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ABSTRACT We analyze the aftershock sequences caused by the 2002 MD 4.9 and the 2004 MD

5.1 mainshocks, occurred in the Friuli area and western Slovenia, with two
different approaches. The Coulomb stress changes induced by the mainshocks were
calculated to explore the interaction with the aftershock patterns. The aftershock
decay is investigated analyzing the temporal behaviour of cumulative seismic
moment released, derived from a static fatigue model. The Coulomb stress changes,
calculated on the receiver fault of the largest aftershock, show that the aftershock
sequences are mostly located in a stress shadow zone. The modelling of Coulomb
stress variations, that incorporates the regional stress field, fits better the
aftershock pattern. The lack of correlation between the Coulomb stress
perturbations and part of the aftershocks is attributed to stress heterogeneities not
accounted in the model. The decay rate of the seimic moment release is different in
the 2002 and 2004 sequences. According to this model, the distribution of stress in
the aftershock volume appears more uniform in the 2004 sequence. Stress
fluctuations induced by the mechanical heterogeneities of the medium is suggested
by the static fatigue modelling, particularly for the 2002 sequence. 
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1. Introduction

The aftershocks of an earthquake are commonly interpreted as a process of relaxing stress
concentration caused by the rupture of the mainshock. The understanding of the mechanism
of aftershock sequences has been the goal of several investigations because of its strong
implications for earthquake nucleation and the physical properties of a fault zone. Dieterich
(1994) derived a model where the aftershock nucleations are promoted by a shear stress step
induced by the dynamics of the mainshock, with the rate of earthquake occurrence related to
the stressing rate. In this model, the aftershock occurrence depends on the amplitude of the
stress jump, the rate and slip dependence of friction strength and the effective normal stress
of the faults, and the background seismicity rate. The modelling of the Coulomb stress
changes induced by a mainshock has been widely used in recent years to investigate the stress
transfer and earthquake triggering. Several studies have pointed out the correlation between
the pattern of aftershocks and the zone of increased Coulomb stress changes (King et al.,
1994; Nostro et al., 1997; Miller et al., 2004, and many others). In particular, Lin and Stein
(2004) explored the main aspects of Coulomb stress transfer associated with thrust events. A
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recent development of the method was performed by Toda et al. (2005), who calculated
successive stress changes associated with multiple mainshocks, coupling the static stress
changes to rate and state friction model of Dieterich (1994). Scholz (1990) considered
aftershocks to be a secondary process induced by the dynamic rupture effect of the
mainshock. Scholz (1990) interpreted the aftershocks as a delayed fracturing process caused
by static fatigue. The static fatigue implies a time-dependent weakening following the
mainshock stress change. Aftershocks occur on asperities that experience high stress induced
by the mainshock and gradual weakening until they fail. 

In this paper, we calculate the Coulomb stress perturbations caused by the 2002 MD 4.9
Mount Sernio mainshock and the 2004 MD 5.1 Kobarid mainshock to examine the relation
with the aftershock patterns. MD is the coda-duration magnitude, calculated according to
Rebez and Renner (1991). Furthermore, the cumulative seismic moment released in the
aftershock sequences is analyzed with the model of Marcellini (1995a), based on a static
fatigue approach. 

2. The seismic sequences

The 2002 Mount Sernio sequence (Fig. 1) is relocated with the tomographic velocity
model of Gentile et al. (2000). The sequence occurred in the central part of the Friuli area
(north-eastern Italy), starting on February 14 with the MD 4.9 mainshock and lasted till the
end of May (Gentili and Bressan, 2008). The tectonic pattern of the area is mainly
characterized by E-W trending thrusts and backthrusts, displaced by minor vertical faults
NNW-SSE and NNE-SSW oriented. The mainshock is located at 13.5 km depth. The
aftershocks retained after the magnitude cut-off for catalogue completeness (MD 1.5) are
about 30, located between 3 and 15 km depth. The p-value of the Omori’s regression is 0.80
(Gentili and Bressan, 2008). The mainshock is characterized by a focal mechanism of
prevailing thrusting with small strike-slip component. It is related to a thrust striking about E-W
and dipping about 40° to the north. The focal mechanism of the largest aftershock (MD 3.2)
shows thrust motion that is attributed to a minor reverse fault, WNW-ESE oriented and
dipping 60° to NNE. 

