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Abstract

A model for the 1980 Irpinia earthquake is obtained from levelling data, consistent with all the results obtained
by the analyses of the other data sets. The model consists of three fault segments, corresponding to the three main
rupture subevents of the main shock. In particular, the inclusion of a small levelling data set located close to the
Conza dam put further constraints on the faulting parameters of the third subevent, which was the less constrained
by other data sets. A fault almost parallel to the main one, dipping SW (graben model) is the only one compatible
with the data. For the second subevent a fault dipping 20° toward NE is strongly supported by levelling data.
The total seismic moment released by the three fault segments is 2.6 X 10'° Nm, in good agreement with the
seismological estimates by centroid-moment tensor inversion (about 2.7 X 10" Nm).

1. Introduction direct confirmation of the main results obtained
from geophysical data, came from the finding of

The 1980 Irpinia earthquake is the best do-  the main fault traces on the ground, by Westaway
cumented large earthquake in Italy, and in the and Jackson (1984), later completed by Funi-
whole Mediterranean region. Many research  ciello ef al. (1988). Crosson et al. (1986) and
groups have worked on the modeling of this Westaway and Jackson (1987) pointed out the
earthquake, using various kinds of data (see for  occurrence of multiple events during the main
instance Westaway and Jackson, 1984, 1987;  shock. This evidence was further confirmed by
Crosson et al., 1986; Bernard and Zollo, 1989;  Bernard and Zollo (1989), who carefully ana-
De Natale et al., 1988; Pantosti and Valensise, lyzed various data sets, giving a detailed picture
1990). Just few months after the event, the main  of the space-time evolution of the main shock
features of this earthquake were already clear, fracture. Although many features of the fracture
since a lot of data converged toward a well- mechanism of this event are now very well estab-
defined solution for the main fault plane (Arcaer lished, there are still some important questions
al., 1983; Del Pezzo et al., 1983; De Natale etal, not well answered, regarding the location and
1983). Since the beginning of the research, ge-  mechanism of the third subevent of the main
odetic data were among the most constraining  shock (that occurred 40 s after the nucleation),
ones for the gross features of the main fault plane. ~ and the dip and southernmost termination of the
In particular, they definitively constrained the dip  main fracture (associated by Bernard and Zollo
direction of the fault, which was not uniquely to the second subevent), that occurred about
determined by seismological data alone (Arca et (18+20) s after the nucleation. The study of this
al., 1983). Although the geodetic lines were not carthquake has shown in a very clear way that
located in such a way to allow a precise location only considering complementary information
of the fault, when used jointly with the aftershock  from many different data sets it is possible to
locations they allowed one to infer the location  obtain a well-constrained model. In this frame-
of the main fault within (2+5) km. A strong  work, we reanalyze in this paper geodetic data in
constraint on the fault planes location, and a  the light of the constraints put by other data, and
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show that: 1) geodetic data are very consistent
with other kinds of data, allowing us to obtain a
unique, well-constrained model; 2) they allow us
to further refine the model, answering many
questions left unresolved by using the other data
sets. In particular, using a small set of data not
considered in the previous studies, located in the
neighborings of the Conza dam (Cotecchia,
1986), it is possible to eliminate the ambiguities
on fault location and mechanism of the 40 s
subevent (the less constrained one, till now).

