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Forecasting Where Larger Crustal Earthquakes Are Likely to Occur in Italy

in the Near Future

by Enzo Boschi, Paolo Gasperini, and Francesco Mulargia

Abstract A forecast of future occurrences of larger (M = 5.9) crustal earthquakes
in Italy is made on the basis of historic and instrumental seismicity, and following
a seismotectonic regionalization recently derived on the basis of geological evidence
combined with earthquake epicenters and focal mechanisms. Completeness problems
in the seismic catalog allow one to study only 20 regions out of 58. Large crustal
seismicity within each seismogenic region is modeled as either a periodic Gauss
process or a random Poisson process according to the experimental coefficient of
variation of the series of past occurrences in each region. Return times are estimated
directly from the series of (M = 4.5) earthquakes if they are sufficient in number, or
from the Gutenberg—Richter law applied to lower magnitude seismicity (M = 4.5)
otherwise. The immediate probability of an M = 5.9 crustal seismic event is esti-
mated to be very low in all regions except southeastern Sicily and Appennino Abruz-
zese. In the near future (next 20 yr), the estimated probability is high (above 65%)
also in the Appennino Forlivese and Naso—Capo d’Orlando regions. In addition to
detailed seismic risk reevaluations, these regions represent the best bet for a program
of intensive monitoring to gather a record of the process of strain accumulation and

seismic release.

Introduction

If the physics of seismic phenomena were simple, earth-
quake prediction would have been routine a long time ago.
Unfortunately, this is not the case, and detailed modeling
still appears infeasible. Practical alternatives are therefore
mostly sought on semi-empirical grounds, hoping to achieve
the capability of correctly describing the timing of earth-
quake occurrence in a given region. Unfortunately, even the
most promising semi-empirical earthquake models presented
so far, i.e., the slip predictable and time predictable models,
have proven to be practically effective in very few cases
(Bufe et al., 1977; Shimazaki and Nakata, 1980; Sykes and
Quittmeyer, 1981; Kiremidjan and Anagnos 1984; Anagnos
and Kiremidjan, 1984; Nishenko, 1985; Papazachos, 1989)
and appear generally inapplicable.

A strategy that is likely to allow a quantum leap in our
knowledge of the physical processes leading to earthquakes,
and eventually in our capability to predict them, is to use
statistics to forecast where large earthquakes will next occur
in the near future, closely monitor such regions, and record
all possible information about the process of earthquake gen-
eration. A seismic forecast, i.e., an estimate of the probabil-
ity of future earthquakes, is also one of the main ingredients
required for evaluating the impact of earthquakes on a spe-
cific site. The other factors are attenuation, geologic struc-
ture beneath the site, and topography, and the whole lot com-

bined with vulnerability yields the seismic risk. The present
work will disregard all the latter aspects and wili concentrate
solely on attempting to forecast the sites, if any, on the Ital-
ian territory in which large crustal earthquakes are likely
occur in the near future.

There are three main problems in reliably evaluating the
probability of future earthquake occurrences. The first prob-
lem is represented by catalog incompleteness, i.e., by a re-
corded seismicity that is different from real seismicity. In-
completeness is a function of event size (large events are
more difficult to miss or wrongly parameterize than small
ones) and affects all catalogs because of the pointlike dis-
tribution of seismographs (or observers in noninstrumental
studies). The problem of the incompleteness of seismic cat-
alogs has already been studied in detail and a satisfactory
solution has been obtained by efficient expressly tailored
statistical procedures (Tinti and Mulargia, 1985a, 1985b;
Mulargia and Tinti, 1985; Mulargia et al., 1987).

