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ABSTRACT The central Apennines host several normal active faults, which are distributed along the 
Central Apennine Fault System (CAFS), known for generating dozens of earthquakes, of 
moderate to high magnitudes, in the last thousand years. The latest events caused by 
this system occurred in the epicentral area of Colfiorito in 1997 (MW 6.0), L’Aquila in 2009 
(MW 6.2), and at the border between the Marche, Umbria, and Lazio regions in 2016 
(MW 6.6), this latter a catastrophic event with hundreds of victims and extensive damages. 
Thereafter, significant interest arose in the study of fault behaviour in the axial zone of 
the central Apennines. This work proposes a new methodological approach to studying 
fault interaction within the framework of the CAFS seismic cycle, modelling faults with a 
more complex geometry characterised by an elliptical outline, which better describes the 
actual shape of a fault at depth. All the destructive earthquakes (MW > 6.0) that occurred 
in the last thousand years were taken into account, and the static stress between the 
causative fault and adjacent one was calculated. The results demonstrate how the 
newly modelled faults critically affect Coulomb stress transfer compared to planar and 
rectangular fault modelling usually adopted by previous authors.

Key words: active normal faults interaction, Coulomb stress transfer, fault modelling, seismic cycle, 
 Central Apennines Fault System.
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1. Introduction

The Central Apennines Fault System [CAFS in Cello et al. (1997)] is composed of several 
active normal to oblique faults that have caused several destructive earthquakes during the last 
millennium. According to seismic catalogues [CPTI15: Rovida et al. (2022)], 15 seismic events 
with 5.8 ≤ MW ≤ 7.0 in central Italy (since 1279) can be associated with CAFS-related structures. 
Seismicity appears to be concentrated in three distinct time windows: in the 12th-13th 
centuries, in the 17th-18th centuries, and between the end of the 20th century to the present 
day. The most recent seismic events struck the axial zone of the central Apennine fold-thrust belt 
between 1979 (the MW 5.8 Valnerina sequence) and 2016-2017 [the MW 6.5 Amatrice-Norcia-
Visso sequence: Chiaraluce et al. (2017)]. They also involved the northern area of the CAFS and 
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its southern border [1997, the MW 6.0 Colfiorito-Sellano and 2009, MW 6.2 L’Aquila sequences, 
respectively: Amato et al. (1998), Cello et al. (1998), Tondi (2000), Vittori et al. (2000), Chiarabba 
et al. (2009), Chiaraluce et al. (2011), Pantosti and Boncio (2012), Vannoli et al. (2012), and 
references therein], causing severe damage and hundreds of casualties, and thus prompting 
greater interest in the study of the seismic behaviour of these seismogenic structures.

The Apennines host the CAFS in their central portion, extending 100 km in a NW-SE direction, 
and 50 km from west to east. In this system, several segmented surface expressions of seismogenic 
sources outcrop, and have been precisely mapped (Barchi et al., 2000; Galadini and Galli, 2000; 
Tondi, 2000; Tondi et al., 2020). Furthermore, numerous paleoseimological analyses (Galli et 
al., 2008, 2022a, 2022b; Galli, 2020), conducted on trenches along faults, have provided useful 
information on their past activity.

Today, one of the main research objectives in the field of earthquake geology is to understand 
the mechanisms that influence recurrence intervals. By studying the interaction between 
neighbouring faults, it is possible to estimate which fault is the most prone to slip. Although 
several factors can influence fault activity, such as fluid circulation, climate-controlled changes in 
surface loads or elastic strain energy accumulation (Hetzel and Hampel, 2005; Oskin et al., 2008; 
Brodsky and van der Elst, 2014; Gold et al., 2017; Wedmore et al., 2017), static and dynamic 
stress transfers play a crucial role in triggering fault ruptures. In particular, the rapid propagation 
of seismic waves produces short-term changes in dynamic stress, whereas static stress transfer is 
a permanent variation of the stress condition in the crust around a causative fault, also affecting 
faults far from the source (Gomberg and Johnson, 2005; Velasco et al., 2008; Toda et al., 2012). 
Since we are investigating stress transfer over an entire millennium, static Coulomb stress 
transfer (CST) within the CAFS is of primary importance.

In this study, we reconstructed the CAFS seismic cycle (Tondi and Cello, 2003) by considering 
the three time windows of seismicity over the last millennium, and investigated the role of CST 
in promoting or inhibiting the ruptures of neighbouring faults (Fig. 1b). Furthermore, considering 
the importance of fault geometry in influencing the result, we propose a new strike-variable and 
ellipse-shaped 3D model as input for the CST simulations.

