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Abstract A persistent seismic gap is hypothesized in the Pollino area (southern Italy), at the boundary between
the Apennines and the Calabrian arc. Presently, seismic swarms are active in the gap area, creating concerns
for possible future large earthquakes. In this study, we model the deep Earth structure across the Pollino range
to give new insights on the kinematics and tectonics of this enigmatic area. Migrated receiver function profiles
show a subvertical lithospheric discontinuity, delineated by an abrupt change in Moho depth and mantle
fabrics across the range. The lithospheric-scale discontinuity bounds the area of earthquake swarm activity and
likely decouples the delamination-related extension of the Apennines from the extensional collapse of the
Calabrian fore arc. This large-scale discontinuity implies that the normal faults are segmented across the range,
limiting the lateral extent of faults where future earthquakes might occur.

1. Introduction

At the beginning of the past century, Omori Fusakichi recognized that large earthquakes in Italy align along
the crest of the Apennines and identified two main seismic gaps, one in central Abruzzi and one in the Pollino
area [Omori, 1909; see also Valensise and Pantosti, 2001]. Few years after the Omori observation, the M, 6.9,
1915 Fucino earthquake struck the Abruzzi gap, while the 60 km long Pollino gap is still missing a large earth-
quake [Cinti et al., 2002]. While seismicity remained almost absent during several decades within the seismic
gap (Figure 1), seismic swarm activity started in 2010, which has raised concerns of a future large earthquake.
During this long swarm [Totaro et al., 2013], seismicity remains confined close to the Pollino mountain range,
culminating with a M,,5.2 event on 25 October 2012 (Figure 1b).

The seismic gap is located at the hinge between the southern Apennines and the Calabrian arc (Figure 1), where
the belt-parallel normal faults rotate from NW to N-S trending. The impact for seismic hazard evaluation is
significant, because of the uncertainties on geometry and length of active faults, as well as rupture mechanisms.
Paleoseismological trenches across normal faults at the southern border of the Pollino range [Cinti et al., 2002;
Michetti et al., 1997] reported evidences for some paleo-earthquakes, the youngest of which occurred before
1 ka. Vertical slip rates of about 1 mm/yr found by trench studies [Cinti et al., 2002] are consistent with those
estimated by GPS data [D'Agostino et al., 2011], suggesting that the extension tectonics remains almost
stationary over the Holocene. Recent studies evidenced that the area is still affected by the evolution of the
Calabrian arc [Ferranti et al., 2014; Orecchio et al., 2015].

This paper contributes by clarifying the tectonics of this key region, by imaging the crust/upper mantle structure
across the Pollino range. High quality broadband data have been used to compute a P wave receiver function
(RF) data set along profiles normal to the boundary between the Southern Apennines and the Calabrian arc and
perpendicular to the lonian subduction. RFs are migrated at depth along the profiles following the approach
in Bianchi et al. [2010] and Piana Agostinetti et al. [2011] to highlight and enhance the continuity of the deep
seismic structure. The recovered lithospheric structure helps constrain tectonic and kinematic models, which
can improve our understanding of seismic hazard scenarios.

2. Data and Methods

P wave RFs are time series of P-to-S converted phases from teleseismic P wave [Langston, 1979]. P RFs are used
worldwide for imaging the subsurface seismic structure at different depth-scales, from the shallow crust [e.g.,
Leahy et al,, 2012; Piana Agostinetti and Chiarabba, 2008] to the Moho [e.g., Licciardi et al., 2014] and the upper
mantle [Piana Agostinetti and Miller, 2014]. In this study, we used teleseismic data from about 80 broadband
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Figure 1. (a) Map of the past 30 years of instrumental seismicity in the southern Apennines and Tyrrhenian area [Chiarabba
et al,, 2014b]. The Pollino seismic gap is circled. (b) Zoom on the Pollino seismic gap area showing instrumental seismicity,
the 2012 seismic swarm (black dots) and M > 4 earthquakes (yellow stars), the historical earthquakes (squares) from Rovida
et al. [2011], and the low velocity (red anomaly) of the mantle [Di Stefano et al., 2009].

