting the importance of each ray segment by its
distance to the model node. An even better measurement to estimate
the quality of the inversion result is RDE. It shows the amount of
independence in the solution of one model parameter: the larger the
RDE for one model parameter, the more independent is the solution
for this parameter. A common feature of DWS and RDE estimates
is that they provide only relative measurements of resolution, thus
being difficult to decide what values indicate a high resolution for
the data set under consideration (Rowlands et al. 2005). A suitable
approach to solve this problem is to compare areas of good recov-
ery from synthetic tests (i.e. checkerboard, spike test, etc.) with the
above resolution measurements.

In this paper, the choice of the threshold for DWS was based on a
simple typical checkerboard test (e.g. Zhao et al. 1992), which gives
an immediate and straightforward idea of the inversion stability and
the sensitivity with respect to the choice of the starting model. We
assumed a checkerboard distribution of velocity with fluctuations of
±10 per cent with respect to the initial 1-D model, alternated every
two nodes in latitude and longitude and every two layers in depth.
The theoretical arrival times estimated in this velocity structure
were randomly perturbed according to real data uncertainty and then
inverted for the 3-D velocity structure, starting from the minimum
1-D model. The results of the checkerboard test for both VP and
VP/VS are shown in Figs 7(a) and (b).

Recovery of the VP and VP/VS models shows that the reconstruc-
tion of the original velocity structure matches well in the central
part of the study area, within the limit of DWS ≥ 200 (Figs 7a and
b). Further, recovery of the VP/VS model (Fig. 7b) is poorer than
the analogue VP model but it still shows a relative reliability. In
general, in both models, recovery of input anomalies is good in the
depth range 4–20 km, with negligible horizontal and vertical smear-
ing. Below 20 and 24 km (for VP/VS and VP models, respectively)
the ray coverage and the resolution decrease and some smearing is
observed (Figs 7a and b).

The RDE distribution (Figs 5b and 6b) also evidences a uniform
coverage of ray paths in the central zone of the analysed area for both
VP and VP/VS. In particular, in the checkerboard test, both shape and
amplitudes of anomalies are well recovered where the corresponding
RDE value exceeds 0.3. It is worth stressing that RDE is a diagnostic
tool ranging between 0.0 and 1.0. According to some authors (e.g.
Ellsworth & Koyanagi 1977), the threshold 0.5 is the lowest limit for
solution reliability. Despite that, there are several published papers
that report threshold of RDE values for resolution assessment much
lower than 0.5 (e.g. Haslinger et al. 1999; Husen et al. 2000; Raffaele
et al. 2006). As a matter of fact, no universally cut-off values are
available, which define the range of acceptable RDE values, since
resolution estimates based on RDE strongly depend on damping
and model parametrization (Toomey & Foulger 1989; Eberhart-
Phillips & Reyners 1997; Kissling et al. 2001). In particular, for
a damped least squares inversion, any significantly large damping
value will reduce the resolution values so that the RDE will not be
close to 1. However, this does not justify using low damping values,
which may produce artefacts in areas of low resolution, just to
get larger diagonal resolution values (Eberhart-Phillips & Reyners
1997). In our case, the ‘optimum’ damping parameter selected based
on the trade-off curve between data variance and solution variance
(Eberhart-Phillips 1986) gives fairly smooth solutions but, as a
consequence, relatively lower values of RDE.

In the obtained VP image, the most significant feature is a central
dome-shaped high VP anomaly from 4 to about 16 km (Fig. 5a),
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Figure 5. (a) P-waves velocity model resulting from the 3-D inversion. S–N and W–E vertical sections along the traces reported at 0 km level are also shown.
On the 0 km layer, the main structural features are reported with grey lines. Black circles represent the relocated earthquakes within half the grid size of the
slice. Thick black dotted line contours the zones with DWS ≥ 200; (b) RDE distribution on both horizontal layers and vertical cross-section. On the 0 km layer,
black stars denote the position of the internal nodes of the grid used for 3-D tomography (from −40 km up to +40 km, with respect to the grid centre).
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Figure 6. VP/VS model resulting from the 3-D inversion. S–N and W–E vertical sections along the traces reported at 0 km level are also shown. On the 0 km
layer, the main structural features are reported with grey lines. Black circles represent the relocated earthquakes within half the grid size of the slice. Thick
black dotted line contours the zones with DWS ≥ 200; (b) RDE distribution on both horizontal layers and vertical cross-section. Black stars as in Fig. 5(b).