2. Geodetic data set and previous results

The main data set consists of 179 vertical
deformation data, collected by IGMI (Italian
Military Geografic Institute) along the levelling
lines shown in fig. 1a)). The last measurements
before the earthquake had been performed in
1958-1959; the same lines were then relevelled
just after the earthquake. Theoretical measure-
ment errors o can be approximately described as
o = oyVL , where L is the distance (in km) from
the reference bench mark and op = 0.002 m. Since
the first research period after the earthquake, this
data set had appeared to be a very powerful tool
to infer the gross geometry of the main fault
structure, when used together with aftershock
locations and focal mechanism obtained by seis-
mological data. In fact, if the aftershock locations
gave a good determination of the approximate
location of the fault zone (to within 10 km) (fig.
1a)), the focal mechanism from seismological
data was not able to define the fault dip, since the
two conjugated planes showed almost the same
strike, consistent with aftershock epicenter align-
ment (fig. 1a)). The levelling lines, however,
were located in such a way to give a firm state-
ment about the fault dip. In fact, the deformation
field showed subsidence up to 0.7 m on almost
all the line going from Potenza to Grottaminarda
(fig. 1a), 1b)), with the maximum subsidence
occurring on the benchmark closest to the align-
ment defined by the aftershock locations (n. 116
in fig. 1b)). So, although no fault traces had been
found yet, the main fault mechanism of this earth-
quake was soon evident (see Arca et al., 1983;
De Natale et al., 1983; De Natale et al., 1985).
This mechanism is shown in fig. 1a) and the fit
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to observed geodetic data in fig. 1b). The overall
good agreement of such a simple model with the
observed data was remarkable mainly because it
represented the first case of Italian earthquake
with such a clear mechanism, and for which such
a large and varied data set had been collected.
Later, the ground fault traces found by Westaway
and Jackson (1984) definitively confirmed the
main features of this model. However, notwith-
standing the overall agreement, figure 1b) evi-
dences some important discrepancies in the pre-
dictions of the theoretical model with respect to
the observed data (shown by circles in fig. 1b)).
For points n. 1 to about n. 15 a long-term local
subsidence effect has been recognized, due to the
alluvial nature of this soil, affected by packing
(Cotecchia, 1986), and in fact these bench marks
are too far from the seismogenic structures to be
significantly affected by them. In particular, the
high gradient of displacement for points n. 121 to
n. 125 culminating with successive positive dis-
placement, and the subsidence of points from n.
32 to n. 48, could not be modeled by the single
fault model of fig. 1. These difficulties, which
indicate a more complex faulting process, were
recognized since the first studies (Arca et al.,
1983; De Natale et al., 1983; Briole, 1986) and
demonstrated that more information was con-
tained in the geodetic data set than the simple
gross features of the main faulting episodes. Fur-
ther research on this earthquake, performed with
seismological data sets, pointed out the occur-
rence of at least 3 different fracture episodes (at
0, 18 and 40 s from the first one), with different
mechanisms and locations (see Crosson et al.,
1986; Westaway and Jackson, 1987; Bernard and
Zollo, 1989; Pantosti and Valensise, 1990). De
Natale et al. (1988) and Briole (1990) proposed
some models, substantially in agreement with all
the other data, to fit ground deformations; they
also showed that, for the fault segment associated
with the 40 s subevent, levelling data (shown by
circle 2 in fig. 1b)) could be equally well fitted
both by a fault orthogonal to the main fault (as
proposed by Crosson et al., 1987), or by a graben
model (as proposed by Bernard and Zollo, 1989).
In the rest of this paper we use a further levelling
data set, consisting of 8 benchmarks located close
to the Conza dam (n. 180 to 183 and 188 to 191
in fig. 1). Measurements on this line had been
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Fig. 1. Best single fault model for the 1980 Irpinia earthquake, from levelling data. a) Fault location
(projection at the surface) and levelling lines (circles); the dashed line is the intersection of the fault plane with
the surface; the arrow represents the slip direction (dislocation u=2.5 m); the shaded area indicates the aftershock

zone. b) Comparison between observed (solid line) and theoretical (dashed line) displacements. Circles on this
figure indicate data sets which are significantly misinterpreted by the single fault model.
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performed in October, 1980 and were performed
again just after the earthquake. These measure-
ments were referred to the IGMI lines, connected
through the benchmark n. 121 in fig. 1a). The
importance of this data set is evident when look-
ing at their location close to the fault associated
to the 40 s event, then representing a very power-
ful tool to constrain the focal mechanism of this
fracture episode. Data from 184 to 187, located
on the Conza dam, have not been included in our
data set, because the dam was affected by about
0.015 m of nonelastic subsidence due to compac-
tion of shallow layers, consisting of pliocene
clays (Cotecchia, 1986).

3. An improved model from geodetic data,
with constraints from other data sets

To derive a model for the Irpinia earthquake
from levelling data we follow an approach such
that:

1) the model must fit the main results obtained
from the other types of data; in particular, the
fault location must approximately follow the
main fault traces, where they intersect the sur-
face.

