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ABSTRACT 

We analyzed the most relevant seismic sequences occurred from 1977 to 2007 in the Friuli-

Venezia Giulia region (northeastern Italy) and western Slovenia. The 8 aftershock sequences were 

triggered by low to moderate magnitude earthquakes with mainshock duration magnitude ranging 

from 3.7 to 5.6. The b-value of the Gutenberg-Richter law varies from 0.8 to 1.1. The modified 

Omori’s modeling of the sequences evidences values of the p exponent ranging from 0.8 to 1.0. 

Using the Reasenberg and Jones (1989, 1994) approach, we computed the probabilistic estimate of 

the aftershock rates and the largest aftershock in given time intervals. The difference in magnitude 

between the mainshock and the largest aftershock is calculated according to the modified Båth law 

and using an approach that considers the partitioning of the radiated seismic energy between 

mainshock and aftershocks. The partitioning of the radiated seismic energy appears to play a 

significant role in the evolution of the sequences. We define the parameter RES as the ratio between 

the radiated seismic energy of the mainshock and the summation of the seismic energy radiated by 

the aftershocks. The difference in magnitude between the mainshock and the largest aftershock, 

calculated with the parameter RES, agrees well with the observed difference. In most sequences, the 

parameter RES decreases very quickly till the occurrence of the largest aftershock and then becomes 

constant. By analyzing the values of RES during the early hours following the mainshock, we found 

that the RES values after 24 hours are well related to the final ones, calculated on the whole 

sequence, and to the differences in magnitude between the mainshock and the largest aftershock.  
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1. INTRODUCTION 

The understanding of the space-time evolution and the magnitude distribution of the 

aftershock sequences has been the goal of several investigations because of its strong implications 

for earthquake nucleation and  seismic hazard analysis. Some investigations were mainly devoted to 

the study of the triggering mechanism of the aftershocks and the physical properties of the rocks 

where mainshocks occur (Scholz, 1968; Yamashita and Knopoff, 1987; Kisslinger and Jones, 1991; 

Dieterich, 1994; Marcellini, 1995; Correig et al., 1997; Miller et al., 2004). The forecasting of the 

behavior of the aftershock sequences has been the main purpose of other investigations (Kagan and 

Knopoff, 1981; Ogata, 1988; Reasenberg and Jones, 1989; Gerstenberger et al., 2005). In particular, 

some studies were devoted to the estimation of the largest aftershock (Shcherbakov and Turcotte, 

2004) and to the probabilistic techniques (Reasenberg and Jones 1989, 1994) for forecasting the 

number of aftershocks and the probability to have an aftershock with magnitude larger than the 

mainshock magnitude minus one. 

This study is mainly focussed on estimating the largest aftershock by the analysis of the 

most relevant sequences occurred in the Friuli-Venezia Giulia region (northeastern Italy) and in 

western Slovenia, from 1977 to 2007 (Franceschina et al., 2006; Gentili and Bressan, 2007), 

recorded by the local seismic network of the Istituto Nazionale di Oceanografia e Geofisica 

Sperimentale (OGS), that started to operate from May 7, 1977. The seismic sequences were 

triggered by low to moderate magnitude main events with MD ranging from 3.7 to 5.6. We apply the 

technique of Reasenberg and Jones (1989, 1994) for the estimation of aftershock rates and largest 

aftershocks probability and we test the applicability of the modified form of Båth law formulated by 

Shcherbakov and Turcotte (2004).  

Shcherbakov and Turcotte research involves the partitioning of the radiated seismic energy 

during a mainshock-aftershock sequence. Bressan et al. (2007) found that the mechanism of stress 

release of the mainshock can influence the partitioning of the radiated seismic energy between 

mainshock and aftershocks. In this paper, we analyze the aspects related to the partitioning of the 

radiated seismic energy, in particular, how it is influenced by the strongest aftershock and how it 

varies in the early hours following the mainshock. The seismic sequences were located with the 

HYPO71 program (Lee and Lahr, 1975). The average horizontal error is 0.9 km. The values of 

magnitude are given in duration magnitude MD, computed according to Rebez and Renner (1991).  
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 3 

2. AFTERSHOCK SEQUENCES: MAIN FEATURES 

The aftershock sequences (Tab.1) were triggered by the following mainshocks: the 

September 16, 1977 Trasaghis earthquake with MD 5.2 (T77); the February 1, 1988 Mena 

earthquake with MD 4.1 (M88); the October 5, 1991 Tarcento earthquake with MD 3.8 (Tar91); the 

April 20, 1994 Claut earthquake with MD 3.7 (C94);  the April 13, 1996 Claut earthquake with MD 

4.3 (C96); the April 12, 1998 Kobarid earthquake with MD 5.6 (K98);  the February 14, 2002 M. 