with a notable variation from 4.8 to 6.9 km s−1. Similarly, high
VP bodies were evidenced at these depths by Scarfi et al. (2007)
and Musumeci et al. (2014) and, at a broader scale, by Di Stefano
et al. (1999) and Barberi et al. (2004). VP variations decrease with

depth until reaching approximately a constant value up to 7.8 km
s−1 below 20 km (Fig. 5a).

In the VP/VS model, strong lateral contrasts in the well-resolved
area are clear evidence of lateral heterogeneity (Fig. 6a). We
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Figure 7. Checkerboard test for VP (a), VP/VS (b) and QP (c) models by using 2 × 2 × 2 nodes in spatial extent. Thick black dotted lines indicate the zones
with DWS ≥ 200 for VP and VP/VS and DWS ≥ 100 for QP.

observe a broad region of lower than average VP/VS (1.70–
1.76), which extends from the surface down to 8 km. From this
depth, a high VP/VS anomaly (ca. 1.86) characterizes the cen-
tral area; this anomaly extends until about 20 km (Fig. 6a).

Another feature is the presence of a high VP/VS volume, in
the depth range from 0 to 12 km, in the northwestern sector
(Fig. 6a). Below 20 km the resolution of the VP/VS model decreases
rapidly.
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3-D QP model

The attenuation along a ray path is quantified by the t∗ operator
which is evaluated, following Eberhart-Phillips & Chadwick (2002),
by fitting the amplitude spectrum decay of P-waves. By considering
the 653 events used for VP and VP/VS tomography, we selected
530 earthquakes with more than three usable amplitude P-wave
spectra with a signal-to-noise ratio (S/N) greater than 1.3 in a
continuous frequency band between 2 and 15 Hz. Moreover, we
considered only earthquakes with magnitude ML between 2 and
3.5, in order to exclude smaller events that may have low signal
levels and larger events that usually show complex source time
functions. Assuming a point like source, a ω−2 type source model
(Brune 1970) and a frequency independent attenuation, we used
the high-frequency decay of P-wave spectra, computed on a 1.28 s
time window, to obtain the t∗ parameter by applying De Gori et al.
(2005) algorithm, which follows the approach by Rietbrock (2001).
The window length is increased by 5 per cent to account for tapering.
Using the high-frequency decay rate circumvents problems related
to the determination of the absorption factor QP, such as focusing
and defocusing of energy and source behaviour (Rietbrock 2001).

Following Scherbaum (1990), the far-field velocity spectrum S(f)
can be expressed as

S ( f ) =
[

2π�0 f 2
c(

f 2
c + f 2

)
]

exp (−π f t∗) (1)

where �0 is the low-frequency level, which is proportional to the
seismic moment, and fc is the corner frequency. De Gori et al. (2005)
algorithm inverts for the spectral level �0, the corner frequency fc,
and t∗. The trade-off between fc and Q is the main problem arising
from this type of analysis. As suggested by Scherbaum (1990),
the classic way to minimize this effect consists of two steps: (1)
the inversion of source parameters at a fixed Q, once decided the
spectral fall-off and (2) the inversion of the Q structure with source
parameters fixed to values previously obtained.

The event corner frequency is initially estimated by a grid search
over the frequency range 2–15 Hz using all the recordings for each
event (Scherbaum 1990; Eberhart-Phillips & Chadwick 2002) and
assuming an average Q taken from literature (e.g. Giampiccolo et al.
2003). Then, for each spectrum, an iterative procedure is used to fit
the spectral level, �0, and t∗. The corner frequency, common for all
the stations recording the event, is kept fixed allowing a better and
more stable solution with respect to the simultaneous inversion of
all the spectral parameters (see De Gori et al. 2005 for further details
on the computation procedure). The procedure converges quickly
to a stable final value and the quality of the final fit is estimated
by the RMS between the observed and the computed spectrum
(Fig. 8).

