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The crustal structure of central Apennines (Italy) is still poorly defined, leaving uncertainties on the tectonic
style (thin or thick-skinned) responsible for the development of the thrust-and-fold belt. The today active
extension, which replaced compression since early Quaternary, is presumably influenced by the pre-existing
structure that yields location and segmentation of the fault system. To focus on such issues, we computed P-
and S-wave velocity models of the crust by using the independent methodologies of local earthquakes
tomography and teleseismic receiver function. We document strong lateral and vertical heterogeneities that
define shallow, imbricate sheets of the Mesozoic cover that overlay exceptionally high Vp and high Vs bodies.
These bodies can be interpreted as either dolomitic or, partially hydrated, mafic rocks. The two alternative
interpretations respectively imply an ultra-thick deposition of dolomitic rocks in the hanging wall of Triassic
normal fault or a deep exhumation of the Pre-Mesozoic basement during the early Mesozoic sin-rift tectonic.
In both cases, these bodies influenced the evolution of the thrust-and-fold belt. Very remarkably, active
normal faults, like those ruptured during the still ongoing 2009 L'Aquila sequence, concentrate at the border
of these bodies, suggesting that they have an active role in the segmentation of the normal fault system. The
rheological behavior of such high Vp high Vs bodies, weak or strong, is still uncertain, but of utmost
importance to understand the risk of future normal faulting earthquakes.
ll rights reserved.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction

This study has been performed before the April 06, 2009 Mw6.3
L'Aquila earthquake. Here we present tomographic results from a
seismic passive experiment executed in the Abruzzi region during
2003 and 2004, whose main goal was the definition of crustal
structure and seismicity. In addition, we show the location of a sub-set
of aftershocks of the 2009 seismic sequence, obtained with this 3D
model, and use them to infer insight on the seismotectonics of the
region.

The central Apennines Mio-Pliocene thrust-and-fold belt was
formed during the westward subduction of the Adria slab, after the
consumption of the Tethys Ocean. The resistance of the continental
lithosphere in subducting is believed to be the cause of slab break-off
or slab windows (see Lucente et al., 1999; Di Stefano et al., 2009) and
affects the evolution and tectonic style of the belt. After the belt build-
up, extension takes place in regions formerly subjected to compres-
sion (Ghisetti and Vezzani, 1997; Galadini and Galli, 2000; D'Agostino
et al., 2001; Galadini and Galli, 1999). An almost continuous but
segmented NW-trending normal fault runs along the Apennines right
above the contacts at Moho depth (see Di Stefano et al., 2009)
between the Adria and Tyrrhenian plates (see Fig. 1). In the Abruzzi
region, large and destructive normal faulting earthquakes, such as the
Mw 6.7, 1915 Avezzano earthquake (Ward and Valensise, 1989;
Amoruso et al., 1998) and the April 06 2009 Mw6.3 L'Aquila
earthquake, occur on several parallel and adjacent NW-trending
fault segments (e.g. Barchi et al., 2000; Galadini and Galli, 2000;
D'Addezio et al., 2002; Roberts and Michetti, 2004; Chiarabba et al.,
2009; Atzori et al., 2009). Despite this vocation to large destructive
earthquakes, the background seismicity in central Apennines is scarce
as evidenced by permanent seismic networks (Chiarabba et al., 2005;
De Luca et al., 2009) and temporary experiments (Bagh et al., 2007).

The main goal of this study is to shed light on the structure of the
crust, contributing to understand: i) whether thin- or thick-skinned
tectonicmodels (see Coward, 1983; Calamita and Deiana, 1988; Butler
et al., 2004; and Scrocca et al., 2005, for a review) best apply to explain
the belt evolution, ii) how long the pre-existing structure influences
fault segmentation and seismicity occurrence. Today most of the
information on the central Apennines belt structure came from
surface geology data and seismic profiles, which have a prevalent
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Fig. 1. Map of the instrumental seismicity of central northern Apennines (period 1980–2000, from the CSI 1.1 catalogue, see www.ingv.it/CSI1.1, updated to 2008). Colour codes for
differenthypocentral depthsand circledimension formagnitude smaller or larger than3.9. Thedateof themost recentMN6.0 earthquakes oneachsegment of theApenninic fault systemis
reported. Themain tectonic lines of the study region are shownalongwith themainshocks (blackstars) and aftershocks of the2009seismic sequence (inyellow).Note that the seismicity in
theAbruzzi regionhasbeen low in thepast 28 years. The lowerpanel showsa vertical sectionof the seismicity across the belt. Thegreendots are the aftershocks and the orange stars are the
mainshocks of the L'Aquila 2009 earthquake.
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resolution for shallow features (CROP-03, CROP-11 and CROP-04,
Pialli et al., 1998; Barchi et al., 1998a,b; Mazzotti et al., 1999; Calamita
et al., 2004; Scrocca et al., 2005; Billi et al., 2006; Patacca et al., 2008,
see Fig. 1). In this paper, we compute the crustal structure by using
local earthquake tomography and receiver function modelling, which
give independent, complementary and consistent information. The
inversion of body wave arrival times, from local earthquakes recorded
at permanent and temporary seismic networks, yields original and
well resolved Vp and Vp/Vs images down to 15–18 km depth, thus
directly illuminating the basement of the Mesozoic cover. To
corroborate the reliability of tomographic pictures and extend the
reconstruction of the structure to the entire crust, we analyze receiver
functions (RF) of teleseismic waveforms recorded at broadband
permanent stations of the INGV seismic network. These techniques
are widely used worldwide to define the 1D and 3D Vs structure
underneath seismic stations (Sherrington et al., 2004; Savage et al.,
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2007). The recently increased number of permanent broadband
stations in central Apennines makes such effort very feasible and
straightforward. The combination of the two methodologies gives
reciprocal constraints and support for the reliability of the retrieved
deep structure (see Piana Agostinetti and Chiarabba, 2008).