The 2004 Kobarid sequence (Fig. 2) started on July 12 with a mainshock of MD 5.1. The
sequence occurred in western Slovenia, near the Italian border and is relocated with the
tomographic velocity model of Bressan et al. (2009). The earthquakes are located along the
Ravne fault (Kastelic et al., 2008), a near vertical dextral strike-slip fault, about NW-SE
oriented. The pattern of the tomographic images of Bressan et al. (2009) suggests that the
Ravne fault zone is characterized by branching and bending. The number of aftershocks
retained for the completeness of the catalogue (MD 2.0) is 166, in a time window of 138 days,
till the end of November 2004 (Gentili and Bressan, 2008). The mainshock is located at about
6 km depth and the aftershocks appear clustered in space and located mainly between 4 and 6
km depth. The temporal decay of the aftershocks is expressed by p-value 1.04 of the Omori’s
regression (Gentili and Bressan, 2008). The fault plane solutions of the mainshock and of the
largest aftershock (MD 3.6) show strike-slip mechanism related to dextral strike-slip motion
along the Ravne fault (Bressan et al., 2009). 
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3. Static stress changes

The static stress changes are calculated using Okada’s (1992) equations for dislocations on
rectangular planes embedded in a homogeneous and isotropic half-space (King et al., 1994; Stein
et al., 1994).

The static stress changes are expressed as changes in the Coulomb failure function ΔCFF,
defined as:

(1)

where Δτ is the shear stress change in the direction of fault slip, μ is the friction coefficient, Δσn

  
Δ Δ Δ ΔCFF Pn= + +τ μ σ( )

Fig. 1 - Map of the 2002 Mount Sernio sequence (diamonds), with the focal mechanisms of the mainshock (larger size)
and of the largest aftershock. The coda-duration magnitude is shown in parentheses. Solid and dashed lines: subvertical
faults, barbed lines: thrust. Dots mark national boundaries. The main toponyms are also shown.
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is the change in normal stress (positive for extension) and ΔP is the change in pore pressure.
The change ΔP in pore pressure is given, under undrained conditions, as:

(2)

where B is the Skempton’s coefficient of the rock-fluid mixture and Δσkk is the volumetric
stress change. The Skempton’s coefficient theoretically ranges from 0 to 1, depending on the
level of fluid saturation (Roeloffs, 1988). The volumetric stress change can be approximated 

as , assuming that fault zone materials (Rice, 1992; Harris, 1998) are more ductile

than the surrounding rocks. Therefore Eq. (1) may be rewritten as:

(3)

where μ'=μ(1−Β) is the effective coefficient of friction. Positive values of static stress changes
encourage failure while negative ones move a fault away from failure.

In the present study we investigate the relation between the aftershock pattern and the static
stress changes caused by the 2002 MD 4.9 Mount Sernio and the 2004 MD 5.1 Kobarid
mainshocks. In both cases, the static stress changes are calculated with Poisson’s ratio 0.25, shear
modulus 3.2·104 MPa, assuming coefficient of friction 0.8 and Skempton’s coefficient 0.47. The
fault dimensions are derived from the relationships of Wells and Coppersmith (1994). 