2) For the features that are not well con-
strained by other data sets, we will try to explore
all the possibilities compatible with levelling
data, to see if they can better constrain these
features.

The basic model we will refer to is the most
widely accepted, consisting of 3 main rupture
episodes, occurred at 0, 18 and 40 s from the first
shock. We will take as a reference the locations
obtained by Bernard and Zollo (1989) for these
shocks, in order to compare them with our results.
The focal mechanism of the first subevent is
assumed known (see fig. 1a)), since it has been
confirmed by several data sets and is widely
accepted.

3.1. The 0 s subevent

The fault location and focal mechanism of this
subevent are fixed from the widely accepted re-
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sults obtained in the literature. The fault termina-
tion toward the north is not well constrained by
levelling data, and it has been taken as corre-
sponding to the northernmost limit of the fault
traces. The only information on this subject ob-
tainable from levelling data is that the termina-
tion of the fault must occur before the north-
ernmost lines (n. 150 to 179 in fig. 1b)), which
do not show substantial ground displacement.
The southernmost termination of the fault is well
constrained, because data from 93 to 109 require
a strong decrease in slip on the fault to be reason-
ably fit. The average slip on this fault is almost
correlated with that of the 40 s event. It has been
computed as giving a total moment of about 1.9
X101° Nm, which is higher than that estimated
from seismological data (10! Nm). The fault
model for this subevent is shown in fig. 2a).

3.2. The southernmost subevent

This subevent should correspond to the 18 s
subevent as located by Bernard and Zollo (1989).
However, since Westaway and Jackson (1987)
gave a different location (to the north of the 0 s
subevent), we only note that a fault in the zone
indicated by Bernard and Zollo (1989) is required
by levelling data on the southernmost lines, and
it is in agreement with fault traces found in such
a zone. The main controversy about this fault is
on the dip of the plane, and the southernmost
extension. Bernard and Zollo (1989), using the
focal mechanism computed by Westaway and
Jackson for the 18 s subevent, and the shape of
ground deformation, gave a dip of 20° to the fault
plane. On the contrary, Pantosti and Valensise
(1990) assigned the same dip of the first event to
the fault plane. They also state that the southern-
most fault termination must be located north the
Eboli-Potenza levelling line, because south of it
different tectonic domains would be present.
Modeling of levelling data helps us to solve these
questions. First, we have performed several runs
of the direct problem, with sligthly different
strikes and position of the fault, in order to infer
the best position of the fault, which is strongly
constrained in this zone by the subsidence of
points 34 through 40. Fault depth has been as-
sumed as 1 km. Once the fault strike has been
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Fig. 2. a) Global fault model obtained in this paper. Circles refer to the subevent locations as computed by
Bernard and Zollo (1989). The trend of the fault traces found by Pantosti and Valensise (1990) is indicated by
dashed lines. Also shown are the focal mechanisms computed by Westaway and Jackson (1987) for the three
main subevents. Fault parameters are given in table L. b) Fit of the model to observed data.
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Fig. 3. Fit of observed to theoretical displacements for three different southernmost fault terminations of the
20 s fault (shown in the small box on the left of each figure). a) Dip = 20°. b) Dip = 60°. The depth is 1 km.
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inferred, we have examined several possibilities
of fault length in order to discriminate the fault
dip. In particular, we show in fig. 3 synthetic data
computed for a 20° (a)) and a 60° (b)) fault dip
for the following cases of the southern termina-
tion of the southernmost fault: 1) north of the
southernmost levelling line; 2) coinciding with
the levelling line; 3) south of the levelling line.
As can be seen, a dip of 60° produces ground
deformation on the levelling line in strong dis-
agreement with the data, for cases 1) and 2). In
these cases, in fact, the displacement on the line
has two sharp lobes of different sign, whereas
data show exclusively subsidence.