2. Geological and seismotectonic setting

The Apennines belt is a paired tectonic belt, with extension in the
orogenic hinterland balancing (more or less) the orogenic contraction
on the foreland side (Frepoli and Amato, 1997; Decandia et al., 1998;
Montone et al., 2004). Due to the eastward migration of the
compressive front started in early Miocene, the extension develops
on areas previously deformed by the compressive tectonics (Elter et
al., 1975; Barchi et al., 1998a,b; Cavinato and De Celles, 1999; Galadini
Fig. 2. Structural sketch of central Apennines. Gray and thick black lines represent extensio
(Barchi et al., 2000): LMf, Laga Mts. fault; UAfs, Upper Aterno fault system; Ff (1,2), Fucino f
MAfs, Middle Aterno valley fault system; OPf, Ovindoli Pezza fault; Mf, Magnola fault; CFf, Ca
are also shown (CPTI working group, 1999).
and Galli, 2000). Although at a broad scale the evolution of the
Apennines is believed to follow the eastward migration of the Adria
slab, the absence of high Vp anomalies in the uppermost mantle
suggests that a slab window developed after the continental collision
(Lucente et al., 1999; Di Stefano et al., 2009).

Active extension follows the main topographic ridge and is
concentrated in a belt which width varies along the strike of the
peninsula (Selvaggi et al., 1997) and reaches its greatest width
(N50 km) in the central Apennines (Fig. 1). In the literature, there is
(or there was before the 2009 L'Aquila earthquake) a prevailing
consensus that the late Pleistocene–Holocene deformation is accom-
modated by two major sub-parallel normal fault systems (the eastern
and western normal fault systems, WNFS and ENFS see Vezzani and
Ghisetti, 1998; Barchi et al., 2000; Galadini and Galli, 2000; Boncio
et al., 2004; Roberts and Michetti, 2004). These SW-dipping normal
nal structures and thrusts, respectively. Thin black lines represent active normal faults
ault system; USfs, Upper Sangro fault system; MMf, Mt. Morrone fault; Af, Assergi fault;
mpo Felice fault; Of, Ocre fault; Vf, Velino fault. Locations of large historical earthquakes
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faults presumably controlled the formation of intermountain basins
(l'Aquila, Sulmona and Fucino basins, see Fig. 2), that are un-
conformably covered by late Pliocene–Quaternary continental depos-
its (Cavinato and De Celles, 1999; Galadini and Galli, 2000). The ENFS
bounds the Laga and Gran Sasso massifs and the Sulmona basin,
whereas the WNFS is elongated from the northern end of the l'Aquila
basin to the Fucino basin and the Marsica region (D'Agostino et al.,
2001). Preliminary information on the 2009 L'Aquila earthquake
seems more consistent with the existence of a normal fault system
located in between those formerly suggested (Chiarabba et al., 2009).
This new information raises concerns on the role played by the
extensively mapped Quaternary faults.

In the past thousand years, destructive earthquakes originated in
the region (see Fig. 2, the 1349, I=XI–X; the 1461, l'Aquila, I=X and
the 1703, I=X, working group CPTI, 1999). The most recent
significant earthquakes are the Fucino 1915 Mw=6.7 earthquake
(Ward and Valensise, 1989; Michetti et al., 1996; Galadini and Galli,
1999) and the 1984 moderate magnitude (ML=5.8) normal faulting
event of the Sangro Valley (Pace et al., 2002). Holocenic activity has
been recognized by paleoseismology on the Fucino and the contig-
uous faults of the WNFS (Pantosti et al., 1996; Galadini and Galli,
2000). The ENFS shows evidence of Late Pleistocene to Holocene
activity (Galadini and Galli, 2000) but historical earthquakes are not
clearly associated to these faults.

The central Apennines comprises the southern Tethys passive
margin units: basins, ramps and structural highs of Permo-Triassic to
Miocene age (Dondi et al., 1966; Parotto and Praturlon, 1975),
dominated by platform, margin and basin carbonate rocks. During the
Liassic extension, the central Italy split along the Olevano–Antrodoco–
Sibillini (O–A–S) salient into two paleo-tectonic domains (Fig. 2): the
Lazio–Abruzzo carbonate platform (the study region) and Umbria–
Marche–Sabina pelagic basin (Castellarin et al, 1982; Calamita and
Deiana, 1988; Decandia et al., 2002; Bigi and Pisani, 2005). The
sedimentary cover consists of (from bottom to top): 1) Late Triassic
alternated anhydrites and dolomites (e.g. Burano formation; Martinis
and Pieri, 1964; Parotto and Praturlon, 1975); 2) a 3–4 km thick
Jurassic to Paleogene laterally heterogeneous successions mainly
deposited on adjacent paleogeographic realms, comprising shallow
water platform carbonates as well as local deep basinal successions
(Parotto and Praturlon, 1975, Patacca et al., 2008).

