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ABSTRACT

We define the structure and rheology of the lithosphere in
Italy and surrounding, combining the cellular velocity models
derived from nonlinear tomographic inversion with the distri-
bution vs. depth of hypocentres to assess the brittle proper-
ties of the Earth’s crust. We average, over cells sized 1 x 1
degree, the mechanical properties of the uppermost 60 km of
the Earth, along with seismicity, grouping hypocentral depths

forward.

in 4-km intervals. For most of the cells, the earthquake energy

is concentrated in the upper crust (4-12 km). For some

Introduction

Anderson (2007) gives a good and
long-overdue contribution that prop-
erly emphasizes the limits of currently
available, and widely used, tomo-
graphic maps. In addition to the cases
discussed by Anderson (2007), a large
plume has been proposed to be pres-
ent beneath the Western Atlantic and
Central Europe (Hoernle et al., 1995),
even though, because of the resolution
(~0.4% variation in V), its deeper
part (below ~300 km) is barely dis-
tinguishable, if not indistinguishable
from normal mantle.

The Western Mediterranean repre-
sents a key place where geophysical
and geochemical data can be com-
bined to test the relationships between
magmatism and mantle structure, and
to place constraints on the roles of
shallow-mantle vs. deep plumes in the
genesis of the magmatism and the
geodynamic evolution of the area
(Panza et al., 2007a). Cadoux et al.
(2007) suggest a possible lower mantle
source for Italian volcanism, but our
recently published S-wave tomogra-
phy (Panza et al., 2007b) indicates a
shallow upper-mantle source for the
Apennines-Tyrrhenian igneous system
and the absence of a plume beneath
Italy and the back-arc basin. In two
non-colour-saturated cross-sections,
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in which geological and geophysical
data of the TRANSMED Project
(Carminati et al., 2004) are tied to
the shear-wave tomography models,
there is no evidence of a deeply rooted
plume beneath the back-arc basin:
along W-directed subduction zones
the retreat of the slab requires that
the upper mantle fills in the space left
by the removed lithosphere (Doglioni,
1991; Doglioni et al., 1999a,b).

The presence of a plume beneath
Italy would be expected to be recorded
in elevated heat flow and the conse-
quently attenuated brittle behaviour
of the lithosphere, i.e. lower level of
seismic energy release. We investi-
gated this by studying the structure
and rheology of the lithosphere. We
combined the cellular model derived
from the nonlinear tomographic
inversion by Farina (2006) and Panza
et al. (2007a), with the distribution vs.
depth of earthquakes, to assess the
brittle properties of the fragile Earth,
and we have given a synoptic repre-
sentation of the mechanical properties
of the uppermost 60 km, along with
the seismicity, averaged over cells
1 x 1 degree in size. It is evident from
the results that the model of a mantle
plume beneath Italy should be dis-
carded, supporting the voluminous
petrological arguments against a
plume that have already been reported
(Peccerillo, 2005).

Method

Figures 1-3 show a synoptic represen-
tation of the mechanical properties of

regions, where orogenic processes occur, the release of
earthquake energy is shallower and limited to the uppermost
10 km of the crust. Ambiguities in the structural models are
minimized considering the hypocentral distribution, mainly to
define the location of the Moho boundary, when its identi-
fication, based on shear-wave velocities, is not straight-
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the uppermost 60 km of the Earth.
The cellular velocity models are pre-
sented in the leftmost graph for each
cell and they are obtained by the
nonlinear inversion of Rayleigh sur-
face-wave dispersion data in the per-
iod range 5-150 s for group velocity,
and 15-150 s for phase velocity (Pan-
za and Pontevivo, 2004; Farina, 2006;
Panza et al., 2007a). The local disper-
sion data obtained by 2D tomography
(Yanovskaya and Ditmar, 1990;
Yanovskaya, 1997) are inverted by
the nonlinear ‘hedgehog’ method
(Panza, 1981). The Vs models and
their uncertainties are computed for
each cell defined in the study region.
Because of the well-known non-
uniqueness of the inverse problem,
for each cell, a set of models fit the
dispersion data, all with similar levels
of reliability. An optimized smoothing
method called LSO (Panza et al.,
2007a; Boyadzhiev et al., 2008) that
fixes the cellular model as the one that
has minimal divergence in velocity
between neighbouring cells is used
to define the representative cellular
model by a formalized criterion.