A total of 2596 t∗ observations were inverted to obtain the 3-D QP

structure, by using the SIMULPS code modified for attenuation by
Rietbrock (2001). The variable t∗ can be expressed as a line integral
along the ray connecting hypocentre and receiver:

t∗ =
∫

dr

V (r )Q(r )
+ t∗

site (2)

where V(r) and Q(r) are the velocity and the quality factor along the
segments of the ray with length dr. The term t∗site accounts for the
shallow attenuation near the recording site that may have a strong
influence on the observed spectrum (De Gori et al. 2005). Since
rays are traced in a known 3-D velocity model, t∗ only depends on
the Q values along the rays.

Figure 8. An example of fit of velocity spectrum at some stations of the
network, for a ML = 2.5 event, located at a depth of 17 km. A common
fc equals to 7.8 Hz is selected by the grid search using all the recordings
(seismograms are plotted with the same y-axis scale). The low-frequency
level �0 and the t∗ are then evaluated for each observation. The signal and
noise spectra are shown with solid and black dotted lines, respectively. The
thick grey line displays the fit of the spectrum in the range of frequencies
where the S/N is higher than 1.3. For each spectrum t∗ and Q are reported.
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The medium was parametrized with the same 3-D grid nodes
(Fig. 3a) and velocity values obtained by the 3-D VP tomography,
assuming an initial QP = 300, which is reported in literature as the
average value in the crust of southeastern Sicily (e.g. Giampiccolo
et al. 2003; de Lorenzo et al. 2004). Both earthquake hypocentres
and velocity structure were kept fixed during the inversion. An
optimal damping of 0.002 s was selected as the best compromise
between model complexity and residual variance as resulted from
several one-step inversions (see Fig. 3b as an example; Eberhart-
Phillips 1986). After six iterations, we obtained a final RMS of
0.013 s with a data variance reduction of 64 per cent. The standard
deviation calculated on QP values of the model is ±31.

As for VP and VP/VS inversions, the choice of the threshold for
DWS was based on a checkerboard test (i.e. Lin et al. 2015). We
perturbed the 1-D QP model with ±40 per cent alternating anoma-
lies every two nodes and every two layers. Then, we computed
the synthetic t∗ values by forwarding calculation through the per-
turbed model, for the same distribution of event hypocentres, sta-
tion locations, and t∗ ray paths. The synthetic data set, randomly
perturbed by adding noise equal to 10 per cent of the mean t∗

computed on all the observations, was inverted by applying the
same procedure and the same inversion parameters (i.e. damping)
as for the real data. Map views of the true and recovered QP mod-
els are shown in Fig. 7(c). Based on this test, we marked well-
resolved areas in the 3-D QP model within the limit DWS ≥100
(Fig. 9a).

The relative RDE distribution highlights a uniform coverage of
ray paths in the central zone of the analysed area, with a value equal
to or higher than 0.3 (Fig. 9b), in line with those estimated for both
VP and VP/VS.

As shown in Fig. 9(a), the most prominent feature in the well-
resolved region is a high QP (>300) dome-shaped volume that
extends from the surface down to about 20 km. As for VP and VP/VS,
below this depth the resolution of the QP model decreases rapidly. In
the northwestern sector, a high attenuation anomaly (QP about 200),
with a vertical extension of about 12 km, is also observed (Fig. 9a).

Synthetic testing

The quality of the VP and QP tomographic models obtained from the
inversion setup has been assessed also through a Restoration Reso-
lution Test (Zhao et al. 1992; Haslinger et al. 1999; Lin et al. 2010).
Following these authors, we designed a VP model with anomalies
at the same position as the ones obtained by the 3-D inversion and
calculated synthetic travel times (Fig. 10a). Gaussian random noise
with a variance comparable to the errors on real data was added to
synthetic data. Then, by using the same starting model and control
parameters adopted for the inversion of the real data set, synthetic
data were inverted. As shown in Fig. 10(a), the position and sign
of the velocity anomalies are recovered fairly well in large sectors
of the investigated volume. As expected, the well-illuminated re-
gions of the velocity images based on the DWS distribution, are
reasonably resolved.

