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In Italia nel 2023 sono stati 16.307 i terremoti registrati

I numeri del 2023
16307 terremoti registrati e localizzati.

2018 terremoti di magnitudo tra 2.0 e 2.9,
233 terremoti di magnitudo compresa tra 3.0 e 3.9,
26 terremoti di magnitudo compresa tra 4.0 e 4.9,
2 eventi di magnitudo superiore o uguale a 5.0

È lecito chiedersi, 
qual’è l’utilità nel 
registrare tutti 
questi terremoti?



Figure 2. Sub-event 1 is unanimously associated to the NE-
dipping fault along the eastern flank of the Cervialto and
Marzano Mts, although different names are given to this
structure (Scarpa and Slejko, 1982; Brüstle and Müller, 1983;
Del Pezzo et al., 1983; Deschamps and King, 1983; Westaway and
Jackson, 1987; Pantosti and Valensise, 1990; Giardini et al., 1996;
Amoruso et al., 2011).

Westaway and Jackson (1987) and Westaway (1993) proposed
that it involved all the NE-dipping fault alignment from
Castelfranci to S. Gregorio, for an along strike extent of ∼70 km
and with 4-5 rupture episodes (numbered circles in Figure 2B).

Bernard and Zollo (1989), based on a re-evaluation of
teleseismic, strong motion and leveling data, associated sub-
event 1 to a multiple fracture from Castelfranci to Marzano,
excluding the activation of the San Gregorio fault segment
(Figure 2C).

Pantosti and Valensise (1990) considered for sub-event 1 a
more conservative along-strike extent (∼40 km in length). Based
on a geological approach, they associated the 0 s earthquake
exclusively to the Marzano and Cervialto faults, because they
did not find any surface faulting evidences north of Cervialto Mt.
(Figure 2D).

FIGURE 2 | Epicentral locations and source models of the 1980 Campania-Lucania earthquake from the literature. (A) Summary of epicentral location proposed by
different investigators for the sub-event 1 (blue circles), sub-event 2 (red circles), sub-event 3 (green circles). The respective table with references is given in the
supplementary material (Supplementary Table S3). The orange circles are other seismic episodes occurred at 2.5, 6.8, and 12 s from the sub-event 1 as in Westaway
and Jackson (1987). The colored areas represent the seismic location uncertainty as in Bernard and Zollo, 1989. Summary of preferential fault plane solutions
proposed in literature for sub-events 1–3 (Supplementary Table S4). (B–F) The geometry of the main seismogenic sources of the three events representing a complex
rupture mechanism occurred within 1 min of the onset of the main event (0, 20, 40 s) proposed by different investigators (Westaway and Jackson 1987; Bernard and
Zollo 1989; Pantosti and Valensise 1990; Pingue and De Natale, 1993; Westaway, 1993; Troise et al., 1998; Dalla Via et al., 2003; Amoruso et al., 2005; Amoruso et al.,
2011) Blue boxes refer to the first event (0 s), red boxes to the second (20 s) and the green boxes to the third one (40 s). The inset inside each panel is the schematic
cross section of the proposed model.
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Ricostruzione schematica del terremoto
Campano-Lucano del 1980

INTRODUCTION

Moderate-to-large intra-continental extensional seismic
sequences (Mw 6.5–7) occurring in regions with well-exposed
Quaternary faults are unusual. They are precious for two scientific
reasons: to understand the faulting processes controlling the
earthquake rupture and propagation from depth to surface
and to reconstruct and model fault pattern for hazard purposes.

In the Mediterranean area, large extensional instrumental
earthquakes (M ≥ 6.5) are mainly concentrated along the
Apennines of Italy and in the Hellenides of Greece (Figure 1A).

Since 1980, destructive events were those of Campania-Lucania 1980
(Mw 6.9, Bernard andZollo, 1989), Corinth 1981 (Ms 6.7, Jackson et al.,
1982; Kim et al., 1984), and Central Italy 2016 (Mw 6.5, Lavecchia et al.,
2016; Civico et al., 2018; Villani et al., 2018; Brozzetti et al., 2019).

When focusing on Italian cases, we observe that the Central
Italy 2016 seismic sequence (CISS-2016) released in three months
three neighboring major events with Mw between 6.0 and 6.5,
activating as a whole a ∼60 km-long SW-dipping extensional fault
alignment and releasing a cumulate magnitude of Mw ∼6.8
(Lavecchia et al., 2016; Menichetti et al., 2016; Porreca et al.,
2020; Brozzetti et al., 2019; Brozzetti et al., 2020).