1.1. The Central Apennine Fault System (CAFS)

The Italian central Apennines are dissected by several NW–SE-trending normal-to-oblique 
faults developed coherently with the current extensional regional stress field. Since the Late 
Quaternary, the central Apennines have been subject to a NE–SW-oriented minimum horizontal 
compressive stress producing large sub-parallel extensional faults that, in some cases, overlaid 
on older compressive structures inverting the kinematic consistency with the formation of the 
fold-thrust belt (Cello et al., 1997). This structural framework accounts for surface evidence of 
normal faulting along a very large area, extending from Colfiorito (the CAFS northern edge) to 
L’Aquila, usually bordering the eastern side of tectonic basins infilled by Pleistocene to Holocene 
deposits. The slickensides, outcropping in almost the entire CAFS, show signs of recent fault 
activity, often by displaying kinematic indicators consistent with the current stress field. 
According to the empirical relationship between length and magnitude proposed by Galli et al. 
(2008), the expected magnitude of the CAFS faults varies within a range from MW 5.7 to MW 7.0. 
The surface length of the faults ranges from a few kilometres up to 44 km [e.g. the Gran Sasso 
fault: Galli et al. (2022a)], with an average dip angle of approximately 57°. In recent decades, the 
CAFS has been extensively studied by several authors, and the fault scarps have been mapped in 
detail, thus providing valuable data for seismic hazard assessment. For the purpose of modelling, 
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Fig. 1 - a) Map of the 15 seismic events with 5.8 ≤ MW ≤ 7.0 in the CAFS area since 1279. Main active fault traces on 
the topographic surface are also shown in red (CFFn - Colfiorito North fault; CFFs - Colfiorito South fault; MVF - Mount 
Vettore fault; NF - Norcia fault; CF - Cascia fault; CMF - Campotosto fault; GSF - Gran Sasso fault; PZF - Pizzoli fault; PF - 
Paganica fault; PTF - Pettino fault) (Tondi, 2000; Galderisi and Galli, 2020; Tondi et al., 2020; Galli et al., 2022a, 2022b; 
and references therein). b) CAFS cumulative seismic moment (dyne/cm) as a function of time. Dashed lines show 
the hypothetical course of the seismic cycle if the system had been: i) energy-predictable and ii) time-predictable 
(Shimazaki and Nakata, 1980; Tondi and Cello, 2003).
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only the main fault traces associated to the studied seismogenic sources have been considered 
in this work, although the superficial expression of these deep seismogenic structures may be 
represented by multiple surface ruptures. These structures generated several large earthquakes 
over the last thousand years, as recorded by the Italian historical catalogues, which are among 
the most complete and furthest back-in-time seismic compilations worldwide. Historical data, 
supported by hundreds of paleoseismological surveys, enabled acquiring a large amount of 
reliable data on the recent activity of the CAFS.

2. Methods

2.1. Seismic data and causative faults

In this study, a total of 15 earthquakes have been considered, and their parameters summarised 
in Table 1. Specifically, nine historical earthquakes [CPTI15 seismic catalogue (Rovida et al., 
2022)] and six instrumental ones (ISIDe Working Group, 2007; https://doi.org/10.13127/ISIDE), 
with MW ≥ 6.0 and MW ≥ 5.8, respectively, have been selected. Different magnitude thresholds for 
historical and instrumentals data sets were adopted to overcome the probable overestimation 
of the estimated magnitude for historical events (Vannucci et al., 2021 and references therein). 
Once all the historical earthquakes were selected based on magnitude, an additional strategy 
was adopted to overcome the overestimation issue: the catalogues provide an error for each 
magnitude, and for calculation purposes, the error was subtracted from the magnitude indicated 
in the catalogue. For the 1349 seismic event, the data in the catalogue have been replaced 
with the recent revision by Galli et al. (2022a), who identified the source of this devastating 
earthquake and attributed an MW = 7.

A causative fault has been associated with each earthquake studied after examining in detail 
fault-related data present in literature (i.e. paleoseismological, structural, macroseismic). 

Table 1 - List of historical (MW ≥ 6.0) and instrumental (MW ≥ 5.8) seismic events from 1279 to 2016, caused by the 
CAFS [from CPTI15: Rovida et al. (2022) and ISIDe seismic catalogues: ISIDe Working Group (2007), https://doi.
org/10.13127/ISIDE]. TMw = type of MW: Mdm = macroseismic from intensity data; InsO = instrumental.