Sernio earthquake with MD 4.9 (S02) and the July 12, 2004 Kobarid earthquake with MD 5.1 (K04). 

Fig. 1a, b, c shows the epicenters of the sequences. Generally, the sequences are spatially clustered 

and well separated in space and time without overlapping.  

The aftershocks have been selected by defining simple space and time windows for each 

sequence. The earthquake rate has been calculated on a 30 days sliding time window with one day 

step for increasing circular areas centered on the epicenter of the mainshock. For each area, the 

aftershock sequence was assumed ended when the rate became constant for at least 6 months time. 

In this way, a sequence duration T(R) was defined, depending on the radius R of the area. The 

circular area including the whole sequence was selected as the one for which the rate of seismicity 

did not vary with increasing radius. We did not adopt here the standard method that defines the 

duration of the aftershock sequence as the time required for the seismicity rate to decrease to the 

value before the mainshock, because seismic quiescences, each lasting different period, were 

recognized before the occurrence of the sequences (Gentili and Bressan, 2007). 

The use of circular areas for selecting the spatial extent of the aftershocks appears 

questionable. The spatial pattern of the aftershocks is related to the redistribution of local stresses 

following the mainshock faulting. King et al. (1994), Stein et al. (1994) and many others 

demonstrated that the aftershocks are concentrated in regions of Coulomb stress increase. In some 

cases, involving strike-slip faulting, the aftershock distribution appears to delineate the mainshock 

fault plane (Reasenberg and Ellsworth, 1982), in other cases the aftershocks occur in the peripheral 

region of the coseismic slip (Mendoza and Hartzell, 1988). A diffuse pattern, without a clear fault 

plane, seems to be characteristic of thrust faulting (Cisternas et al., 1982; Ekström et al., 1992; 

Hauksson et al., 1995). However this feature was observed also in the case of aftershocks triggered 

by normal mainshock faulting (Richins et al., 1987). So, even if it is a crude approximation, we 

chose circular area as the simplest way for selecting the aftershocks. 

The radius of the circular area affected by the aftershocks and the temporal duration of each 

sequence are reported in Tab. 1, together with the average horizontal location error for each 

sequence. Fig. 2a and 2b show the relations between the MD of the mainshock and the radius and 

between the MD of the mainshock and the temporal duration of the aftershocks, that we obtained by 
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 4 

fitting our data. The parameters of the regression are also shown. The regressions have been 

obtained by a nonlinear least squares fit by using the inverse of the error on the dependent variable 

as weight for each datum.  

The frequency-magnitude scaling of Gutenberg and Richter (1954) states that: 

cc bMAMNLog ))((10             (1) 

where N(Mc) is the number of earthquakes with magnitude larger than Mc, A is a measure of the 

regional level of seismicity (Kagan 2004), while b depends on the proportion of large and small 

earthquakes  (Gerstenberger et al, 2005). 

The parameters A, b and the completeness magnitude Mmin have been evaluated for each 

sequence by the Zmap software (Wiemer 2001). In particular, the b-value was obtained by the 

maximum likelihood estimation, using the Utsu (1978) formulation: 

)]2/([log

1

min10 MMM
b


                                                                                                        (2) 

where M  is the mean magnitude considered and M is the magnitude resolution; the completeness 

magnitude has been evaluated by the Entire Magnitude Range method (EMR) (J. Woessner and S. 

Wiemer 2005); the parameter A has been estimated as:  

min10 )( bMNLogA T                                                                                                                      (3) 

where NT is the total number of earthquakes with magnitude greater than Mmin. The errors on the 

parameters have been evaluated by the bootstrapping techniques of Efron and Tibshirani (1993). 

