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[1] We demonstrate that it is possible to retrieve geometric and kinematic information
about the source of a destructive past earthquake by inverting its regional macroseismic
intensity patterns. In fact, in the case study the inversion results agree with the
seismological instrumental measurements of the 1930s and with neotectonic evidence.
This leads to the hope that more knowledge about preinstrumental events can be obtained:
a key toward improving the calculation of seismic hazard, mostly in the Old World.
After validating our technique on the 1987 Whittier Narrows, California, earthquake
[Pettenati and Sirovich, 2003; Gentile et al., 2004] we achieve the present results by
investigating an earthquake that happened in 1936 in northeast Italy. The automatic
inversions were performed by using a simplified formula for body waves that radiate from
a linear source. The inversion shows two minima on the hypersurface of the minimum
residuals (calculated – observed intensity at all sites) in the multiparameter model space.
These two minimum variance source models resemble the two auxiliary planes of the
same theoretical fault plane solution, similar to that given by the standard use of the first P
wave arrivals. The present result encourages us to treat more cases and to explore new
inversion techniques for quantitatively treating the intensity patterns of earthquakes
because, at least in some cases, they carry geometric and kinematic information about their
source. INDEX TERMS: 7230 Seismology: Seismicity and seismotectonics; 7260 Seismology: Theory

and modeling; 8123 Tectonophysics: Dynamics, seismotectonics; 3260 Mathematical Geophysics: Inverse

theory; KEYWORDS: Alps, 1936, macroseismic intensity, source inversion, Aviano Overthrust
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1. Introduction

[2] This paper is a step toward developing the quantitative
treatment of the so-called macroseismic intensity, I, to
retrieve geophysical information about the source of mostly
preinstrumental earthquakes [Pettenati et al., 1999; Sirovich
and Pettenati, 2001]. We have already validated the auto-
matic source inversions of the regional intensity pattern of the
1987Whittier Narrows, California, earthquake [Pettenati and
Sirovich, 2003; Gentile et al., 2004]. Here we test our
technique for the second time by inverting the intensities of
the 18 October, 0310:53.6 UT 1936 event in the Cansiglio
Plateau area in northeast Italy. The data come from Barbano
et al. [1986] and are now available on theWeb in theDOM4.1
catalog (G. Monachesi and M. Stucchi, unpublished data,
1997) (see http://emidius.mi.ingv.it/DOM/home.html). A
magnitude range between Ms = 5.8, and Mm = 6.2 for the
1936 earthquake is reported by the NT4.1 catalog
(R. Camassi and M. Stucchi, unpublished data, 1997) (see
http://emidius.mi.ingv.it/NT/home.html).Ms is surface wave
magnitude;Mm is ‘‘macroseismic magnitude’’ obtained from
an empirical correlation between Ms values and epicentral

intensities, with a standard deviation of 0.39 (R. Camassi and
M. Stucchi, unpublished data, 1997). A wider magnitude
range is found in the literature (see Table 3).
[3] The studied earthquake is a key event for the seismo-

tectonics and the seismic hazard of the area; in fact, it is one
of the two strong 20th century events preceding the one
which caused 1000 casualties in Friuli in 1976. See the
epicenters of the 1928 (Ms = 5.6), 1936 (Ms = 5.8), and
1976 (Ms = 6.5) earthquakes in the inset of Figure 1, where
the patterned area shows the outcropping Alps and External
Dinarides. The coordinates and surface wave magnitudes
are taken from the most recent Italian parametric catalog by
Boschi et al. [1999].
[4] Generally, the starting point for our work, from the

point of view of inversions, was the consideration that in
several cases the traditional isoseismals of some well-
surveyed earthquakes bore a likeness to synthetic isoseis-
mals (see some examples of this by Ohta and Satoh [1980],
Chiaruttini and Siro [1991], and Panza et al. [1991]). In
particular, they bore a likeness to those obtained from our
kinematic function KF, which calculates the shear body
waves radiated by an extended linear source [Sirovich,
1996a, 1996b, 1997].
[5] Since the inversion problem is nonlinear, we looked

for the minimum residuals (calculated minus observed
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intensity at all sites) in the 11-source parameter model space
by employing a sharing niching genetic algorithm (NGA)
(see section 2.2). Consider that we call ‘‘pseudo-intensity’’
the macroseismic intensity treated as a real or integer number.
[6] Figure 1 shows the epicenters of the earthquake in

question according to the CFTI catalog by Boschi et
al. [1995] (see number 1 in the figure) and the NT4.1
(R. Camassi and M. Stucchi, unpublished data, 1997)
(number 2). Both came from regional intensity patterns.
The instrumental epicenter (number 3), on the other hand, is
from Slejko et al. [1989] (confirmed by Renner [2000]).
Figure 1 also shows the southern part of the path of the
TRANSALP European 340-km-long crustal seismic profile
[TRANSALP Working Group, 2001]. The figure also shows
the so-called Bassano Line and a recent hypothesis on the
segmentation of the so-called Aviano Overthrust, which
approximately marks the piedmont line of the Veneto Plain.
The insets in Figure 1 show some neotectonic symptoms
(see Figures 5 and 6). The thick segment in white is the
projection of the line source, which was found by inversion,
on the Earth’s surface; the small black square, along the
white segment, is the projection of the nucleation point;

note the prevalent propagation of the rupture toward the
southwest (see section 6.2).
[7] In the following we show that our automatic inversion

of intensity data can roughly identify the parameters of the
causative source of the studied earthquake with a quality
comparable to that obtained by treating early instrumental
measurements with basic seismological techniques. We
retrieve the following source parameters with no con-
straints: the hypocentral latitude and longitude and the fault
plane solution (strike, dip, and rake angle). Then, we
retrieve more source parameters within reasonable con-
straints: the seismic moment, M0, the depth of the line
source, H, the shear wave velocity, VS, the rupture velocities
Vr , and rupture lengths along-strike and antistrike. Finally,
the studied earthquake offers the opportunity to compare the
source obtained from the inversion of intensity with (1) that
deducible from instrumental observations of 1936,
(2) seismotectonic interpretations independent from this
study, and (3) some neotectonic indicators.
[8] In a different study [Pettenati and Sirovich, 2003;

Gentile et al., 2004] we demonstrated that the introduction
of asymmetric rupture lengths and propagations in our

Figure 1. Tectonic sketch of the studied area; see the segmented Aviano Overthrust. Macroseismic
epicenters are as follows: (1) Bosco Cansiglio, 1936 earthquake from the CFTI catalog; (2) the same as
(1), but from the NT4.1 catalog; (4) Belluno, 1873 earthquake from CFTI; (5) the same as (4), but from
the NT4.1 catalog. The white star (3) is the instrumental epicenter. See the positions of Figures 5 and 6.
For the river diversion and for the fault ‘‘C.V.,’’ see details and references in the text.
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model did not substantially change the typical bimodal
nature of the inversion of the fault plane solution, already
investigated by Koper et al. [1999]. In particular, we first
understood that in our model the ambiguity of the solution
decreases the more the rake angle differs from the 90�
(±180�) value and, second, the more the rupture is asym-
metric (see section 7.1).
[9] In this paper we do automatic inversions and for this,

given the bimodal nature of the problem, we implemented a
code based on a sharing NGA, with separate subpopulations
of sources; in particular, we used some routines from the
Parallel Genetic Algorithm Library by Levine [1996].