Figure 4 shows the effect of the depth of a fault
dipping 60°, for cases from 1) to 3) for the loca-
tion of the southernmost termination of the fault.
Only if the fault termination goes well beyond the
levelling line, for depths greater than 3-4 km, the
misfit is not too large. However, one should note
that in the northern part this fault reaches the
surface, so that a depth of 3-4 km or more is
difficult to justify. On the contrary, if the dip is
20° or less, the fault model 3) gives a very good
fit to the data. Also in this case, however, fault
termination must go well beyond the line in order
to reproduce the shape of observed data. In the
global model of fig. 2 a dip of 20° has been
chosen. The seismic moment of the proposed
fault model is 3.5 X108 Nm, very close to that
estimated from seismological data (4 X 1018
Nm).

3.3. The 40 s subevent

This event has been probably the most con-
troversial one for many years. First recognized
by Crosson et al. (1986) from accelerometric
records, it was then associated with a normal fault
almost orthogonal (N30° E) to the main one.
Westaway and Jackson (1987) identified this
subevent on teleseismic recordings and com-
puted its focal mechanism, shown in fig. 2a). A
scientific debate then issued (see Westaway and
Jackson, 1987 and Crosson et al., 1987) about the
fracture geometry of this subevent. Bernard and
Zollo (1988), on the basis of S-wave polarizations
of accelerometric records, computed the best
focal mechanism as a fault almost parallel to the
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main one, dipping NE. Such a mechanism was
similar to that proposed by Westaway and Jack-
son (1987). The dip, however, was not very well
constrained, and the same authors (Bernard and
Zollo, 1989) later proposed a fault dipping SW
(graben model) for this event. De Natale et al.
(1988) showed that, for modeling geodetic data
of the national levelling network owned by the
IGMI, a graben model was almost equivalent to
an orthogonal fault model. In the last papers on
this subject, the graben model has been generally
favoured, because better justifiable from a mech-
anical point of view. We show in the following
that the inclusion of a set of levelling data, oper-
ated close to the Conza dam, strongly contributes
to well constrain the orientation and dip of the
fault associated to this subevent. Figure 2a)
shows the best model for the 40 s subevent,
obtained by inversion of all the available levell-
ing data, by fixing the fault parameters of the
other two fault segments to the values inferred in
the previous sections. Figure 2b) shows the fit of
the model to observed data. It is important to
stress that including the new data set rules out
models of fault dipping NE and/or with fault
orientation orthogonal to the 0 s fault segment.
Also the fault width is well constrained, when the
the parameters of the 0 s fault are fixed, and the
maximum depth (<10 km) is consistent with re-
sults obtained by accelerometric studies (Bernard
and Zollo, 1989). The seismic moment of this
fault is 2.8 X 108 Nm, in good agreement with
seismological data (3 X 108 Nm).

3.4. Constraints on strike and dip parameters
of the 40 s faulting ¢

In order to assess the level at which fault strike
and dip of this event are constrained by geodetic
data, we have computed the sum of square resid-
uals on 48 bench marks (indicated in fig. 5a)) for
a complete set of models, by varying strike and
slip parameters. The parameters of the other two
faults have been fixed to the best model of table 1.
For the 40 s fault, the length has been fixed to 13
km (as given by our best model); however, the
length parameter is not crucial for the results, as
shown by several tests performed with different
lengths. The depth has been assumed as 1 km, and
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the fault width as 10 or 15 km. Many tests have
been performed, by sampling the strike-dip par-
ameter space, for various positions of the fault
middle point (and various choices for the length
and width parameters). The dislocation D has
been computed as the best one for each model, in
a least squares sense, taking the value

2

=

o
I
i

M=
h“l\)

Il
Jul

where o; are the observed data, #; the theoretical
data computed using unit dislocation, and N the
number of data.