Year Month Day Lat Lon Io MW Error MWEpicentral area TMW Source

Galli et al., 2022
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Next, the causative fault trace was processed in a Geographic Information System (GIS, refer 
to Fig. 1a), with a resolution based on the CAFS scale. All the constructed lineaments are 
supported by robust field-based constraints from literature (Galli and Galadini, 1999; Tondi, 
2000; Galadini and Messina, 2001; Messina et al., 2002; Tondi and Cello, 2003; Galli et al., 
2005, 2011, 2016, 2018, 2019a, 2019b, 2022a, 2022b; Galderisi and Galli, 2020; Tondi et al., 
2020, and references therein). The fault data set was compiled with the following fields: i) fault 
name, ii) dip angle, iii) rake [using the Aki and Richards (1980) conventions], iv) dip direction, 
and v) length.

We estimated the seismic moment released by historical earthquakes by extrapolating it from 
the Hanks and Kanamori (1979) formula. The following equation was applied:

(1)

where M0 is the seismic moment and MW is the moment magnitude. Next, we compared the 
seismic energy released during the main seismicity time windows that clustered in the CAFS 
area, to better constrain the spatiotemporal evolution of the CAFS seismic cycle.

2.2. Coulomb stress transfer (CST) and fault modelling

We propose a novel approach to model seismogenic sources for CST calculation purposes, 
with the aim of reducing uncertainties on fault interaction. The cornerstone of this approach is 
adopting the hypothesis that the most reliable approximation of 2D fault geometry is an ellipse 
(Barnett et al., 1987; Walsh and Watterson, 1987; Gupta and Scholz, 2000). This concept is 
strictly related to the displacement variation that ranges from a maximum at the centre of the 
fault to zero at the elliptical tip-line loop. Furthermore, faults are commonly modelled as planar 
geometries in Coulomb calculations but, as demonstrated by Mildon et al. (2016), CST is highly 
sensitive to strike-variable geometries of receiver faults. Since a realistic CAFS-base model is 
of paramount importance in reducing calculation errors, we adopted a new strike-variable and 
ellipse-shaped 3D model as input file for the CST simulations.

For this purpose, we used the “3D Faults” code (Mildon et al., 2016) MATLAB code. To test the 
efficiency and the effective influence of this new model in terms of CST results, we performed 
calculations on planar-rectangular, strike-variable and elliptic faults. We used the same receiver 
and source faults but two different geometric models to find and quantify the differences.

We performed CST simulations within each seismic sequence, respecting the real rupture 
conditions of the earthquake (e.g. partial or entire rupture, slip distribution).

We conducted CST calculations assuming that, when an earthquake occurs on a fault, Coulomb 
stress can be transferred to the surrounding faults. The failure to do so will be promoted if the 
Coulomb stress change is positive, or it will be inhibited if it is negative (King et al., 1994). The 
change in Coulomb stress depends on the distance between the receiver fault and source fault, 
on their position, geometry, kinematics, and source fault slip. The CST was calculated with the 
following equation, using Coulomb 3.4 software (Lin and Stein, 2004; Toda et al., 2005):

(2)

where ΔCST is the variation of the CST, Δτs is the change of the shear stress, μ is the friction 
coefficient and Δσn is the change of the normal stress.
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The input file was created by modelling the faults in the elastic half-space as linear elements 
with variable strike, dividing them into 0.5-kilometre long rectangular elements along the strike. 
The choice to use this very fine mesh as opposed to the usual use of kilometric mesh provides a 
precise evaluation of the variation in Coulomb stress by applying the various fault geometries, at 
the expense of the computational time employed. For this purpose, the use of the “3D Faults” 
code (Mildon et al., 2016) allowed generating 3D strike-variable faults from fault traces, and to 
create a slip distribution for each fault. Keeping the friction coefficient constant, we applied the 
code function that calculates the Coulomb stress for each individual rake, using the parameters 
specified in the input file for each of the rectangular elements forming the fault surface. Where 
possible, the actual earthquake slip was replicated by reproducing the coseismic slip distribution 
that occurred along the fault surface (only for recent earthquakes with a large amount of slip 
data). In turn, for the lesser-known earthquakes, a simple bull’s-eye slip distribution, calibrated 
on the relative seismic moment released, was assumed, thus setting the location of maximum 
slip at the centre of the fault plane. When the width of the faults was not indicated in the 
examined bibliography, it was derived from standard geometric relationships (Gupta and Scholz, 
2000) assuming a 1.5 aspect ratio (length/width). Conversely, for longer faults, the maximum 
fault depth was set to be equal to the thickness of the seismogenic layer [≈ 15 km: Gasparini et 
al. (1985) and Chiarabba and De Gori (2016)].