2. The KF Function and the Inversion Procedure

2.1. The KF Function

[10] Since the KF formula and its use in the source
inversion of regional intensity patterns have already been
presented in different journals, we refer the reader to
Sirovich [1996a, 1996b, 1997] for KF and to Pettenati et
al. [1999], Sirovich and Pettenati [2001], Pettenati and
Sirovich [2003], and Gentile et al. [2004] for the inversion
technique. With respect to the KF formula, we only want to
stress here that it agrees with the asymptotic approximation
[Madariaga and Bernard, 1985; Spudich and Frazer, 1984]
by assuming that the seismic source is a dislocation prop-
agating horizontally on a rupture plane of unit width. We
also recall that in our convention (1) the fault plane is
dipping to the right of the positive direction of the strike,
which ranges between 0� and 360� and (2) the rake angle is
seen on the fault plane from the hanging wall of the fault
and measured anticlockwise from 0� to 360� between the
positive direction of the strike and the direction of the slip
vector �u. In this approach, only the body wave radiation

from a line source in an elastic half-space in the distance
range of �5–100 km and wavelengths shorter than the
shortest observer-source distance are considered. For this
reason, in the present study, we omitted the sites of the
DOM4.1 data bank, which are beyond the borders of
Figure 2; thus we used only 140 I data of the DOM4.1
catalog. Then, during inversion, all sites closer than 5 km to
the projection of each tentative line source received the
maximum KF value calculated at the site closest to the
source but outside the 5 km limit. Finally, in our convention
the total length of the rupture is the sum of the along-strike
part, length L1, and the antistrike length L2. We also
calculate the Mach number1 along-strike and the Mach
number2 antistrike (where the Mach number = Vr/VS). We
calculated the pseudo-intensities at location (x, y) from
KF(x, y) (referred to a Cartesian plane) with the data-fitting
function (2) by Sirovich et al. [2001].
[11] It should also be remembered that our KF procedure

cannot discriminate between the results produced by mech-
anisms which differ by 180� in the rake angle because in
both cases it produces the same radiation but with reversed
polarities. This ambiguity may be solved only with addi-
tional tectonic/geodynamic information. See the ambiguity
of almost pure dip-slip mechanisms later.
[12] Our inversion fitness criterion is the sum of the

squared residuals
PPPPPP

rs
2, where rs is the pseudo-intensity

calculated at each site minus the intensity I observed at the
same site; the suffix denotes the site. Firstly, we treated the
data set directly. In this approach we looked for the source
models that minimized the sum of the squared residuals of
intensities

PPPPPP
rs
2. In the second approach, each squared

residual rs
2 was weighted by the reliability of the macro-

seismic information at the individual site, given by the
authors of the macroseismic study [Barbano et al., 1986]
(see section 3.2 and Table 4).
[13] The search for the minima on the hypersurface of the

multiparameter model space was free, with some reasonable
constraints excepted (see Table 1). We show one example of
the structure of the residuals in the multiparameter model
space; see Figure 3, which is an example of the final
exploration of the whole space of the source parameters
of the studied earthquake around the best-fitting model 1 of
Table 2. In the figure, model 1 (the hypothesized rupture
plane) is marked by the white cross in the three-dimensional
parameter model space of the fault plane solution; the arms
of the cross represent the error bars. Note that in Figure 3
we show the whole ranges of the strike and rake angles,
with a 1� step, and the 37�–52� range for the dip angle, with
a 5� step; the last limitation is for graphical purposes,
although the whole excursion of the dip angle was

Figure 2. Bosco Cansiglio Ms = 5.8 1936 earthquake.
Tessellated observed intensities are from the DOM4.1
catalog (G. Monachesi and M. Stucchi, unpublished data,
1997).

Table 1. Parameter Resolution

Parameter Incremental Variation

Strike angle, deg 1
Dip angle, deg 1
Rake angle, deg ± 180� 1
Nucleation longitude, deg 0.01
Nucleation latitude, deg 0.01
Nucleation depth H, km 0.1
Rupture length L, km 0.1
VS, km s�1 0.01
Mach number 0.01
M0 10

25 dyne cm 0.01
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explored with a 1� step. In the case shown the values ofPPPPPP
rs
2 go from �75 (see the small, black depressions) to

�400 (white areas), increasing with steps of 25. Subpopu-
lation 1 finally found its niche in the black depression,
scoring

PPPPPP
rs
2 = 56 (see Table 2). Figure 3 also hints at the

subspace where the NGA subpopulation 2 of Table 2 (with
the final strike angle = 62�, dip = 42�, rake = 92�) is also on
its way to finding its niche; we refer to the minor depression
with

PPPPPP
rs
2 � 125, which is indicated by the white arrow in

the same figure. The jagged paths of the contour lines in
Figure 3 are a consequence of the sparse positions of the
surveyed sites.

[14] The structure of
PPPPPP

rs
2 in the space of the epicentral

coordinates resembles Figures 7 and 11 of Pettenati and
Sirovich [2003] and allows one to find the epicenter in a
unique way (figure not shown here for brevity). It turns out
to be very close to the instrumental epicenter by Slejko et al.
[1989], coinciding with that by Renner [2000] (see star
number 3 in Figure 1).
[15] In this paper we applied the classical bootstrap

approach (see section 6.1) to compute the errors of the
parameters obtained from our inversions. These are shown
in Figure 3.
[16] The total length of the linear source is correlated to

M0. With this in mind, and with the purpose of reducing the
total number of parameters to be searched from 12 to 11, we
refer to M0 directly and to the total length obtained with the
Wells and Coppersmith [1994, p. 990] relationship number
4 (‘‘slip type’’ = ‘‘all’’), via the empirical relation M =
2/3(log M0) – 10.7 by Hanks and Kanamori [1979], where
M is the moment magnitude. Thus the 11th inversion
parameter is the fraction of the along-strike length of the
total rupture (the fraction of the antistrike length is the
remaining part of the total rupture length).

