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Abstract

Horizontal principal seismic strain rate axes have been calculated within a regular mesh of triangles covering
the Italian peninsula in a time interval of 700 years. I have used both the method of Kostrov (1974), that re-
quires knowledge of the seismic moment tensor of earthquakes, and the modified version provided by England
and Molnar (1997) that makes use of length and kinematics of the activated faults. Seismic moment tensor of
historical earthquakes can be inferred from recent literature, while length of faults has been obtained from the
observation that strain drop is almost constant for large Apenninic earthquakes. Spatial strain distribution from
historical earthquakes shows that the Apennines can be divided into three homogeneous structural arcs (North-
ern Apenninic, Southern Apenninic and Calabrian arcs) within which strain is roughly constant. Although NE-
SW extension is the main deformation process along the two Apenninic arcs it involves a velocity more than
five times greater in the Southern Apennines. Along the Calabrian arc, I tested the effect on the strain field of
the contemporaneous ~ WNW-ESE and ~ NNE-SSW extension due to the longitudinal dilatation of the arc
during its still ESE migration.

Key words seismic strain rate — extension rate — gions but rather it concentrates in narrow
Apennines bands located in or in the proximity of moun-
tain belts. Fault plane solutions of large earth-

quakes occurring along the Apennines indicate

1. Introduction that seismic deformation tends to accommo-
date the extension (Jackson and Mckenzie,

Within a still active ~ NS convergence of 1988; Jackson et al., 1992). The goal of this

Africa towards Eurasia, extensional proces-  work is to provide a quantitative analysis of
ses dominate the style of deformation of the  seismic deformation along the Italian peninsula
Western Mediterranean (fig. 1). These proces- to see to what extent extensional processes are
ses, mainly related to subduction, have led, still dominating. There are several reasons why
since the Tertiary, to the opening of Alboran, it is desirable to have the spatial distribution of
Liguro-Provencal, and Tyrrenian extensional seismic strain. First, dynamic models proposed
basins, which are surrounded by orogens (e.g., in past years would greatly benefit from a
Betic-Rif arc or Apenninic arc). Seismic defor- kinematic description derived from seismic
mation is not distributed in these deforming re- data, and secondly, comparison between forth-

coming geodetic strain measurements and seis-

mic strain will reveal how much of the defor-
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Fig. 1. Schematic picture of the Mediterranean region. The black arrow indicates the current motion of Africa
relative to Eurasia, while white arrows show the extensional basins opened since the Tertiary and the direction
of extension. Arrow lengths are only indicative. Dots are earthquakes located in the past 5 years and reported

in the NEIC catalogue.

rate tensor derived from geodesy is not consis-
tent with the average seismic strain rate tensor
calculated from earthquakes. This suggests that
the seismic deformation is driven by small
scale tectonic processes not yet seen by geo-
desy and that a more dense sampling of geode-
tic data is needed before the comparison be-
tween geodetic and seismic strain can be estab-
lished. This latter point represents a compelling
step for a modern evaluation of seismic hazard
of an active region.

A complete kinematic description should
take into account both relative velocities and
rotations, that define the velocity gradient ten-
sor L (Jackson and Mckenzie, 1988). The ve-
locity gradient tensor is the sum of the sym-
metric tensor S, the strain rate tensor, and the
antisymmetric tensor A, corresponding to a
rigid body rotation (Jackson and Mckenzie,
1988). Haines (1982) showed that if rates of
horizontal shear strain are everywhere known,
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the horizontal velocity field and rotations can
be recovered. The complete horizontal motion
retrieved from seismic strain rate data will be
treated in a forthcoming paper. In this paper I
have computed a more detailed map of crustal
seismic strain along the Apennines and for a
longer time interval (~ 7 centuries) with re-
spect to previous papers (Anderson and Jack-
son, 1987; Jackson and McKenzie, 1988;
Westaway 1992; Pondrelli ef al., 1995), in the
conviction that in low seismic strain rate re-
gions only a large time window provides strain
estimates meaningful for tectonics interpre-
tation.