3. Results

3.1. The CAFS seismic cycle

The cumulative seismic moment released during the last 1,000 years was similar in the three 
main time windows separated by a time interval of circa 300-350 years, as hypothesised by 
Tondi and Cello (2003), who determined the seismic cycle using the calculation of the cumulative 
coseismic slip derived from the decomposition of the seismic moment. Alternatively, we directly 
used the cumulative seismic moment.

The graph in Fig. 1b shows how most of the seismic energy released in the last millennium 
can be associated with three distinct intervals: one between 1300 and 1400, one around 1700, 
and one from 1979 to 2016, corresponding to the latest events. Assuming that a millennium 
is a long enough time span to define the seismic cycle, it is possible to speculate that the time 
interval separating the release periods of most of the seismic energy is about 300-350 years. 
However, the quantity of energy released is not constant between the three time windows of 
seismicity. The seismic moment released by the first time window of seismicity is the highest (M0 
= 4.47E+26 dyne/cm), whereas the sum of the seismic moments released in the second and third 
time windows are 3.29E+26 dyne/cm and 1.93E+26 dyne/cm, respectively.

3.2. Fault modelling

The adoption of strike-variable and elliptic-shaped faults, in static CST modelling, revealed 
significant differences in terms of amount of transferred stress and stress patterns on the 
receiver faults, compared to the classic planar and rectangular faults. In particular, the ellipticity 
effect in the increasing lateral extension of the fault surfaces, to about half of their maximum 
depth, considerably reduces the distance between neighbouring faults, thus increasing the 
degree of interaction and, consequently, the amount of static Coulomb stress transferred to the 
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tips of the receiving faults located along the strike of the source faults (Fig. 2). Differences were 
also encountered in the stress pattern generated on laterally sub-parallel faults, subject to a 
larger decrease in stress. The intersection between the elliptical fault plane and the topographic 
surface defines the fault trace in map view, whereas the corresponding length is not the real 
fault length in depth, which, instead, is longer on average by 36.25% for ellipses with a geometric 
ratio of 3:2 between major and minor axis (Fig. 3). This consideration is consistent with the areal 
distribution of the instrumental hypocentres of the aftershocks and foreshocks that extend well 
beyond the tip of the causative fault, outlining, fairly precisely, the real extent of the fault in 
depth that roughly coincides with the modelling carried out.

Fig. 2 - Simulations to test the influence of different fault models on CST. With a planar rectangular model (a), the 
receiver fault is negligibly influenced, whereas with elliptical faults the receiver fault tip shows higher stress values 
(b). By further adding the effect of the variable strike, a more heterogeneous stress pattern is noted on the receiver 
fault (c).
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3.3. Coulomb stress transfer (CST)

The results regarding the CST modelling are encouraging, and highlight how this new 
methodology can make a significant difference compared to the classic methodology. The 
method was tested on several faults of some of the most interesting historical earthquakes, with 
the purpose of trying to understand how the surrounding faults were affected. A good agreement 
was found between the spatiotemporal evolution of the CAFS earthquake sequence and the 
permanent static stress transferred to the nearby faults. Faults falling into the stress shadows 
were inhibited in their reactivation after a strong earthquake was generated by the adjoining 
source fault. Conversely, fault segments, subject to increased stress, ruptured in shorter times 
than their characteristic return time, or the fault surfaces, partially affected by stress increase, 
subsequently showed partial ruptures only on the positively stressed fault tip. Some examples of 
the results obtained are given below.

3.3.1. Colfiorito 1279 versus Norcia 1328

The oldest earthquake considered in this work is that of 30 April 1279, which roughly struck 
the same area affected by the events of 1997. This sequence was sourced by the Colfiorito fault 
system, composed of two main structures (the Colfiorito North fault and Colfiorito South fault, 
CFFn and CFFs, respectively in Figs. 4 and 5), with an en-echelon geometrical relationship having 
a dextral step-over (Galli and Galadini, 1999). According to Galli and Galadini (1999), the 1279 
earthquake is probably a twin of the 1997 one, and would have activated the same fault segments, 
corresponding in this work to the CFFn and CFFs. For such reasons, we modelled the simultaneous 
activation of both faults (Fig. 4c). The effect of the individual and contemporaneous activation 

Fig. 3 - Comparison between the elliptical tip line loop of the fault (in red) and the commonly adopted rectangular 
shape (in green). The dashed part of the ellipse indicates the hypothetical continuation of the perimeter above the 
topographical surface. Centre-to-perimeter faded colours show the ideal displacement variation on the fault surface, 
that is maximum at the centre and zero along the tip line loop.
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of the two segments were analysed in order to assess the CST for the following scenarios: i) 
CFFn as source fault (Fig. 4a); ii) CFFs as source fault (Fig. 4b); iii) simultaneous activation of both 
faults (Fig.4c). In all three cases, the magnitude of the event remained constant, and only the slip 
pattern was changed to adapt the magnitude to the different source faults.