The Mio-Pliocene compression was accommodated by first order
(the O–A–S, the Gran Sasso, the Simbruini, the Teramo and Maiella
thrusts, Fig. 2) and second order features (the Mts. D'Ocre and Sirente,
the Rotella and Grande Mts. thrusts, Fig. 2). The strong variability in
the thrust belt architecture suggests that the paleogeography of the
passive continental margin controlled the evolution of the belt
(Calamita et al., 2003).

3. Local earthquake tomography

The inversion of P and S–P arrival times has been computed by
using the technique developed originally by Thurber (1983) and Um
and Thurber (1987), as modified by Eberhart-Phillips (1993) and
Eberhart-Phillips and Reyners (1997). The technique uses P-wave and
S–P arrival times to invert simultaneously for hypocentral and
velocity (Vp and Vp/Vs) parameters. The velocity is continuously
defined within the volume by using a linear interpolation among the
adjacent nodes (Fig. 3). The solution is obtained by using an iterative
damped least squares algorithm. The damping value is chosen to
optimize the data misfit and model complexity. The procedure is
iterated until the variance improvement is retained to be significant,
according to an f-test.

In this study, local earthquake data (MLb3.7) recorded by
temporary local seismic networks operative between April 2003 and
September 2004 (Bagh et al., 2007) and in the Alban Hills volcano are
used along with permanent seismic stations belonging to both the
INGV national network and the Abruzzi regional network (De Luca
et al., 2009), for a total of 139 stations, to compute three-dimensional
Vp and Vp/Vs models (Fig. 3). A total of 786 local earthquakes is
selected based on the following criteria: a root-mean-square (RMS)
residual less than 0.5 s, hypocentral errors less than 2.0 km, azimuthal
gap less than 180°, and at least 12 P-wave readings. The solution of
model parameters is performed by iterative damped least squares
inversion, where the damping parameters are selected empirically by
optimizing data variance reduction and model complexity. In our
inversion, we used a total of 12,317 P-wave and 8,882 S–P arrival
times to solve for 2048 velocity and 3144 hypocentral parameters
using damping values equal to 40 for Vp, 60 for Vp/Vs and 90 for
station corrections. As a starting 1-D velocity model, we used the
model computed for the central Apennines by Bagh et al. (2007). The
velocity model is parameterized by assigning the 1-D model values to
the nodes of a 3-D grid. The horizontal grid area is around 160 km
both in X and Y directions with a node spacing of 10 km in the central
part of the grid and 20 km in the less resolved model periphery
(Fig. 3). In the vertical direction, the model is divided into six layers
located at 0, 4, 8, 12, 16 and 20 km depth. We progressively under-
weighted arrival times for seismic rays travelingmore than 80 km and
not use them for distance greater than 110 km. After four iterations,
we obtain a final rms value of 0.19 s with a variance improvement
equal to 46%. The quality of velocity models has been verified with the
complete analysis of the resolution matrix (Menke, 1989) and
synthetic test that focus on the reliability of the recovered deep
ultra-fast bodies (see Appendix A). We inspect each row of the
resolution matrix to verify the smearing of the matrix around the
diagonal elements (spread function) and sharpness of the averaging
vector (Toomey and Foulger, 1989). A delta-like averaging vector
characterizes a perfectly resolved node, with more than 70% of the
smearing contour around the diagonal element. Then, we select the
value of spread function that encompasses the well-resolved param-
eters (see Fig. A1). In our inversion, all the parameters with values
smaller than 2 are well resolved, condition that is verified in most of
the model.

3.1. Velocity models

Fig. 4 (a and b) shows the Vp and Vp/Vs models together with the
relocated events. The velocity anomalies described in this section are
located inside the well-resolved crustal volume.

At 0 km depth (Fig. 4a), the low velocity regions (Vp lower than
4.8 km/s) correspond with the main Plio-Quaternary sedimentary
basins of the Abruzzi Apennines (l'Aquila, Sulmona and Fucino basins
see the red anomalies in the 0-km-depth layer of Fig. 4) and that
surrounding the Alban Hills volcano. Other secondary features are
NNE-trending low velocity anomalies at the boundary of the platform
margin carbonate rocks to the W of the Sulmona and Fucino basins. A
positive velocity anomaly is also present in the northeastern part of
the model; in correspondence with the Montagnone Mt. and Teramo
thrusts (anomaly A in Fig. 4). Regions of relatively high velocity values
(Vp larger than 5.0 km/s) are mostly correspondent with the
Mesozoic platform carbonates, widely exposed in the Abruzzi
Apennines (see Parotto and Praturlon, 1975). High Vp regions are
found beneath the Montagna Grande, the M. Morrone and Monti
D'Ocre and Sirente massifs (anomaly B in Fig. 4). Since narrow and
small, Neogene flysch basins are not distinguishable as low velocity
anomalies, except for the flysch outcrops located to the north-west of
the Simbruini Mts (anomaly C). Within the Plio-Quaternary sedimen-
tary basins, highVp/Vs anomalies (values higher than 1.9) are observed.