In fig. 5b) the most significant contour map of
the sum of squares residuals are shown, among
all the tests performed by varying the central
point of the fault. The middle point location
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chosen for this map (shown in fig. 5a)) is the point
of highest gradient of deformation. On the map
the zones corresponding to a graben model (1)
and to the orthogonal fault (2) are indicated (fig.
5a)). It is evident that the best model is for a strike
110° * 10°, with the sum of square residuals
equal to 0.10 m? (for values just out of this range
the sum of square residuals is double), which
corresponds better to a graben model, whereas
values of residuals for models close to the ortho-
gonal fault are several times larger. In principle,
such residuals should be compared to the noise
actually present in the data set. However, as
discussed by De Natale and Pingue (1991), the
theoretical measurement errors are generally
much lower than the actual errors, mainly due to
approximations in the theoretical model (as-
sumption of perfectly planar faults, homo-
geneous elastic medium, etc.), as reflected in the
amount of residuals. So, the minimum residual
itself is the best indicator of the noise contained
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in the data, in this case 0.10 m2 Then, geodetic
data are able to constrain the strike of the 40 s
faulting to within about 10°. Dip is also equival-
ently well constrained to a value of about 80°.

4. Discussion

The analyses so far performed allow us.to
address and solve some problems still existing in
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the proposed models for this earthquake. For the
main fault segment (0 s subevent) the proposed
model is in good agreement with all the con-
straints coming from seismological and geologi-
cal data. This subevent has been recognized
(Westaway and Jackson, 1987; Bernard and
Zollo, 1989) as composed by 3 main rupture
phases. Obviously, geodetic data cannot dis-
criminate among different fracture episodes oc-
curring on the same fault, at different times. So,
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constraints from geodetic data

Length Strike Disloc. Dip Slip angle Width Depth
(km) (deg) (m) (deg) (deg) (km) (km)
Os
25 317 14 60 -90 20 1
18s
22 310 0.3 20 -90 14 1
40s
13 115 0.7 80 -90 10 1

Table I. Parameters of the fault model.

our model represents the sum of the contributions
of all the fracture on the fault plane. It is note-
worthy, however, that the total fault length (25
km) is in good agreement with the total duration
(about 10 s) of the three fracture episodes (as-
sumed to have occurred on adjacent fault planes)
for a rupture velocity of 2.5 km/s (Bernard and
Zollo, 1989). The total moment of the 0 s sube-
vent, as computed by levelling data, is 1.9 X 1019
Nm, about 50% higher than the estimate of West-
away and Jackson, based on modeling of WWSN
seismological data (1.3 X 1019 Nm). Pantosti and
Valensise (1990) also estimated, from geologi-
cally observed fault scarps, a similar total mo-
ment for the 0 s subevent (1.25 X 109 Nm). It is
important to point out, however, that the long-
period centroid-moment tensor computed by sev-
eral authors gave for the mainshock a global
moment of about (2.5+2.7) X 10'° Nm (Boschi
et al., 1981; Kanamori and Given, 1982; West-
away and Jackson, 1987). With our estimate of
the moment of the first subevent, the total mo-
ment of the 23 November earthquake is about 2.6
X 1019 Nm, in agreement with results from cen-
troid-moment tensor inversion of long-period
seismic waves. We have, at present, no simple
explanation for the disagreement of Westaway
and Jackson results based on direct modeling of
WWSN data. On the contrary, the estimates by
Pantosti and Valensise are likely to be biased
from too strong assumptions. In fact, estimating
seismic moment from measurements of fault
scarps, one implicitly assumes that they exactly
match slip at depth. Actually, this very strong
assumption can be easily rejected by at least two
kinds of arguments. Firstly, their measurements
of fault scarps were performed at the end of
1986-beginning of 1987, i.e. more than 6 years
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after the earthquake. So, the inferred values can
be biased by man-made alterations (some of them
reported by the same authors) and can only rep-
resent indicative values of the true ones. Sec-
ondly, as largely demonstrated for many world-
wide earthquakes, slip on faults producing large
earthquakes is far from being homogeneous with
depth (Ward and Barrientos, 1986; Harris and
Segall, 1987, Ward and Valensise, 1989; De
Natale and Pingue, 1991). Moreover, slip at sur-
face is probably the least representative of the
average slip, because of the possible anomalous
behavior of near-surface layers (in this case, sev-
eral sedimentary basins are present, like the
Ofanto and Sele valleys). Good examples of large
discrepancies between surface slip and slip at
depth are shown in Harris and Segall, 1987 and
Ward and Barrientos, 1986. The latter involved
the analysis of a large normal faulting earthquake
(Borah Peak, 1983). Pantosti and Valensise also
claimed to have checked the coherence of their
model with the levelling data. The direct com-
parison has been performed by us, using their
preferred model, and shows a large underestima-
tion (more than 0.2 m) of the maximum sub-
sidence along the Potenza-Grottaminarda lines
(fig. 6), which is due to the underestimation of
the total moment on the main fault. Concerning
the 20 s subevent, we assume herein that the
location given by Bernard and Zollo (1989) is
correct, and associate it to the zone of S. Gregorio
Magno. Once this assumption is accepted, two
arguments can be used to constrain its dip to a
low-angle one (at least at a certain depth). The
first argument is the focal mechanism computed
by Westaway and Jackson from teleseismic body
waves.Their solution was poorly determined for
the rake, but the low-angle dip was well con-
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Fig. 6. Fit of theoretical (solid line) to observed (dashed line) data with the fault model proposed by Pantosti