2.2. Genetic Algorithm Used Here

[17] As known, genetic algorithms (GA) are a random-
ized search scheme for global nonlinear optimization (see
the basic text by Goldberg [1989]) and have already been
applied to several seismological problems [e.g., Kennett and
Sambridge, 1992; Sambridge and Gallagher, 1993; Zhou et
al., 1995; Bhattacharyya et al., 1999; Koper et al., 1999;
Moya et al., 2000]. Each source is characterized by a string
of 11 unknown source parameters. In brief, three stochastic
processes are the evolutionary steps of GA: crossover,
mutation, and crowding [see Gentile et al., 2004,
Figure 3]. In particular, in keeping with the evolutionary
logic, we chose to have the best source of each generation
always transmitted to the new generation. The incremental
variations shown in Table 1, which correspond to the desired
resolutions, were used to vary each source parameter.
[18] In the light of the possible bimodal nature of our

problem, we adopted a NGA from the Parallel Genetic
Algorithm Library by Levine [1996] because the NGA can
find more minima. In fact, niching allows different sub-
populations of sources to survive within parameter subspa-
ces (niches) so that each source of each subpopulation is not
in competition with the sources of other subpopulations
living in other niches. We used four subpopulations; each
one evolves independently from the others because, in the
Sharing step, the normalized distance, D, between each
source of a subpopulation and each source of all the other
subpopulations obeys the following condition:

D x; yð Þ ¼ 1

n

Xn

i¼1

xi � yi½ 	
bi � ai

; ð1Þ

where n is the number of unknown source parameters (11,
in our case), xi is the ith parameter of a source of
subpopulation x, yi is the ith parameter of a source of
subpopulation y; bi is the upper bound of the ith source
parameter, and ai is the lower bound of the ith parameter
[Koper et al., 1999, equation (1)].
[19] D has to be tuned for each study case by trial and

error because if the distance D is too high, some subpopu-

Figure 3. Example of exploration of the whole space of
the parameters of the fault plane solution of the studied
earthquake and sum of the squared pseudo-intensity
residuals

PPPPPP
rs
2 at the surveyed sites.
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lations will be frustrated and will not reach any solution; if
D is too low, all subpopulations will converge toward the
same depression of the hypersurface of the residuals but will
often be unable to catch the best solution. Our source
population evolves starting with four subpopulations of
2000 sources. Our minima, corresponding to model 1 and
model 2 in Table 2, were reached after 706 generations of
sources.

3. Intensity Data

3.1. Site Effects

[20] Before performing the inversions we searched for
site effects on the intensities. It is worth stressing,
however, that intensity I does not refer to a very local
site as does the location of a strong motion recording
instrument, for example, whose seismic response is often
very site-dependent. Rather, each I observation refers to a
relatively large area (typically, one town or village) with
nonhomogeneous site conditions. In previous papers we
showed that these kinds of I values were rather indepen-
dent from the site geology prevalent in each area. This
held for both one Californian and one Italian catalog (see
the relevant analysis in Tables III and IV of Sirovich et
al. [2001] and of Sirovich and Pettenati [2001], respec-
tively). We explained this by recalling that the very local
behavior of a single building is swamped by the
hundreds, or thousands, of buildings that provide the
classification of each I degree for each town.
[21] For the study case, after discarding four sites classi-

fied as ‘‘felt,’’ we searched for the statistical outliers in the
remaining set of 263 data with I from IV to IX; for this we
applied the classical Chauvenet method [Barnett and Lewis,
1978, pp. 19–20; see also Johnston, 1996], but no outliers
were found in this way. Even the IV degree at Cordignano is
compatible with the lognormal distribution of its class (IV)
of distances from the source.
[22] A homogeneous soil classification is available for

124 sites of the Friuli-Venezia Giulia [Carulli et al., 2002]
and eastern Veneto (A. Zanferrari, written communication,
2003) regions, i.e., at epicentral distances of <113 km.
These authors classified these territories into ‘‘rock,’’
‘‘stiff,’’ and ‘‘soft’’ soil areas according to Ambraseys et
al. [1996] and stored the information in a geographical
information system (GIS) (A. Zanferrari, written communi-

cation, 2003). From this we extracted the soil classifications
corresponding to the geographical coordinates of the sites
given by G. Monachesi and M. Stucchi (unpublished data,
1997) in the DOM4.1 catalog.
[23] Unfortunately, the data set is not sufficient to draw

statistical conclusions about the influence of the nature of
the sites on their response in terms of damage and intensity,
which is why we do not show any relevant figures. We only
state that when the IV–IX intensity range is considered, the
difference between the intensity/distance regressions related
to ‘‘stiff’’ and ‘‘soft’’ sites are statistically insignificant.
However, the regression plots of ‘‘rock’’ and ‘‘soft’’ sites
are at the limit of the 95% confidence interval, respectively.
However, there are only 10 sites in the IV intensity class and
6 sites in class IX. So, if the better-sampled V–VIII range is
examined, the regressions of rocky and stiff sites almost
coincide, while the difference with soft sites is only slightly
significant from a statistical viewpoint for low intensities
only (relatively higher distances). Thus we treated the data
with no geological corrections. This, however, also agrees
with the source inversion results of the Whittier Narrows
earthquake of 1987 by Zeng et al. [1993, p. 371], who ‘‘did
not find significant improvement or change between the
results with and without this site effect correction. . ..’’
[24] The scarce relevance of the site characteristics on

regional intensity patterns in the study case does not
necessarily contradict other known evidence regarding local
amplifications of macroseismic intensity. We also presented
a case history of small microzones, in towns and hamlets
struck by an earthquake in southern Italy, which experi-
enced amplifications and deamplifications of 1–3 I units
[Siro, 1982]. However, these peculiar seismic responses
were associated with peculiar geomorphological, geotech-
nical, and geophysical characteristics of the various micro-
zones within the studied sites.

3.2. Regional Patterns

[25] The distribution of the damage caused by this earth-
quake, tessellated with Voronoi polygons [Pettenati et al.,
1999; Okabe et al., 2000], is in Figure 2. The dots in the
figure are the sites that refer to the intensities, which are
the same used for the inversions presented in this paper. The
data shown come from the DOM4.1 catalog (G. Monachesi
and M. Stucchi, unpublished data, 1997). However, the
original data came from Barbano et al. [1986].

Table 2. Source Parameters Corresponding to the Two Absolute Variance Minima in the Niching Genetic

Algorithm (NGA) Inversion of the Unweighted Site Intensities

Parameter Model 1 (Rupture Plane?) Model 2 (Auxiliary Plane?)