At 4 km depth, small low Vp anomalies are still present beneath
the l'Aquila and Fucino basins (anomaly D), while the Vp contrast is
reduced beneath the Sulmona basin. Based on seismic reflection
profiles and well data, Cavinato et al. (2002) estimated the maximum
thickness of the Plio-Quaternary deposits filling the Fucino basin to be

http://doi:10.1029/2009GL039627


Fig. 3. Seismicity (circles) and seismic stations (triangles) used in the inversion. Crosses are the location of nodes in the velocity model. The gray regions are those with elevation higher
than 1000 m. Fb, Sb, and Ab are the Fucino, Sulmona and Aquila basins, respectively.
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about 1000 m. The same authors recognize Messinian flysch units,
underlying the Plio-Quaternary successions. However, the thickness
of the flysch does not exceed 500 m, thus the low velocity anomalies
still present at 4 km depth beneath the Plio-Quaternary Fucino and
L'Aquila basins may indicate the depression of the limestone
basement by the activity of normal faults. A P-wave velocity reduction
is observed around the Alban Hills volcano (anomaly E), along with a
broad low Vp/Vs anomaly. NNW-trending high Vp anomalies are
observed in the central region (6.0–6.5 km/s) beneath the Velino,
Sirente and D'Ocre Mts, and to the east beneath the Montagna Grande
and Morrone and Montagnone Mts (anomaly B). NNW-trending high
Vp/Vs anomalies are predominant beneath the northern and
northeastern bounds, whereas minor low Vp/Vs regions are present
in the central and southern portions.

At 8 km depth, the dominant features are the NNW-striking high
Vp bodies elongated parallel to the central thrust system (anomaly F,
in Fig. 4). A second NS-trending high Vp anomaly is observed to the
SW of Teramo (anomaly G). The Vp/Vs model reveals positive
anomalies beneath the L'Aquila and Fucino basins, surrounded by
low Vp/Vs that are also present beneath the Alban Hills and
Tyrrhenian regions. The N- and NNE-trending anomalies are located
Fig. 4. P-wave velocity (left) and Vp/Vs (right) layers. The white contour line (red line for
(SP) b=2 (see the text), i.e. the well resolved volume. White dots (black for Vp/Vs mode
along the transition zone between the Abruzzi platform and Sabine
pelagic basin (Figs. 2 and 4).

At 12 km depth, two very high Vp anomalies are dominant (Vp in
the range 6.7–7.0 km/s). They are located beneath the Simbruini Mts,
to the west, and beneath the external front of the Maiella–Gran Sasso
thrusts (anomaly H). The two high Vp regions are separated by a low
Vp anomaly, located slightly to thewest of the Fucino basin. The Vp/Vs
model shows a main positive anomaly beneath the L'Aquila basin, and
relatively low Vp/Vs values all around.

At 16 km depth, P-wave velocities reach values of about 6.8 km/s
that surrounds a central low Vp region. The decrease of low Vp/Vs
anomalies seems to be real, but the resolution of both the Vp and Vp/Vs
models decreases due to the poor ray sampling.

4. RFs: Data, analysis and modelling

In this study, we used Mw≥5.5 teleseismic events with epicentral
distance between 25° and 100° recorded at three-component stations
belonging to the Italian National Network. We computed RFs by
deconvolution of the vertical from the radial (R) and transverse (T)
horizontal components (see Langston, 1979). RFs are calculated
the Vp/Vs model) represents the volume comprising the nodes with spread function
l) are the relocated seismic events.
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Fig. 5. RFs plotted as a function of back azimuth. Earthquakes with epicentral distance between 70° and 100° are included. The radial components for 7 seismic stations located in the
study region show the main features of the data set, such as the top of the high Vs body (black arrow) and the Moho discontinuity (gray arrow).
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through a frequency domain deconvolution (Di Bona, 1998) using a
Gaussian filter (a=2) to limit the final frequency band below about
1 Hz. A better signal-to-noise ratio is achieved by stacking the RFs
coming from the same back azimuth direction (Φ) and epicentral
distance (Δ) (Park et al., 2004). Fig. 5 shows the RFs stacked in 50%
overlapping bins of back azimuth 20°, and epicentral distance 40°,
emphasizing the continuity of the features over the 360º back
azimuth, while smoothing high frequency details.

Among our data set (see baz-sweep plot in Fig. 5), we selected two
stations (CERT and VVLD) to perform inversions for the Vs model.
Those stations have a consistent number of data and are located on
top of the high Vp bodies, therefore can offer independent constrains
on the reliability and geometry of the deep features revealed by
tomography.

In the recovered data sets, all the back azimuthal directions are
evenly sampled, so we can extract the harmonics from the R (and T)
data set (shown in Appendix B.). To avoid the doubling of the data set,
RFs are stacked in not overlapping bins of 10° in back azimuth and 20°
in epicentral distance. Such binning corresponds to a loss of resolution
of less than 2 km over 20 km depth.
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The harmonics analysis is performed by summation of the
components of individual RFs with weightW Ri (andW Ti), dependent
on the azimuth (see Farra and Vinnik, 2000, for details). If the RF
contains energy in the harmonics, the weighted sum of the R and T
should present some homogeneity in the distribution of the signal. We
stacked the R and T distribution (R+T) to amplify the signal, in case of
similarity between R and T (Vinnik et al., 2007). The analysis of R+T
diagram is useful to highlight both the isotropic structure and the axis of
three-dimensional features (either anisotropic fabric or dipping planes
of discontinuities, see also Bianchi et al., 2008).

Tomodel our data, we applied a forwardmodelling procedurewhich
uses theNeighbourhoodAlgorithm(NA) to iteratively sample gooddata-
fitting region of an initial parameter space (see for details Sambridge,
1999a,b). Following the original implementation of the NA, we initially
generated 1000 samples evenly distributed in the parameter space. From
the neighbourhood of the best-fitmodels, 20 new samples are iteratively
re-sampled. After 1000 iterations, we obtained an ensemble of 21,000
models. Synthetic seismograms are computed using the RAYSUM code,
which models the propagation of a plane-wave in dipping and/or
anisotropic structure (Frederiksen and Bostock 2000).

