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Abstract A new high-quality waveform inversion focal mechanism database of the Calabrian Arc region
has been compiled by integrating 292 mechanisms selected from literature and catalogs with 146
newly computed solutions. The new database has then been used for computation of posterior density
distributions of stress tensor components by a Bayesian method never applied in south Italy before the
present study. The application of this method to the enhanced database has allowed us to provide a detailed
picture of seismotectonic stress regimes in this very complex area where lithospheric unit configuration and
geodynamic engines are still strongly debated. Our results well constrain the extensional domain of Calabrian
Arc and the compressional one of the southernmost Tyrrhenian Sea. In addition, previously undetected
transcurrent regimes have been identified in the Ionian offshore. The new information released here will
furnish useful tools and constraints for future geodynamic investigations.

1. Introduction

Seismic faulting is strictly related to tectonic stress acting in the lithosphere [Dziewonski et al., 1981; Anderson
et al., 1993]. Various seismological methods and analyses for determining the components of tectonic stress
tensor havebeen reported in the literature, and stress fields inmany regions of theworld are today known [see,
e.g., Heidbach et al., 2010]. Earthquake focal mechanisms are among the most used data for stress inversion
(McKenzie [1969] and Gephart and Forsyth [1984], among many others). However, relatively low accuracy of
focalmechanismsof older and/or lowermagnitudeearthquakesdue inparticular to limitationsof seismicmon-
itoring systems has prevented accurate stress estimates in many regions, and southern Italy is one of these.

In this paper we compiled a new database of shallow earthquake focal mechanisms relative to the Calabrian
Arc region (Figure 1), a sector of great seismotectonic complexity [Orecchio et al., 2014] that has been site of
destructive earthquakes both in historical and more recent times [Neri et al., 2006; Galli et al., 2008]. The study
region is particularly interesting because it is characterized by variable geodynamic settings and is the area
where two of the main tectonic processes acting in the Mediterranean region, e.g., Africa-Eurasia conver-
gence and the rollback of the Ionian subduction slab, coexist. In this region, different lithospheric units with
changing thickness, composition, and kinematics have been detected (such as Ionian, Tyrrhenian, Sicily, and
southern Apennines), even if the exact location of their boundaries, together with the effective roles of
slow-rate Africa-Eurasia convergence and residual Ionian slab rollback on the regional geodynamics, are still
matter of debate [Devoti et al., 2008; Pérouse et al., 2012; Gallais et al., 2013; Faccenna et al., 2014; Carafa et al.,
2015; Polonia et al., 2016]. The new database has been compiled by adding 146 waveform inversion solutions
estimated in this work to 292 selected from literature and official catalogs (see Table S1 in the supporting
information for details). The inclusion of original solutions computed by the Cut And Paste (CAP) method
[Zhao and Helmberger, 1994; Zhu and Helmberger, 1996] has permitted us to expand the existing set of data
adding earthquakes of magnitude as small as 2.6 still keeping high quality of data [D'Amico et al., 2010, 2011;
Orecchio et al., 2015].

Taking benefit from the enhanced set of focal mechanisms, we have investigated the seismogenic stress
tensor variations over the study region. For this purpose, we have used a very effective Bayesian technique
introduced for estimating tectonic stress parameters from primary seismological observations [Arnold and
Townend, 2007] never applied in southern Italy before the present study. This technique allows to incorporate
nodal plane ambiguity and observational errors in the computational process and furnishes the posterior
density function for the principal components of stress tensor and the stress-magnitude ratio [Townend
et al., 2012]. The main aim of the present work is that of improving the knowledge of seismotectonic domains
of Calabrian Arc and surrounding areas in south Italy.
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2. Geodynamic Settings

The Calabrian Arc is a Cenozoic-Quaternary curved orogen corresponding to the sector of maximum curva-
ture of the Apennine-Maghrebian chain in the central Mediterranean (Figure 1), which extends from the
northern edge of Calabria to northeastern Sicily and represents a major tectonic structure in southern Italy
[Malinverno and Ryan, 1986; Rosenbaum and Lister, 2004]. It shows a high level of heterogeneity in terms of
seismotectonics and geodynamics [Orecchio et al., 2014; Palano, 2015] and has been struck by up to magni-
tude 7 earthquakes both in historical and more recent times [Neri et al., 2006; Galli et al., 2008]. This structure
originated in response to the Neogene-Quaternary convergence between Africa and Eurasia and rollback of
the Ionian slab in the Central Mediterranean [Malinverno and Ryan, 1986; Faccenna et al., 2004; Rosenbaum
and Lister, 2004; Billi et al., 2011; Carminati et al., 2012]. It has experienced uplift process of 0.5–1.2mm/yr
in the last 1–0.7 Myrs, and normal faulting primarily accommodates its inner deformations [see, e.g.,
Monaco and Tortorici, 2000; Neri et al., 2003]. As suggested by many workers (see, among others,
Malinverno and Ryan [1986], Neri et al. [2005], and Billi et al. [2010]), different kinds of data available in this