stations that belong to both permanent (Italian seismic Network, INGV) and temporary seismic networks operat-
ing in the area during the last decade [e.g., CATSCAN, Steckler et al., 2008]. Teleseismic data were selected after a
visual inspection of only high S/N ratio P waves arrivals to discard noisy RF, obtaining an average of 50 high S/N
ratio RF for each station. RF is computed using a frequency domain deconvolution [Di Bona, 1998], with a
Gaussian filter with a = 2, i.e., with a cut-off frequency of about 1 Hz. The broad back azimuthal coverage obtained
allowed to apply angular harmonic decomposition on the RF data set to separate the “constant” (or k=0) con-
tribution, i.e., the amplitudes in the RF time series which are independent from the back azimuth of the incoming
P wave, from the higher harmonics (k= 1,2) which represents the periodicity of the amplitudes of the RF time ser-
ies as a function of the back azimuth [Farra and Vinnik, 2000; Schulte-Pelkum and Mahan, 2014]. The constant
component, or isotropic component, is related to the energy converted at velocity discontinuity between two
isotropic layers, while the higher-order harmonics k=1,2 represent the energy converted at a discontinuity
between anisotropic layers, or dipping seismic interfaces [Bianchi et al., 2008]. This study analyses the first harmo-
nics, k=0, to highlight the discontinuities in the bulk velocity structure (i.e., isotropic structure). Using k=0 har-
monics has been proven to be superior to the simple analysis of stacked RF, and it has been used as input to RF
inversion [e.g., Shen et al,, 2013; Amato et al,, 2014] and for interpretation of RF data set [Chiarabba et al.,, 2014a].
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The analysis of the k=1,2 harmonics could give
insight into the presence of anisotropic materi-
als at depth, but it is beyond the scope of the
present study. The RFs have been stacked with
harmonic weighting in the frequency domain.

Figure 2 shows the analysis for station TIP, situ-
ated on top of the Sila range. The distribution of
the piercing points at 40 km depth of the tele-
seismic waves used for the computation of
the RF data set displays almost complete back
azimuth coverage. Teleseismic P waves sample
the lonian subduction zone where the crust
of the overriding plate and the lonian crust
are still coupled [Minelli and Faccenna, 2010]. In
Figure 2b, the back azimuthal (baz) sweep of
the RF data set is shown. Blue (red) pulses indi-
cate positive (negative) amplitudes related,
on the radial RF data set, to the presence of
positive (negative) velocity jumps. The Radial
component of the RF data set displays positive
arrivals at 5-6 and 14-16s from all baz direc-
tions, while a negative arrival at about 2-4s
from NO to 90E baz directions becomes positive
between N240 and 340E. The presence of
periodic pulses in the same time window is also
evident from the analysis of the Transverse
component of the RF data set. To separate the
constant component of the RF data set from
the periodic components, the RF data set is
decomposed in angular harmonic coefficients.
On the k=0 harmonics (Figure 2c), which repre-
sents the P wave energy converted at a seismic
discontinuity between two isotropic layers,
positive pulses at about 5-6 and 14s, already
found in the baz sweep, are observed together
with an elusive negative pulse at about 3s,

Figure 2. (a) Location of the seismic station TIP
(red triangle). Blue crosses indicate the surface pro-
jection of the piercing points of the teleseismic P
wave analyzed, at 40 km depth. Grey triangles show
the position of the seismic stations analyzed in this
study. Black lines are the traces of the profiles
reported in Figure 3. (b) RF data set for station TIP as
a function of the back azimuth of the incoming P
wave. Blue (red) pulses indicate positive (negative)
amplitudes. On the left (right), the Radial (Transverse)
component of the RF data set is shown. (c) The k=0
harmonic coefficient of the RF data set for station TIP.
Energy on the first harmonics relates to velocity jumps
at depth. loM = lonian Moho and loC = lonian crust.
(d) The k=1 harmonic coefficient of the RF data set for
station TIP. The harmonics is decomposed along two
perpendicular axes, North-South (top) and East-West
(bottom). Energy on the k=1 harmonics relates to
anisotropy and/or dipping interfaces at depth.
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Figure 3. (a) RFs migrated profile across the Pollino range. Blue and red wiggles indicates the depth of positive and negative
velocity contrasts, ApM = Apulian Moho, loM = lonian Moho, green dashed lines = LAB and (b) same as Figure 3a but crossing
the range western limit; (c) RFs migrated profile across the Calabrian arc, showing the Tyrrhenian-dipping lonian lithosphere,
note the reduced thickness of the mantle lithosphere; (d) GPS velocity in a Apulian fixed framework, taken from D'Agostino et al.
[2011]. Note the different velocities across the Pollino fault; (e) SKS anisotropy of the mantle taken from Baccheschi et al. [2011];
Note the different fabric across the Pollino fault; (f) Hypocenter of deep earthquakes with the courtesy of Pasquale De Gori.

which was not clear in Figure 2b. Such pulse is related to the top of the subducted lonian crust and sediments
(IoQ) [Piana Agostinetti et al., 2009]. A broad negative arrival is found at about 7-10's, likely associated with the
negative velocity jump at the lonian Lithosphere-Asthenosphere boundary (LAB).