Among the stations in Fig. 5, those on the belt present a first positive
pulse after the P direct arrival with a delay varying between 1 and 2.5 s.
For stations CERT and VVLD some robust feature are here described: i) a
first positive pulse at a 1 s of delay time, ii) a negative arrival at 2 s
(CERT) and at about 3 s (VVLD), and iii) a positive arrival at 4 s (see
Fig. 5). These features outline the presence of a high velocity body in the
shallow structure at about 7 km depth under CERT and 8 km depth
beneath VVLD reaching a Vs of 3.7 and 3.5 km/s respectively. A low
velocity jump is present in the middle–lower crust, where the Vs drops
to 2.7 and 2.5 at 21 and 19 km depth for the two stations. The Moho
arrival is the clear phase shown in Fig. 5 by the gray arrow, at about 4 s
delay time, broadly corresponding to a depth of 33 and 28 km for CERT
and VVLD. The computed 3D Vs models at both stations are similar and
describe the existence of a high Vs body located between 7 and 15 km
depth beneath the limestone layer (Vs reaching about 3.7 km/s,
anisotropy greater than 6%, see Table A1). See the Appendix B for the
discussion of the inversions and retrieved models.

5. Interpretation of the crustal structure

The comparisonbetween laboratorydata, seismic reflectiondata and
seismic tomography results in P-wave velocity ranges for rocks
composing the upper crust of the Apennines. Plio-Quaternary basin-
filling sediments and syn-orogenic sedimentary and flysch (foredeep
and thrust-top basins) have P-wave velocities ranging between 2.0 and
3.0 km/s, and 3.4 to 4 km/s respectively, whereas Vp ranging between
5.0 km/s and 6.0 km/s are observed for the Mesozoic carbonates (Bally
et al., 1986; Barchi et al., 1998a; Improta et al., 2000). The Triassic Burano
formation has the highest P-wave velocity of the sedimentary pile, with
values of about 6.3 and 6.7 km/s km/s for the anhydrite and dolomite
layers, respectively (e.g.Mostardini andMerlini, 1986; Iannaccone et al.,
1998; Barchi et al., 1998a; Trippetta et al., 2008).

While P-wave velocity are mostly influenced by the variation of
lithology in the upper crust, the Vp/Vs is more sensible to the different
level of cracking in the rocks, pore aspect ratio and fluid pressure
and type (Nur, 1972; Zhao and Negishi, 1998; Wang and Nur,
1989; Chiarabba et al., 2009 and references therein). Vp/Vs ratio is
useful in discriminating zones saturated with fluids (Nur, 1972), due
to the fact that the content and the physical state of fluids affect
differently the P- and S-wave velocities.

5.1. The shallow anomalies: 0–8 km depth

The computed Vp model shows significant variations in both
horizontal and vertical directions, reflecting a heterogeneous upper
crust structure. Although our model parameterization does not allow
imaging the carbonate stack units with the same details of surface
geology, a first order correlation between velocity anomalies and
surface geology exists. The warping of Vp anomalies follows the main
carbonate imbricate sheets. Shallow low Vp velocities (smaller than
4.5 km/s, Fig. 4a) are observed in correspondence with the main Plio-
Quaternary basins (Fucino, l'Aquila and Sulmona basins). Since the
grid-node vertical spacing is 4 km and the maximum thickness of the
basin-filling sediments is expected to be of about 1 km (e.g. Cavinato
et al., 2002), the low velocities indicate a significant depression of the
limestone units in the central part of the Fucino and L'Aquila basins.

Our model shows significant lateral and vertical Vp/Vs variations
within the shallow sedimentary cover. Positive Vp/Vs anomalies are
present, both in the shallowest layer and at depth, in correspondence
with the Fucino and L'Aquila basins. We interpret such feature as
fluid-saturated volumes beneath the Quaternary basins (see geologic
evidence in Ghisetti et al., 2001). LowVp/Vs volumes are observed at 4
and partially at 8 km depth, within the high Vp carbonate sheets (see
Fig. 4a), suggesting the presence of fluid under-saturated volumes.
The clear low Vp and low Vp/Vs anomalies centred on the Alban Hills
volcano can indicate the presence of CO2 enriched fluids.

5.2. The deep anomalies: 8–16 km depth

The very high P-wave velocity bodies (6.7–7.0 km/s) observed
below 8–12 km depth, in a crust volume previously poorly investi-
gated, is the most intriguing result and the assessment of their
reliability is crucial. We have performed a synthetic test showing that
the extremely high Vp anomalies are well resolved and not artefact of
the solution (see the Appendix). The presence of these bodies is
independently confirmed by the very sharp picks of converted phases
in the first 1–1.5 s of the RF, visible at the two stations located on the
high Vp bodies (Fig. 5). The presence of the sharp velocity jump in RF
supports the existence of rocks with velocity higher than limestones
underneath the Mesozoic sedimentary pile. The RF inversions show
that the S-wave velocities underneath the topmost limestone layer
are in the range of 3.6–3.8 km/s, consistent with those defined by the
tomographic model. The shift of the picks, visible in the baz-sweep
plots, are consistently resolved in the inversion by dipping planes of
the high Vs layer, whose trend and plunge agree with the shape of the
velocity anomaly in tomograms (Figs. 6 and 7), once more confirming
the reliability of the feature.