Nucleation latitude, deg 46.10 ± 0.02 46.10 ± 0.02
Nucleation longitude, deg 12.48 ± 0.03 12.48 ± 0.03
Depth, km 15.3 ± 1.4 15.4 ± 1.6
Length L1, along-strike, km 16.7 2.4
Length L2, antistrike, km 2.9 17.4
Strike angle, deg 238 ± 10 (auxiliary: 61) 62 ± 13
Dip angle, deg 47 ± 4 (auxiliary: 43) 42 ± 4
Rake angle,a deg 88 ± 4 (auxiliary: 92) 92 ± 5
Mach number1, along-strike 0.84 ± 0.02 0.64 ± 0.05
Mach number2, antistrike 0.65 ± 0.04 0.84 ± 0.04
VS, km s�1 3.75 ± 0.11 3.79 ± 0.10
M0 10

25 dyne cm 3.23 ± 0.3 3.31 ± 1.01PPPPPP
rs
2 56 56

aWith an ambiguity of ±180�, see text.
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[26] Barbano et al. [1986] provided information for �270
localities in the MCS [Sieberg, 1930] scale and also
classified the reliability of the macroseismic information
at the individual site by means of a weight from 1 to 4 (1 =
very good; 2 = good; 3 = poor, and 4 signifies ‘‘no news
was found,’’ so the intensity was taken from other workers).
[27] There are two separate small groups of sites in

Figure 2 where damage of the IX intensity degree was
observed; the two groups are �20 km apart. Consider, too,
that the use of the Voronoi polygons in the figure helps us
to understand the information density and, above all,
continuity. This is a clear sign that one is not allowed to
include these two groups of IX degree sites in a continuous
meizoseimal area because several polygons of degree VIII
exist in between. As regards the noteworthy presence of two
areas of maximum intensity IX, it must be highlighted that
(1) the reliability of the intensity determinations in those
sites goes, according to Barbano et al. [1986] (see
section 6.2), from ‘‘very good’’ to ‘‘good’’ and that
(2) one area is in the mountainous region close to the
instrumental epicenter, and the other is in the piedmont
zone (see Figure 2). For this situation, Barbano et al. [1986]
hypothesized either site effects in the piedmont zone or a
source effect. In the former hypothesis the meizoseismal
area would be the northern one. In the latter the so-called
macroseismic epicenter, i.e., the baricenter of highest
intensities, would lie in between.
[28] Coming back to the search for site effects of

section 3.1 and to the two areas of intensity IX (see
Figure 2), it is worth noting that the three southern sites
are ‘‘soft,’’ but, as seen before, the difference between rocky
and stiff sites on the one side, and soft sites on the other, has
no statistical significance for high intensities. Thus there is
no proof of amplification; the lack of apparent amplification
could be due to the effects of soil nonlinearity.
[29] In the following we redetermine the epicenter from

the intensity inversions and show that a source effect can be

invoked for the aforementioned duplication of the area of
maximum intensity IX. The previous intensity of the IV
degree, reported by DOM4.1 at Cordignano, on the border
between the areas of the VIII and IX degree (see the
anomalous white polygon in Figure 2), is worth commenting
on. We know from the original study by Barbano et al.
[1986] that Cordignano experienced an intensity of the VII
degree. Unfortunately, though, the IV degree is a typing error
by DOM4.1. However, we kept the wrong datum to maintain
our standard approach of using data from available catalogs.
[30] Figure 2 shows more characteristic features: see, for

example, the abrupt passage from VIII to V to the north and
from VII to V to the south, probably due to the insufficient
sampling there. Also, see that the area of the VII degree
appears to extend toward ESE. According to traditional
empirical practice, this would be interpreted in terms of
lower ‘‘attenuation’’ in that direction. A source effect can
also be invoked, as will be seen in section 6.

4. Reference Source Parameters

[31] Table 3 presents the reference source parameters
available for the Bosco Cansiglio, 1936 earthquake before
this study; they came from (1) macroseismic intensities I,
(2) early instrumental recordings according to traditional
seismological practice, and (3) combined geological and
geophysical evidence. Consider that the so-called macro-
seismic magnitudes were roughly calculated from intensity
(see the mentioned papers). There is a considerable uncer-
tainty in the magnitude determination of the study earth-
quake (from 5.2 to 6.2) to be noted. The epicenter locations
contained in the more recent consensus parametric catalog
CPTI [Boschi et al., 1999] were determined using the
Gasperini et al. [1999] technique.
[32] Renner [2000] revised his previous hypocentral

location and focal mechanism [Slejko et al., 1987, 1989]
obtained from the signs of the first pulses of the early

Table 3. Reference Source Parameters of the Bosco Cansiglio, 1936 Earthquake

Bibliographical Reference
Latitude,

deg
Longitude,

deg
Hypo Depth,

km Magnitude
Strike,
deg

Dip,
deg

Rake,
deg

Barbano et al. [1986] 
 
 
 
 
 
 7–10a 5.2–5.9b 
 
 
 
 
 
 
 
 

15–20c 5.6d

15d

NT4.1 (R. Camassi and M. Stucchi, unpublished data, 1997) 46.067 12.367 
 
 
 5.80 ± 0.35e 
 
 
 
 
 
 
 
 

6.2f

CFTI [Boschi et al., 1995] 46.05 12.42 
 
 
 6.1g 
 
 
 
 
 
 
 
 

CPTI [Boschi et al., 1999] 46.088h 12.380h 
 
 
 5.8–6.1i 
 
 
 
 
 
 
 
 


5.8 ± 0.7e

Renner [2000] 46.100h 12.460h 17 5.8 230 45 56
Valensise and Pantosti [2001]j 
 
 
k 
 
 
k 1.0–6.6l 
 
 
m 230 50 64

aAccording to the Sponheuer [1960] formula, with meizoseismal area of IX degree.
bSo-called macroseismic magnitude, according to the approaches suggested by various authors [see Barbano et al., 1986].
cAs in footnote a, with the VIII degree meizoseismal area.
dInstrumental Ms and depth [see Barbano et al., 1986].
eInstrumental Ms.
fMacroseismic.
gMe (macroseismic); see definition by Boschi et al. [1995, p. 94].
hInstrumental.
iFrom the macroseismic data by Barbano et al. [1986], using the approaches suggested by various authors [see Boschi et al., 1999].
jMainly on geological evidence.
kThey do not define an epicenter inside the extended fault source.
lMinimum and maximum estimated depth of the fault source.
mEstimated length, 12 km; estimated width, 7.3 km.
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instrumental recordings, making a total of 38 polarities
available. His epicenter of the Cansiglio, 1936 earthquake
is approximately 8 km WNW of the macroseismic epi-
centers (see star number 3 in Figure 1). His minimum
variance model is a dip-slip mechanism (which scores 36
correct signs over 38); however, a strike-slip solution is
compatible with 35 readings. Finally, source number 124
from the database of potential sources in Italy by Valensise
and Pantosti [2001, p. 908] relates to the Bosco Cansiglio,
1936 earthquake. As shown in Table 3, their reference
source parameters came mainly from the respective orien-
tations of (1) the maximum horizontal geodynamical com-
pressive stress (NNW-SSE) and (2) the tentative rupture
plane, which was hypothesized from the position of the
Aviano Overthrust southeast of the instrumental epicenter
(P. Burrato, personal communication, 2003).