Fig. 4 - CST on the Norcia fault (NF) caused by the slip of the a) Colfiorito North fault (CFFn), b) Colfiorito South fault 
(CFFs) and c) simultaneous activation of both faults. The pictures on the right show the fault location in map view.
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The receiver fault is the Norcia fault (NF), which subsequently activated in 1328. The aim is to 
understand the influence that the 1279 Colfiorito earthquake had on the NF in 1328.

The results of this calculation demonstrate how the mutual position of the faults influences 
the CST. The three faults, distributed from NW to SE along the same axis, sharing a similar strike, 
show fault tips very close to each other (Fig. 5). In the scenario, considering only the CFFn fault 
as the causative fault, only the northern tip of the NF would be positively loaded by the CST (Fig. 
4a), with a stress increase of approximately 1.8 bar in a very small area. The slip on the CFFs 
fault, on the contrary, would have produced a more pronounced and heterogeneous CST pattern, 
partially influenced by the stress shadow area. In this case, in fact, the northern tip of the NF and 
the southern tip of the CFFs partially overlap at depth, creating a small zone of stress reduction in 
correspondence with the northern tip of the NF. The rest of the northern half of the receiver fault 
is positively stressed by a maximum of 2.2 bar. Ultimately, considering the simultaneous activation 
of the CFFn and CFFs (Figs. 4c and 5), the pattern, in the last case, is similar to the previous scenario, 
but with much higher CST values, even reaching 3 bar of positive stress in a large area.

Fig. 5 - Map view of the spatial distribution of the CST caused by the simultaneous activation of the Colfiorito North 
and Colfiorito South faults. The calculation was performed on a plane at a 7.5-kilometre depth. Contour lines of equal 
stress variation on the receiver fault are drawn in black (numbers indicate stress in bar). The red traces represent the 
surface traces of the faults (CFFn - Colfiorito North fault, CFFs - Colfiorito South fault, NF - Norcia Fault).
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3.3.2. Norcia 1328 versus Cascia 1599

In this case, the effect of the 1328 Norcia event (see Galli et al., 2005, 2018) on the Cascia 
fault system (Cascia plus Mt. Alvagnano faults), activated in 1599, i.e. 271 years later (Galli et 
al., 2019a), is calculated. On 4 December 1328, a MW 6.5 earthquake struck an area between 
the Marche and Umbria regions, causing extensive damage and numerous casualties in Norcia. 
The distribution of the highest intensity data points suggests that part of the NF system was its 
causative structure (Galli et al., 2005, 2018). The eastern NF system borders the Quaternary 
Campi and Norcia basins, extending from NW to SE at surface, for about 23 km. Worthy of note is 
that in the late Middle Ages, the central Apennines underwent two additional earthquakes, which 
were rather far from Norcia: the first in 1349 in the Gran Sasso area (Galli et al., 2022a ), and the 
second in 1461 on the Paganica fault (Chiarabba et al., 2009). The next earthquake occurred near 
Cascia, in 1599, with a MW 6.0 (Galli et al., 2019a). This event attracted our attention as a possible 
candidate for the calculation of stress transfer for the following reasons:

i) the close proximity to the NF;
ii) the partial overlap between the tips of the two faults;
iii) the Cascia earthquake is located between two Norcia earthquakes (1328 and 1703), so it 

is possible to calculate the mutual stress transfer;
iv) the other two earthquakes, which occurred after 1328, struck an area very distant from 

Norcia, resulting in a negligible CST effect on the faults.
The Cascia fault system (i.e. the Cascia and Mt. Alvagnano faults) are over 19 km long, with 

a strike similar to the NF, and an overlapping step of about 5-10 km. The results of the CST from 
the NF to the Cascia fault (CF) during the 1328 earthquake are illustrated in Fig. 6. The causative 
fault undergoes an overall significant decrease in stress, except along vertical strips of the fault 
surface where there is a sudden change in strike, that is, along the fault bends. There, the CST 
increases by 2-6 bar, and a similar increase is also found in narrow portions of the northern 
and southern fault tips. The receiver fault undergoes a heterogeneous stress transfer pattern, 
with an evident negative stress lobe in its northern half, at a depth greater than 4 km. In this 
stress shadow zone, there is a decrease in stress up to 6 bar. The same amount of negative 
stress occurs at the centre of the fault but closer to the topographic surface, up to a depth of 
2 km, while the remaining fault surface is subjected to a positive stress that reaches 2.5 bar. 
Furthermore, the CST pattern was modelled in map view at a 7.5-kilometre depth (Fig. 6), 
which corresponds to the most representative distribution of stress transfer in the surrounding 
area. Here, the two stress shadow lobes are much more extensive than the positively stressed 
ones.