Average strain rate tensor can be retrieved
from summation of moment tensors within a
volume following Kostrov’s (1974) approach:
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where (1 is the shear modules, V is the volume,
t is the time interval, and Mm% is the moment
tensor of the k earthquake with scalar seismic
moment M~ Recently, England and Molnar
(1997) showed that average strain rate tensor
can be equally defined in terms of moment ten-
sor and length of faults averaged in a mesh of
triangles covering a region
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where A is the triangle area, L is the length of
faults, 6 is the dip of the fault, u and 7 are the
component of the slip rate and the normal to
the faults, respectively. The data needed for re-
lation (1.1) are basically moment rate tensor of
earthquakes, while (1.2) needs the additional
information of the knowledge of fault length. T
followed both the approach for the computa-
tion of strain of Apennines, showing that the
formula provided in England and Molnar
(1997) better averages the spatial distribution
of strain, treating faults with finite dimension
and not like point source, thus shearing strain
from faults belonging to adjacent triangles.
Within Italy, seismic deformation is concen-
trated in a narrow belt running along the Apen-
nines (Cocco et al., 1993; Selvaggi et al.,
1997). This belt is everywhere 30-40 km wide
with the exception of the transition zone be-
tween Northern and Southern Apennines where
it widens to about 100 km (Selvaggi et al,
1997). Large earthquakes occur in this seismic
belt with decades of time interval, clearly
showing NE-SW extension in the Apennines
and ESE-WNW extension in the Calabrian arc.
The average extension rate in the Apennines
ranges between 1 and 3 mm/yr calculated in a
relative short time interval of 16 to 85 years of
seismicity (Anderson and Jackson, 1987; Jack-
son and McKenzie, 1988; Pondrelli er al.,
1995). Westaway (1992) found an extension
rate of more than one order of magnitude
greater in Southern Apennines (up to ~ 5 mm/yr)
with respect to Northern Apennines (=~ 0.3 mm/yr)
considering nearly 400 years time interval
from seismic moment of historical earthquakes
estimated by macroseismic data. The open
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question that will be focused in the discussion
refers to the evidence provided by Westaway
(1992) that strain is not homogeneously dis-
tributed along the chain but rather it concen-
trates in the central part of the Southern Apen-
nines. In addition to this, despite the occur-
rence of large earthquakes in Calabria, West-
away (1992) suggests that aseismic deforma-
tion plays an important role in Calabria being
characterised by a low extension velocity of
~ 0.5-1 mm/yr.

The first part of the paper is dedicated to
data analyses used for the strain computation,
that are the seismic moment of historical earth-
quakes, kinematics of faults, and associated
fault length of the Apennines and Calabrian arc
earthquakes. After having described the spatial
distribution of horizontal principal strain rate
axes, I discuss the seismotectonic implication
from a kinematic view point.

2. Data analyses

2.1. Moment tensor of historical earthquakes

Scalar seismic moment (M,) is the most
suitable seismological parameter for the quan-
tification of source strength (Aki, 1967). This
parameter can be easily computed by means of
the conventional seismological procedures only
for those earthquakes which have been instru-
mentally recorded. Hanks et al. (1975) pro-
posed a method to estimate M, when macro-
seismic intensity data are available but instru-
mental data are not. The method is based on
the observation that the area extent A() of the
region in which the earthquake is felt with in-
tensity / is an increasing function of the earth-
quake size. Hanks et al. (1975) used 16 earth-
quakes of the Southern California region
whose seismic moments were known from in-
strumental estimates to establish a relationship
between the logarithm M, and the logarithm
A(VI), where A(VI) is the area enclosing the
Modified Mercalli intensity MMI = VI. Hanks
and Johnston (1992) extended this method
to Eastern North America and Western U.S.
earthquakes for a comparative study, using
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III < MMI < VIII. A further development of
such method, proposed by Johnston (1996),
were used by Gasperini and Ferrari (1997) to
estimate the scalar seismic moment of large
historical earthquakes contained in the Italian
seismic catalogue (Boschi et al., 1997).

I have selected all the earthquakes larger
than 1.2-10% dyne - cm, corresponding to a
moment magnitude of 6.0. Each earthquake
used in this work has been associated with a
kinematics deduced from seismological or
geodetic observation, geomorphological data or
to known active structures, and the driving
considerations are based on the experience
gained in recent years on the mode of crustal
deformation of the Italian peninsula. In the
Northern Apennines both Gubbio 1984
(Haessler et al., 1988), and Umbria-Marche
1997 (Amato et al., 1998) earthquakes suggest
that seismic deformation is accommodated by
low angle normal faults (35°-45°) striking
NW-SE and dipping towards SW bordering the
intramountain basins filled by Quaternary sedi-
ments. Geological and paleoseismological
studies (Blumetti, 1995; Galadini et al., 1997)
are consistent with such mechanism, allowing
many of the earthquakes to be associated with
normal faults that border the Quaternary
basins. Similarly, in Southern Apennines nor-
mal faulting is the typical mechanism involved
in the deformation as testified by the Avezzano
1915 and the Irpinia 1980 earthquakes. Here,
faults are steeper than in the Northern Apen-
nines, dipping to an angle of about 60°. The
fault parameters associated to historical earth-
quakes used in this work are taken from geo-
morphological, paleoseismological, and macro-
seismic evidence reported for these faults
(Figliuolo, 1988; Valensise et al., 1993; Cucci
et al., 1996; Pantosti et al., 1996; Benedetti
et al., 1997).