All the rocks outcropping or drilled in the Apennines has a P-wave
velocity smaller than 6.7 km/s, being the Triassic evaporitic layer
the fastest (see results for the Alessandra1 well in northern
Apennines; A.G.I.P. S.p.A.). The observed Vp range (6.7–7.0 km/s) is
inconsistent with sedimentary rocks.

At the same mid-crustal depth, local deep seismic reflectors are
observed in the CROP11 profile and are interpreted either as a deep
anticlinorium (Billi et al., 2006) or indistinct Permo-Triassic sedi-
mentary sequences (Patacca et al., 2008). Billi and Tiberti (2009)
modelled a negative Bouguer anomaly, found in correspondence of
the deep anticlinorium and of our velocity jump, as due to a low-
density body (2.57 g/cm3). In both interpretations, these units are
involved in the compression that formed the belt.

Similar high Vp bodies have been identified underneath the
southern Apennines and ascribed either to crystalline rocks (Chiarabba
and Amato, 1997; Bisio et al., 2004; Improta and Corciulo, 2006) or to
dolomitic rocks (Iannaccone et al., 1998; Improta et al., 2000). The high
Vp and high Vs values found in this work are incompatible with
sedimentary or low-grade metamorphic rocks, whilst they might be
consistent with the highest values ever observed for dolomitic rocks
(Faccenda et al., 2007; De Paola et al., 2008). Dolomites rocks may fill
ultra-thickened Triassic syntectonic basins in the hanging wall of
normal faults formed during Permo-Triassic rift episodes. Anyway, the
thickness for these deposits (4–6 km) is probably too high if compared
with other regions of the Adria passive margin (Barchi et al., 1998a,b)
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Fig. 6. Vp and Vp/Vs model vertical sections along with the relocated seismicity. Section 2 is almost coincident with the CROP11 profile. The normal faults were drawn based on the
surface trace and an average dip of 60° (Mostardini and Merlini, 1986; Pantosti et al., 1996; Piccardi et al., 1999; Barchi et al., 2000; Galadini and Galli, 2000; Palombo et al., 2004;
Papanicolaou et al. 2005 among others, see Fig. 2 for names and position of the normal faults, Aqf is the 2009 ruptured fault). The black lines define the well-resolved area of Vp and
Vp/Vs models. The white (for the Vp model) and black (for the Vp/Vs model) dashed lines represent the top of the high Vp bodies (coincident with the discontinuity modelled in the
receiver functions, see Fig. 7). Dashed black lines in the Vp sections (and gray lines in the map) are the main thrusts.
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and its depth requires that the overlaying sedimentary cover be almost
doubled. Moreover, the exceptionally high velocities are not observed
by seismic tomography and RFs in the northern Apennines, where the
Triassic formations are widely present in the substratum (Barchi et al.,
1998a,b) and have a P-wave velocity only slightly higher than 6.2 km/s
(Chiarabba et al., 2009).
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Fig. 7.Map showing the instrumental seismicity of the past 28 years in central Apennines. Moderate magnitude and background seismicity occur around the high Vp, high Vs bodies,
outlined by the Vp isoline of 6.8 km/s at 12 km depth (thick black line). Fb and Aqb indicate the Fucino and L'Aquila basin. The dates of the most recent large earthquake occurring on
the normal fault system are reported on the map. The black squares are the permanent seismic stations used in the RF analysis. The bold line is the trace of the vertical section, shown
in the lower panel. In the section through the Vpmodel (top), the white dashed contour indicates the top of the high Vp body. The lower section shows the Vsmodel obtained by the
Vp and Vp/Vs models compared with the 1D Vs model for the inversion of RF at stations CERT and VVLD. The white line is the isoline of 3.6 km/s. Note the good correspondence
between Vs values from tomography and RF.
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Alternatively, they may be explained by deep crustal or mantle
rocks exhumed before the sedimentation of the Mesozoic cover. Due
to the positive magnetic anomaly observed in the same area
(Chiappini et al., 2000; Speranza and Chiappini, 2002), the absence
of positive Bouguer anomalies (Tiberti et al., 2005) required for
dolomitic or deep crustal granulitic rocks (density as high as than
2.86 g/cm3), the anisotropy greater than 6%, the reflectivity observed
in the CROP11 seismic line (Patacca et al., 2008), and the thickness
and continuity of this layer, the interpretation of these anomalies as
originated by hydrated mantle rocks such as serpentines seems to be
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more reliable. P- and S-wave velocities, S-wave anisotropy (N6%) and
density values could be consistent with a percentage of serpentine of
about 30% (see Horen et al., 1996).

5.3. The sub-surface structure from vertical sections across the belt

The high Vp anomalies show the lateral extent of the limestone units
forming the bulk of the central Apennines belt. Vertical sections across
the belt (Fig. 6) show that the uppermost crust is dominated by strong
lateral heterogeneities that define the thrusting of the Mesozoic cover.
The deep high Vp and high Vs bodies are also involved in thrusting.

Section 1 (Fig. 6) shows a very clear high Vp anomaly that
coincides with the Montagnone Mt. anticline developed on the
Teramo thrust that is decolled at shallow depth. Background
seismicity is absent on this thrust. This N–S elongated structure is
well visible in tomograms in the northern part of the area.