The results are summarized in Tab. 2.  

The aftershock temporal decay can be described by the Utsu’s (1961) modified Omori law, 

that relates the rate of  aftershocks with magnitude larger than Mc  to a function of time t elapsed 

after the main shock: 

p

c
c

ct

MK
Mt

)(

)(
),(


              (4) 

where )( cMK  is related to the total number of earthquakes, c  depends on the rate of activity in the 

earliest part of the sequence and p is related to the temporal decay of the aftershocks (Kisslinger and 

Jones, 1991). Also these parameters have been calculated by the software Zmap, that finds the 

maximum likelihood estimates of the parameters, setting Mc = Mmin, i.e. using all the earthquakes 

with magnitude greater than the magnitude of completeness. The standard deviation of the 

parameters has been taken as the error on the measure. The results are shown in Tab. 2, together 

with the mean and the weighted average of the parameters A, b, c and p. This information is not 

supplied for K since, as it is shown in equation (5), it depends on Mc that changes from one 
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 5 

sequence to the other because the completeness magnitude is different. The other parameters are 

assumed to be independent of Mc.  

Some authors found a dependence of c on Mc (Shcherbakov et al. 2004). It should be noted 

that just immediately after the mainshock it is likely that weak earthquakes are missed due to 

overlapping on the seismograms. This may cause an overestimating of c (Utsu et al. 1995) and a 

dependence on Mc (Utsu 2002b). Some authors supposed that the true value of c is zero or negative 

and that positive values are artifacts due to the loose of the first aftershocks (Kagan 2004, Kagan 

and Houston, 2005). However, Yamakawa (1968) and Vidale et al. (2003), investigating on 

accurately selected data, found that the level of aftershock activity is less than that predicted one if c 

is 0 or negative. A detailed description of the problem can be found in Utsu et al. (1995). To avoid 

problems connected with the lack of data, Zmap software allows to estimate c considering the 

sequence some time after the mainshock. In this paper, we used a time shift of 0.2 days. Because of 

the low values of c and of the larger corresponding errors for most sequences (see Table 2), the 

existence or not of a dependence on Mc can not be deduced. 

The error of the parameters of C94, S02 and Tar91 sequences presented in Table 2 is high, 

because of the small number of aftershock in the sequence (30 or less). The range of  p values is 

0.8–1.0, falling within the range (0.6-1.55) of well documented sequences quoted by Utsu et al. 

(1995). 

 

3. PROBABILISTIC ESTIMATE OF THE AFTERSHOCK RATE AND 

STRONG AFTERSHOCKS 

In this section we apply the forecasting method of the sequence behavior of Reasenberg and 

Jones (1989, 1994). Reasenberg and Jones proposed the following aftershock occurrence model, 

that describes the rate of  aftershocks with magnitude larger than Mc as a function of time and of the 

main shock magnitude: 

p

MMba

c
ct

Mt
cm

)(

10
),(

)(






             (5) 

where Mm is the magnitude of the main shock, a is the “productivity” (Gasperini and Lolli, 2006), c 

and p are the parameters of the modified Omori law (eq. 4) and b is the parameter of equation (1). 

Lolli and Gasperini (2003) used this approach to develop nomograms for expeditious 

prediction of  aftershock occurrence in Italy, by analizing 30 sequences with local magnitude 

ranging from 4.3 to 6.5, occurred from 1960 to 1996. They reported the equations for the evaluation 

of the number of aftershocks above the magnitude Mc in the time interval [S,T]: 
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
T

S

cc dtMtMN ),()(            (6) 

and the equation of Reasenberg and Jones (1994) that calculates the probability of occurrence of 

one or more shocks above the magnitude Mc in a time interval T following the time T (assuming a 

random occurrence of earthquakes - Poissonian distribution): 









 

 TT

T

cc dtMtMTT ),(exp1),,Pr(            (7) 

Using equation (6), Lolli and Gasperini (2003) plotted the number of expected aftershock in 

a 24-hour-long interval following the time elapsed from the mainshock for different magnitude 

thresholds. The same number is plotted also for different seismic areas in Italy, setting the 

magnitude threshold to Mm-2. In addition, using equation (7), they calculated the probability of a 

strong aftershock (with MMDm-1) for different intervals of time following the time elapsed from 

the mainshock. The same curves of probability are plotted also for different seismic areas in Italy 

fixing the interval of time at 7 days.   