Figure 1. Map view of the study area. The solid curve with the sawtooth pattern, pointing in the direction of subduction,
indicates the present-day location of the Ionian subducting system. According to recent literature (see, among others, Neri
et al. [2009, 2012] and Orecchio et al. [2014]), black sawteeth indicate the continuous subducting slab while white sawteeth
the plate boundary segments where slab has already undergone detachment. The white arrow shows the sense of the
subducting slab rollback. The black arrows indicate the present motion of Africa relative to Europe [Nocquet, 2012, and
references therein]. The large dashed curve running from Southern Apennines to Sicilian Maghrebides through Calabria
indicates the Apennine-Maghrebian chain. West of the Aeolian Islands in the Tyrrhenian Sea, the grey belt indicates the
location of the compressive margin accommodating the Africa-Eurasia convergence [Billi et al., 2007, 2011; Mastrolembo
Ventura et al., 2014]. Circles show the locations of the earthquakes of magnitude 6.0 and larger that have occurred after
1000 A.D., according to the CPTI11 catalog [Rovida et al., 2011; http://emidius.mi.ingv.it/CPTI11]. Thick dashed lines are
depth contour lines of the Wadati-Benioff zone [Faccenna et al., 2011]. In the upper right inset we report the study area
(black box) in the wider regional framework.
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region can be framed in a geodynamic model presuming the coexistence of (i) NW-SE convergence of Africa
and Eurasia plates currently accommodated along an ~E-W compressional belt located in the southern
Tyrrhenian and (ii) southeastward rollback of the Ionian lithospheric slab subducting to northwest beneath
the Tyrrhenian lithosphere (Figure 1). Plate convergence rate has been evaluated to be currently ~5mm/yr
[see Nocquet, 2012; Palano et al., 2012], while subduction trench retreat has been progressively decreasing
in the last million years until reaching at present time values as small as 2mm/yr [e.g., D'Agostino et al.,
2011]. The very slow trench retreat of the remnant subducting slab inside a continental plate advancing
slightly faster toward northwest probably led to a nonuniform advancement of the Ionian lithosphere margin
[Palano et al., 2015].

Space-time evolution of the rollback process, that since Upper Pliocene appeared mainly confined in the
Calabrian Arc area, can be referred to progressive variation of lithosphere that approaches the retreating
trench. In particular, remarkable structural differences characterize the Ionian tectonic unit and the bordering
ones of Sicily and Southern Apennines [Catalano et al., 2001; Lucente and Speranza, 2001; Barberi et al., 2004;
Orecchio et al., 2011; Totaro et al., 2014]. Several geodynamic features of the study region (such as microplate
boundaries and kinematics) are still uncertain [see, e.g., Jenny et al., 2006; Nocquet, 2012].

3. Data and Methods

An updated high-quality database of 438 crustal earthquake focal solutions has been compiled by taking
from literature and catalogs the highest-quality waveform inversion solutions and adding 146 solutions com-
puted in the present study (Figure 2).

Since it is widely accepted that waveform inversion focal solutions in the study area are much better con-
strained than P onset polarity ones (see, among others, Pondrelli et al. [2006], Scognamiglio et al. [2009],
and Presti et al. [2013]), all the focal mechanisms selected in the present work are waveform inversion solu-
tions (i) computed by the CAP method or (ii) coming from Italian centroid moment tensor (CMT), Regional
CMT, and time domain moment tensor catalogs (http://www.ingv.it) [Pondrelli et al., 2006, 2011]. Focal
mechanisms estimated by CAP are for earthquakes of magnitudeM ≥ 2.6 that originated at depths shallower
than 40 km in the study region between January 2006 and October 2015 (Figure 2). In the CAP method [Zhao
and Helmberger, 1994; Zhu and Helmberger, 1996], each waveform is broken up into Pnl (Pn followed by train
of crust-trapped reflected/converted P-SV) and surface wave segments, which are given different weights
during inversion. The same frequency bands have been used to filter synthetic and observed ground veloci-
ties, in detail 0.02–0.1 Hz for surface waves and 0.05–0.3 Hz for Pnl waves. Following previous investigations
carried out in the study region [see, e.g., D'Amico et al., 2010, 2011; Presti et al., 2013; Orecchio et al., 2015], the
robustness of CAP in our applications has been verified through rigorous tests in which recording network
configuration, velocity, focal depth, and epicenter location are varied.