In the Calabrian arc, only the fault responsi-
ble for Messina 1908 large earthquake has
seismometric and geodetic constraints that al-
low the geometry of the activated structure to
be determined. Such mechanism involves a
low angle normal fault striking NNE and dip-
ping towards ESE (Capuano et al, 1988;
Valensise et al., 1993). The same style of
deformation has been associated with the
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earthquakes which occurred on the western
coasts of the Calabrian arc in agreement with
morphological and macroseismic data (Valen-
sise et al., 1993; D’Ajello Caracciolo, 1996).
In addition, the elongation of the macroseismic
area extent of four Calabrian earthquakes
(1659; 1783/03/28; 1638, and 1836) suggests
that seismic deformation is also associated to
faults striking in ~ EW direction. I have specu-
latively assumed that these four earthquakes
occurred on the normal faults bordering the
~ EW Quaternary graben of Calabria. This
hypothesis is based on the evidence of a sec-
ondary direction of extension perpendicular to
the principal WNW one, deduced from exten-
sive studies on Quaternary faulting (Moussat
et al., 1986) and on the direction of the hori-
zontal minimum stress derived from borehole
breakouts of 4 wells on the Ionian side of the
Calabrian arc (Montone et al., 1997).

2.2. Length of faults deduced from constant
strain drop

The strain produced by the dislocation on a
rectangular fault is, intuitively, proportional to
the average slip (D) and to the length (L) or
width (W) of the fault. Seismic static theory
tells that the ratio between D and L or W, the
strain drop, is related to the stress drop by the
Hook law (Ao = Cuk,), where C is an adimen-
sional constant depending on fault geometry
and k; is the strain drop. Constant stress drop
implies constant strain drop for constant rigid-
ity . Stress drop is highly dependent on the
tectonic regime, varying by one or two orders
of magnitude from compressional to exten-
sional regimes and from intraplate to interplate
earthquakes. In homogeneous seismotectonic
regions constant stress drop is generally ob-
served, that is the ordinary explanation of the
linearity between logarithm of scalar seismic
moment and logarithm of fault area (Kanamori
and Anderson, 1975). The similarity condition
between stress drop and strain drop is well sat-
isfied for large earthquakes. Constant strain
drop is world-wide verified and assumes a
roughly constant value of 3 + 8- 1075,
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From the definition of scalar seismic mo-
ment, fault length (L) can be derived as fol-

low:
L:\/

W can be determined from the thickness of the
seismogenic layer (H,) and the dip (&) of the

M

o

UWk,

2.1)

sin (0)

to be 3 - 10" dyne - cm™.

The limit of such an empirical method is the
large uncertainties related to each parameter of
relation (2.1). Nevertheless, for tectonic pur-
poses it is a valid independent estimate of fault
lengths, to be compared with geological and
paleoseismological results when available, be-
cause the Apennines are a homogeneous exten-
sional stress regime and stress drop is roughly
constant (Rovelli et al., 1988), several seismic
local networks provide a good assessment of
the seismogenic layer, and scalar seismic mo-
ment of historical earthquakes is available
(Boschi er al.,, 1997). The motivation for this
approach derives from the observation that lit-
tle is known about the geometric characteris-
tics of the seismogenic faults responsible for
the large earthquakes of the past due to the
lack of clear surface expression, the presence
of blind or hidden faults and to the growing
evidence that the young age of the extensional
regime has not yet overprinted the older mor-
phology.

I have analysed the only four normal fault-
ing earthquakes which occurred in the Apen-
nine region for which there are estimates of
slip (D) and length (L) (Valensise, 1988; Ward
and Valensise, 1989; Pantosti and Valensise,
1993; Hunstad et al., 1998) to verify that strain
drop assumes an almost constant value for nor-
mal faulting earthquakes in Italy. The estimate
of D and L are based on levelling measure-
ments for two events (namely Avezzano 1915,
and Messina 1908), for the Irpinia 1980 event I
refer to geological estimates (Pantosti and
Valensise, 1993) and for the recent Umbria-
Marche earthquake, the estimate of slip and

fault (W = ) and y is assumed hereafter
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length is based on geodetic results (Hunstad
et al., 1998).