and Valensise (1990).

strained by two stations at least (Westaway and
Jackson, 1987). The second constraint comes
from modeling of vertical ground deformations.
As shown, a fault dipping 60° NE and ending
north of the Eboli-Potenza levelling line (as as-
sumed by Pantosti and Valensise, 1990) is not
consistent with the observed data. Pantosti and
Valensise (1990) mantained that a low signal-to-
noise ratio is associated with these data. On the
contrary, excluding benchmarks from 1 to 16,
lying largely on a valley affected by a well-
known long-term subsidence, ground displace-
ments located close to the fault zone are very well
correlated and very constraining for the southern-
most fault structures. As demonstrated in this
paper, the only way to hypothesize a 60° dip is to
assess that the southern fault termination is lo-
cated several kilometers south of the Eboli-
Potenza line with a depth > 4 km. Such hypo-
thesis was excluded by Pantosti and Valensise
(1990), who claimed that south of the line a
different seismotectonic domain is present, asso-
ciated to the 1857 earthquake. The only way to
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hypothesize for this event a high-angle dip and
fault termination north of the levelling line, in
agreement with geodetic data, is to assume that
in this zone levelling data are biased by a large
nontectonic subsidence (about 0.1 m), superim-
posed to local sliding phenomena (forming the
gentle, well-correlated subsidence of bench
marks n. 33 to 48). We do not believe such
hypothesis is realistic.

Concerning the 40 s subevent, we give in this
paper a well-constrained solution for the fault
plane, obtained by adding a small levelling data
set located close to this fault, and not used in
previous studies. The inclusion of this data set
eliminates the indeterminacy in fault strike and
definitively supports the graben model hypo-
thesis, formulated by Bernard and Zollo (1989)
and reported in the model of Pantosti and Valen-
sise (1990), against the orthogonal fault model by
Crosson et al. (1986). We believe that now a very
precise fault model for this complex Apenninic-
earthquake can be reliably formulated, consistent
with all the available data sets. The main ques-
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tions that remain still open are the disagreement
between the total seismic moment computed
from geodetic data (and long-period seismic
data) and by teleseismic body wave modeling,
and the northern fault termination of the main-
shock, given the diffuse aftershock occurrence up
to the northernmost levelling line, where on the
contrary no significant deformation is observed.

5. Conclusions

Although the 1980 Irpinia earthquake has
been very well studied using several data sets,
some questions remained not well answered yet.
The vertical ground deformation data, analyzed
in this paper, had already proven to be a powerful
tool to infer the geometrical features of the main
fault mechanism. In this paper we have shown
that the information content which is actually
present in these data also allows us to give strong
constraints on more detailed features of the frac-
ture process.

It is important to stress that, used alone, this
data set is not well constraining on the faulting
location and mechanism, mainly because the le-
velling lines run almost parallel to the main fault.
However, when used in the framework of a multi-
disciplinary approach, i.e. using joint constraints
coming from different data sets, it represents a
powerful tool for modeling purposes. Then, one
of the aims of future geodetic research in Italy
should be to develop the monitoring of active
areas, to understand their behavior during inter-
seismic (pre- and post-seismic deformations) as
well as co-seismic regimes. Such monitoring can
in fact shed new light on the seismotectonics of
these areas, and can be also used for mid-term
earthquake prediction.
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