5. Seismotectonic Outline

5.1. Alpine Context

[33] At a regional scale the study area is generally
interpreted within the indenter tectonics interaction between
the European plate on the northern side and the Adriatic and
African plate to the south. At a more local scale (see
Figure 1) the piedmont line is characterized by the presence
of the external front of the chain shortened by compression;
the most important tectonic features of this southern part of
the Southern Alps are two principal adjacent lines: (1) the
so-called Bassano-Valdobbiadene, or, simply, Bassano Line
(as by Doglioni [1990]) to the west and (2) the Maniago
Line [Doglioni, 1990] alias the Aviano segmented
Overthrust to the east [Beinat et al., 1988; F. Galadini and
P. Messina, unpublished manuscript, 2001). The connection
between these two lines is controversial: the ridge shape of
the mountainous front, SSW of the Santa Croce Lake (see

Figure 1), could suggest a continuation of the Bassano Line
toward the NNE [Ambrosetti et al., 1983; Castaldini and
Panizza, 1991]; eastward, the promontory-shaped southern-
most part of the Cansiglio Plateau is a morphotectonic
escarpment [Zanferrari et al., 1982]. In this context a dextral
transpressive transfer zone connecting the Bassano Line to
the Maniago Line (as by Doglioni [1990]) or a reverse fault
(as by Ambrosetti et al. [1983]) could be suggested; we put a
question mark on it in Figure 1. Also, note that in this
controversial northwest-southeast oriented structure the Col
Visentin normal fault is found northwest of it (C.V. in the
figure [from Pellegrini and Zanferrari, 1980]). In Figure 1,
for the Aviano Overthrust, we follow the segmentation
proposed by F. Galadini and P. Messina (unpublished
manuscript, 2001); the segments are sketched by solid lines.
In actual fact the overthrusted front is composed of a series
of tectonic wedges arranged in an imbricate fan geometry;
the wedges were formed in later stages, from the Cretaceous
onward, and the most recently formed wedges generally lie
at the front, where the present activity seems to be concen-
trated [see Beinat et al., 1988]. These wedges go from some
hundreds of meters to some kilometers wide and are
delimited by faults having various directions, but more often,
WSW-ENE trending and dipping toward the NNW [Beinat
et al., 1988]. We cannot go into detail about this here, but for
a recent collection of tectonic interpretations of the area the
reader can refer to Anonymous [2003].
[34] The Montello growing ramp anticline in Figure 1 is

worth noting. It is generally interpreted as a propagating
fold moved by an inverse fault, for which a vertical uplift
rate of 1 mm yr�1 after 121 ka has been estimated
[Benedetti et al., 2000]. Note that in this structure (1) the
Montello fault is aligned with the Aviano segmented Over-
thrust and (2) the River Piave and its affluent, in the
southwest corner of the figure, were clearly diverted by

Figure 4. Interpretation of the migrated section of the southern TRANSALP segment from the chain
(left) to the Italian foreland basin (right). The vertical scale of the two-way time section is in seconds.
Symbols are as follows: 1, metamorphic basement; 2, Permian; 3, Triassic (undifferentiated); 4, upper
Triassic; 5, Jurassic; 6, Cretaceous (carbonatic platform); 7, Cretaceous (basinal deposits); 8, Eocene
Flysch; 9, Neogene molasses (9* in the upper part refers to the Messinian Conglomerates); 10, Marine
Pliocene; 11, Plio-Pleistocene-Holocene [modified from Bertelli et al., 2003].
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the uprising of the Montello Hill. However, also note that
the Monticano Stream was not diverted, suggesting a
discontinuity between the Montello segment and the Aviano
Overthrust.
[35] Figure 4 shows the southern part of the interpreted

migrated TRANSALP section from the Southern Alps chain
to the Veneto Plain (to the right of the figure, SSE) recently
produced by Bertelli et al. [2003]; see the tectonic structure
of the area, and note that these authors think that the
Bassano Line (called the ‘‘Flessura Pedemontana Over-
thrust’’ in their original figure) strongly displaced the
basement but also that the front of the Montello thrust
reached it. For the hypothetical relation between the deep
structure of the epicentral area of the study earthquake and
that of Figure 4, as well as for the projection of our source
on this section, see section 7.
[36] The knowledge of the neotectonics in this area is still

generally at a preliminary stage. Some interesting informa-
tion about the southernmost, promontory-shaped flank of

the Cansiglio Plateau comes from an unpublished thesis by
two students of A. Zanferrari of Padua University [Soramel
and Zaia, 1985] (courtesy of A. Zanferrari; see section 5.2).
From the above-mentioned thesis we discovered that the
southernmost front of the Aviano Overthrust is interpreted
to override sediments of Miocene, upper Pleistocene, to
Holocene age. In fact, along this front, on the southern flank
of the Plateau, some likely morphoneotectonic evidence is
encountered, such as some deformed late Glacial to Holo-
cene deposits and morphologies; this implies recent, per-
haps still active, movements of the complex overthrust.

5.2. Intriguing Neotectonic Signs

[37] To introduce the inversion results that follow, the
information in Figures 5 and 6 [after Soramel and Zaia,
1985] should be considered; they exemplify two likely near-
fault morphoneotectonic signs, which are compatible with
the source retrieved in the present study (see sections 6.2
and 7.2).

Figure 5. Geological, morphological, and neotectonic sketch of one part of the complex Aviano
Overthrust near Villa Di Villa [modified from Soramel and Zaia, 1985] (courtesy of A. Zanferrari).
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[38] Figure 5a shows an area immediately west of the
village of Villa Di Villa. Here, four triangular facets
(numbers 2–5 in Figure 5a, whereas number 1 is doubtful)
and two morphological steps in the plain (see Figures 5a
and 5b) are aligned with the trace of an east-west oriented,
north dipping reverse fault. This fault is a subsidiary of the
complex Aviano Overthrust; its trace is a dashed line on the
right-hand side of Figure 5a. Note that the minor tectonic
wedges of the front of the Aviano Overthrust, on the
southern flank of the Cansiglio Plateau, often cause direct
contact between the Monte Cavallo limestone (Malm, upper
Cretaceous) to the north and the Montello Formation (which
is a sequence of siltites and sandy clays, with interbedded
lenses of conglomerate) to the south. At most, an upper
Miocene, or more probably a younger age, was hypothe-
sized for the conglomerates [Soramel and Zaia, 1985].
Noteworthy is the fact that recently, the upper part of the
Montello conglomerates, which constitute the hilltops 1–5,
were called unit 3, and a late Pliocene–early(middle?)
Pleistocene age was hypothesized for them [Caputo et al.,
2003]. See their attitude and their alluvial origin in Figure 7
(picture taken on hilltop number 2). Furthermore, the north
facing crests descending from hilltops number 2–3 in
Figure 5a are formed by the fine facies of the Montello
Formation. Note in particular that (1) the conglomeratic
strata on hilltops 2–3 dip southward, while (2) those on