In this section, we perform the same analysis using our data. Since we use duration 

magnitude, while Lolli and Gasperini (2003) used local magnitude, we converted the difference of 

duration magnitude into difference of  local magnitude to compare the results. The relation between 

MD and local magnitude, according to Franceschina et al. (2006), is : 

73.02.1  DL MM                                                                                                                          (8) 

We obtain: 

DL MM  2.1                                                                                                                          (9) 

i.e. 1.2 steps in local magnitude corresponds to 1 step in duration magnitude. 

The parameter a is obtained from K(Mmin), using the equation:  

a=Log10(K(Mmin))-b(Mm-Mmin)                                                                                                       (10) 

The obtained data are summarized in Table 2, together with their mean value and their weighted 

average. For computing equations (6) and (7) we used the weighted average of the parameters of 

Table 2 because the relative errors of the parameters of some sequences are high, due to the small 

number of earthquakes involved. 

The number of expected aftershocks in a 24-hour-long interval following the time elapsed 

from the mainshock, for different duration magnitude thresholds, is plotted in Fig. 3. The 

probability of a strong aftershock (with MMDm-1), for different temporal intervals following the 

time elapsed from the mainshock, is plotted in Fig. 4. The parameters shown in table 2 and those 
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 7 

found by Lolli and Gasperini (2003) for a different set of sequences in Friuli Venezia Giulia Italian 

region are comparable. 

Furthermore, we investigated the limits of the previous analysis. Fig. 5 e.g. shows the 

theoretical number of expected earthquakes in a 24-hour-long interval following the time elapsed 

from the mainshock, for magnitude greater or equal to Mm – 3. This is compared with the real 

observed numbers for the four sequences for which MminMm-3. The plot is semi-logarithmic, in 

order to handle zero values. 

While K08 and K04 sequences are close to the curve, the number of real aftershocks is 

smaller for T77 and S02, especially in the first day. This depends mainly on the fluctuations of the 

value of the parameter b of the Gutenberg-Richter equation, from one sequence to the other. In fact, 

the rate of the earthquakes (see equation 5) scales as 
)(

10 cm MMb 
 and, e.g. , for Mm-Mc=3 a 0.3 b 

fluctuation leads to a factor 8 in the earthquakes rate. 

 

4. THE LARGEST AFTERSHOCK  AND THE BÅTH LAW  

The Båth law (Båth 1965) states that the difference in magnitude m between the mainshock 

and the largest aftershock of a sequence is a constant, independent on the mainshock magnitude, 

typically about 1.2. Shcherbakov and Turcotte (2004) analyzed 10 large earthquakes occurred in 

California between 1987 and 2003, with magnitude equal to or greater than 5.5 and found that the 

mean value of m was 1.16 with a standard deviation 0.46. 

Shcherbakov and Turcotte (2004) proposed a modified form of the Bath’s law from an 

extrapolation of the Gutenberg – Richter (G-R) frequency magnitude scaling (equation 1). 

Considering only the magnitude M
*
 of the largest aftershock they obtained from equation (1) the so 

called “modified Båth law”:  

b

A
M *             (11)  

Substitution of equation (11) in (1) gives: 

)()]([log *

10 cmc MmMbMMN          (12) 

where m
*
 = Mm - M

*
. 

Shcherbakov and Turcotte (2004) analyzed also the partitioning of the released seismic 

energy between mainshock and aftershocks and its relation to m
*
. They used the following relation 

between energy and magnitude: 

01010 log)(log EMME            (13) 

where  and E0 are constants and M is the magnitude. In particular they use the moment magnitude 

and set =3/2 and E0=6.3*10^4 J, according to Utsu (2002a). 
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They found the following relation: 

*

10 m

ms

as

b

b

E

E 


 


           (14) 

where Eas is the total radiated energy of the aftershocks, Ems  is the radiated energy of the mainshock 

and b is the constant of the G-R frequency-magnitude scaling. 

We applied the Shcherbakov and Turcotte (2004) method to the sequences here considered. 