To improve imaging of the isotropic component and focusing on the Moho geometry, RFs are migrated at
40 km depth, by using the common conversion point (CCP) approach [Bianchi et al., 2010]. Each of the three
computed profiles has been sampled every 25 km; i.e., assuming a “spot” point every 25 km along the profile.
RFs from different stations are associated to a spot if their piercing points at 40 km depth fall in a 25 x 50 km
box centered on the spot. EW profile across the Sila range is sampled every 16 km, with 16 x 100 km boxes.
Finally, angular harmonic decomposition is applied to all the RF belonging to each spot. It is important to notice
that the CCP approach helps to suppress multiples from local-scale, shallow intracrustal discontinuities.
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3. Results and Interpretations

Figure 3 shows the “isotropic” component of the RF data set projected along three profiles: profiles “a” and “b”
across the Pollino range and profile “c” across the lonian subduction system. Dots along the profiles in Figure 3d
indicate the points where we apply CCP stacking for the reconstruction of the subsurface structures. Following
the convention adopted in the previous section, blue and red pulses indicate positive and negative S wave
velocity contrasts. The main positive contrast down to the upper mantle is the Moho conversion and the main
negative pulse below the Moho is usually associated with the LAB [Rychert and Shearer, 2009].

Along the Apulian foreland (profile a, Figure 3a), a positive pulse at about 30 km depth can be ascribed to the Ps
phase from the Moho [Piana Agostinetti and Amato, 2009; Amato et al., 2014]. The amplitude of such pulse
decreases toward southeast, as seen also in Steckler et al. [2008] and Piana Agostinetti et al. [2008]. A positive pulse
at the Southern termination of the same profile can be associated to the lonian Moho [Piana Agostinetti et al.,
2009]. The Moho pulse displays a discontinuity at about 125 km along the profile, where the pulse associated
to the lonian Moho seems to gently dip toward North (as previously noted in Piana Agostinetti et al. [2009]), leaving
a 20 km of vertical offset between the Apulian Moho and the lonian Moho. These observations are confirmed look-
ing to profile b (Figure 3b), which runs parallel to profile a closer to the Tyrrhenian Sea. The continuity of the
Moho pulse is interrupted at about 100 km along profile b, where due to a steeper dip of the lonian Moho
with respect to profile a, the vertical offset between the two Moho seems to be about 50 km.

A negative pulse arriving few seconds later than the Moho Ps is associated to the converted phases form the
LAB. Remarkably, the depth of the LAB along profile remains almost constant under the entire profile a, with-
out presenting any first-order discontinuity. The measures of LAB depth under the Apulian foreland are in
agreement with results from S-RF analysis [Miller and Piana Agostinetti, 2012]. The negative pulses are less
pronounced and vanish at about 100 km along profile b. In this case, there is no continuity of the LAB along
the entire profile.

Along profile ¢, the CCP image depicts the main seismic structures of the lonian subduction zone. A west dipping
positive pulse under Mount Sila deepening from 40 to 80 km depth, defines the subducting lonian Moho (loM)
in agreement with observations by Piana Agostinetti et al. [2009]. A broad NW dipping negative pulse is visible at
the eastern end of the profile. This pulse represents Ps converted phases from the LAB. Thickness of the lonian
lithospheric mantle between the two discontinuities is as small as 30 km. At the other end of profile ¢, a sharp
positive pulse can be followed at about 40-50 km depth before terminating at about 75 km along the profile.
This pulse is interpreted as the marker of the Apulian Moho (ApM) flexed under the Apennines.