hilltop 5 dip eastward, and (3) the attitude of those on
hilltop 4 is chaotic. This suggests that the triangular facets
west of Villa Di Villa are controlled by the presence of the
east-west segment of the Aviano Overthrust, shown on the
right-hand side of Figure 5a. Consider that the western
morphological step, previously mentioned and shown in
Figure 5b, dislocated the bottom of a stone-paved canal,
which was built some 50–100 or more years before present,
and is �0.8 m high. The eastern step marks the southern
limit of a north-south trending, 250-m-long hanging valley,
partly filled with colluvial-alluvial fine sediments eroded
from the Montello Formation, and is �1.8 m high. Inciden-
tally, in Figure 5 the northward facing crests descending
from hilltops number 2–3 could suggest some back tilting
(large open arrows in Figure 5b). To conclude our com-
ments on Figure 5, it appears unlikely that the simultaneous
presence of these diverse signs would be haphazard, so we
tend to interpret them as landforms associated with the
present propagation of the inverse fault seen in Figure 5a,
with tilting.
[39] An even more evident neotectonic symptom

is shown in Figure 6 (see its location in Figure 1). This
figure presents the geomorphological environment where
Andreotti found a coseismic rupture in 1936 [Andreotti,
1937]. We recall that the earthquake occurred on 18 October
1936 at 0310:53.6 UT. Andreotti [1937, p. 10–11] writes

Figure 6. Geomorphological and neotectonic sketch of one part of the complex Aviano Overthrust near
Fiaschetti [modified from Soramel and Zaia, 1985] (courtesy of A. Zanferrari). See the tentative position
of the 1936 rupture found by Andreotti [1937] inside the circle indicated by the arrow.
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that on 17 October at �1900 UT (thus 8 hours before the
earthquake),

...a series of ground ruptures opened at the Stizzon hamlet, along the
Sarone-Fiaschetti [unpaved] road. The trend of these ruptures was
NNE-SSW, and they were aligned with the San Martino Hill; they
were each 3 m long and 0.5 cm wide. Just after the shock, they found
the ruptures increased to approximately 1 cm....

(The hypothesized location of the ruptures is encircled in
the central zone of Figure 6.) Figure 6 shows that (1) the
overthrust mapped by Soramel and Zaia [1985] crosses
the Sarone-Battistella road just in the northern part of the
hamlet of Stizzon and that (2) the greater mass of the San
Martino Hill is just ENE of this intersection. Perhaps a
rupture setting en echelòn could be evoked in the direction
of the ground ruptures (‘‘NNE-SSW’’ according to
Andreotti [1937, p. 11]) by this minor discrepancy. The
ruptures encircled in Figure 6 are drawn following the en
echelòn hypothesis and are not to scale. The plane of the
overthrust is almost horizontal, east of the broken road,
while west of it, the dip is WNW. Moreover, two intriguing
diversions of streams are found in the area, which could be
caused by a recent uplift of the Aviano Overthrust shown in
the figure. Looking at the two alluvial fans in the lower
right-hand corner of the figure, it can be seen that they span
across the Fiaschetti and the Battistella hamlets. The former
fan is still fed by the Fontanagal Stream (strictly speaking,
it was still fed before some recent canals were built), while
the latter is no longer fed by the Puster Stream. In fact,
after the last glaciation this stream was naturally diverted
toward the northeast. Before being diverted 1 to 10(?) ka
this stream also flowed through the area where the Sarone

village is now located (see the direction of the ‘‘paleo-
drainage’’ in Figure 6). In the figure we also highlighted all
the areas that are above an altitude of 105 m with a veil. In
this way, the morphology shown in the figure is clearer, and
the diversion of the Puster Stream, and of another,
anonymous stream, in the upper part of the figure is more
noticeable. Concluding the examination of Figure 6, there is
evidence of neotectonic, and also coseismic, activity in this
part of the complex external front of the Aviano Overthrust.

6. Results

[40] First, we explored the hypersurface of the residuals
with the grid search technique, but since this search is
extremely time consuming, we did a quick search adopting
a symmetric source, with larger incremental variations of
the source parameters than in Table 1. In doing so, we
obtained a preliminary minimum variance model with aPPPPPP

rs
2 = 85. Apart from the symmetry of this source, the

other focal parameters of the 1936 earthquake were in
agreement with those automatically found by the NGA,
with a difference of 24� in the rake angle.
[41] The NGA algorithm identifies two absolute minima

in the multiparameter space both for
PPPPPP

rs
2 = 56 and for the

same hypocenter (46.10� ± 0.02�, 12.48� ± 0.03�, depth of
15.3 ± 1.4 and 15.4 ± 1.6 km, respectively). These two
minimum variance models are shown in Table 2. The
table reports the source parameters with their estimated
errors.
[42] The tessellated synthetic pseudointensities produced

by model 1 of Table 2 are in Figure 8. The inset shows the
fault plane solution corresponding to model 1. Comparing
Figures 2 and 8, it can be seen (1) that the two meizoseismal

Figure 7. Conglomeratic strata of the so-called Montello Formation outcropping on hilltop number 2 of
Figure 5b (the picture was taken from the west; each colour on the graduated topographic rod is 20 cm
high).
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areas are in both of them and (2) the noteworthy similarity
of the areas of degrees VII and V.

6.1. Errors

[43] Field intensity observations from several indepen-
dent researchers were not available. For this reason we
calculated the inversion errors with the bootstrap technique
[Press et al., 1992, p. 684–687], repeating the procedure by
Pettenati and Sirovich [2003, p. 55] to the letter. Errors in
Table 2 refer to one standard deviation as by Pettenati and
Sirovich [2003, p. 55, last paragraph, and Table 3]. Inci-
dentally, we think that given the half-space medium
assumption, hypocentral depth is poorly determined.