The mainshock released seismic energy of K98, K04, S02, C96, C94 has been taken from Bressan 

et al. (2007) and Franceschina (1996). The one of T77 has been taken from Suhadolc (1981). The 

estimate of seismic energy of the other earthquakes have been calculated using the relation between 

the seismic energy and the duration magnitude of Bressan et al. (2007):  

26.294.1log10  DME                σ 52.0)(log10 E                                                             (15) 

The constant  of the equation (13) is therefore, using MD, 1.94. 

We tested the Båth law, the modified Båth law and equation (14) on our data (see Table 3). 

The observed values of m appear to be not consistent with the Båth approximation. The mean and 

the standard deviation of the difference between *m  obtained applying the Båth law (named *

Bm  

in Tab.3) and the observed m values are 0.25 and 0.49, respectively. The values of  magnitude 

difference 
 
obtained with the modified Båth law (equation (12) - named *

MBm  in Tab.3), differ in 

some cases from the observed m. The mean and the standard deviation of the difference between 

*

MBm  and m are -0.02 and 0.24, respectively. On the contrary, the values of magnitude difference
 

obtained applying equation (14) (named *

STm  in Tab.3), that accounts for the partitioning of energy 

between mainshock and aftershocks and for the b value, agree quite well with the observed m 

values. The mean and the standard deviation of the difference between *

STm  and m are -0.06 and 

0.09, respectively. 

 

5. THE PARTITIONING OF ENERGY 

According to Scholz (1990), the aftershocks result from the stress transfer following the 

mainshock and they are considered a secondary process caused by the residual stresses remaining 

after the mainshock rupture. This suggests that the stress released by the mainshock can influence 

the partition of the radiated seismic energy between mainshock and aftershocks. 

Bressan et al. (2007) investigated the stress release mechanism of some of the seismic 

sequences considered in the present paper, by analyzing the earthquake source parameters. They 

found that the best correlated source parameter of the mainshock with the partition of radiated 

seismic energy between mainshock and aftershocks is the Brune stress drop, a source parameter that 
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 9 

measures the stress released. The Brune stress drop of the mainshock appears to increase with the 

ratio (RES) between the seismic energy radiated by the mainshock and the summation of the seismic 

energies radiated by the aftershocks. Fig 6 shows the RES values versus the Brune stress drop for 

some of the sequences here analyzed. The cases shown regard only the Brune stress drop values 

directly estimated by spectral analysis (Bressan et al. 2007, Franceschina 1996). 

It should be noted that RES is just the inverse of the parameter that Shcherbakov and 

Turcotte (2004) consider in their equation 12 (eq. 14 in this paper). To explore this aspect, we 

calculated the ratio RES for the sequences here analyzed. As shown in Table 4, the ratio of the 

radiated energy in mainshock to the radiated energy in aftershocks, is not constant. We rearrange 

the equation (14) in order to obtain a relation between of m
* 

 and RES: 



















 













b

b
R

b

b

E

E
m ES

ms

as






10101010

* log
1

)(log
1

log
1

log
1

               (16) 

where asmsES EER / . In this equation the value of m
*
 depends on two terms: the first accounts 

for the energy ratio RES and the second accounts for b. The first term contribution on the analyzed 

sequences ranges from 0.34 to 1.67. The second term contribution ranges from -0.08 to 0.06. So, 

assuming that the last term can be considered negligible, equation (16) can be written in the 

following form: 

)(log
1

* 10 ESRm


                                       (17) 

Table 4 shows the values of  RES and the magnitude difference evaluated using equation (17) 

(named *

RESm ). The results agree quite well with the observed values of m. The mean and the 

standard deviation of the difference between *

RESm  and m are -0.04 and 0.07, respectively, 

similar to the results obtained with the equation (14) of  Shcherbakov and Turcotte (2004). The 

fraction of the radiated energy of the aftershocks to the total radiated energy varies from 0.05% 

(S02 sequence) to about 16% (M88 sequence), with an average value of about 4%. Fig. 7 shows the 

value of  RES of each sequence as a function of time elapsed from the mainshock. In most cases the 

RES parameter decreases very quickly till the occurrence of the largest aftershock and then becomes 

constant.  