The uppermost 60 km of the models
obtained is shown in Figs 1-3: Vs is
colour coded for easier visualization
of the velocity structure, the range of
variability of the depth of the inter-
faces (the boundaries between layers
can well be transition zones in their
own right) and of the velocity is given
for most of the parameterized layers
(some values are omitted for graphical
reasons). The red dots in the velocity
models represent hypocentres; some

© 2008 Blackwell Publishing Ltd
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Fig. 1 The cellular Vs structures and related logE—h distribution of earthquakes, obtained grouping hypocentres in 4-km intervals,
in North Italy and surrounding areas. The upper 60 km of the Earth model are plotted on the leftmost graph for each cell. The
average Vs and its range of variability in km s~ are printed on each layer and a hatched rectangular zone outlines the range of
variability of their thicknesses. For the sake of clarity, in the uppermost crustal layers the values of Vs are omitted; these values are
given in Farina (2006) and Panza et al. (2007b). The hypocentres with depth and magnitude type specified are denoted by red dots.
The hypocentres with magnitude equal to or greater than 2.5, but of unspecified magnitude type, are denoted by purple circles. The
normalized logarithm of seismic energy with respect to depth obtained by grouping hypocentres in 4-km intervals, is shown in the
right hand graph for each cell. The filled red bars histogram represents the energy of all earthquakes from the revised ISC (2007)
catalogue for 1904—June 2005. The black line histogram represents the energy of earthquakes for which the hypocentre depth is not
fixed a priori in the ISC catalogue. At the bottom of this graph the cell label and the coordinates of the cell’s center are given. The
normalizing value of the maximum of the energy’s logarithm logFE,,.x is given on the horizontal axis of the energy-depth
distribution graph. The location of each cell is shown in the map and superimposed on the structural and kinematic sketch of Italy
and surrounding areas from Meletti et a/. (2000). The red colour marks the cells that are presented in this figure and the blue colour
marks all other cells studied in the paper.

earthquakes with unspecified kind
of magnitude are plotted as purple
circles.

We used the revised ISC (2007)
catalogue for the period 1904-June
2005 and, using the relation of Rich-
ter (1958) logE = 1.5M + 11.4, for
each cell we computed the total
energy released by the earthquakes,
grouping hypocentres in 4-km inter-

© 2008 Blackwell Publishing Ltd

vals. The value of M is either directly
taken from the ISC catalogue or
computed from currently available
relationships between M, and other
magnitudes (Peishan and Haitong,
1989). As the hypocentral depths did
not exceed 60 km there was no need
to correct M for the focal depth
(Herak et al., 2001). The energy of the
earthquakes, for which only My is

known, is calculated as follows. The
regression relation constructed for the
study region from the earthquakes
for which My and M, are known, is
used to determine M,; which is then
converted to M, The relationship
obtained M; = 1.12M4 — 0.76 is in
agreement with similar relationship
computed by Gasperini (2002) for
the Italian region. The earthquake
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Fig. 2 The cellular Vs structures and related logE—h distribution of seismicity in Central Italy and surroundings. See Fig. 1 for

more details.

energy distribution vs. depth (logE—/)
is shown in Figs 1-3 in the right hand
graph for each cell. The logarithm of
the energy for the grouped hypocen-
tres was normalized to the maximal
value logE.x for each cell (written on
the horizontal energy axis). In each
cell we considered all earthquakes
listed in the ISC catalogue with depth
and magnitude specified (red bar his-
togram) and only the earthquakes for
which the depth had not been fixed a
priori (black line histogram).

