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Figure 6. (a) Rotational wedge illustrating the angular difference between the orientation of the maximum contractional strain rate (€hmin) and the Spmax. The
rotational wedges are coloured to indicate whether Spymax 1s oriented at an acute angle clockwise (red) or counter-clockwise of epmin (blue). (b) Rotational wedge
illustrating the angular difference between the orientation of the maximum extensional strain rate (¢nmax) and the FPD; the rotational wedges are coloured
to indicate whether the FPD is oriented at an acute angle clockwise (red) or counter-clockwise of epmax (blue). (¢) Rotational wedge illustrating the angular
difference between the orientation of the maximum left-lateral shear—strain (MLS) and the FPD. The rotational wedges are coloured to indicate whether the
FPD is oriented at an acute angle clockwise (red) or counter-clockwise of MLS (blue). (d) Rotational wedge illustrating the angular difference between the
orientation of the maximum right-lateral shear—strain (MRS) and the FPD. The rotational wedges are coloured to indicate whether the FPD is oriented at an
acute angle clockwise (red) or counter-clockwise of MRS (blue). Strain-rate orientations are scaled by the second invariant value.
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patterns are primarily driven by plate tectonics. Thus, because man-
tle convection serves as the driving force for plate tectonics, in the
following section we compared the orientations of the strain-rate
field (Fig. 2b) with the upper-mantle SA observations (Fig. 5).

7.2 Strain-rate and upper-mantle SA comparison

Taking into account the grid node used for the strain-rate field com-
putation, we grouped all SA observations geographically belonging
to each grid cell, in order to estimate a mean orientation of the
FPD. We obtained results for 258 pairs of data points; we com-
pared the FPD orientations with the ey, orientations (Fig. 6b),
with the maximum left-lateral shear—strain-rate directions (MLS;
Fig. 6¢) and with the maximum right-lateral shear—strain-rate di-
rections (MRS; Fig. 6d). We performed both comparisons to see
if a some kind of azimuthal correlation between surface strain and
mantle deformation can be recognized.

All the comparisons reveal that surface strain and mantle defor-
mation are characterized by a low degree of correlation; about 20,
34 and 30 per cent of the observations match well within 30°, for the
‘€max—FPD’, ‘MLS-FPD’ and ‘MRS-FPD’ comparisons, respec-
tively (see Fig. S3). When the FPD attitude is compared to the &,y
ones (Fig. 6b), a large amount of the observations matching within
30° are locate along the Alps belt. This fact lend credit to the oc-
currence, beneath the Alps, of a possible mechanical crust/mantle
coupling which is probably favoured by the presence of a deep
crustal root (the Moho reach a depth of about 45-50km, due to
the duplication of the Adriatic Plate overriding the European Plate;
Schmid et al. 1996). When the FPD attitude is compared to the
MLS ones (Fig. 6¢), an appreciable correlation can be recognized
in small regions located in the outer side of the Central and South-
ern Apennine, in the Tuscany area and in the northern sector of the
Po basin, while when the FPD attitude is compared to the MRL
ones (Fig. 6d) an appreciable correlation seems prevalent along the
Alps belt areas and in Tuscany area. Moreover, the Apennines chain
and the Calabro-Peloritan Arc are characterized by a low degree of
correlation in all the comparisons.

7.2.1 Possible explanations for the surface strain—mantle SA low
correlation

The observed low correlation suggests that, along the Apennines
chain and the Calabro-Peloritan Arc, the crustal geodetic strain does
not capture the deformation field of the upper-mantle anisotropy.
There might be a number of explanations for this: (1) the SA pat-
tern corresponds to a signature of ‘fossil’ processes that have been
remained frozen in the upper-mantle, (2) the SA reflects the occur-
rence of active flows within the astenosphere and (3) the occurrence
of a significant strain partitioning and crust-mantle mechanical de-
coupling.

Regarding points 1 and 2, many studies focusing on upper-mantle
SA concur that for the Italian Peninsula the observed pattern reflects
the occurrence of active flows within the astenosphere instead of a
“fossil’ signature remained frozen in the upper mantle (e.g. Salim-
beni et al. 2008,2013; Baccheschi et al. 2011; Becker et al. 2012). In
particular, since the FPD pattern on the inner side of the Apennine
orogen is parallel to the strike of the Adriatic—Ionian subducting
slab, several authors have suggested that SA is closely controlled by
the trench-retreat and/or rollback motion of the whole subducting
slab (e.g. Salimbeni et al. 2008; Baccheschi et al. 2011). Conversely,
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on the outer side of the orogen, the SA could be governed by the
presence of the rigid Adriatic microplate, either oceanic or transi-
tional in lithology, that resisting to the subduction might represent
an obstacle against the retreat proceeding.

Regarding point 3, a mechanical decoupling between the crust
and lithospheric mantle occurs when they are separated by lay-
ers that are not sufficiently strong to transmit stress. The pres-
ence of a broad P-waves low velocity anomaly in the upper-
most mantle below the entire Apennines belt (see Di Stefano
et al. 2009 for details), interpreted as a hot and buoyant subli-
tospheric mantle replacing the delaminated Adriatic lithosphere
(see Chiarabba & Chiodini 2013 for details) could also justify
the occurrence of a mechanical decoupling at the crust-mantle
interface.