Avezzano 1915 is a pure normal faulting
earthquakes of magnitude 6.7 (Ward and
Valensise, 1989). The slip D and length L were
derived from the results in Ward and Valensise
(1989) that analysed the repeated levelling sur-
veys carried out before and after the earth-
quake. The direct model that fits the coseismic
deformation is a 24 km long fault with an aver-
age slip of 0.8 m. The strain drop assumes a
value of 3.3-107°. Messina 1908 earthquake
is a pure normal fault event of magnitude
7.0 (Valensise, 1988). The repeated measure-
ments of levelling lines provided a dislocation
model with average slip of 1.4 m for a 45 km
long fault and consequently a strain drop of
3.1-107°. For the Irpinia earthquake I refer to
the paper of Pantosti and Valensise (1993) that
reports a summary of the main source parame-
ters from field observations. An average slip of
1.1 m for a 34 km long fault is derived from
their results corresponding to a strain drop of
3.2 107, The slip and length of the 1997 Um-
bria-Marche normal faulting earthquake are
well constrained by GPS data (Hunstad et al.,
1998) revealing 33 cm of slip for 12 km of
fault. The strain drop is 2.8 - 10, Summaris-
ing the observations, it is reasonable to con-
sider strain drop a roughly constant character-
istic feature for normal fault earthquakes of the
Apenninic system (fig. 2). I have used an aver-
age value of strain drop equal to 3 - 10~ to cal-
culate the fault length of the historical earth-
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Fig. 2. Fault length versus average displacement
for the four earthquakes discussed in the text.
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quakes, that means 30 cm of average slip for
every ten kilometers of fault length corre-
sponding to a static stress drop equal to ~ 10
bar, although four cases are not enough to de-
rive such a general behaviour,

The depth of the seismogenic layer was de-
duced from detailed images of the crustal seis-

10

micity derived from temporary and permanent
seismic local networks that have been in opera-
tion during the last twenty years in Italy. T am
confident that using a depth of 12 km of the
seismogenic layer I commit a negligible error
in determining W. The experience of the Ir-
pinia, Gubbio, and other normal faulting earth-

Fig. 3. Fault length derived [rom constant strain drop. Epicentres are [rom the seismic catalogue (Boschi
et al., 1997). Also shown are the magnitude and dates of earthquakes and the triangular mesh used to calculate

seismic strain rate.
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quakes in the Apennines suggest that the entire
seismogenic layer breaks only for those earth-
quake whose magnitude exceeds 6.0. For
smaller earthquakes, that are few in the data
set, I used a linear decrease of W with magni-
tude.

The application of relation (2.1) to historical
earthquakes provides the fault lengths por-
trayed in fig. 3.

3. Spatial distribution of principal
strain rate axes

The cumulative scalar seismic moment for
the earthquakes used in this study is 4.88 - 10?’
dyne - cm. Only six per cent of it is released in
the Northern Apennines (0.3 - 10?” dyne - cm)
by faults that are generally 10-12 km long (ex-
cept for the 1703 Norcia earthquake), while
56% is released in the Southern Apennines
(2.73 - 10*") by faults that can be even longer
than 40 km. The Calabrian arc contributes 38%
of the total (1.84 - 10?” dyne - cm). This first re-

sult shows that the seismic release is strongly

different along Italy both in magnitude and in
the dimension of faults involved in the active
deformation.

Once the data set was built, the next step
was to evaluate the best regular triangular
mesh within which to calculate the principal
strain rate axes. Of course there are several
possible grids that can be drawn but I sought
for a dimension of triangles comparable with
the length of faults to ensure the continuity
of strain between adjacent triangles. Figure 3
shows the one I chose.

Since only a large time window, whose
length is comparable with the recurrence time
of regional seismic release, allows a meaning-
ful long term deformation pattern to be derived
in a low seismic strain rate region, as Italy
seems to be, I am forced to make the assump-
tions on faulting mechanism for historical
earthquakes and to deal with the consequent
uncertainties. One way to treat this problem
is to assess formal uncertainties in the data
and to derive interval of confidence. The cost I
have to pay, is that I can only discuss the first
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order features and lose the small scale charac-
teristics of the strain field. I let strike, dip and
rake of inferred faults to vary of + 10 degrees
from the assumed values, and length of faults
is calculated with constant strain drop ranging
between 2.8 and 3.2-107° and scalar seismic
moments of + 0.1 of its logarithm values.
These uncertainties are reasonable and larger
variations are not expected. Considering such
uncertainties, the direction and length of the
horizontal principal strain rate axes ranges be-
tween + 15° and 30% of their average values,
respectively.