Of course, it would be extremely important to forecast the evolution of the aftershock 

sequences starting from the early hours following the mainshock. We calculated the value of RES of 

each sequence at 6, 12, 24 hours after the occurrence of the mainshock versus the final value of RES 

(REST). The RES values at 24 hours appear less scattered and best related to the final RES (the 

coefficient of determination R
2 

at 6, 12, 24 hours are 0.71, 0.66 and 0.81, respectively). Fig. 8 shows 

the value of RES of each sequence calculated at 24 hours versus the final value of RES (REST). We 
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 10 

recall that at this time, the largest aftershock has already occurred only in the Tar91 sequence.The 

analyzed cases show that the partitioning of radiated seismic energy, already in the early hours after 

the occurrence of the mainshock, is characterized by a trend comparable with that final one. We 

point out that the choice of 24 hours is arbitrary and based on practical convenience. 

In Fig. 9 we plot m as a function of the RES of each sequence calculated 24 hours after the 

main shock - RES(24). The equation obtained by the regression of the data in Fig. 9 is the following: 

1.0))24((4.0 10  ESRLogm                     (18) 

The magnitude difference between the mainshock and the largest aftershock (named *

24RESm ), 

obtained from RES(24) values, is shown in table 4. The mean and the standard deviation of the 

difference between *

24RESm  and the observed ones are 0.02 and 0.22, respectively, similar to those 

calculated by the modified Båth law. 

 

6. CONCLUSIONS 

The eight most relevant sequences occurred from 1977 to 2007 in the Friuli-Venezia Giulia 

region (northeastern Italy) and western Slovenia are analyzed. The aftershock sequences were 

triggered by low-moderate magnitude events, with mainshock MD ranging from 3.7 to 5.6. The 

sequences were essentially characterized by a dominant mainshock followed by smaller magnitude 

aftershocks. Among the aftershocks, one largest event is recognizable. The difference in magnitude 

between the mainshock and the largest aftershock ranges from 0.4 to 1.7. The b-value of the 

Gutenberg-Richter law is found ranging from 0.8 to 1.1. The  p parameter of the modified Omori 

law, that accounts for the aftershock temporal decay, varies from 0.8 to 1.0. 

The Reasenberg and Jones (1989, 1994) forecasting method of the sequences behaviour was 

applied to the sequences analyzed. We calculated the number of expected aftershocks in a 24-hour-

long interval, following the time elapsed from the mainshock, for different magnitude thresholds. 

The probability curves of a strong aftershock, with  MMm-1, for different intervals of time 

following the time elapsed from the mainshock were also elaborated. The results obtained and those 

of Lolli and Gasperini (2003), on a different set of sequences in the same area, are comparable. 

The difference in magnitude between the mainshock and the largest aftershock was 

calculated according to the Shcherbakov and Turcotte (2004) approach. The mean and the standard 

deviation of the difference between *

MBm  obtained with their modified Båth law and m are 0.02 

and 0.24, respectively. The value *

STm obtained with the relation that takes into account the 

partitioning of the radiated seismic energy between mainshock and aftershocks and the Gutenberg-
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Richter parameter b agrees quite well with the observed m. In particular, the mean and the 

standard deviation of the difference between *

STm  and m are -0.06 and 0.09, respectively. 

The partitioning of the radiated seismic energy between mainshock and aftershocks appears 

to play a significant role in the evolution of the sequences. Bressan et al. (2007) defined the 

parameter RES as the ratio between the radiated seismic energy of the mainshock to the summation 

of the seismic energy radiated by the aftershocks. We show that the difference in magnitude 

*

RESm between the mainshock and the largest aftershock, calculated with the parameter RES, agrees 

quite well with the observed  difference m. In particular, the mean and the standard deviation of 

the difference between *

RESm  and m are -0.04 and 0.07, respectively. Following Shcherbakov and 

Turcotte (2004), if we assume that all earthquakes of each sequence have the same seismic 

efficiency (ratio of the radiated seismic energy to the total energy released), then RES is the ratio of 

the total energy released by the mainshock to the total energy released by the aftershocks. In most 

cases, the RES parameter decreases very quickly in time till the occurrence of the largest aftershock 

and then becomes nearly constant. Analyzing the values of  RES during the early hours following the 

mainshock, we obtained a relation between the RES calculated 24 hours after the mainshock and m. 