The second problem is the statistical distribution ruling
event occurrence. Several distributions have been used to
model seismic activity. Poisson statistics has been undoubt-
edly the most extensively used, since, in many cases, for
large events a simple discrete Poisson distribution provides
a close fit. Most of the proposed alternative distributions,
like Weibull and lognormal, are modifications of Poisson
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distribution, attempting to compensate for what appears to
be the major drawback of a Poisson process: the indepen-
dence of each event from the time elapsed since the previous
occurrence. In other words, the latter implies an event prob-
ability that is independent of the time elapsed since the pre-
vious occurrence, rather than one increasing in time as re-
quired by any feasible physical reasoning based on strain
accumulation. More recently, the picture has been found to
be even more complex since earthquake occurrence is prob-
ably dominated by clustering at both short (foreshocks, af-
tershocks, swarms) and long time scales (Kagan and Jack-
son, 1991). This is exactly the opposite of a quasi-periodic
occurrence timing, and would imply “the longer it has been
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since last earthquake, the longer the expected time till the
next” (Davis et al., 1989). The process must nevertheless
break at some point if all seismic regions are not to ineluc-
tably reach quiescence. Some inference on this crucial point
can be made on the basis of the coefficient of variation C,,
defined as C, = /T, where T is the average interoccurrence
time and o; is its standard deviation (Kagan and Jackson,
1991). A perfectly periodic phenomenon would have a co-
efficient of variation equal to 0 and a completely random
(Poisson) phenomenon equal to 1. Clustered occurrences
would have C, values larger than 1, ideally tending to infinity
for fractal processes as the observation time increases.
Rather than attempting to find an optimal distribution of gen-
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eral validity, a much debated problem (see, e.g., Brillinger,
1982; Jacob, 1984; Nishenko, 1985; Nishenko and Buland,
1987), we describe earthquake occurrence on the basis of
the coefficient of variation C,. Namely, we take the radical
approach of modeling quasi-periodic seismicity (C, = 0)
with a stationary ideal Gauss process, i.e., a process that has
C, = 0, and completely random seismicity (C, == 1) with a
stationary Poisson process, which has a C, = 1. The con-
ceptual scheme behind this reasoning takes its moves from
physical modeling: a Gauss process would imply a strictly
deterministic physical model, a Poisson process a purely sto-
chastic model, and clustering a chaotic model. Note that for
an ideal Gauss process we assume for interevent times a
normal distribution with vanishing variance with respect to
the mean, i.e., approaching a delta function. As is apparent
in the following, we find little evidence of clustering (C, >
1), so that cluster modeling appears unnecessary. Note that
the choice of the cross-over point between Gauss and Pois-
son processes is not critical since the first tends to the second
when dispersion becomes high. We use the following selec-
tion scheme: Gauss process in the regions where 0 < C, =
0.7 and Poisson process in the regions where 0.7 < C,
(Fig. 1).

The third problem is represented by regionalization,
since all parameterizations of seismicity operate on regions
in which activity is assumed to be uniform. Each hazard
study implies therefore a regionalization, which is performed
on a more or less subjective basis. Usually, tectonic argu-
ments are invoked. A regionalization of this type is reliable
only in places characterized by simple tectonics. This is cer-
tainly not the case in Italy, where the tectonic picture is so
complex that a commonly accepted interpretation is still
lacking (Scandone, 1979, 1982; Mantovani, 1982; Manto-
vani et al., 1985; Patacca et al.,, 1992). Exposed tracks of
active faults are scarce, and considerable uncertainty exists
about the identification of the active tectonic structures. De-
fining seismogenic regions in such a complex context is very
difficult. A way to minimize bias has been recently explored
by the Gruppo Nazionale Difesa dai Terremoti of the Con-
siglio Nazionale delle Ricerche (Scandone, 1992), locating
the active structures through the combination of neotectonic
surveying with seismicity data regarding historic and instru-
mental epicenters and focal mechanisms. The result was the
identification of 58 seismogenic regions, each one homo-
geneous in terms of tectonic character (compressive, tensile,
etc.), which are shown in Figure 2. While this cannot be
viewed as a definitive answer, and work is in progress to
enhance resolution, it undoubtedly represents a first com-
prehensive reference, and a compulsory choice at the present
moment.