Formal errors on focal mechanism parameters (strike, dip, and rake) that we estimated during the inversion
procedure using linearized algorithms (see Tan et al. [2006] for details) were of the order of 4°–5°. Error esti-
mates from linear inversionmethods tend, however, to be unrealistically small [see, e.g., Presti et al., 2008, and
references therein], thus we performed additional tests. Following the approach by Stich et al. [2003], we con-
structed for each earthquake a set of “artificial” focal mechanisms moving in all directions around the focal
mechanism solution in the focal parameter space. Then, we estimated the observed-versus-synthetic wave-
form RMS for all artificial focal mechanisms and compared these values with the RMS relative to the solution.
Following Stich et al. [2003], we assumed that the uncertainty volume of the solution includes all the artificial
focal mechanisms having RMS< 10% above the one of the solution. By application of this procedure to the
solutions estimated by CAP in the present study, we found that uncertainties of focal mechanisms of our data
set are of the order of 8°–10°. These solutions have been combined with the focal mechanisms selected from
literature and official catalogs for earthquakes occurring at depth<40 km in southern Italy between 1977 and
2015 (Figure 2 and Table S1).

In order to estimate the stress distribution over the study region, this high-quality database has been used
for stress tensor inversion by applying, for the first time in south Italy, the method by Arnold and Townend
[2007]. These authors developed a Bayesian method for tectonic stress computation which furnishes the
posterior density function of the principal components of stress tensor (maximum σ1, intermediate σ2,
and minimum σ3 compressive stress, respectively) and the stress-magnitude ratio (R). The parameter R is
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used to determine the axis of maximum horizontal compressive stress (SHmax). Each focal mechanism is
characterized by four parameters: strike, dip, rake, and a weight factor or precision τ. The τ value estimate
is based on the assumption that fault parameter errors follow a Matrix-Fisher distribution (see, for more
details, Arnold and Townend [2007] and Mazzotti and Townend [2010]). This Bayesian approach enables to
incorporate nodal plane ambiguity, focal mechanism uncertainties, and similarity of the focal mechanisms
included in each seismic zone [Arnold and Townend, 2007]. The latter criterion is important because addi-
tional similar solutions add little to the constraints on the stress than is provided by a single solution
[McKenzie, 1969; Hardebeck, 2006; Townend et al., 2012]. Some of the most common algorithms for stress
computation [see, e.g., Gephart and Forsyth, 1984] tend to be misleading in this regard [Hardebeck and
Michael, 2004; Townend, 2006].

Before starting with stress computations, we applied the k-means nonhierarchical clustering algorithm [see,
e.g., Hartigan, 1975] to subdivide the focal mechanism data set according to hypocentral locations. This algo-
rithm is not guaranteed to furnish a globally optimal, or even unique, solution, but by fixing the number of
clusters “k,” it assures that each event is closer to the centroid of the cluster to which it is assigned than to
the ones of all k-1 other clusters. It has already been applied by other investigators to focal mechanism data
specifically [see, e.g., Holt et al., 2013]. Since clustering obtained by the k-means algorithm is based only on
earthquake locations and not on faulting type, this approach allows identifying the sectors to be investigated
without any “a priori” constraint from focal mechanism distribution.

Figure 2. Database of crustal earthquake focal mechanisms for the study area. Different colors identify different types of
mechanisms following Zoback's [1992] classification based on values of plunges of P and T axes: red = normal faulting
(NF) or normal faulting with aminor strike-slip component (NS); green = strike-slip faulting (SS); blue = thrust faulting (TF) or
thrust faulting with a minor strike-slip component (TS); black = unknown stress regime (U). “U” includes all focal mechan-
isms which do not fall in the other five categories [Zoback, 1992]. The beach ball size is proportional to the earthquake
magnitude (see legend). “N.C.” and “S.C.” stand for Northern Calabria and Southern Calabria, respectively.
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For our data set we have tested several values of k and run the k-means algorithm 1000 times randomly
selecting various starting points for each k. At last, we have chosen k= 12 which appeared the most appro-
priate number of clusters for our data set according to the “elbow criterion” based on analysis of data var-
iance versus k [Thorndike, 1953]. We therefore report in Figure 3 the results obtained by using k= 12
clusters: the clusters contain on average 37 focal solutions and a minimum of 20, with the only exception
of two clusters containing, respectively, 15 and 5 focal solutions (boxes 7 and 12 in Figure 3). For each cluster
the stereonet reporting the contours of the σ1, σ2, and σ3 axes at the 90% confidence level is shown (Figure 3b).
The confidence areas of obtained stress fields appear, in general, quite concentrated, indicating a high level of
resolution in most cases (see Figure S1 in the supporting information for more details). Additional inversion
runs have been performed by partitioning each cluster according to earthquake magnitude or focal depth,
in order to identify (i) eventual local effects of stress recognizable by low-magnitude earthquakes or (ii) stress
changes between different tectonic domains distinguishable by depth. No change of stress as function of
magnitude or depth has been detected.