Similarly, to assess the reliability of the 3-D QP model, we fol-
lowed Lin et al. (2014). By using the same event-station distribution
as the real data, we calculated synthetic t∗ through a QP model with
anomalies similar in size and at the same position as the ones ob-
tained by the real 3-D inversion (Fig. 10b). Random noise equal to
10 per cent of the mean t∗ was added to all synthetic data and in-
version was performed by following the same strategy and applying
the same inversion parameters (i.e. the damping parameter) as those

for the real data. In the well-illuminated regions of the QP models,
based on the DWS distribution, synthetic anomalies are reproduced
well at relative depths, both in shape and dimension.

The results of the above tests testify that the velocity
and attenuation anomalies observed in this study are quite
reliable.

Joint interpretation of velocity and
attenuation tomography

Velocity and attenuation of seismic waves in the lithosphere de-
pend on several factors including mineralogy, pressure, tempera-
ture, porosity and pore type, the degree of rock fracturing, fluid sat-
uration and pressure (Birch 1960; Christensen 1985, among many
others). In particular, the VP/VS ratio is one of the direct indica-
tors of rock fracturing, fluid saturation and pore pressure within the
crust (Thurber et al. 1995; Zhao & Negishi 1998; Kato et al. 2005,
and references therein), due to the differential effects on P- and
S-wave velocity operated by fluids (Ito et al. 1979; Wang & Nur
1989; Wang 1997). VP/VS depends closely on the volume of cracks
and pore aspect ratios (Koch 1992). In fluid saturated rocks, high
VP/VS anomalies indicate high pore pressure rock volumes, due to
the low fluid compressibility (Dvorkin et al. 1999). Not saturated
rocks usually show a decrease of the VP/VS ratio. The attenuation of
P-waves measured under different fluid conditions shows a strong
QP variation close to the saturation point (Winkler & Nur 1979;
Mavko 1980; Mizutani & Kanamori 1988). Since the pore aspect
ratio influences the VP/VS anomalies, their interpretation only in
terms of fluid saturation may not be correct. For this reason, the
joint use of the velocity and attenuation models allows us to infer
the presence of fluids more reliably.

Significant lateral and vertical variations of velocity (VP and
VP/VS ratio) and attenuation (QP) in the study region are evident
(Figs 5a, 6a and 9a). However, taking into account the poor resolu-
tion in some areas, we have interpreted only the anomalies where
information is robust.

The first striking feature of the obtained tomography images is
a broad region, until a depth of about 8 km, where high VP, high
QP and low VP/VS anomalies overlap (Figs 5a, 6a and 9a). The low
VP/VS is indicative of the presence of fluid-depleted volumes in the
Meso-Cenozoic sequence. A medium with high VP, high QP and
low VP/VS is relatively ‘hard’, has strong shear resistance and is
favourable to stress accumulation (Liu et al. 2003).

Below 8 km depth, the most important feature is a dome-shaped
central area characterized by a high VP anomaly, which occurs with
a clear variation in VP from 4.8 to 6.9 km s−1, extending down to a
depth of about 16–18 km (Fig. 5a). This high VP volume coincides
with the region of high QP values (>300; Fig. 9a) and high VP/VS

(>1.8; Fig. 6a). The estimated high VP/VS anomaly provides a Pois-
son ratio of about 0.3, which indicates a dominant water saturation
of rocks in the investigated crustal volume (Dvorkin et al. 1999).

Below 20 km, the volume of high VP/VS in the well-resolved area
is interrupted by small zones that exhibit low VP/VS anomalies. This
indicates a different level of saturation and fluid pressure, implying
the possible presence of strong asperities, which are capable of
resisting accumulated strain.