The Seismicity Data

The data on which the statistical estimates of the recur-
rence of earthquakes in a given region can be based are es-
sentially of three types: palacoseismic evidence, instrumen-

1477

6 8 10 12 14 16 18 38

Figure 2. Epicenters of the earthquakes used in
this work. (a) The areal distribution of the events with
M = 5.9; (b) events with M = 4.5.

tal catalogs, and historical catalogs. Palacoseismic data have
been profitably used for some faults in California, both re-
garding Quaternary structures (Swan et al., 1980) and more
recent sediments (Sieh, 1978; Raleigh ef al., 1982), but no
such data are available for the Italian territory. Instrumental
seismicity is certainly the most complete set, but samples
only a very small fraction of the repeat time of large events.
On the other hand, historical seismicity is exceptionally well
documented in Italy.
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Figure 3. The 20 regions analyzed in the present study. The two distribution used
to model event occurrence according to the coefficient of variation (see text), Gauss
and Poisson, are shown, respectively, with a black and a shaded pattern.

The Istituto Nazionale di Geofisica (ING) Italian seismic
catalog provides a large data base of over 50,000 events
relative to the period 1500 B.C. to the present, and is con-
tinuously updated on the basis of the 72-station telemetered
network that ING operates on Italian territory (Fig. 3). All
events, except the ones in this century, are located and es-
timated in size on the sole basis of the macroseismic data
compiled by reading historical reports. Considerable errors
are thus possible due to both catalog incompleteness and
parameter inhomogeneity.

In general, the importance of incompleteness is much
greater in the noninstrumental parts of the catalog. The in-
completeness of the Italian seismic catalog has been studied
in detail through efficient statistical procedures (Mulargia
and Tinti, 1985; Mulargia et al., 1987), and the record has
been found to be complete since the year 1600 for events
with Mercalli intensity I = IX and since the year 1860 for
events with I = VIIL.

The inhomogeneity in the recorded parameters is linked
to incompleteness. In the present work, it is particularly im-
portant to estimate the magnitude of historic events. This

Table 1

Maximum Macroseismic Intensity (above Degree VII) and Local
Magnitude Data for the Earthquakes in Which Both Are
Available (186 Events) in the Il Catalogo dei Terremoti, Istituto
Nazionale di Geofisica (1993). The First Column Reports the
Intensity, the Second One the Median Value for Local
Magnitude, Which Is the Best Estimator (cf., Sibol et al., 1987),
and the Third and Fourth Columns, Respectively, Report the
First- and Third-Quartile Local Magnitude Values

Int. M Median 1 Quart. IIE Quart.
7.0 4.50 4.30 4.85
8.0 4.80 4.55 5.15
9.0 5.60 5.40 595

10.0 6.50 6.00 6.75

11.0 6.95 6.80 7.10

can be effectively achieved by converting the maximum
Mercalli intensity to magnitude according to a tabular rela-
tion on the median values in each intensity class, tuning the
conversion factor on a set for which both intensity and mag-
nitude values are available (Sibol et al., 1987). Table 1 re-
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ports these values for various intensity classes in the ING
seismic catalog, based on the 186 events of the ING seismic
catalog for which both instrumental and macroseismic data
were available. On this basis, events with maximum inten-
sity VII correspond to magnitude 4.5, events with maximum
intensity VIII correspond to magnitude 4.8, events with max-
imum intensity IX correspond to magnitude 5.9, events with
maximum intensity X correspond to magnitude 6.5, and
events with maximum intensity XI correspond to magnitude
7.0. Note that the probable error, i.e., the difference between
median and first and third interquartiles, is about 0.2. This
means that, since intensity is known with an indetermination
certainly smaller than 1°, magnitude can be inferred with an
error comparable with instrumental estimates. We can thus
be rather confident in the noninstrumental part of the ING
catalog.