6.2. Best-Fitting Model and Its Context

[44] Model 1 of Table 2 (second column) is, supposedly,
the rupture plane; this hypothesis is based on the seismo-
tectonic context and on neotectonic evidence (see Figures 1,
5, and 6). Model 2 is very close to the auxiliary plane of
model 1 in the fault plane solution. The strike, dip, and rake
angles of the theoretical auxiliary plane of model 1 in the
fault plane solution can be seen in parentheses (bold
numbers) in column 2. Both models 1 and 2 have almost
pure dip-slip mechanisms (as said, pure dip-slip mecha-
nisms imply perfect bimodality).
[45] See the theoretical radiations, in terms of KF dimen-

sionless values from equations (1) and (2) of Pettenati and
Sirovich [2003], of the models 1 and 2 in Figures 9a and 9b,
respectively. Note their strong resemblance. For the reader’s
convenience, in Figure 9 we reported the fault plane
solutions and the central values of the source parameters

of models 1 and 2 of Table 2. In particular, note that in
Figure 9 (and Table 2) (1) the hypocentral coordinates, the
seismic moments, and the half-space VS retrieved for the
two models coincide, or almost coincide (see the horizontal
relation segments in the figure) and that (2) the along-strike
and antistrike rupture lengths (L1 and L2) and Mach
numbers are almost perfectly specular (see the cross-arrow
relations in the figure).
[46] Figure 10 presents model 1 of Table 2 in its seismo-

tectonic context. In the figure the thick segment in white,
striking from WSW to ENE shown in the center of the area,
is the vertical projection of the line source of model 1.
Recall that our line source is a plane of unit width, and note
the asymmetric position of the epicenter (marked by the
small black square) running along it. In the figure we also
virtually prolonged this rupture plane to the surface of the
Veneto Plain, according to its angle of dip; in this way the
black dashed segment is obtained, which represents
the virtual intersection between the central solution of the
rupture plane model 1 and the plain. Theoretically, then,
once the errors of the inverted strike angle [238� ± 10�], dip
angle [47� ± 4�], depth [15.3 ± 1.4 km], latitude [46.10� ±
0.02�], and longitude [12.48� ± 0.03�] have been accounted
for, this virtual intersection could lie anywhere within the
approximately saddle-shaped sector of the piedmont plain
patterned in black in the figure. However, we think that the
actual intersection between the source and the plain (if any)
should be found a little more to the northwest, where the
sector patterned in white is drawn in the figure (see section
7 and its discussion on the seismotectonic interpretation).
Finally, Figure 1 shows that the inverted epicenter was
moved from the area of the macroseismic epicenters to the
location of the instrumental location by Slejko et al. [1989]
(which is confirmed by Renner [2000]).
[47] We repeated our source inversion also by adoptingPPPPPP
1
q
rs
2 as the fitness criterion, where q subjectively quantifies

the aforementioned reliability of the data by Barbano et al.
[1986]. In the absence of any quantitative criteria for the
choice of the weight we adopted the following q values: q =
10 for ‘‘very good’’; q = 15 for ‘‘good’’; q = 20 for ‘‘poor’’;
q = 25 for ‘‘no news.’’ Barbano et al. [1986] also rated the
reliability of intermediate intensity degrees on a scale from 1
to 4, such as VI–VII. In this respect, recall that VI–VII
means not lower than VI and not higher than VII; in these
cases we obeyed the ‘‘poor’’ and ‘‘no news’’ reliability by
these authors, while we degraded the few cases of ‘‘very
good’’ or ‘‘good’’ to q = 18. The choice of these weights was
made a priori, and no adjustments were subsequently made.
Finally, we also recall that reliability in general is ‘‘very
good’’ to ‘‘good’’ in the two meizoseismal areas and ‘‘no
news’’ in the peripheral sites of Figure 2 (the figure of the
geographical distribution of the reliability is not shown here).
[48] The NGA inversion with

PPPPPP
1
q
rs
2 was rather sensitive

to the subpopulation distance D (equation (1)) so that the
best subpopulation converged toward the hypothesized
rupture plane or, alternatively, toward its auxiliary plane.
See the two best solutions achieved in Table 4. In this
case the hypocenters of the two solutions are close to
each other but not coincident. Also note that the lowest
value for

PPPPPP
1
q
rs
2 corresponds to the rupture plane striking

southwest and dipping northwest (
PPPPPP

rs
2 = 55, D = 0.0842),

but for D = 0.0820 the best subpopulation converges

Figure 8. Tessellated synthetic pseudo-intensities pro-
duced by model 1 of Table 2, retrieved by automatically
inverting the observed regional intensity pattern. The inset
shows the fault plane solution corresponding to model 1.
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toward the hypothesized auxiliary plane striking ENE (withPPPPPP
rs
2 = 59).

7. Discussion

7.1. Bimodality

[49] Koper et al. [1999] had already shown bimodality
in the seismological inversion of fault plane solutions, but
we did a considerable amount of work before understand-
ing that in our more complicated model the ambiguity
between the two auxiliary planes increases the closer the
rake angle is to 90� (±180�) and, secondarily, the more the
rupture is symmetric [Pettenati and Sirovich, 2003]. Thus
the matter of bimodality in our inversions deserves a
comment. We quantified the degree of bimodality in terms
of

mean residual ¼

X400

i¼1

IRP � IAUXj j

400
; ð2Þ

where, IRP is the pseudo-intensity (in integer numbers),
synthesized at every node of a 20 � 20 regular grid, over
the study area of Figure 1; IRP is synthesized by using a

series of sources, which start from model 1 in Table 2
and explore the whole ranges of the dip and rake angles
and the 0.5–1.0 range of the Mach number, one
parameter at a time. RP stands for rupture plane. Then,
IAUX are the corresponding values obtained by using the
theoretical auxiliary planes in the fault plane solutions. In
other words, we express bimodality as the mean residuals
of intensity between the rupture plane and its auxiliary
plane over the grid; mean residual = 0 means perfect
ambiguity between the pseudo-intensities radiated by the
two planes. Figure 11a shows the aforementioned mean
residual of equation (2) over the rake angle. As seen,
mean residual = 0 (perfect bimodality) only holds for the
rake = 90� (±180�).
[50] Then, Figures 11b and 11c do the same for the dip

angle and the Mach number, respectively (the rake angle is
88�). As seen from these figures, and keeping the other
source parameters of model 1 of Table 2 fixed, the mean
residual slowly increases with increasing dip angle
(Figure 11b) or with increasing Mach numbers (Figure 11c).
Thus given the almost bimodal model 1, a dip angle close to
90�, or a Mach number close to 1, would be needed to
render the inversion problem unambiguous. In other words,

Figure 9. (a) Theoretical pseudo-intensity radiation of model 1 of Table 2 (supposedly, the rupture
plane). (b) The same as in Figure 9a for model 2 (which is close to the auxiliary plane of model 1). See
Table 2 and text.

B10309 SIROVICH AND PETTENATI: AUTOMATIC SOURCE INVERSION OF INTENSITY

12 of 16

B10309



Figure 11 confirms that the study case (rake = 88�,
dip = 47�, Mach number � 0.84) is almost bimodal.