Section 2, running almost along the CROP11 seismic profile, shows
two main high Vp thrust units, the Simbruini Mts. and the Maiella
thrusts to the west and east, respectively. Both thrusts are rooted in
the high Vp, high Vs anomalies at depth. The Fucino plain is
characterized by negative velocity anomalies down to 4 km depth,
and the Fucino normal fault (Ff), responsible for the 1915 Avezzano
earthquake, is visible as a gentle warping of anomalies in the eastern
border of the basin. The 5.2 km/s isoline (see Section 2) defines a
lateral step in the limestone units compatible with the presence of a
normal fault along which repeated earthquakes form the Quaternary
basin. Background seismicity is almost absent on this fault segment,
suggesting that the fault is completely locked during the interseismic
period started about 100 years ago. In the mid-crust, the high Vp
bodies are the most prominent feature, the westernmost one
associated with mid-crustal reflectors in the CROP11 seismic profiles
interpreted as a deep antiformal unit (Billi et al., 2006). The
easternmost body is located beneath the Maiella thrust, connected
with structures and faults in the uppermost crust.

Sections 3 to 5 are drawn perpendicularly to the Apennines
structures and reveal, from north to south, the geometry of the thrusts.
In Sections 3 and 4, the two main thrust units of the Mt. Ocre and Gran
Sasso are strikingly imaged. Thrusts units are composed by the entire
Mesocenozoic sediments pile from the Triassic evaporitic rocks (Vp
higher than 6.2 km/s) to the limestone and basin terrigenous facies (Vp
between 4.2 to 6 km/s). In between them, the L'Aquila basin is defined
by a consistent decrease of Vp down to 4 km depth. In Section 5, the
westernmost Mt. Simbruini thrust is visible, involving the deep high Vp
body. To the west of this unit, a low Vp anomaly marks the Tyrrhenian
region and surrounds the Quaternary Alban Hill volcano.

The overall geometry is that of shallowhigh velocity limestone rocks
forming anticlines developing on E- to NE-ward trending, following two
main systems visible at the surface (see the structural sketch in Fig. 2).
The twomain systems along the arc-shape belt are replicated at depths
by the very high Vp, high Vs bodies. The total displacement of the
external thrust system (Gran Sasso–Ocre–Maiella) inferred by tomo-
graphic images is generally lower than 10 km, except the Teramo thrust
that reaches the largest values of about 10–15 km.

Low Vp and high Vp/Vs regions are found beneath the L'Aquila and
Fucino Quaternary basins (between 4 and 12 km depth), suggesting
the existence of fluid-saturated rock volumes.

6. Discussions

In this section, we describe how our new results contribute to the
understanding of both seismicity occurrence, furnishing a readable
perspective of the L'Aquila 2009 earthquake, and tectonic style of the
Fig. 8. Zoom of the Vp and Vp/Vs models on the L'Aquila region. The mainshock, aftershock
layer is the normal fault ruptured by the 1915 Avezzano earthquake. We note a high Vp/Vs lo
activated fault portion.
continental collision belt of central Apennines. The close match
between tomographic and RF results gives a significant validation to
the main, original feature revealed at mid-crustal depth: the ultra-
speed body underneath the Mesozoic sedimentary cover (Fig. 7).

6.1. Relation between the sub-surface structure and seismicity

The relocated seismicity is sparsely distributed and does not clearly
align on theQuaternary faults (Figs. 6 and 7). Themain normal faults of
the area, presumably responsible for historical earthquakes, do not
show significant seismic activity in the examined period (see also Bagh
et al. 2007). Background seismicity with magnitude down to ML1.0
occurs either sparsely in the area or in few and small clusters not
clearly connected with faults. Very strikingly, none of the earthquakes
occurred in the past 30 years (CSI catalogue, Chiarabba et al., 2005)
within the high-speed bodies located in the mid-crust (Fig. 7).

The role played by the high velocity bodies in controlling
seismicity occurrence and deformation is difficult to be assessed and
open two opposite hypotheses. Theymight be strong blocks and act as
asperities slipping with large earthquakes. In the literature, high
velocity zones along faults were related to high-strength regions
where large stress drops and relatively large slip occur (e.g. Scholz,
1990; Zhao and Kanamori, 1992; Chiarabba and Selvaggi, 1997;
Chiarabba and Amato, 2003).We remind that the interpretation of the
high Vp, high Vs bodies in terms of dolomitic rocks is consistent with
this scenario, since the very brittle nature of dolomites (De Paola et al.,
2008). Oppositely, they can be weak and distribute the deformation in
a ductile regime. The interpretation of the high-speed bodies in terms
of serpentines rocks is more consistent with this weak behavior
(Escartin et al., 1997; Reinen, 2000). The absence of instrumental
seismicity within these bodies (Fig. 7) may be a further evidence for
this hypothesis. In this case, the active normal faults develop only at
the border of the high-speed bodies, or above them, resulting in small
segments decolled at 6–8 km depth. The friction response of hydrated
mafic rocks, such as serpentines, strongly depends on the loading slip
velocity. A velocity strengthening response inhibits the unstable
behavior either for small and constant loading velocities or at greater
depths for the concomitant effect of pressure (see Reinen et al., 1991;
Escartin et al., 1997). In our case, the absence of historical earthquakes
in the past 0.8 ka clearly associated to faults located within these
bodies (CPTI working group) and the extensional deformation rate
observed by recent geodetic studies, in the order of a few mm/yr
(Hunstad and England, 1999; D'Agostino et al., 2008), may favor the
latter interpretation. Therefore, the extensional deformation in
central Apennines may be predominantly accommodated by the
faults in the Fucino and L'Aquila basins, those ruptured by the two
most recent destructive earthquakes.