Analyzing Italian Seismicity

The aim of the present work is to evaluate the proba-
bility of occurrence for events with magnitude = 5.9 on
Italian territory. Seismic cycles with several occurrences rel-
ative to M = 5.9 events are present only in a few regions.
The lowest limit for any estimate is three events, i.e., two
interevent times, which is satisfied in 11 regions. In the re-
maining regions, we attempt an estimate of the average re-
turn time and the related standard deviation of M = 5.9 on
the basis of an extrapolation of the Gutenberg-Richter re-
lation log (N,) = a — bM tuned on smaller events. Events
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with magnitude M = 4.5 are used to this extent, since the
relative completeness period of the catalog (after the year
1860) appears sufficiently long to caution against short-pe-
riod fluctuations in seismicity (aftershocks are not removed).
As regards the estimate of the parameters in the Gutenberg—
Richter law, for which we assume a b value constant in time,
several techniques have been suggested, based on the mod-
ification of linear regression and maximum likelihood. Each
technique has advantages and disadvantages that have been
extensively discussed in the literature (e.g., Weichert, 1980;
Bender, 1983). Conceptually, maximum likelihood (ML) is
the superior estimation technique: in practice, however, ML
accords so little weight to the upper magnitude points that
it is less suitable than least squares for estimating the recur-
rence intervals of high-magnitude infrequent earthquakes
(Shi and Bolt, 1982). We therefore rely on a standard least-
squares linear regression. Gutenberg—Richter parameters,
the related errors, the number of events used in each regres-
sion, and the estimated return time for an M = 5.9 event are
shown in Table 2. Finally, note that since the estimates of
return times for M = 5.9 events are based on an extrapo-
lation, a relatively large number of events with M = 4.5 are
required: we considered regions with at least 10 such oc-
currences. This allows us to study nine further regions.
Calculating the coefficient of variation C, for each re-
gion yields values ranging from 0.03 to 1.41 for both real
occurrences and Gutenberg—Richter estimates (Table 2),
which indicates a seismicity varying from almost exact pe-
riodicity to slight clustering. The evidence of clustering is

Table 2

Region Number, Number of Events in the Complete Catalog with M = 5.9, Return Time T, and Related Standard Deviation S, of an
Event with M = 5.9 Directly Inferred from Real Previous Occurrences. For Regions with Less than Three Events, Gutenberg—Richter
Coefficients a and b, Return Time 7T, and Standard Deviation s, Calculated from Events with M = 4.5 (Provided They Are More
Than 10 in Number) According to Gutenberg—Richter Law. C, Indicates the Coefficient of Variation, i.e., the Ratio of Standard
Deviation to Return Time

Region NWM=z=59) T, Sp NM = 45) a b Ter Ser C,
4 3 94 46 0.49
5 2 30 3.50 £ 0.76 0.53 = 0.13 69 51 0.74

21 2 12 2.65 = 146 045 = 0.26 163 171 1.04
27 4 70 32 045
28a 2 26 5.14 * 1.11 0.84 = 0.20 108 81 0.75
29 9 27 36 1.33
30 2 35 5.73 + 1.88 0.96 = 0.33 150 219 1.46
33 2 12 2.20 = 0.39 0.32 = 0.06 78 35 045
34 3 61 2 0.03
35 2 23 5.55 = 0.81 091 + 0.14 113 60 053
36 2 12 4.06 + 0.75 0.66 = 0.13 109 53 0.48
37 3 133 114 0.86
39 3 75 44 0.59
41 6 57 43 0.76
44 5 64 70 1.09
46 5 80 43 0.53
48 2 43 2.59 + 0.94 0.39 = 0.15 87 106 1.22
50 5 56 29 0.51
53 3 77 12 0.16
54 1 22 470 + 1.04 0.77 = 0.19 109 76 0.70
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Table 3
The Same as Table 2 but for Events with M = 6.5

Region N (M z6.5) T, S N®M =45 a b Tew Son c,
5 1 30 3.50 + 0.76 0.53 £ 0.13 141 108 0.77
29 3 107 29 0.27
33 1 12 2.20 £ 0.39 0.32 + 0.06 119 54 0.45
36 1 12 406 = 0.75 0.66 = 0.13 267 153 0.57
37 1 24 526 = 1.18 0,88 = 0.21 450 436 0.97
39 3 75 44 0.59
41 2 21 437 = 0.69 0.67 £ 0.12 163 86 0.52
44 2 15 2.65 + 0.58 040 = 0.10 135 76 0.57
46 3 123 0 0.00
48 2 43 2.59 £ 0.94 0.39 = 0.15 148 182 1.23

Table 4

Estimated Probability of Occurrence of Earthquakes with M = 5.9 in Each Region for the Next 5, 20, and 100 yr Assuming
Either a Gauss or a Poisson Process for Event Occurrence Depending on the Coefficient of Variation (See Table 2 and Text).
The 68% Confidence Limits Are Given