4. Discussion of Results

In the recent literature different kinds of data andmethods have been used in order to depict the present-day
crustal stress in southern Italy [Musumeci et al., 2014; Palano, 2015; Montone and Mariucci, 2016]. Musumeci
et al. [2014] and Palano [2015] have focused their attention on specific sectors of our study region and used
focal solution data sets where lower quality P onset polarity solutions are dominant with respect to poor
numbers of better quality waveform inversion ones.Montone and Mariucci [2016] have used a data set mainly
consisting of CMT waveform inversion solutions, but the number of solutions available to them in our study
region (slightly more than a hundred) has not permitted to detect more than the gross features of the
regional stress, such as extension in the Apennine-Calabria region and compression in the northern offshore
of Sicily. More accurate detection of stress tensor variations in the region including the Apennine-
Maghrebian chain from south Italy to western Sicily and the Tyrrhenian and Ionian offshores has, conversely,
been possible in the present study by means of inversion of a high-quality robust data set including 438
waveform inversion focal solutions.

Earthquake focal mechanisms and stress tensor distributions obtained in the present study (Figures 2 and 3)
clearly indicate tectonic domains and suggest geodynamic engines. With their good level of constraint wit-
nessed by posterior density errors as low as 5°–15° (Figures 3b and S1) our results clarify the stress patterns
along theApennine-Maghrebianchain andalso allow improving the knowledgeof stress regimes in the forearc
areaof the Ionian subduction zone, a sector not adequately investigated todate. Theextensional dynamics and
their changes along the Apennine-Maghrebian arcuate chain, where the Calabrian Arc roughly corresponds to
the sector of maximum curvature, are well depicted by our results from the southern Apennines to western
Sicily (Figure 4). Normal faulting solutions are mainly concentrated along the chain (Figures 2 and 1) and the
openingdirectiondetectedby stress inversion ismore or less perpendicular to the chain and followswith some
approximation its curvature (boxes 1, 2, 4, 5, 8, and 10 in Figures 3 and 4). The Southern Apennines sector
(Figure 2 and boxes 1 and 2 in Figure 3), which shows a predominance of normal faulting solutions leading
to a steep σ1 together with a horizontal NE trending σ3, is presently undergoing extension probably related
to postorogenic collapse tectonics [Catalano et al., 2004; Barchi et al., 2007; Li et al., 2007; Reitz and Seeber,
2012; Totaro et al., 2013, 2015]. The extensional regime of Calabria andMessina Straits area (Figure 2 and boxes
4, 5, and 8 in Figure 3) highlighted by high concentration of normal faulting solutions and stress patterns
showing vertical σ1 and horizontal SE trending σ3, can be ascribed to southeastward rollback of the Ionian
subducting slab [Neri et al., 2005; D'Agostino et al., 2011; Presti et al., 2013]. Looking in detail at the stress pat-
tern of box 8, slight differences can be noted with respect to boxes 4 and 5. Box 8, in fact, is characterized by a
σ1 less steep than those detected for sectors 4 and 5. This reflects a mainly extensional stress pattern with a
minor component of dextral strike-slip kinematics possibly due to local transition between collisional
domains 9 and 11 and rollback-induced extension of sectors 4 and 5 [Presti et al., 2013; Palano et al., 2015].

The compressional tectonics active in the Southern Tyrrhenian Sea offshore Sicily is evidenced by predomi-
nance of thrust faulting leading to vertical σ3 and ~NNW trending horizontal σ1 (Figure 2 and boxes 9–11 in
Figure 3) referable to Africa-Eurasia convergence in the central Mediterranean [Pondrelli et al., 2004; Billi et al.,
2007, 2011; Neri et al., 2014]. We also obtained well-constrained stress fields in three large sectors located in
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the Ionian offshore of the study region (boxes 3, 6, and 7 in Figure 3) showing almost pure transcurrent
regimes (Figure 4). In particular, the Ionian Calabria sector (box 3) is characterized by strike-slip solutions indi-
cating left-lateral kinematics with NNW trending horizontal σ3 and ENE trending subhorizontal σ1 implying a
minor extensional component. The obtained stress field probably reflects the transition between the area