Firstly, we analyze the Coulomb stress variations induced by the 2002 February 14 event,
which occurred in the Friuli area with MD 4.9. The 2002 main rupture is approximated by a thrust
rectangular fault with dimensions 1.4 km·1.5 km, with strike 278°, dip 42° and rake 118°, as
resulting from the focal mechanism. The top and the bottom of the main fault are placed at 13.0
and 14.0 km, respectively. The seismic moment is 1.27·1016 Nm (Saraò, 2006). Fig. 3 shows the
Coulomb stress changes caused by the 2002 mainshock on the thrust plane of the largest
aftershock (MD 3.2), on a horizontal map at 13.5 km depth and on a vertical cross section
perpendicular to the fault plane. The receiver fault is striking 294°, dipping 60° with rake 104°.
The minor number of aftershocks (about 40%) is located in the area of increased static stress
change. Figs. 4 and 5 show the separate contribution of shear and normal stress changes,
respectively. Most of the aftershocks fall in the area of decreased shear stress changes (stress
shadow zone) while the opposite is true with normal stress changes, where about 60% of the
aftershocks occurs in the area of increased normal stress. Furthermore, we include in the
calculation of static stress changes the effect of regional stress field, that in this area is
characterized by a thrusting regime (Bressan et al., 2003), with maximum principal stress striking
359° and plunging 6°, intermediate principal stress 95° oriented with plunge 44° and minimum
principal stress with azimuth 263° and plunge 45°. The magnitude of the regional stress field is
assumed to be 15 bars (Perniola et al., 2004). According to King et al. (1994), the optimally
oriented planes where aftershocks are expected to occur are determined by the total stress tensor
given by the co-seismic stress change of the mainshock and by the regional stress. The optimally
oriented planes for failure are those where the total stress tensor is maximized.

The pattern of the Coulomb stress changes caused by the 2002 mainshock is slightly altered

  
Δ Δ ΔCFF n= + ′τ μ σ( )
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when including the effect of the regional stress field. About 50% of the aftershocks fall in the area

of increased static stress change (Fig. 6). The same percentage results when considering the

separate contribution of shear stress changes (Fig. 7). The percentage of the aftershocks located

in the positive normal stress change region is about 65% (Fig. 8).

The static stress changes generated by the 2004 July 12 event, occurred in the western

Slovenia with MD 5.1, are then modelled. The rupture geometry of the mainshock consists of

right-lateral strike-slip rectangular fault, 3.3 km long and 3.2 km wide, with strike 312°, dip 66°

and rake -153°, as resulting from focal mechanism. The top and the bottom of the main fault are

placed at 3.8 and 7 km, respectively. The seismic moment is 4.5·1016 Nm (Saraò, 2006). The

Coulomb stress variations induced by the 2004 mainshock were calculated on the target fault of

Fig. 2 - Map of the 2004 Kobarid sequence (diamonds), with the focal mechanisms of the mainshock (larger size) and
of the largest aftershock. The coda-duration magnitude is shown in parentheses. The main toponyms are also shown.
Other symbols as in Fig. 1.
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Fig. 3 - Coulomb stress changes (in bar) caused by the 2002 Mount Sernio mainshock (yellow star) resolved on the
fault plane of the largest aftershock (green star). Map view at 13.5 km depth and vertical cross section perpendicular
to the fault strike of the largest aftershock. The 2002 aftershocks are marked by diamonds. Solid white lines indicate
the surface projection of the main shock fault. Other symbols are as in Fig. 1. 

Distance (km)
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Fig. 4 - Shear stress changes (in bar) caused by the 2002 Mount Sernio mainshock resolved on the fault plane of the
largest aftershock. Map orientations and symbols are as in Figs. 1 and 3. 

Distance (km)
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Fig. 5 - Normal stress changes (in bar) caused by the 2002 Mount Sernio mainshock resolved on the fault plane of the
largest aftershock. Map orientations and symbols are as in Figs. 1 and 3.

Distance (km)
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Fig. 6 - Coulomb stress changes (in bar) caused by the 2002 Mount Sernio mainshock, taking into account the regional
stress field. Map orientations and symbols are as in Figs. 1 and 3. 

Distance (km)
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Fig. 7 - Shear stress changes caused (in bar) by the 2002 Mount Sernio mainshock, taking into account the regional
stress field. Map orientations and symbols are as in Figs. 1 and 3. 

Distance (km)
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Fig. 8 - Normal stress changes (in bar) caused by the 2002 Mount Sernio mainshock, taking into account the regional
stress field. Map orientations and symbols are as in Figs. 1 and. 3. 