The mean and the standard deviation of the difference between the values of *

RESm calculated by 

our relation and the observed ones are 0.02 and 0.22, respectively, similar to the ones calculated by 

the modified Båth law. 

 Even if the obtained results seem promising we point out the limits of the investigation. The 

analysis is restricted to 8 aftershock sequences, triggered by low to moderate magnitude events, all 

characterized by the largest aftershock with magnitude lesser than the mainshock. The correlations 

obtained are worth further investigation and at present the results cannot be generalized as a typical 

behavior mainshock-aftershock sequence.  
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FIGURE CAPTIONS 

 

 

Fig. 1: Map of the earthquake sequences: (a) Circles: the 1994 Claut sequence (C94); 

triangles: the 1977 Trasaghis sequence (T77); diamonds: the 1991 Tarcento sequence (Tar91). UD: 

Udine town; PN: Pordenone town; TS: Trieste town. The inset shows the location of the study area. 

Longitude-degrees (horizontal axis), latitude-degrees (vertical axis). (b) Circles: the 1988 Mena 

sequence (M88); triangles: the 1996 Claut sequence (C96); diamonds: the 1998 Kobarid sequence 

(K98). (c) Circles: the M. Sernio sequence (S02); diamonds: the 2004 Kobarid sequence (K04).  

Fig. 2: (a) Sequences radius as a function of the mainshock duration magnitude. (b) The 

duration of the sequences as a function of the mainshock duration magnitude.  

Fig. 3: Number of expected aftershock in the following day as a function of time elapsed 

from  the mainshock, for different magnitude thresholds.  

Fig. 4: Probability of a strong aftershock (with MMm-1) as a function of time after the 

mainshock.  

Fig 5: Number of expected aftershock in the following day as a function of time elapsed 

from  the mainshock, for magnitude greater or equal to Mm – 3, compared with the real observed 

number for the sequences K98, T77, K04 and S02. 

Fig. 6: RES values versus Brune stress drop () for some of the sequences here analyzed. 

The cases shown regard only the Brune stress drop estimates by spectral analysis. 

Fig. 7: RES as a function of time for the analyzed sequences. The black dots indicate the 

occurrence of the largest aftershock of each sequence. 

Fig. 8: Final value of RES (REST) of each sequence as a function of its value after 24 hours 

from the mainshock. 

Fig. 9: m as a function of RES calculated at 24 hours after the occurrence of the mainshock 
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TABLE CAPTIONS 

 

Table 1: Main characteristics of the analyzed sequences. MDm: duration magnitude of the 

mainshock; Lat and Lon: north latitude and east longitude of the main shock (degrees); MDmaft: 

duration magnitude of the strongest aftershock; Errh: average horizontal location error; Naft: total 

number of the aftershocks with magnitude greater or equal to the completeness magnitude. 

Table 2: Parameters of the analyzed sequences: Mmin: completeness magnitude, A and b: 

parameters of the Gutenberg Richter law, K, c (days) and p: parameters of the Utsu’s (1961) 

modified Omori law, a: parameter of the Reasenberg and Jones’s law (1989).  

Table 3: Evaluation of the largest aftershock magnitude using Båth (1965) and Shcherbakov 

and Turcotte (2004) approaches. MDm: duration magnitude of the mainshock; MDmaft: duration 

magnitude of the strongest aftershock; m: observed difference between the duration magnitude of 

the mainshock and of the strongest aftershock; *

Bm : difference according to the Båth law; *

MBm : 

calculated difference using modified Båth law; *

STm  calculated difference using equation (14). 