Looking at the SA pattern resulting from the analysis of P-waves
refraction (Pn; Diaz et al. 2013), similar azimuthal patterns be-
tween the Pn- and SKS-based SA on the investigated area can be
recognized (some differences in both patterns can be detected along
Western and Central Alps). Because Pn tomography samples only
the uppermost part of the mantle (providing a good resolution in
depth, but with a limited lateral resolution), the similar azimuthal
pattern of both seismic anisotropies suggests that the anisotropy
is fairly uniform from the bottom of the crust till the astheno-
sphere (at a depth of about 250-300 km which in general represents
the lowest depth range where significant anisotropy is expected;
Diaz et al. 2013).

If this is true, the low degree of correlation between surface
strain and upper-mantle deformation, observed along the Apen-
nines chain seems mainly related to a significant strain parti-
tioning and crust-mantle mechanical decoupling. This decoupling
most likely results from the delamination of the Adriatic litho-
sphere and subordinate processes like uplift, extension and mag-
matism. Beneath the Calabro-Peloritan Arc, the strong mismatch
observed when the FPD attitude is compared to the ey, ones,
suggests that both patterns reflect different mechanisms of de-
formation to the same geodynamic process. While the SA in the
mantle shows a fast direction pattern parallel to the rollbacking
Ionian slab, the crust located in the inner side of the slab (i.e. the
Calabro-Peloritan Arc) is subject to a stretching mechanism occur-
ring along the direction orthogonal to the slab (and parallel to its
rollback motion) as commonly observed along other subduction
systems.

7.3 Driving mechanisms

Data here analysed suggest that in the investigated area, crustal
stress and surface deformation are mainly driven by tectonic pro-
cesses (e.g. delamination, tectonic interaction of crustal blocks,
uplift, extension, magmatism; Palano ef al. 2012; Pierdominici &
Heidbach 2012; Chiarabba & Chiodini 2013) occurring at the
crustal scale. Because of the strain partitioning and crust-mantle
mechanical decoupling observed for a large sector of the inves-
tigated area, forces arising from plate motion provide an ancil-
lary support to the observed crustal stress and surface deformation.
Moreover, the stress field arising from second-order sources such as
crustal lateral density or strength contrasts, topography and active
fault zones, which at regional/local scale can modulate the crustal
stress—strain-rate pattern cannot be excluded as suggested by sev-
eral authors (e.g. Kastrup et al. 2004; Pierdominici & Heidbach
2012, and references therein).
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8 CONCLUDING REMARKS

1. The horizontal geodetic velocity field, referred to a fixed
Eurasian reference frame for the whole Italian peninsula, depicts
a shortening gradient gradually decreasing from S to N coupled
with a general crustal stretching along the E-W direction. Along
the Alps, the western portions show rates of ~0.5mm yr~' while
the eastern ones are characterized by ~1.0~1.5 mm yr' N-NE di-
rected motion. The different velocity pattern between the Adriatic
side (~4-6mm yr! with a NNE attitude) and the Tyrrhenian one
(~1-3mm yr™" with a NNW attitude) results in a sharp divergence
along the topographic relief of the whole Apennine chain. Sicily and
Calabria show a fan-shaped divergent motion with vectors directed
to NNW in the latter, and to NNE in the former.

2. The regional stress field yields consistent orientations over
the investigated area. Along the Alps the stress orientation shows
a fan-shaped pattern gradually passing from a main NNE-SSW
attitude on the Western Alps to a NW-SE attitude on the Central
Alps to a N-S attitude on the Eastern Alps. Both inner and external
sides of the Alps are characterized by a tectonic regime ranging
from strike-slip faulting to thrust faulting, while the high Alps are
characterized by a normal faulting regime. The inner side of the
Apennines is characterized by a prevailing normal faulting regime
with Symax oriented parallel to the mountains belt. The outer margin
of the Apennines is characterized by a prevailing thrust faulting
regime, with Sy, ranging between the N—S and NE-SW directions.
Both stress regimes coexist locally with a strike-slip one. The stress
field of Sicily is characterized by a complex pattern showing the
coexistence of different stress regimes in adjacent tectonic domains.

3. The comparison of tectonic stress and geodetic strain-rates
directions reveals that both patterns are near-parallel over a large
part of the investigated area. This indicates that (i) crust is currently
contracting in the direction of maximum compression, evidencing
a good degree of elasticity and (ii) crustal stress and surface de-
formation are driven by tectonic processes occurring in the crust,
and probably both patterns reflect the superposition of different
secondary causes.

4. The comparison of the azimuthal patterns of surface strain
and upper-mantle deformation reveals the occurrence of (i) a mod-
erate correlation along the Alps, suggesting a possible mechanical
crust/mantle coupling and (ii) a low correlation along the Apennines
chain and the Calabro-Peloritan Arc; this feature, coupled with other
independent observations, suggests the occurrence of a significant
strain partitioning and crust-mantle mechanical decoupling beneath
the Apennines chain. Beneath the Calabro-Peloritan Arc, the appar-
ent low correlation probably reflects a different mantle—crust mech-
anism of deformation to the ongoing subduction and rollback of the
Ionian slab.
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Figure S1. Azimuthal error of strain-rate axes (95 per cent confi-
dence).

Figure S2. Location of the 25 selected subsets and graphic output
of the stress tensor inversion results.
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Figure S3. Cumulative percentage of the horizontal angular differ-
ences between (1) ymin and Sypax orientations; (2) eymax and FPD
orientations; (3) maximum left-lateral shear—strain-rate and FPD
orientations; (4) maximum right-lateral shear—strain-rate and
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