Distance (km)
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the largest aftershock (MD 3.6), striking 298°, with dip 84° and rake 137°. The results are shown
on a horizontal map at 5 km depth and on a vertical cross section perpendicular to the fault plane
(Fig. 9). The static stress changes decrease in the area where most of the aftershocks are located.
The separate contribution of shear and normal stress changes are shown in Figs. 10 and 11,
respectively. Most of the aftershocks are located in the area of negative shear stress changes.
About 30% of the earthquakes occurs in the area associated to positive normal stress changes.
Afterwards, we include the regional stress field in the calculation of the static stress changes. The
regional stress field acting in this area (Bressan et al., 2003) is characterized by a strike-slip
regime with maximum principal stress striking 351° and plunging 4°, intermediate principal
stress 240° oriented with plunge 78° and minimum principal stress with azimuth 82° and plunge
11°. The amplitude of the regional stress field is assumed to be 15 bars (Perniola et al., 2004).
Aftershock occurrence tends to concentrate (about 75%) in the areas of increased static stress
changes (Fig. 12) and of shear stress changes (Fig. 13). A minor percentage (38%) fall in the
positive normal stress changes area (Fig. 14).

4. Aftershock temporal behaviour

The aftershock temporal behaviour is investigated according to the Marcellini’s (1995a,
1995b, 1997) model, based on the experimental static fatigue relation of Zhurkov (1965):

(4) 

where S(ti) is the cumulative stress drop of the sequence events, dσ is the dynamic stress step of
the mainshock at the origin time t0, R the universal gas constant, T the absolute temperature, ti the
time after the mainshock of the i-th aftershock and γ a constant, related to the molecular structure
disorientation caused by the applied stress (Zhurkov, 1965), t0 is set 1 arbitrarily.

The model is based on the following stress conditions. When mainshock occurs, the stress in
the focal volume is given by the sum of the static stress just before the event and the dynamic
stress step caused by the dynamic rupture effect. The dynamic stress step causes a steady increase
of the stress intensity factor on unbroken asperities on the main fault plane and on its
surroundings. The crack grows quasi-statically up to failure on the asperities, with a time delay
depending on the initial value of the stress intensity factor. According to this model, aftershocks
are delayed fractures that occur with a time depending on the initial stress applied. Aftershock i
occurs at time ti with stress drop Δσi, followed by another aftershock at time ti+Δti and so on, until
the stress concentration is relaxed. As pointed out by Scholz (1972), rocks and generally brittle
materials are characterized by strength which is time dependent. Scholz (1990) interpreted the
aftershock sequences as a delayed fracturing process caused by static fatigue. The dynamic step
induced by the mainshock may load the neighbouring zones to stresses much higher than their
long-term strength. These zones will fail by static fatigue process with delay time depending on
the induced stress level. 

Taking the relation M0=ΔσV (Madariaga, 1979), where M0 is the seismic moment, Δσ the
stress drop and V the focal volume, Eq. (4) becomes:

  
S t d

RT
t ti i( ) ln /= + ⋅σ

γ 0
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Fig. 9 - Coulomb stress changes (in bar) caused by the 2004 Kobarid mainshock (yellow star) resolved on the fault
plane of the largest aftershock (green star). Map view at 5 km depth and vertical cross section perpendicular to the fault
strike of the largest aftershock. The 2004 aftershocks are marked by diamonds. Solid white lines indicate the surface
projection of the main shock fault. Other symbols are as in Fig. 2. 

Distance (km)
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Fig. 10 - Shear stress changes (in bar) caused by the 2004 Kobarid mainshock resolved on the fault plane of the largest
aftershock. Map orientations and symbols are as in Figs. 9 and 2. 

Distance (km)
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Fig. 11 - Normal stress changes (in bar) caused by the 2004 Kobarid mainshock resolved on the fault plane of the
largest aftershock. Map orientations and symbols are as in Figs. 9 and 2.

Distance (km)
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Fig. 12 - Coulomb stress changes (in bar) caused by the 2004 Kobarid mainshock, taking into account the regional
stress field. Map orientations and symbols are as in Figs. 9 and 2. 

Distance (km)



17

The 2002 Mount Sernio and the 2004 Kobarid seismic sequences  Boll. Geof. Teor. Appl., 53, 000-000

Fig. 13 - Shear stress changes (in bar) caused by the 2004 Kobarid mainshock, taking into account the regional stress
field. Map orientations and symbols are as in Figs. 9 and 2.