Gauss Process
Last Event

Poisson Process

Zone (m/d/yr) Syr 20 yr 100 yr Syr 20 yr 100 yr
4 05/06/1976 0.00-0.05 0.01-0.21 0.31-0.91
5 10/18/1936 0.04-0.15 0.16-0.44 0.44-0.87
21 09/07/1920 0.02-0.07 0.07-0.23 0.28-0.66
27 10/30/1870 0.19-0.38 0.61-0.87 1.00-1.00
28a 09/10/1919 0.03-0.10 0.11-0.33 0.35-0.77
29 04/26/1917 0.13-0.23 0.41-0.63 0.97-0.99
30 10/30/1930 0.02-0.08 0.08-0.25 0.30-0.68
33 01/13/1915 0.03-0.18 0.17-0.60 0.95-1.00
34 10/06/1762 1.00-1.00 1.00-1.00 1.00-1.00
35 09/26/1933 0.00-0.06 0.02-0.24 0.30-0.88
36 08/21/1962 0.00-0.06 0.01-0.17 0.20-0.84
37 08/10/1893 0.02-0.07 0.09-0.25 0.34-0.70
39 08/14/1851 0.13-0.28 0.45-0.75 0.99-1.00
41 11/23/1980 0.06-0.13 0.22-0.41 0.64-0.88
44 12/03/1887 0.05-0.12 0.19-0.40 0.58-0.87
46 05/11/1947 0.01-0.11 0.06-0.40 0.69-0.99
48 12/28/1908 0.04-0.12 0.13-0.38 0.39-0.81
50 03/05/1823 0.44-0.60 0.92-0.98 1.00-1.00
53 08/07/1846 0.87-0.94 1.00-1.00 1.00-1.00
54 01/15/1968 0.00-0.04 0.01-0.15 0.13-0.72

weak since C, is not much greater than 1, and this occurs in
just a few regions; we therefore limit our modeling to the
two extreme cases of exactly periodic (Gauss) and com-
pletely random (Poisson). According to the historic record,
in most of the seismic areas analyzed, M = 5.9 practically
coincides with the maximum possible magnitude. In the
regions where larger earthquakes occurred in historical
times, we also applied the same analysis as above using as
a lower threshold M = 6.5. Analysis was applied to all
regions where at least one event of that size occurred. The
distribution parameters for this case is given in Table 3. For
the events with M = 6.5, 10 regions could be studied, seven
of which by fitting Gutenberg—Richter law.

Results and Discussion

First of all, a comparison between Figures 1 and 3 sug-
gests no evident link between tectonic character and distri-
bution type ruling event occurrence.

The probability of occurrence P of an event with M =
5.9, evaluated in each of the 20 regions modeled as either a
Gauss or Poisson process according to the coefficient of var-
iation, is shown in Table 4 for the next 5, 20, and 100 yr.
Note that, by definition, in a Gauss process, the conditional
and unconditional probabilities are different, so that the
probabilities increase with the time elapsed since the last
event, while in the Poisson process the two probabilities are
identical so that the values shown are the same in any 5-,
20-, or 100-yr period. The probability of occurrence in the
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Table 5
The Same as Table 4 but Relative to Earthquakes with M = 6.5
Gauss Process Poisson Process

Zone Last Event Syr 20 yr 100 yr Syr 20 yr 100 yr

5 06/29/1873 0.02-0.11 0.08-0.32 0.27-0.76
29 04/26/1917 0.01-0.13 0.06-0.49 0.91-1.00
33 01/13/1915 0.01-0.08 0.03-0.29 0.44-0.94
36 07/26/1805 0.00-0.03 0.01-0.12 0.10-0.54
37 07/30/1627 0.00-0.04 0.08-0.14 0.12-047
39 08/14/1851 0.13-0.28 0.45-0.75 0.99-1.00
41 12/16/1857 0.01-0.06 0.03-0.24 0.30-0.83
44 10/04/1870 0.01-0.08 0.05-0.29 0.41-0.89
46 09/08/1905 0.00-0.00 0.00-0.00 1.00-1.00
48 12/28/1908 0.04-0.14 0.15-043 0.43-0.84