6.2. The 2009 L'Aquila sequence

Although our understanding of this sequence is obviously
incomplete and still in progress, some striking features are observed.
Fig. 8 shows the location of the three MLN5 events of the sequence
(Chiarabba et al., 2009) and the relocation of aftershocks done using
the routinely picked P- and S-wave arrivals of the seismic network (by
heterogeneous analysts during the h24 surveillance service) with the
3D velocity model.

The mainshock hypocenter is located at around 10 km depth in a
low Vp high Vp/Vs volume. The aftershocks define a main SW-dipping
plane located on top of a high Vp/Vs volume (see the vertical section
in Fig. 8). We interpret the low Vp, high Vp/Vs anomalies as a fluid
filled volume already present in the footwall of the fault some years
s and tentative fault geometry are shown on the layers. The large square in the bottom
wVp anomaly in the footwall of the L'Aquila fault, which extent nicely match that of the
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before the 2009 event (at least during 2003–2004). Such observation
emphasizes the role of fluids in earthquake generation. Based on the
extent of the high Vp/Vs anomaly at 8–12 km depth (see Fig. 8), larger
than the fault ruptured by the 6th of April main event fault, there is
probably a southern extension of the fault with a fluid-filled volume in
the footwall. The main fault and aftershocks are almost completely
confined by the mid-crustal high-speed bodies, southward. From the
tomographic results, the only two areas with low Vp and high Vp/Vs
anomalies in the upper crust are the Fucino and the L'Aquila basins, i.e.
the two areas where destructive earthquakes occurred in the past
100 years.

6.3. Tectonic style of the central Apennines

Until now, the formation of the Apennines belt has been explained
adopting thin- or thick-skinned tectonic models (Coward, 1983; Bally
et al., 1986; Mostardini and Merlini, 1986; Hill and Hayward, 1988;
Roure et al., 1991; Ghisetti et al., 1993; Tozer et al., 2002; Butler et al.,
2004; Scrocca et al., 2005). Thin-skinned models assume that the
carbonateMesocenozoic cover is decolled from amostly un-deformed
Paleozoic basement, presumably along the Triassic evaporitic layer.
This requires the subduction of the continental lithosphere that seems
to be ceased in central Apennines some My ago, as indicated by the
absence of both high Vp slab in the uppermost mantle (Lucente et al.,
1999; Piromallo andMorelli, 2003) and intermediate depth seismicity
(Chiarabba et al., 2005).

Our main finding is the presence of exceptionally high Vp and and
Vs bodies in the middle crust whose geometry follows that of the belt
at the surface, following the Gran Sasso and Maiella thrust systems
(Fig. 7). These bodies influenced the evolution of the belt, resulting in
a tectonic model that has either thin-skinned or thick-skinned
features. The displacement of major thrusts, inferred by tomographic
models, is smaller than 10–15 km on average, in agreement with the
geologic results by Mazzoli et al. (2005). We do not find evidence that
the Triassic evaporitic sequence act as the main decollement, but the
high velocity bodies are involved in thrusting. The interpretation in
terms of dolomitic rocks preferentially supports this conclusion and
suggests that, during Plio-Pleistocene, thrusts reactivate the Mesozoic
normal faults previously bounding the basins where dolomitic rocks
were deposited (Fig. 6).

The alternative interpretation, i.e., a laterally heterogeneous
Paleozoic basement, is tantalizing. It could imply that the continental
margin of the Tethys was strongly stretched and portions of the
hydrated mantle exhumed before the sedimentation of the Mesozoic
cover. This hypothesis agrees with analogic experiments that model
the stretching of continental crust (Brun and Beslier, 1996) and with
geologic evidence of deep exhumation of serpentines underneath the
sedimentary cover of Pyrenees (Lagabrielle and Bodinier, 2008) and
along the ocean-continent corridor Alpine Tethys (Manatschal and
Muntener, 2008). Other geophysical data, ad hoc gravimetric and
magnetic surveys, could provide independent constraints on which of
the two hypotheses is the more likely.

7. Conclusions

Seismic tomography and receiver functions yield new, indepen-
dent and consistent information on the upper-middle crust of the
Abruzzi region in central Apennines. We find the existence of very
high Vp and Vs bodies in the mid-crust that can be ascribed to either a
very thick layer of dolostones or hydrated mafic rocks. This latter
hypothesis implies the presence of a laterally heterogeneous
Paleozoic basement derived from the thinning of the Tethys
continental margin and exhumation of hydrated mantle rocks.
Although the interpretation is speculative, our results may open a
debate on how the continental margins are thinned during the first
stage of the extension.
The past years seismicity and large magnitude earthquakes
(Fucino 1915 and L'Aquila 2009) occur at the border of these high
velocity bodies, suggesting that the rheology of this material influence
the development of the Apennines belt and are today controlling the
segmentation of the active normal fault system. Both the Fucino and
L'Aquila areas feature a shallow low Vp sedimentary basin and deep
low Vp and high Vp/Vs anomalies in the fault footwall, consistent with
the presence of fluid-filled rock volumes. It is striking that only in
those two areas we identify low Vp and high Vp/Vs anomalies at
seismogenic depths. Such features were also visible some years before
the 2009 event, but unfortunately not easily explainable before the
earthquake.
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