4. Discussion

The Pollino seismic gap is a great dilemma of the central Mediterranean geodynamic puzzle. Its location at
the hinge between two blocks with different evolution during the Plio-Pleistocene might suggest that the
absence of large earthquakes is at least partially controlled by lateral changes in deformation and discontinuity
of processes along the mountain belt. On the other end, the continuous belt tectonic model proposed by
Valensise and Pantosti [2001], based on the sudden tectonics change occurred at 0.7 Myr coupled with the
rapid uplift of Calabria [Westaway, 1993], suggests the existence of a 60 km long section of the extensional system,
where a large earthquake is missing over the past 1-2 Kyr [see also Cinti et al., 2002].

Our results show a lateral change in the mantle structure outlining the existence of a lithospheric fault that
bounds the Pollino range (Pollino fault in Figure 3b). This fault limits the southward extent of the low Vs sub-
lithospheric mantle upraised beneath the Apennines belt (see Figure 1b) and northward the extent of deep
earthquakes within the slab (Figure 3f). SKS splitting measurements show a change in mantle fabric across
the Pollino range [Baccheschi et al., 2011] (Figure 3e), consistent with the lithospheric discontinuity playing
a role in decoupling deformation and mantle flow between the two blocks. However, SKS observations do
not support the presence of mature toroidal mantle flow at asthenospheric depth level, in agreement with
the limited amount of tearing along the discontinuity found here, where the LAB is discontinuous along
profile b, but not along profile a. Since the magnitude of the SKS splitting is proportional to the amount of
retreat [Faccenda and Capitanio, 2012], the absence of a well-developed mantle fabric consistent with a
toroidal flow suggests a young age for the Pollino fault, or a limited amount of retreat, with an offset between
the two edges of the lithosphere of less than the lithospheric thickness itself.
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Active kinematic indicators (Figure 3d) and seismologic data suggest that the Pollino fault is not only young
but it is still active, with kinematic discontinuity between the blocks on the two sides of the fault [D’Agostino
et al, 2011; Palano et al., 2012; Orecchio et al., 2015]. Morphologic evidence of recent deformation at the
submarine junction of the two blocks has been attributed to activity of an oblique fault consistent with
an active discontinuity [Ferranti et al., 2014]. Instrumental seismicity occurs on this submarine area in the
lonian offshore, as well as historical events. All these evidences support the idea that the fault still accommodates
the differential motion originated by the lonian slab retreat.

Following our results, we propose that the Pollino fault is a discontinuity of structure and kinematics that
segments the 60 km long gap. The active faults trenched until now, i.e., the Pollino range bounding faults
[Michetti et al., 1997] and the Castrovillari fault [Cinti et al., 2002] are located northward of the lithospheric
discontinuity on segments of faults at the very edge of the Apennines system.

South of the fault, the dominant process is the subduction of the lonian lithosphere [Chiarabba et al,, 2008, 2014b],
which trace is well defined in RFs profiles (Figure 3c). Considering 20 km of accreted Calabrian wedge, the signal
associated to the LAB suggests an oceanic lithosphere thickness of about 60 km, which is definitely smaller than
the lithosphere thickness predicted from the classical thermal cooling model (about 100 km) [Turcotte and
Oxburgh, 1967], but also it defines a thinner oceanic lithosphere than expected from a grain-boundary sliding
model (about 70 km) [Karato et al., 2015; Olugbaji et al., 2013]. The ultrathinned mantle lithosphere, observed in
our study, points to an extreme erosion of the lonian lithosphere, mechanism already proposed for the Apulian
margin of the lonian slab [Miller and Piana Agostinetti, 2011]. Our results indicate that this process of erosion
is not limited to the continental margin but spread to the subducted lonian lithosphere. The subduction
of the ultrathinned lithosphere could be the cause for the gravitational collapse of the fore arc [D’Agostino
et al., 2011] and recent stalling of the lonian subduction with uplift of the Calabrian arc.

5. Conclusions

The lithospheric discontinuity identified in our study points to a decoupling of deformation across the Pollino
range, from delamination controlled in southern Apennines to retreat controlled in the Calabrian fore arc.
Lateral change in lithospheric structure revealed by RFs, seismicity, SKS anisotropy, GPS velocities, and recent
deformation support the idea that the lithospheric fault is young and active and accommodate the differential
retreat of the lonian slab.

The 60 km long Pollino seismic gap is therefore segmented, with length and kinematics of faults in the area
different from previously thought. This could impact on the definition of seismic hazard, whose application in
medium to short term scenarios is actualized by the presence of seismic swarms.
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