Lower crustal layers with high VP, high QP and high VP/VS

values are often encountered along passive margins, being gen-
erally interpreted as due to the presence of serpentinites (e.g. Bach
& Früh-Green 2010). These rocks are the products of hydration
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Figure 9. QP model resulting from the 3-D inversion. S–N and W–E vertical sections along the traces reported at 0 km level are also shown. On the 0 km layer,
the main structural features are reported with grey lines. Black circles represent the relocated earthquakes within half the grid size of the slice. Thick black
dotted line contours the zones with DWS ≥ 100; (b) RDE distribution on both horizontal layers and vertical cross-section. Black stars as in Fig. 5(b).

reactions in peridotites, in which significant effects on their physi-
cal (density, magnetization, seismic velocities) and chemical prop-
erties are generally induced. Both geologic and geophysical data
suggest that serpentinized peridotites are a significant part of the

oceanic lithosphere exposed along ultraslow-spreading ridges (e.g.
Rona et al. 1987; Carlson & Miller 1997; Escartin et al. 2001). Ser-
pentinization of peridotites is related to seawater penetrating down-
wards along faults and cracks (Kerrick 2002; Schroeder et al. 2002;
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Skelton & Jakobsson 2007), which constitute the preferential route
for seawater infiltration at depth (up to 25 km in the Indian ocean;
Qin & Singh 2015). In particular, oceanic transform faults rep-
resent the ideal environment where the serpentinization process
takes place (D’Alessandro et al. 2016). This recent study pro-
posed a new velocity model of the Ionian lithosphere and evi-
denced high VP and high VP/VS values in the same depth range,
consistent with 55–65 vol.% of serpentinization. The authors inter-
preted these values as diagnostic of the oceanic nature of the Ionian
crust.

In the Hyblean plateau, the presence of peridotites, affected by
different degrees of serpentinization (35–100 vol.%) in a depth
range 8–19 km, was suggested by Manuella et al. (2013, 2015).

The comparison of seismic velocities and laboratory velocity
measurements in ophiolite samples and in dredged and drilled sam-
ples in modern oceanic settings is a common method used to in-
terpret seismic data in terms of lithology in the oceanic lithosphere
(Horen et al. 1996). Many studies that aim at investigating the
structure of modern slow-spreading oceanic ridges, in particular
the Mid-Atlantic Ridge (Canales et al. 2004), employed linear re-
lationships of laboratory data on the seismic and chemo-physical
properties of serpentinized peridotites (e.g. Christensen 2004) to
interpret VP values retrieved from geophysical prospections.

In this study, we calculated a 3-D model for degree of serpen-
tinization β (vol.%), starting from estimated VP values. Eq (3) re-
ports the weighted linear regression retrieved by using VP values
measured in worldwide serpentinized peridotites (Ji et al. 2002) at
different pressure conditions (10−1000 MPa)

β = −24.04(±0.20) · VP + 215.75(±1.26). (3)

A high R value of 0.80, coupled with the standard deviations associ-
ated to the slope and intercept, highlight a robust linear correlation.
This relation was then applied to VP obtained in the present seismic
tomography to estimate the variations of β (vol.%) in the Hyblean
basement.

SIMULPS code returns the standard errors for each VP value at
each node. Indeed, these standard errors refer to formal estimates
of the standard deviation σ . The computed standard error in es-
timated VP reaches a maximum of 0.17 km s−1, with a mean of
0.07 km s−1, in the range 8–24 km. It is noteworthy that these val-
ues tend to underestimate the true velocity error (Thurber 1983;
Eberhart-Phillips 1986). Therefore, following Thurber (1983) we
considered a more conservative 2σ as a realistic and reliable un-
certainty estimate in well-resolved regions. We retrieved the uncer-
tainty of the degree of serpentinization in the Hyblean basement by
combining 2σ uncertainties of the VP model and those reported in
eq (3).