3.3.3. Cascia 1599 versus Norcia 1703

We previously calculated the effect, in terms of CST, caused by the activation of the NF on 
the CF. Guided by the interest in modelling the opposite case, we modelled the 1599 earthquake 
(total seismic moment = 1.42E+25 dyne/cm; MW 6.07) that occurred on the CF against the NF, 
which reactivated about a century later, in 1703, together with the CF (Galli et al., 2022b). This 
example is useful towards understanding whether there are differences between the receiver 
fault located in the hanging wall of the causative fault or the one located in the footwall. In 
fact, these two faults overlap for several kilometres, and both dip to the SW. The results of 
this calculation show the CF (causative) subject to negative stress except on the tips and in the 
superficial and deep extremes. This stress release is released in the surrounding crust and affects 



398

Bull. Geoph. Ocean., 64, 387-404 Valentini et al.

the NF, especially at the bends. In Fig. 7, it is possible to observe how the red areas (positive 
stress) on the NF correspond to the bends, clearly visible in Fig. 7a. The zone covered by stress 
shadow is also clearly visible. It affects the overlapping zone of the two faults, and subtracts 
stress from the southern and superficial half of the NF. The northern tip, on the contrary, seems 
to have been negligibly affected by the reactivation of the CF.

4. Discussion

In this work, a new methodology to evaluate the interaction phenomena of neighbouring 
faults is applied to active faults of the central Apennines [CAFS in Cello et al. (1997)]. The choice 
of the aforementioned fault system is due to the good knowledge of the size, geometry and 
kinematics of the active faults, thanks to a considerable amount of available data, both geological 
(i.e. structural and paleoseismological) and seismological, the latter deriving from earthquakes, 
which occurred in recent decades (Rovida et al., 2022).

In the last 1,000 years, the area was subject to three major periods of seismic moment release 
[Fig. 1b, after Tondi and Cello (2003)]. The energy released during the first seismicity window 
(around 1300) was about 1.35 times greater than the second one, and 2.31 times greater than the 
third. This is consistent with the magnitude overestimation of historical earthquakes documented 
by Vannucci et al. (2021), likely linked to the intrinsic difficulties in estimating magnitude on the 
basis of macroseismic data. These uncertainties may lead to an overestimation of the seismic 

Fig. 6 - The CST on the Cascia fault (CF) following the 1328 MW 6.49 seismic event caused by the slip on the Norcia fault 
(NF): a) plan view of the spatial distribution of CST on a plane at a 7.5-kilometre depth. Contour lines of equal stress 
variation on the receiver fault are drawn in black (numbers indicate stress in bar). The red traces represent the surface 
traces of the faults; b) 3D view of CST on fault surfaces.
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moment generated by pre-instrumental events, therefore causing an imbalance between the 
three time windows of seismicity in the previous comparison of cumulative seismic moments. 
To minimise this issue, we subtracted the catalogue error, therefore aligning the data with more 
recent, and instrumentally recorded, events. By doing so, the estimation of the seismic moment 
for each sequence can be considered mutually comparable. The energy released during the 
last millennium has gradually decreased going from the first to the last seismicity window; the 
decrease stands at 1.18E+26 dyne/cm between the first and the second window, and 1.36E+26 
dyne/cm between the second and the third. The difference in energy released between seismic 
periods also affects the correspondence between the depicted seismic cycle and the two dotted 
lines (i, ii), in Fig. 1b, that show the trend of a hypothetical seismic cycle, if it is energy (i) and 
time (ii) predictable. Considering the most recent seismic events of 2009 and 2016, and taking 
into account the error attributed to the moment magnitude of each selected instrumental and 
historical earthquake (Vannucci et al., 2021), the CAFS seismic cycle seems to have lost the 
predictable character described by Tondi and Cello (2003). In hypothesising the possible causes 
that determined this heterogeneity between the three seismic cycle steps, worthy of consideration 
are the individual seismogenic sources belonging to the CAFS that released the greatest amount of 
energy in each of the three seismic windows. During the first seismic window, the energy released 
by the Gran Sasso fault system unequivocally dominates (Galli et al., 2022a). The second seismic 
cycle step is largely taken up by the 1703 earthquake (MW = 6.92), which involved the entire NF 
system (Tondi, 2000; Galli et al., 2018). Ultimately, a large part of the seismic energy released 
during the last seismicity window is attributed to the Mt. Vettore fault (Villani et al., 2018).