Distance (km)
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Fig. 14 - Normal stress changes (in bar) caused by the 2004 Kobarid mainshock, taking into account the regional stress
field. Map orientations and symbols are as in Figs. 9 and 2.

Distance (km)
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(5)

where

(6)

Vi cumulative focal volume, V0 focal volume of mainshock, Vj focal volume of the j-th aftershock,
M0m seismic moment of the mainshock and M0j seismic moment of the j-th aftershock.

The smallest magnitude chosen for the catalogue completeness is 1.5 for the 2002 Mount
Sernio sequence and 2.0 for the 2004 Kobarid sequence. The earthquakes selected for the
completeness of the catalogue are 37 for the 2002 sequence (time window 2374 hours) and 167
for the 2004 sequence (time window 3294 hours).

Figs. 15 and 16 show the 2002 and 2004 sequences, respectively, modelled with Eq. (5) using
a least square regression and the correlation coefficient r. Seismic moments are obtained from
MD using the following relation (Franceschina et al., 2006):

(7) 

5. Discussion

The aftershock sequences have been investigated following two different approaches. The
static stress changes modelling is based on the Coulomb criterion for shear failure, which
considers the strength of the materials. The time behaviour of cumulative seismic moment
released during the sequence is derived from a model based on the static fatigue process or
delayed brittle fracture. It should be noted that a positive increase in Coulomb stress changes of
an earthquake represents a required condition, but not sufficient for triggering another
earthquake. This condition means that the fault of the second earthquake is close to the failure
state and can be triggered by a positive increase in Coulomb failure function induced by the
previous earthquake. The static fatigue model implies that the strength of brittle materials is time
dependent. With this model the aftershocks occur on the asperities in and around the mainshock
fault that fail after an elapsed time proportional to the stress intensity factor.

The modelling of the Coulomb stress variations of the 2002 Mount Sernio (Figs. 3, 4 and 5)
mainshock, calculated on the receiver fault of the largest aftershock, shows that only the positive
normal stress changes provide the best correlation with the spatial pattern of many aftershocks.
We emphasize that the Coulomb stress variations are calculated with a smooth slip model of the
fault, that produces a zone of stress decrease (stress shadow) on the fault plane. According to Lin
and Stein (2004), the size of the stress shadow zone related to a thrust earthquake is influenced
by the ratio length/width of the fault. As still further pointed out by Lin and Stein (2004), the
aftershocks of a thrust fault appear sensitive to normal stress changes. Positive normal stress
changes mean a decrease in normal stress, or extension, corresponding to an unclamping effect.
The decrease in normal stress can be effective as an increase in shear stress in promoting failure.

  
log . . .M M D0 8 83 1 46= +

  
a V d b V RT V V Vi i i j

j

i

= = = +
=

∑σ γ, / , 0
1

  
M M a b tm j

j

i

i0 0
1

+ = + ⋅
=

∑ ln
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Laboratory experiments of Linker and Dieterich (1992) demonstrated that relatively small
reduction in normal stress causes changes in shear strength and, therefore, in the resistance to
sliding. The decrease of normal stress on a fault plane causes a reduction of the fault friction and
consequently a reduction in the resistance to sliding.

The modelling of the Coulomb stress variations (Figs. 9, 10 and 11) of the 2004 Kobarid
mainshock, calculated on the receiver fault of the largest aftershock, is not sufficient to forecast
the spatial pattern of the aftershocks. Most of the earthquakes are located in a stress shadow zone.

The effect of the regional stress field, included in the calculation of Coulomb stress changes,
leads to better results for the analyzed sequences. In the case of the 2002 sequence, the patterns
of Coulomb stress changes (Fig. 6) and the separate contributions of shear (Fig. 7) and normal
(Fig. 8) stress changes are slightly altered, little improving the correlation between the aftershock
locations and the areas of positive Coulomb stress variations. About 50 % of the aftershocks are
located in the positive Coulomb and shear stress change areas. The positive normal stress changes
provide again the best correlation with the largest percentage of earthquakes (65%). 