Fig. 11(a) shows the plot of the best serpentinization model. In
the depth range 8–14 km we observe an enlarged dome-shaped up-
lift, in line with VP and QP images (Figs 5a and 9a). Within the
well-resolved area, the maximum value of 100 vol.% is calculated
at a depth of 8 km, which decreases to about 39 vol.% at 24 km
(Fig. 11a). The decrease of the volume per cent serpentine (β) with
depth is consistent with the progressive increase of seismic veloc-
ities (Christensen 2004), as commonly observed in field investiga-
tions in modern and fossil oceanic basins (e.g. Horen et al. 1996;
Canales et al. 2000, 2004; Qin & Singh 2015). Indeed, the closure
of cracks and a reduction of permeability, caused by the rise of pres-
sure with depth, inhibit fluid circulation and hence serpentinization
(e.g. Qin & Singh 2015).

The calculated uncertainties of β (1.59−8.32 vol.%, increas-
ing downwards the investigated bulk) allowed us to provide two
extreme models (Fig. 11b), which are within the observational
bounds. It is noteworthy that the average values in the Lower
upper and Upper lower models (Fig. 11b) do not deviate signifi-
cantly from their relative best values in each level (Fig. 11a). De-
spite the use of the conservative 2σ uncertainties of the VP model,
the layers of the extreme models (Fig. 11b) do not overlap each
other.

Further observations regard to minor features of the obtained to-
mography images. A high attenuation anomaly (QP about 200), with
a vertical extension of about 12 km, is located in the northwestern
sector of the Hyblean region (Fig. 9a). In the same volume, high
VP/VS ratio (increasing from 1.82 up to 1.94; Fig. 6a) is found in
the depth range from 0 down to 12 km. Since VP does not show any
important anomaly (Fig. 5a), high VP/VS values are mainly ascribed
to low VS (e.g. Musumeci et al. 2014). We have to point out that
this area is characterized by an extensional horst and graben struc-
ture, where recent alluvium, Plio-Pleistocene sediments and Upper
Miocene and Plio-Pleistocene volcanic rocks outcrop (Yellin-Dror
et al. 1997) and in correspondence of the Mineo geothermal field
(Fig. 1). Moreover, recent geochemical studies on this area (De Gre-
gorio et al. 2002; Caracausi et al. 2003a,b; Giammanco et al. 2007,
2012) evidenced anomalous CO2 degassing of possible hydrother-
mal origin.

D I S C U S S I O N A N D C O N C LU S I O N

The results of this tomographic study provide a more complete
picture of the crustal structure of southeastern Sicily and represent
a basic knowledge useful for further investigation.

Regarding the main characteristics of the region, our results are
in broad agreement with previous tomographies (e.g. Scarfı̀ et al.
2007; Brancato et al. 2009; Musumeci et al. 2014). At the same
time, our results show improved details, thanks to the joint use of
the velocity and attenuation parameters, which allowed us to infer
the presence of fluids more reliably.

Essentially, we identified different volumes characterized by dif-
ferent fluid content, which correlate well with seismicity distribu-
tion. A small density of earthquakes is observed from the surface
until 10 km (Figs 4, 5a, 6a and 9a). Conversely, earthquakes mostly
occur in the depth range 10–25 km (Figs 4, 5a, 6a and 9a), with the
seismogenic horizon located at about 20 km.

In our interpretation, high pore fluid pressure in the lower crust
(below about 10 km) weakens the rocks and, therefore, it is expected
to control background seismicity, with earthquakes having magni-
tude ML generally less than 3.5. Accordingly, source mechanism
studies carried out by several authors on large data sets of earth-
quakes recorded in the study area (de Lorenzo et al. 2004; Tusa et al.
2006) have evidenced low stress-drop values (0.1–10 bar) that have
been interpreted as due to the low strength of the medium, where
great stress accumulation is hindered. This could result in stress con-
centration in the overlying upper crust (above about 10 km) where
the medium, instead, may have the potential for isolated moderate
to large crustal earthquakes.