next 5 yr is low everywhere, except in regions 34 (Aqui-
lano), which has a P virtually equal to unity, and 53 (south-
eastern Sicily), which has a P = 0.87 ~ 0.94. Note that the
high probability of region 34 comes from the fact that after
three almost exactly spaced earthquakes (61 + 2 yr) no large
magnitude activity occurred in the following 200 yr. While
the small number of observed occurrences suggests pru-
dence, one could also see this as an indirect evidence of
clustering. In addition to the above regions, the occurrence
probability in the next 20 yr is high in regions 27 (Forlivese),
witha P = 0.61 ~ 0.87, and 50 (Naso—Capo d’Orlando),
with P = 0.92 ~ 0.98. Within the next 100 yr, the proba-
bility of occurrence of an event with magnitude = 5.9 is
high (average P = 0.7) in most regions. The only exceptions
are regions 21 (Garfagnana), with P = 0.57, and 35 (Ap-
pennino Abruzzese), with P = 0.08 ~ 0.63. Region 4 (Fri-
uli) is on the border, with P = 0.31 ~ 0.91.

The probabilities of occurrence for events with magni-
tude M = 6.5 are given in Table 5. All values are low in the
next 5 and 20 yr, and become high in the next 100 yr only
in regions 39 (Ofanto) and 46 (Stretta di Catanzaro). The
latter is worth noting: with three events almost exactly
spaced by 123 yr (the standard deviation is practically 0),
the estimated probability is thus almost exactly 0 up to year
2028 (123 yr after the last occurrence), when it becomes 1.
Obviously, here also the observation is merely based on
three events, just as in region 34, and this recommends cau-
tion in accepting this evidence.

Conclusions

The probability of occurrence of M = 5.9 crustal earth-
quakes in Italy appears high in the near future only in just
a few regions: southeastern Sicily, Aquilano, Naso—Capo
d’Orlando, and Forlivese. In addition to detailed seismic risk
reevaluations, all these regions should be objects of intensive
monitoring toward a better comprehension of local tectonics
and the physical processes related to earthquake generation.
If the picture is extended to a time period of 100 yr, many
other regions show a high probability of occurrence, and

these will certainly have to be considered in seismic risk
studies. Available data allowed the study of only one-third
of the Italian seismic regions. Therefore, the above forecast
is not exhaustive.

Acknowledgments

We wish to thank Dr. J. C. Savage for his constructive and stimulating
review of the manuscript.

References

Anagnos, T. and A.S. Kiremidjan (1984). Stochastic time-predictable
model for earthquake occurrences, Bull. Seism. Soc. Am. 74, 2593~
2611.

Bender, B. (1983). Maximum likelihood estimation of b values for mag-
nitude grouped data, Bull. Seism. Soc. Am. 72, 1677-1687.

Brillinger, D. R. (1982). Seismic risk assessment: some statistical aspects,
Earthquake Pred. Res. 1, 183-195.

Bufe, C. G., P. W. Harsh, and R.D O. Burford (1977). Steady-state seismic
slip—a precise recurrence model, Geophys. Res. Lett. 4, 91-94.
Davis, P. M., D. D. Jackson, and Y. Y. Kagan (1989). The longer it has
been since the last earthquake, the longer the expected time till the

next? Bull. Seism. Soc. Am. 79, 1439-1456.

Jacob, K. H. (1984). Estimates of long-term probabilities for future great
earthquakes in the Aleutians, Geophys. Res. Lert. 11, 295-298.
Kagan, Y. Y. and D. D. Jackson (1991). Seismic gap hypothesis: ten years

after, J. Geophys. Res. 96, 21419-21431.

Kiremidjan, A. S. and T. Anagnos (1984). Stochastic slip-predictable model
for earthquake occurrences, Bull. Seism. Soc. Am. 74, 639-755.
Mantovani, E. (1982). Some remarks on the driving forces in the evolution
of the Tyrrhenian basin and Calabrian Arc, Earth Evol. Sci. 3, 266~

270.