The pattern of the Coulomb variations of the 2004 Kobarid mainshock changes significantly
when the effect of the regional stress field is considered and a positive correlation is found
between the Coulomb (Fig. 12) and the shear (Fig. 13) stress variations and the location of most
aftershocks (about 75%). The positive normal stress changes region (Fig. 14) are again associated

Fig. 15 - Fit (dashed line) of Marcellini’s (1995a, 1995b) aftershock model to the 2002 Mount Sernio sequence
(diamonds). The cumulative seismic moment is expressed in Nm. The parameters a and b, with standard deviation,
obtained by regressing Eq. (5) and the correlation coefficient r are shown.
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to a minor percentage of earthquakes (about 38%).
We remind that the model (King et al., 1994) is more sensitive to the orientation of regional

stress than the regional stress amplitude and the coefficient of effective friction. The modelling
that incorporates the regional stress field produced Coulomb and shear stress changes that well
correlate with the spatial aftershock distribution of the 2004 Kobarid sequence. The contribution
of the regional stress field has slightly changed the pattern of the Coulomb stress variations of
the  Mount Sernio 2002 sequence. The off-fault aftershocks appear mainly located in the
Coulomb stress increase areas. The smooth slip modelling of the rupture plane predicts in any
case a stress shadow on the thrust main fault where some aftershocks are located. As emphasized
by Cocco et al. (2000), this represents a lack of the model in predicting Coulomb stress
interaction for events close in space and time. This aspect can be explained by different factors. 

The nucleation of aftershocks close to the rupture plane is probably conditioned by stress
heterogeneities on the fault plane caused by small-scale discontinuities not represented by smooth
slip models of the Coulomb failure function (Lin and Stein, 2004). 

Helmstetter and Shaw (2006) showed that Coulomb stress change heterogeneity modifies the
temporal evolution of the seismicity rate, compared to a uniform stress change. Hu et al. (2009)
demonstrated that crustal heterogeneities can significantly affect the static stress changes after a

Fig. 16 - Fit (dashed line) of Marcellini’s (1995a, 1995b) aftershock model to the 2004 Kobarid sequence (diamonds).
The cumulative seismic moment is expressed in Nm. The parameters a and b, with standard deviation, obtained by
regressing Eq. (5) and the correlation coefficient r are shown.
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mainshock and, therefore, the earthquake triggering. 
Smith and Dieterich (2010) presented a model of aftershock sequences that integrates 3D

Coulomb static stress changes, rate-state seismicity equations, slip on geometrically complex
faults and spatially heterogeneous fault plane/slip directions. The simulation resulted appropriate
to explain the activation of aftershocks in traditional stress shadow regions predicted by the
Coulomb static stress change analysis. In this model, the aftershock triggering is mostly
controlled by the spatially heterogeneous initial crustal stress and the slip on geometrically
complex faults.

Finally, we emphasize that the aftershock pattern can be strongly influenced by the coupling
of fluid flow and elastic deformation. The mainshock alters the state of stress in the volume
surrounding the fault zone, causing a time-dependent adjustment of local pore pressure and
consequent time dependent effects on the stress variations. Miller et al. (2004) proposed that the
aftershocks of the 1997 Umbria-Marche (Italy) sequence may be driven by a high-pressure pulse
generated from the coseismic release of trapped high-pressure carbon dioxide. The high pressure
pulse propagated into the damaged zone generated by the mainshock and triggered the
aftershocks by lowering the effective normal stress. Bosl and Nur (2002) claimed that the
temporal pattern of the aftershocks is related to the time dependent process of fluid flow. After
an earthquake, pore fluids flow from regions of high pressure to regions of low pressure. The
permeability of the rocks influences the rate of relaxation and the flow paths. The role played by
pore fluid diffusion in the pattern of Coulomb stress changes generated by a mainshock can be
complex. Piombo et al. (2005) demonstrated that the Coulomb stress changes caused by a shear
dislocation may be initially negative in some zones, but become positive as pore fluids are
redistributed and there are also regions where the Coulomb stress changes vary from positive to
negative. They concluded that all these aspects cannot be evaluated by the static stress changes
analysis.