Figure 3. (a) Epicenters of the focal mechanisms shown in Figure 2 clustered by the k-means algorithm reported with a
color code relative to focal depth. Numbers 1 to 12 indicate the clusters, N and R are the number of events and the
stress-magnitude ratio relative to each cluster, respectively. (b) Stereonets showing the orientations of the principal stress
axes estimated for each cluster (lower hemisphere projection; north is up, east is right). Red, green, and blue contours
denote the positions of the σ1, σ2, and σ3 axes, respectively, and the corresponding orientation of SHmax is marked as a
black dashed line with the 90% confidence intervals shaded in gray. The numbers associate each stereonet to the relative
cluster. The stereonet of cluster 12 is omitted because the low number of focal solutions available in the cluster (five) has
not permitted to constrain the stress tensor.

Geophysical Research Letters 10.1002/2016GL070107

TOTARO ET AL. SEISMOGENIC STRESS FIELDS IN SOUTH ITALY 8965



where southeastward rollback of the Ionian subducting slab is still active (south, Figure 4) and the area where
the subduction slab has already undergone detachment (north) (see also Neri et al. [2012]). Strike-slip solu-
tions are also predominant in boxes 6 and 7 in the Ionian offshore. The stress field computed in sector 6
shows horizontal NW trending σ1 and NE trending σ3, expression of a pure transcurrent regime which can
be ascribed to Africa-Eurasia convergence that is found oriented NW-SE in this sector of the Mediterranean
[Nocquet, 2012]. In the Hyblean region and its immediate offshore (box 7) strike-slip solutions are also
predominant and the obtained stress field, very similar to the one derived for box 6, reflects again the
NW-SE Africa-Eurasia convergence. It seems also reasonable to suppose that relatively low level of seismicity
detectable in the Ionian offshore of southern Calabria (Figure 2) (see also Orecchio et al. [2014]) can be an
effect of southeastward rollback of the subducting slab active in the same zone (Figure 4) which locally
reduces the compressional stress due to NW oriented plate convergence.

Finally, at the westernmost corner of Sicily (box 12 in Figure 3), the five focal mechanisms available for inver-
sion do not guarantee an acceptable estimate of stress tensor orientations and these are therefore omitted in
Figure 3b and in Figure 4.

5. Conclusions

The compilation of an updated waveform inversion focal mechanism database and the application of the
Bayesian stress inversion algorithm by Arnold and Townend [2007] have permitted us (i) to strongly improve

Figure 4. Synthesis of the stress orientations estimated in the present study for the southern Italy region. Numbers 1 to 11
indicate the focal mechanism clusters. The main extensional domains are depicted by red boxes reporting the orientation
of σ3 (red arrows). The compressional ones are indicated by blue boxes showing the orientation of σ1 (blue arrows).
Transcurrent domains identified in the Ionian offshore of the study region are indicated by green boxes for which both σ1
and σ3 are reported (green arrows). Black arrows indicate the present motion of Africa relative to Europe [Nocquet, 2012,
and references therein] and the white one shows the sense of the residual subducting slab rollback.
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the knowledge of seismotectonic stress regimes in the Calabrian Arc region and (ii) to start exploring seismo-
genic stress in the Ionian offshore, an area where many investigations have provided other geological and
geophysical information. The obtained stress distribution covers with good accuracy the whole arcuate
region corresponding to the Apennine-Maghrebian chain from south Italy to western Sicily and the relative
Tyrrhenian and Ionian offshores (Figure 4). Our analysis highlights, in particular, a more or less perpendicular-
to-chain extensional process along the chain, compressional effects of Africa-Eurasia slow convergence
mainly detected in the Tyrrhenian and Ionian offshores, and NW-SE extension along the Calabrian Arc that
jointly with seismicity distribution in the Ionian offshore of the Arc can be related to southeastward retreat
of the Ionian subducting slab. More in detail, the well constrained NNW trending σ1 in the main east trending
seismogenic belt located offshore northern Sicily, and the quite diffused transcurrent regimes in southeast-
ern Sicily and Ionian offshore driven by NW trending σ1, mark clearly continental plate convergence. At the
same time, relatively low level of seismicity in the Ionian offshore of southern Calabria and the extension
of Calabrian Arc parallel to southeastward rollback of the Ionian subduction slab, may reflect the superposi-
tion of a quite localized residual subduction process onto the continental-scale process of convergence.

Our results consisting of a strongly enhanced focal mechanism database and more accurate local-to-regional
scale stress distributions throw new light on the kinematics and dynamics of this still widely debated region
and furnish useful tools and constraints for future geodynamic investigations.
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