Table 4: Evaluation of the largest aftershock magnitude using equations based on RES. MDm: 

duration magnitude of the mainshock; MDmaft: duration magnitude of the strongest aftershock; m: 

observed difference between the duration magnitude of the mainshock and of the strongest 

aftershock; *

RESm : calculated difference using the final value of RES; *

24RESm : calculated difference 

using the value of RES after 24 hours. REST: final value of RES. 
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TABLES 

 

 

Seq. MDm Lat Lon Date MDm 

mm/dd/yyyy 
time 

MDm 

MDmaft Date MDmaft 

mm/dd/yyyy 

time 

MDmaft 

Radius 

[km] 

Errh 

[km] 

Duration 

[days] 

Naft 

K98 5.6 46.324 13.678 04/12/1998 10:55 4.6 05/06/1998 02:53 18 1.1 195 471 

T77 5.2 46.268 13.016 09/16/1977 23:48 4.0 09/28/1977 01:43 13 1.2 138 175 

K04 5.1 46.306 13.641 07/12/2004 13:04 3.6 07/14/2004 04:37 10 1.1 138 166 

S02 4.9 46.439 13.107 02/14/2002 03:18 3.2 02/25/2002 10:55 10 0.7 106 29 

C96 4.3 46.312 12.558 04/13/1996 13:00 3.5 04/16/1996 18:06 5 0.6 70 42 

M88 4.1 46.347 13.076 02/01/1988 14:21 3.7 02/04/1988 19:37 4 1.2 63 123 

Tar91 3.8 46.243 13.343 10/05/1991 05:14 3.4 10/05/1991 14:56 4 0.9 54 30 

C94 3.7 46.339 12.538 04/20/1994 21:25 3.1 04/22/1994 03:20 3 0.8 41 15 

 

Table 1 

 

 

 

Seq. Mmin A b K(Mmin) c p a 

K98 2.10.1 5.10.1 1.140.07 383 0.0050.006 0.800.02 -2.40.1 

T77 1.20.2 3.20.1 0.850.08 3010 0.60.8 1.00.1 -1.90.3 

K04  2.00.1 4.40.2 1.10.1 276 0.020.01 1.040.07 -2.00.2 

S02 1.50.2 2.70.3 0.80.2 22 0.000.73 0.80.3 -2.41.0 

C96 1.60.2 3.10.3 0.90.2 4.40.8 0.0000.004 0.960.08 -1.80.3 

M88 1.30.1 3.30.2 0.90.1 187 0.0090.406 0.90.1 -1.30.4 

Tar91  1.60.2 2.80.3 0.80.1 2.10.6 0.000.02 1.00.2 -1.40.3 

C94 1.90.3 3.20.7 1.10.2 36 0.004.06 0.90.7 -1.52.0 

Mean  3.50.8 0.90.1  0.10.2 0.920.09 -1.80.5 

Weighted average  3.70.2 1.00.1  0.010.04 0.90.1 -2.00.2 

 

Table 2 

 

 

 
 

 

Seq. 
MDm MDmaft m *

Bm  
*

MBm  
*

STm  

K98 5.6 4.6 1.0 1.2 1.1 1.0 

T77 5.2 4.0 1.2 1.2 1.4 1.1 

K04 5.1 3.6 1.5 1.2 1.0 1.4 

S02 4.9 3.2 1.7 1.2 1.5 1.6 

C96 4.3 3.5 0.8 1.2 0.9 0.7 

M88 4.1 3.7 0.4 1.2 0.6 0.4 

Tar91 3.8 3.4 0.4 1.2 0.3 0.2 

C94 3.7 3.1 0.6 1.2 0.6 0.7 

 

Table 3 
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Seq. MDm MDmaft m      
*

RESm  
*

24RESm        REST 

K98 5.6 4.6 1.0 0.9 1.1 50.87 

       T77     5.2 4.0 1.2 1.1 1.0 159.89 

K04  5.1 3.6 1.5 1.4 1.3 432.79 

S02 4.9 3.2 1.7 1.7 1.6 1745.42 

C96 4.3 3.5 0.8 0.8 1.0 31.14 

M88 4.1 3.7 0.4 0.4 0.7 5.289 

Tar91  3.8 3.4 0.4 0.3 0.2 4.62 

C94 3.7 3.1 0.6 0.7 0.9 21.23 

 

Table 4 
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FIGURES 
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(b) 
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(c) 

Fig. 1 
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(a) 

 

(b) 

Fig. 2 
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Fig. 3 

 
Fig. 4 
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Fig. 5 

 
Fig. 6 
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Fig. 7 

 

 
 

Fig. 8 
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Fig. 9 
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