Mantovani, E., D. Babbucci, and F. Farsi (1985). Tertiary evolution of the
Mediterranean region. Major outstanding problems, Boll. Geofis.
Teor. Appl. 27, 67-90.

Mulargia, F. and S. Tinti (1985). Seismic sample areas defined from in-
complete catalogues: an application to the Italian territory, Phys.
Earth Planet. Interiors 40, 273-300.

Mulargia, F., P. Gasperini, and S. Tinti (1987). Contour mapping of the
Italian seismic regions, Tectonophysics 142, 203-216.

Nishenko, S. P. (1985). Seismic potential for large and great interplate
earthquakes along the chilean and southern peruvian margins of South
America: a quantitative reappraisal, J. Geophys. Res. 90, 3589-3615.

Nishenko, S. P. and R. Buland (1987). A generic recurrence interval dis-



1482

tribution for earthquake forecast, Bull. Seism. Soc. Am. 77, 1382—
1399.

Papazachos, B. C: (1989). A time-predictable model for earthquake gen-
eration in Greece, Bull. Seism. Soc. Am. 79, 77-84.

Patacca, E., R. Sartori, and P. Scandone (1992). Tyrrhenian Basin and Ap-
penininc Arcs: kinematics relation since Late Tortonian times, Mem.
Soc. Geol. Ital. 45, 425-451.

Raleigh, C. B., K. Sieh, L. R. Sykes, and D. L. Anderson (1982). Fore-
casting southern California earthquakes, Science 217, 927-931.
Scandone, P. (1979). The origin of the Tyrrhenian Sea and Calabrian arc,

Boll. Soc. Geol. Ital. 98, 27-34.

Scandone, P. (1982). Structure and evolution of the Calabria, Earth Evol.
Sci. 3, 172-180.

Scandone, P. (1992). Il modello sismotettonico italiano, in Convegno An-
nuale del Gruppo Nazionale Difesa dai Terremoti, Consiglio Nazion-
ale delle Ricerche, Milan, 1992 May 25-26.

Shi, Y. and B. A. Bolt (1982). The standard error of the magnitude-fre-
quency b value, Bull. Seism. Soc. Am. 72, 1677-1687.

Shimazaki, K. and T. Nakata (1980). Time-predictable recurrence model
for large earthquakes, Geophys. Res. Lett. T, 279-282.

Sibol, M. S., G. A. Bollinger, and J. B. Birch (1987). Estimation of mag-
nitudes in central and eastern America using intensity and felt area,
Bull. Seism. Soc. Am. T7, 1635-1644.

Sieh, K. E. (1978). Prehistoric large earthquakes produced by slip on the
San Andreas fault at Pallet Creek, California, J. Geophys. Res. 83,
3907-3939.

Swan, F. H,, HI, D. P. Schwartz, and L. S. Cluff (1980). Recurrence of
moderate to large magnitude earthquakes produced by surface fault-
ing on the Wasatch fault zone, Utah, Bull. Seism. Soc. Am. 70, 1431-
1462.

E. Boschi, P. Gasperini, and F. Mulargia

Sykes, L. R. and R. C. Quittmeyer (1981). in Earthquake Prediction, An
International Review, Maurice Ewing Series 4, D. W. Simpson and
P. G. Richards (Editors), American Geophysical Union, Washington,
D.C. 297-332.

Tinti, S. and F. Mulargia (1985a). Completeness analysis of a seismic cat-
alog, Ann. Geophys. 3, 407-414.

Tinti, S. and F. Mulargia (1985b). An improved method for the analysis of
the completeness of a seismic catalog, Lett. Nuovo Cim. 42, 21-27.

Weichert, D. H. (1980). Estimation of the earthquake recurrence parameters
for unequal observation periods for different magnitudes, Bull. Seism.
Soc. Am. 70, 1317-1346.

Istituto Nazionale di Geofisica
00143 Roma, Italy
(E.B.)

Dipartimento di Scienze della Terra
Universita di Firenze
Firenze, Italy 50121

P.G)

Dipartimento di Fisica

Settore di Geofisica

Universita di Bologna

Bologna, Italy 60127
(F.M.)

Manuscript received 1 October 1994,