Different features characterize the temporal behaviour of cumulative seismic moment released
in the 2002 and 2004 aftershock sequences. The least-squares regression analysis exhibits
different value of r. The 2002 sequence is characterized by evident steps in the cumulative
seismic moment release (Fig. 15). The released seismic moment with time of the 2004 sequence
(Fig. 16) is quite well modelled by Eq. (5), even if some minor steps in the cumulative seismic
moment are recognizable. Figs. 15 and 16 evidence that many aftershocks occur in the hours
immediately following the mainshock. The asperities located in the neighbourhood of the
mainshock fault undergo to large stress close to the stress state of the mainshock and, therefore,
break in a short time. We recall that the stress at the origin time of the mainshock is given by the
sum of static stress (fracture stress) just before the event and the stress contribution induced by
the dynamic rupture of the mainshock (Marcellini, 1995a). The relation between the cumulative
seismic moment and the elapsing time after the mainshock is based on the uniformity statement
of the mainshock stress change. More is the ratio between static stress and dynamic stress step,
the more uniform is the mainshock stress change (Marcellini, 1997). Therefore, the quality of the
fit is an indicator of the distribution of stress in the volume surrounding the mainshock. The
better the fit is, the more the distribution of stress on the asperities is uniform. Departures from
the fit suggest stress concentrations or not uniform conditions of stress as expected by the static
fatigue model. Such behaviour was explained by Scholz (1972) in static fatigue experiments



23

The 2002 Mount Sernio and the 2004 Kobarid seismic sequences  Boll. Geof. Teor. Appl., 53, 000-000

because of fluctuations in the strength of rocks. According to Scholz (1968), the brittle fracture
of rock is a cumulative process involving a complex evolution of small scale fracturing which
leads to overall fracture. This behaviour is caused by the mechanical heterogeneities of the
medium which produces fluctuations in the stress field. Sharp variations in the mechanical
properties can produce sharp changes in the aftershock time sequence. Following these
considerations, the 2002 sequence is affected by higher stress heterogeneity.

We remind that the spatial variations of the stress induced by the mainshock are not considered
in the static fatigue model (Marcellini, 1997).

6. Conclusions

The aftershock sequences triggered by the 2002 MD 4.9 and the 2004 MD 5.1 mainshocks have
been analyzed with the methods based on Coulomb stress changes modelling and on a static
fatigue approach. The Coulomb stress changes, calculated on the receiver fault of the largest
aftershock, show that most of the aftershock sequences is located in a stress shadow zone. The
normal stress changes of the 2002 sequence provide the best correlation with the aftershock
pattern, attributable to a mechanism of unclamping. The contribution of the regional stress in the
2002 sequence slightly improves the correlation between the positive Coulomb and shear stress
change areas and the aftershock pattern. The regional stress field modifies significantly the
pattern of the Coulomb stress variation induced by the 2004 mainshock, providing a good
correlation between the positive Coulomb and the shear stress changes, and the location of the
aftershocks. Generally, the models that incorporate the regional stress field fit better the spatial
patterns of the aftershocks. Therefore, the patterns of the Coulomb stress field and of the
aftershocks appear to be controlled by the orientation of the regional stress. However, the results
obtained show that solely accounting for regional stress is not sufficient to fit completely the
aftershock pattern.

This aspect can be attributed to some factors not accounted in the model of Coulomb static
stress interactions:

- heterogeneity of the stress changes;
- mechanical heterogeneity in the crustal volume considered;
- time dependent effects caused by pore pressure relaxation.
Stress fluctuations induced by the mechanical heterogeneities of medium is suggested by the

static fatigue modelling, particularly for the 2002 sequence. The cumulative seismic moment
release versus time evidences different behaviour between the 2002 and the 2004 sequences. The
2004 sequence appears better modelled than the 2002 sequence. The results evidence that the
distribution of stress of the 2004 sequence is more uniform than the 2002 sequence. The model
is based on the uniformity statement of the mainshock stress change. The static fatigue model
implies that the fit of the log-linear relation of seismic moment release with time is related to the
distribution of stress in the volume surrounding the mainshock fault. Departures from the fit are
related to stress concentrations, caused in the static fatigue process by the mechanical
heterogeneities of the medium. According to this model, the 2002 sequence is affected by stress
heterogeneity.
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