7.2. Seismotectonic Interpretation

[51] By comparing Tables 2 and 3 (and 4), one can see
that the inverted rupture plane matches the one inferred by
other methods. Models 1 in Tables 2 and 4 are also
compatible with the NNW-SSE oriented maximum horizon-

tal geodynamical compressive stress, which has been con-
fidently and unanimously measured and interpreted [e.g.,
Doglioni, 1990; Montone et al., 1996].
[52] Then, the saddle-shaped sector of the piedmont plain,

shown with a white pattern in Figure 10, was obtained in the
same way as the corresponding black-patterned sector in the
figure but only after subjectively adopting a nucleation
depth of 10 km. The reason for this subjective choice was

Figure 10. Same as in Figure 1. The two-patterned, saddle-shaped, overlapping areas SSE of our line
source show the sectors of the piedmont plain, adjacent to a segment of the Aviano Overthrust, where the
virtual prolongation of the rupture plane of model 1 in Table 2 emerges (see text for information about
both the black-patterned area and for the white one).

Table 4. As in Table 2, but After Weighting the Site Intensities According to the Reliability Classification That Was

Given by Barbano et al. [1986]a

Parameter Model 1 (Rupture Plane?) Model 2 (Auxiliary Plane?)

Nucleation latitude, deg 46.12 ± 0.02 46.09 ± 0.02
Nucleation longitude, deg 12.50 ± 0.04 12.45 ± 0.04
Depth H, km 14.9 ± 1.4 14.5 ± 1.6
Length L1, along-strike, km 2.2 2.3
Length L2, antistrike, km 17.6 8.8
Strike angle, deg 237 ± 8 (auxiliary: 67) 61 ± 17
Dip angle, deg 47 ± 4 (auxiliary: 43) 40 ± 4
Rake angle,b deg 83 ± 6 (auxiliary: 97) 89 ± 13
Mach number1, along-strike 0.86 ± 0.04 0.70 ± 0.06
Mach number2, antistrike 0.63 ± 0.05 0.80 ± 0.04
VS, km s�1 3.68 ± 0.28 3.69 ± 0.19
M0, 10

25 dyne cm 3.27 ± 0.71 3.80 ± 0.58
PPPPPP1

q
rs
2 2.5044 2.4855

PPPPPP
rs
2 55 59

Distance D (equation (1)) 0.0842 0.0820
aFitness criterion is

PPPPPP1
q
rs
2 (see text).

bWith an ambiguity of ±180�; see text.

B10309 SIROVICH AND PETTENATI: AUTOMATIC SOURCE INVERSION OF INTENSITY

13 of 16

B10309



the following. Firstly, in most parts of the so-called Alpide
Belt the hypocenters of earthquakes of comparable magni-
tude are a little smaller than 15 km [e.g., Seeber et al., 1980;
Siro and Slejko, 1982], and secondly, a listric shape of the
overthrusts is plausible in this area, and therefore the virtual
intersection between the upward prolongation of our model
1 rupture plane and the Veneto Plain could be closer to the
piedmont line and to the Aviano Overthrust than the black-
dashed segment in the figure (which is the intersection
obtained from inversion).
[53] To project our model 1 of Table 2 on the section of

Figure 4, we considered their orientations and adopted a
mean P wave velocity of 5.5 km s�1. The depth and the dip
angle errors of our best solution are shown; the latitude error
is not shown for simplicity, but remember from Table 2 that
it is approximately a 2 km error. The depth retrieved by our
inversions (14.9–15.3 (±1.4) km) is in notable agreement
with the instrumental result by Slejko et al. [1989] (17 km);
however, we are certainly aware that this is rather fortuitous
given our half-space crustal model.
[54] We also stress that there are geometrical and tectonic

reasons for handling the structure-source match of Figure 4

with caution. In fact, our rupture for the 1936 event
(Figure 1) is 6–22 km ENE of the TRANSALP transect.
Therefore, strictly speaking, to project it onto this section is
arbitrary. Moreover, consider that the connection between
the Bassano Line or the Montello fault, seen in Figure 4,
and the Aviano Overthrust, seen in Figures 1 and 10, is
controversial. Figure 4 shows, however, that our model 1
source is compatible with the general tectonic structure of
the area, and Figure 10 suggests, quite strongly, that the
study earthquake was provoked by one segment of the
Aviano Overthrust. Also, consider that in 778 A.D. and in
1695 (see G. Monachesi and M. Stucchi, unpublished data,
1997) the Veneto Region was struck by two destructive
earthquakes that still need to be tentatively associated to
some causative sources.
[55] Concluding the discussion, a direct connection

between our source models 1 of Tables 2 and 4 and the
morphoneotectonic symptoms described in Figures 5 and 6
is not demonstrated. However, these symptoms are compat-
ible with the source retrieved in the present study.

8. Conclusions

[56] In this work, and in the preceding one [Pettenati and
Sirovich, 2003; Gentile et al., 2004], we wanted to see if by
treating the intensities in an innovative way, it is possible to
catch the approximate geometric and kinematic character-
istics of the sources of some destructive earthquakes. The
comparison between our results of Table 2 (and also of
Table 4) with the reference source parameters shown by
Table 3 demonstrates that in the case of the Cansiglio, 1936
earthquake, automatic and fast source inversion is feasible.
The use of four subpopulations of 2000 individuals led the
NGA, rather rapidly, to a minimum variance solution, close
to a preliminary solution already found by the grid search
technique and with a better

PPPPPP
rs
2. The NGA also found its

auxiliary plane. In fact, the NGA let two subpopulations
niche within the two principal depressions of the topogra-
phy of the residuals.
[57] Both the NGA inversions of unweighted data and of

weighted data converged more or less toward the same
results, i.e., approximately toward the source parameters
independently retrieved from different observations and
data. We believe that our attempt of applying our new
inversion technique to an earthquake of the early instru-
mental era was successful.
[58] Our study confirmed that bimodality causes a strong

ambiguity when rake angles are close to 90� (±180�). Note
that we obtained eleven source parameters by treating
peculiar semiquantitative data alone, which is what intensi-
ties are.
[59] The present results confirm that the inversion of

regional intensity patterns is, at least in some cases, a stable
phenomenon. Furthermore, these results also encourage
us to validate our inversion technique with more well-
documented earthquakes and to treat preinstrumental earth-
quakes, which remain our principal target.
[60] From the seismotectonic viewpoint the inverted

rupture plane of the 1936 Cansiglio earthquake is compat-
ible with (1) the general tectonic structure of the area and, in
particular, with (2) one outcropping segment of the complex
Aviano Overthrust, which overrides sediments of Holocene

Figure 11. Variation of bimodality in the studied nonlinear
problem. (a) Mean residual of equation (2) over the rake
angle. (b) The same over the dip angle. (c) The same over
the Mach number = Vr/VS.
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age and approximately marks the piedmont line of the
Veneto Plain.
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