Figure 4 shows the distribution of horizontal
principal seismic strain rate axes along the Ital-
ian peninsula using England and Molnar’s ap-
proach (1997). Black bars indicate extensional
strains and the length is proportional to magni-
tude of strain. In the Northern Apennines ex-
tensional strain is everywhere smaller than
1- 107" ™', only Norcia region (triangle 24) is
characterised by a significant value of seismic
strain mainly due to the occurrence of the 1703
earthquake. The direction of extension is NE-
SW and, taking into account the dimension of
the whole Northern Apenninic arc (200 km)
and rotating the reference frame so that one
axis is aligned with the chain, the observed
strain rate results in an average extension rate
of 0.3 mm/yr.

Values of strain rates up to 2 - 107%% 7! are
observed in the Southern Apennines, corre-
sponding to an average extension rate in NE-
SW direction, calculated considering a length
of 400 km for the Southern Apennines, of
1.6 mm/yr. Figure 4 shows that horizontal
strain is homogeneously distributed along the
Southern Apennines, suggesting that large
differences in the extension rate are not ex-
pected. As introduced before, Westaway
(1992) suggested a local maximum of the ex-
tension rate up to 5 mm/yr in the central part
of the Southern Apennines tapering to almost
zero at the edge of the region. The differences
in my estimate with regards to Westaway
(1992) depend on both the data and the
method. I have used a larger data set, including
earthquakes of the XIV and XV centuries that
greatly contributed to average the strain along
the Apennines.
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Fig. 4. Horizontal principal strain rate axes [rom historical seismicity since 1349. Black bars indicate exten-
sional strain. The extension rate perpendicular to the chain is 1.6 mm/yr in Southern Apennines and 1.7 mm/yr
in Calabria. It is ~ 0.3 mm/yr in the Northern Apennines,

One of the main features, that still remains
also considering the uncertainties, is the widely
different strain and extension rate between the
Southern Apennines with respect to the north-
ern Apennines. Such difference cannot, in prin-
ciple, be referred to tectonic causes alone, and

independent strain data are needed. This is be-
cause if a different percentage of seismic strain
with respect to total strain is released in the
two arcs, then rheological causes can con-
tribute to explain such differences. The evi-
dence in favour of this hypothesis is the depth
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distribution of earthquakes. In the Northern
Apennines the recent earthquakes of Gubbio
1984, Umbria-Marche 1997, and Norcia 1979
show that the seismogenic layer might be re-
stricted to the first 8-10 km of the crust, while
the Irpinia 1980 and Potenza 1990 earthquakes
enlighten a deeper seismogenic layer for the
Southern Apennines, probably deeper than
10 km. A better definition of earthquake depth
distribution could help to elucidate why differ-
ent maximum magnitude and fault length are
observed along the Apennines. Moreover, tem-
perature estimates at 3 km depth are notably
higher in the Northern Apenninic arc than in
the Southern Apennines (100-110 degrees ver-
sus 60-70; Mongelli et al., 1989), spurring
further investigation of the crustal thermal
state. Conversely, much geophysical evidence,
like tomographic images of the upper mantle
(Amato et al., 1993), the intermediate depth
earthquake distribution (Selvaggi and Amato,
1992), and seismic anisotropy (Margheriti
et al., 1996), states that the Northern and
Southern Apennines are currently undergoing
different geodynamic processes. How these are
related to crustal seismic release of the Apen-
nines may be better resolved by models con-
cerned with the forces involved in the defor-
mation.

The Calabrian arc is characterised by an
~ WNW-ESE extensional strain rate of the or-
der of 1107 s™ involving a velocity of ex-
tension of 1.7 mm/yr averaged over the 200
km of length of the arc. The introduction of the
~ EW trending earthquakes produces signifi-
cant strain that results in longitudinal dilatation
of the arc.

The occurrence of normal faulting earth-
quakes on ~ EW striking faults is a strong as-
sumption of this work motivated by structural
observations (Moussat et al., 1986), fault plane
solutions of recent moderate earthquakes (Fre-
poli and Amato, 1998), and borehole breakouts
(Montone et al., 1997), and finds its explana-
tion in the active migration of the Calabrian
arc. How far it is possible to stress this hypoth-
esis depends on the information that will come
from the still missing geodetic results.
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4. Conclusions

In this paper I have shown that a kinematic
description derived from a long time interval
of seismicity is useful to treat many open ques-
tions related to the seismotectonics of the
Apennines, although new ones have been
opened. Also considering data uncertainty, it
does not dramatically affect the seismic strain
field. Results show that deformation is
achieved differently along the Apennines. In
the Northern Apennines faults are generally 10
to 12 km long and the strain rate is low. On the
contrary, both the Southern Apennines and
Calabrian arc are characterised by faults up to
40 km of length, strain greater than 1- 10715 s,
and extension rate of the order of 1.6 mm/yr.
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