The intention to make the three-dimensional models of active faults more realistic has 
prompted reconsidering the simplifications assumed in previous modelling for calculating the 
CST. We tested a new model that, in addition to the variable strike, takes into consideration the 
elliptical shape of the faults in three dimensions. For the purpose of modelling, we considered a 
3:2 ratio between the major axis and minor axis of the ellipse (Gupta and Scholz, 2000). This is 
a simplification that derives from the absence of reliable data on the areal extension in depth of 
the active faults analysed, but which seems to have a correspondence with the extension beyond 
the tips of the aftershocks and foreshocks. If we assume a fault aspect ratio (length/width) equal 

Fig. 7 - The CST on the Norcia fault (NF) following the 1599 MW 6.07 seismic event caused by the slip on the Cascia 
fault (CF): a) map with the location of fault traces. The black eye is the point of view of Fig. 7b; b) 3D view of CST on 
fault surfaces.
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to 1.5, the major axis of the ellipse is approximately 36.25% longer than the surface fault trace. 
This is consistent with the related aftershock distribution. Thus far, the elliptical shape of the 
fault was not considered in the CST calculations, and seems to be influential especially in loading 
or unloading the tip of the parallel faults.

This new fault geometry further affects the extent and shape of the stress shadow produced 
by the causative fault, which can impart negative stress to normal faults located across strikes, 
and can partially overlap the causative fault. The effect of the variable strike is appreciable when 
the bends are quite severe, creating a pattern with vertical bands more or less stressed than the 
surrounding areas. Mildon et al. (2016) demonstrated that alterations in the fault strike exert the 
most substantial influence on CST. A mere 10-20° shift in strike is adequate to elicit a change in 
stress, from positive to negative. It is noteworthy that the faults with the most significant stress 
discrepancies are those with prominent bends. However, if the positively stressed vertical bands 
occur on the causative fault surface, and it entirely ruptures without any partial activation, then, 
the stress accumulation bands should be deemed insignificant in triggering future earthquakes. 
Such behaviour is due to the fact that the rest of the fault surface has already dissipated all the 
previously accumulated stress, leaving narrow positive stress bands that are insufficient to cause 
a new main shock. Nevertheless, it would be of interest to explore the potential correlation 
between these positive stress zones and the occurrence of subsequent aftershocks, so as to 
confirm a possible relationship. However, the simplistic assumption remains that these bends 
continue in depth with the same geometry as on the surface. Another simplification concerns 
the slip pattern, which we have often assumed to have a bull’s-eye shape due to the absence of 
slip data on historical earthquakes. In fact, we have noticed a large variation in stress imparted 
to the receiving faults as the slip pattern of the causative faults varies.

The influence of this new pseudorealistic model has been tested both on imaginary faults 
positioned in different spatial relationships, and on real faults, taking three historical earthquakes 
as examples (Colfiorito 1279, Norcia 1328, Cascia 1599). This new methodology has been applied, 
to these case studies, to test its feasibility, effectiveness and improvements, compared to the 
methodology used so far.

The CST calculation generated by the 1279 Colfiorito earthquake was also useful to develop 
the methodology for modelling two different faults with simultaneous activation. It is not certain 
whether both faults (CFFn and CFFs) contributed to the 1279 earthquake, however it is the more 
likely hypothesis, as argued by Galli and Galadini (1999). The analysis of the effect of the single 
activation of each of the two faults showed how neighbouring faults can be influenced in the 
event of a future activation of a single segment. The similarity between the stress pattern on the 
NF, after the activation of the CFFs alone and after the simultaneous activation of both CFFn and 
CFFs, is notable. With a conspicuous difference in the CST values, the latter (the CFFn and CFFS) 
show a much wider bar range, and a more limited stress shadow, while the positively stressed 
zone shows higher values. This proves the importance played by systems with en-echelon 
geometrical relationships, therefore by the partial overlapping of the tips, which, in the case of 
normal faults, generates a negative stress zone on the receiver fault.