Discussion

The logE—h distribution for most of
the cells is concentrated at depths of
4-12 km (Figs 1-3), similar to the
distribution of earthquake frequency
reported by Meletti and Valensise
(2004) and with the maximum slightly
shallower than in the distribution of
hypocentres in the continental crust

196

shown by Ponomarev (2007). The
energy histograms of all events (red
bars) and for the events for which the
depth has not been fixed a priori
(black line bars) have a similar behav-
iour (with some obvious exceptions
for the cells with weak seismicity).
Consistent with a classic Cou-
lomb/Byerlee (brittle/ductile) transi-
tion, where the rheology and
mechanical properties of rocks follow
the Sibson’s law for the upper crust,
and a power law creep in the lower
crust, the earthquake energy is con-
centrated in the upper crust (4—
12 km); only in a few cells in the
transition of the central-western Alps
(f-3, £-2, f-1), the eastern Alps-Dina-
rides (e4, e5, d5), and the Dinarides-
Hellenides (a9, A9) the earthquake
energy is concentrated in the upper-
most 10 km of the crust, generally
with a maximum in the surface layers.
These are thrust zones where orogenic

processes are in progress, with pre-
dominant compression (Scandone and
Stucchi, 2000), as it is evident from the
focal mechanisms (Meletti and Val-
ensise, 2004; Guidarelli and Panza,
2006; Pondrelli et al., 2006). The
energy release in the crust is dominant
for the uppermost 60 km even in the
zones with intermediate and deep
seismicity (c2, b8, a9, AS, A9, C9,
D3, D4, D5).

The ambiguities in our structural
model are reduced with the addition
of the hypocentre information, mainly
in defining the location of the Moho
(Panza et al., 2007a). The cell a2,
under the Albani hills and the Tyr-
rhenian offshore, is a clear example,
where the definition of Moho is diffi-
cult using Vs alone (Fig. 2). In this cell
and in most of the southern Tyrrhe-
nian Sea Vs values usually observed in
the crust (4.0 km s™") are interpreted
as mantle material (Panza et al., 2003,

© 2008 Blackwell Publishing Ltd
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Fig. 3 The cellular Vs structures and related logE—/ distribution of seismicity in Southern Italy and surroundings. The particular

case of cell C5 is discussed in the text.

2007a,b), with a relatively high per-
centage of partial melting (Bottinga
and Steinmetz, 1979; Green and Fal-
loon, 2005). The upper crust in a2
reaches a depth of about 7 km with Vs
about 3.3 km s™', and it overlies a 30-
km-thick layer with Vs about
3.9 km s™'. This layer is on top of a
20-km-thick high-velocity lid. Accord-
ing to the logE—h distribution and
other data compilations (e.g. Nicolich
and Dal Piaz, 1990) the 30-km-thick
layer, with Vs about 3.9 km s7!, can
be reasonably assigned to the crust
only up to a depth of about 25 km,
where the recorded seismicity stops.
The shut-down of the distribution of
seismicity at a depth of about 25 km
(Fig. 2) leaves room for an aseismic,
~12-km-thick, mantle layer. There-
fore, the 3.9 kms™' layer can be
interpreted as high-velocity lower
crust down to a depth of about
25 km, above a very low-velocity, soft

© 2008 Blackwell Publishing Ltd

mantle. The neighbouring cell a3
(Fig. 2) exhibits a negative velocity
gradient within its 20-km-thick crust
that overlies a low-velocity uppermost
mantle layer with a Vs of about
42 km s~ and a thickness of about
30 km. Below this layer, Vs increases
with depth to an average of
435km s

In e4 (Fig. 1) below about 23 km of
depth, the 30-km-thick layer with Vs
~4.0kms™' can be lower crust
(Moho boundary at ~53 km depth)
or soft mantle (Moho boundary at
~23 km depth). The Moho depth
defined by other studies varies be-
tween 35 and 45 km (Nicolich and
Dal Piaz, 1990; Marone et al., 2004;
Dezes and Ziegler, 2005). The ques-
tion can be settled considering the
seismic energy distribution (Fig. 1)
that is concentrated in the uppermost
30 km with some weak events below
this depth: it is reasonable to assign

the first 7 km of the 30-km-thick layer
to the brittle continental crust, placing
the Moho depth at about 30 km, and
to interpret the remaining 23 km as
very soft mantle.