Interestingly, the 1990 earthquake (ML = 5.4) was located a
few kilometres offshore from Augusta and at a depth of about
10 km (i.e. Rovida et al. 2016), likely on the low VP/VS re-
gion or near the boundary between different medium proper-
ties (Fig. 4a). Bearing in mind the significant seismic potential
of the coastal sector of the study area and the important role
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Figure 11. (a) Best serpentinization model of the Hyblean Plateau as retrieved from the present P-wave tomography results. S–N and W–E vertical sections
along the traces are reported at 8 km level. (b) Lower and Upper extreme serpentinization models obtained by merging the 2σ uncertainty in the 3-D VP model
and uncertainties as reported in eq. (3). Values reported at the bottom left of each panel refer to the mean degree of serpentinization. Thick black dotted line
contours the zones with DWS ≥ 200 of the 3-D VP model.
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Figure 11. (Continued.)

played by the offshore structures in the recent tectonic evolution
of region, it is fundamental to think carefully about the phys-
ical conditions and properties of the material involved in this
region.

This study also represents a step towards a better comprehension
of the crustal structure of southeastern Sicily. For the first time, we
have made an effort to combine and relate seismic velocities and
attenuation images obtained in this work with the results of different
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studies carried out in the region and with petrophysical information
from the Hyblean Plateau. As already stated, there are several in-
dicative clues that suggest the oceanic nature of the Ionian block
and of southeastern Sicily (e.g. Catalano & Sulli 2006; Manuella
et al. 2013; D’Alessandro et al. 2016) and of the area of Mt. Etna
(De Guidi et al. 2014; Scudero et al. 2015).

In support of earlier studies, our results show that the degree of
serpentinization in this basement has an average value of 96 vol.%
at 8 km and decreases to 44 vol.% at 20 km (Fig. 11). At the depth of
18–20 km, Manuella et al. (2013, 2015) inferred the presence of a
serpentinization front, interpreted as corresponding to the MOHO.
In literature, deeper MOHO depths in the Hyblean Plateau were
documented by several papers, based on wide-angle DSS profiles,
gravimetric modelling, deep reflection profiles, receiver function
studies and seismic tomography (e.g. Scarascia et al. 1994; Di
Stefano et al. 1999; Scarfı̀ et al. 2007; Piana Agostinetti & Am-
ato 2009; Musumeci et al. 2014). Although the main features out-
lined by these studies are robust, major uncertainties are nonetheless
present as an effect of different acquisition and interpretation tech-
niques and/or due to the complexities of the tectonic settings in the
area of investigation. Therefore we may consider the possibility that
the structure and composition of the Hyblean lithosphere may be
different from what traditionally accepted.

In particular, the presence of the diffuse dome-shaped basement,
where high values of the degree of serpentinization were estimated
in the depth range of 8–14 km (Fig. 11a), hints at the primary
role of serpentinization in the Hyblean uplift. Additionally, we ob-
serve conical-shaped protrusions in the depth range of 16–24 km
(Fig. 11a), likely representing diapirs constituted of partially ser-
pentinized peridotites (about β of 45 vol.%). These piercement
structures may be the results of partial dehydration of pristine ser-
pentinite diapirs. Interestingly, from polarization analysis of the S
waves, azimuthal anisotropy is found in the Hyblean Plateau by
Musumeci et al. (2005). This anisotropy was explained by invoking
a model of fluid-filled fractures and cracks aligned vertically along
the present-day maximum horizontal compressive stress.

In any case, the obtained tomography models offer an image
of the present-day structure of the Hyblean lithosphere, which may,
obviously, differ from the Palaeozoic geological conditions, because
of the complex geodynamic evolution of the region.

Recalling that detailed geodynamic considerations are beyond
the scope of the present work we hope that the data and ideas here
expressed can be helpful for improving the understanding of the
lithosphere of southeastern Sicily and further modelling the tectonic
evolution of the study area. Our results, alone, cannot provide a
definitive answer about the nature and composition of the Hyblean
basement. Further anisotropy studies and receiver function analyses,
focused more on the detailed modelling of the crustal structure in the
Hyblean Plateau, may provide additional constraints on the findings
put forward in this work.
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