This feature is also common to the second example analysed (1328 Norcia earthquake), 
where the stress shadow on the receiving fault (CF) is wider due to the greater overlapping 
area. Furthermore, the slip on the source fault is greater than the slip of the previous Colfiorito 
example, generating a much more accentuated stress reduction zone, with values reaching 6 
bar. Although half of the CF seems to be impeded, 271 years later this structure generated an 
earthquake with an MW = 6. This could be due to the long interval between the two earthquakes, 
which could have ‘recharged’ the fault with interseismic stress loading. Another theoretically-
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acceptable explanation could be the splitting of the fault into two segments, the southern one 
called the Mount Alvagnano fault (MAF) in Galli et al. (2019a), and the northern one, the CF. 
Having two different strikes, these two segments accumulated stress differently: MAF stored 
positive stress and CF negative stress. Subsequently, in 1599, the southern segment (positively 
stressed) may have been activated, thus transmitting static and dynamic stress to the northern 
segment, consequently generating an instantaneous cascade effect.

In turn, the 1599 CF transferred Coulomb stress to the NF, but only in restricted and defined 
portions of the fault. The effect of the bends along the NF played a significant role in delimiting 
the positively stressed zones, while an extensive stress shadow is visible on the southern portion. 
This does not explain the massive reactivation of the NF during 1703, which also involved the 
Cascia segments [Cascia and Alvagnano faults in Galli et al. (2019a)], and the Upper Aterno Valley 
faults soon after. These multiple events could be the result of the combined action of static and 
dynamic stress transfer, but also of underground fluid migration or other factors influencing fault 
activity. In this case, in fact, the CST alone is not sufficient to justify the activation of so many 
structures.

In some cases, the link between CST and subsequent reactivation of the receiving fault (with 
positive stress change values) is not clear. Indeed, the variation in static stress is not the only 
influencing factor in the dynamics of fault activation, and other factors should be taken into 
consideration. Dynamic stress transfer, for instance, in the short term can affect after a rupture, 
due to the passage of seismic waves. However, what should certainly be implemented in the 
applicability of this methodology is also the calculation of the contribution of interseismic stress 
accumulation, controlled by the aseismic creep in the viscous lower crust.

5. Conclusions

In this work, the Tondi and Cello (2003) seismic cycle has been revised and updated in light of 
the most recent seismic events that struck the central Apennines in 2009 and 2016. Three time 
windows of seismicity have been identified, 300-350 years apart. A new methodology was, then, 
proposed to analyse the spatiotemporal evolution of seismicity, considering the contribution of 
CST on fault interactions. The aim was to create an innovative methodology capable of minimising 
simplifications in fault modelling. The introduction of an elliptical geometry of the faults studied 
resulted in huge changes in static stress transfer.

Specifically, three historical CAFS-related seismic events, Colfiorito 1279, Norcia 1328, and 
Cascia 1599, were examined to test this new methodology, which led to the following conclusions:

• the first simulation on the 1279 Colfiorito earthquake highlighted the importance of 
the position of the causative faults, with respect to the receiving fault, in building the 
stress pattern. The simultaneous activation of multiple segments increases the amount 
of stress transferred to the receiving fault, and yet has little influence on its pattern. The 
1279 earthquake, according to the calculations of this work, promoted the subsequent 
reactivation of the NF, circa 50 years later;

• the second simulation, carried out on the NF activated in 1328, demonstrated that, in some 
cases, the classic CST is not a sufficient triggering factor. In such cases, the contribution of 
other additional factors, such as interseismic stress loading or dynamic coseismic stress 
transfer, could be considered influential. The CF, activated 271 years later, is, in fact, 
subjected to an extensive stress shadow that covers the northern half of the fault, while 
the southern one is positively stressed. The complete reactivation of this fault in 1599 
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could, therefore, be explained with the dynamic stress transfer from the southern to the 
northern portion during this seismic event, or with the change in the stress state of the 
fault during the interseismic period;

• the last simulation was performed on the NF, after the reactivation of the CF in 1599. It 
can be noted that the variable strike of the receiving fault has a marked influence on stress 
distribution, but this alone is not sufficient to explain the subsequent massive reactivation 
of the Norcia, Cascia, and part of the Upper Aterno Valley faults in 1703. Therefore, other 
mechanisms, not considered in this work, may have played a leading role.

The efficiency of this novel approach to the analysis of the seismic cycle, and the influence 
of static CST have been tested on historical seismic activities. The workflow presented may 
be adopted in future advanced applications for estimating active fault rupture susceptibility, 
feasibly integrating additional multidisciplinary data from research branches that study other 
factors, which may influence fault activity (e.g. fluid pressure, regional stress, interseismic stress 
accumulation in the viscous lower crust, etc.). Important implications of this new methodology 
are desirable in the context of seismic hazard assessment for the implementation of advanced 
and integrated seismic risk reduction strategies and disaster management.
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