The interpretation of Vs models in
the cells with recent volcanism (b1, b2,
a2, a3, A-2, A-1, A3, A4, AS, B-2, B-1,
Bl1, B2, B4, C3, C4, C5, D2, D5) is
given by Panza er al. (2007a). The
seismicity, even if weak, in B2, B3, and
B4 (Fig. 3) plays a key role in the
definition of the Moho that can be
placed just below the deepest event in
each cell, namely, at depths of 11 km
(B2), 13 km (B3), and 12 km (B4). In
B2, the remaining 5 km, with Vs
~4.05 km s~ represent mantle mate-
rial, cooler than the underlying very
hot 8-km-thick mantle layer with
average velocity 3.15 km s™' and den-
sity 3.1 g cm™, followed by a layer
with velocity 4.2 km s™'. Similarly, in
B3 the remaining 5 km of the layer
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with velocity 3.6-4.0 km s~ is mantle
material cooler than the underlying,
very hot, 8-km-thick mantle with
average velocity 3.1 km s~ and den-
sity of 3.1 g ecm™>, followed by a layer
with velocity 4.2 km s™'. In B4, the
hypocentre’s distribution and gravity
modelling define the remaining
11.5-km-thick layer with velocity
33kms! and density 3.15 gcm™
as mantle, followed by a layer with
average velocity 4.2 km s™!. There is
no seismicity in Bl but, by analogy
with the neighbouring cell B2 and
with the results of gravity modelling,
the layer with average velocity
3.6 km s7! is defined as mantle with
density 3.1 g m™. It overlies a layer
with velocity 4.2 km s~

Another interesting case is observed
in the area of Stromboli and Messina
strait to Southern Calabria, in C5
(Fig. 3). The nature of the crust is
difficult to define as a layer with Vs in
the range 3.8-4.0 km s™' reaching a
depth of about 44 km overlies high-
velocity mantle material. The analysis
of the seismic energy distribution
(details given in Panza et al., 2007a)
leads to two distinct interpretations
for this two-faced (Janus) crust/man-
tle layer. If we consider only the
hypocentres at sea, this layer is totally
aseismic and therefore it can be rea-
sonably assigned to the mantle, con-
sequently the crust has an average
thickness of ~17 km. On the other
hand, if all events in C5 are consid-
ered, the ‘Janus’ layer is occupied only
by hypocentres located either in Sicily
and Calabria (continental area) or
close to their shoreline (Panza et al.,
2007a). In such a case the layer can be
reasonably assigned to the brittle
continental crust which turns out to
be ~40 km thick.

Finally, in dO, cl (Fig. 2), D1, D2
and D6 (Fig. 3), seismic activity is
recorded also in the uppermost mantle
layer, where Vs is relatively low, but
where the average heat flow does not
exceed 65 mW m™ (95 mW m™> for
cl) according to Hurting et al. (1991).
Gravity modelling in this region con-
firms that these layers belong to the
mantle. The brittle behaviour of this
uppermost mantle material, with aver-
age velocities 4.0-4.3 km s™!, can be
an example of the magma-assisted
rifting model discussed by Buck
(2004) and the eclogite mantle ‘engine’
by Anderson (2006).
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From the integrated use of geo-
physical, petrological and geochemical
data it is possible to confirm the
presence of three processes that prob-
ably govern the present lithosphere
dynamic in the Italian Peninsula and
surroundings: delamination in North
and Central Apennines (e.g. d0, dlI,
cl, b0, bl, a3) with mantle wedges that
fill in the space left by the removed
lithosphere along the W-directed
subduction zones (Doglioni, 1991;
Chimera et al., 2003; Panza et al.,
2007b); slab detachments (e.g. AS,
A6, B7), with low crust delamination
and formation of orthopyroxene-rich
uppermost mantle layer with strong
crustal signatures (Lustrino, 2005),
to continuous subduction in the
Southern Apennines; slab roll-back
and tearing with sideways asteno-
spheric flow through slab-windows in
the Calabrian Arc (Panza et al.,
2007a) with likely slab-detachment
(e.g. C4, C5, D5, D6).

Conclusions

The synoptic representation of Vs
models of the uppermost 60 km of
the Earth and of the logE—h distribu-
tion is used to define the Moho when
its identification based on Vs alone is
ambiguous. For most of the cells, the
earthquake energy released is maxi-
mum in the depth range of 4-12 km,
i.e. mainly in the upper crust. For
some regions where orogenic pro-
cesses are in progress, the release of
seismic energy is concentrated in the
uppermost 10 km of the crust. The
brittle behaviour of the uppermost
mantle, with relatively low average
velocities accompanied by relatively
low heat flow, is well consistent with
the magma-assisted rifting model and
the eclogite mantle ‘engine’.
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