FIGURE 1 | The Campania-Lucania 1980 earthquake in the Mediterranean seismotectonic context. (A) Mediterranean normal faulting earthquakes with M ≥ 6.5
since 1908 derived from the World Stress Map database (Heidbach et al., 2018). (B) The Italian earthquake focal mechanisms (MW ≥ 4.0) from 1908 to 2015 (Montone
and Mariucci, 2016); red stars represent the mainshocks of 2016/2017 Central Italy and 1980 Campania-Lucania seismic sequences. The background colors indicate
the extensional seismotectonic provinces as in Lavecchia et al., 2021: Key: 1 ! Extensional seismogenic province; 2 ! Deep extensional seismogenic province; 3 !
right-lateral strike-slip faults within the Adriatic foreland; 4 ! Active outer thrust system; The sketch in the lower left corner represents the simplifiedmodel of the Apennine
extensional system as in Lavecchia et al., 2011. (C) Active faults in Southern Italy (after Adinolfi et al., 2015) with major historical and instrumental earthquakes from
Parametric Catalogue of Italian Earthquakes, CPTI15 v2.0 (Rovida et al., 2019). Key: 1, east-dipping normal faults; 2, west-dipping normal faults; 3 thrust faults. (D) 1980
earthquake macroseismic field from the Italian Macroseismic database DBMI15 v2.0 (Locati et al., 2019). The inset in the right upper corner represents the contour of IX
and X MCS intensity of the 1694 and 1980 earthquakes.
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DATASET
• 3016 earthquakes (2007-2020) 
• 36200 acceleration and velocity waveforms
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Anomalie nella Caduta di SforzoAccumulo della rottura
2007-2020

Microsismicità à stato meccanico della faglie
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Figure 2. (a) Spring discharge of the Caposele spring (in blue, location in Figure 1). Arrows indicate drought years. (b)
Declustered seismicity rate (in blue, calculated in 90-day sliding windows. (c–e) East component detrended Global
Positioning System displacements from sites MCRV, MRLC, and CDRU (blue circles; locations in Figure 1b). Red lines in
(a–e) show the summation of the first three reconstructed components (RC) as determined by Multichannel Singular
Spectrum Analysis. (f–j) Show separately the first three reconstructed components. RC2 and RC3 form an oscillatory
seasonal signal and are shown together. RC1 is a long-term multiannual signal common to all the five time series.

is strictly controlled by climate trends (Allocca et al., 2014). The peaks of maximum discharge (Figure 2a), cor-
responding with high hydraulic head in the aquifer, occur in spring-summer (May–July), some (4 to 5) months
after the period of maximum precipitation, whereas the minimum discharge takes place during the rainy
months (November–December). Drought years (2008 and 2012) are typically characterized by reduced dis-
charge during the entire hydrological year (Figure 2a). The smooth shape of the hydrograph and its delayed
response to rainfall indicate that spring discharge is not affected by single events of rainfall (Fiorillo, 2009).
Here we argue that these characteristics, shared by the largest karst aquifers in the Apennines (Fiorillo et al.,
2015), allow the buildup of significant hydraulic head modulating stress accumulation and seismicity rates on
the IFZ.

3. Seismicity and GPS Data

The 2008–2017 seismicity (Figure 1b and supporting information for details) along the IFZ is characterized by
low-magnitude events (−0.1 ≤ ML ≤3.9), mostly concentrated at depths smaller than 15 km (supporting infor-
mation Figure S2), dispersed within a crustal volume including the fault segments activated during the 1980
MS 6.9 earthquake (De Matteis et al., 2012). To avoid biases related to seasonal variations of network sensitivity
and aftershock clustering, we select events above the magnitude of completeness (Mc 1.2) and decluster the
catalog. A more detailed discussion of the applied methodologies can be found in the supporting information
(Aki, 1965; Amoroso et al., 2014; Lomax et al., 2000, 2009; Reasenberg, 1985; Schorlemmer & Gerstenberger,
2007; Shi & Bolt, 1982; Wiemer, 2001; Woessner & Wiemer, 2005). After these steps the seismicity is prefer-
entially concentrated (61%) in the May–October semester (Figure 1d). A 90-day sliding average consistently
displays seasonal peaks of seismicity in July–August and two prominent peaks in 2009 and 2013 corre-
sponding to substantial groundwater recharge following drought years (Figure 2b). Separation of seismicity
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Fig. 4. Interpretative conceptual model. (a) Schematic section of the conceptual model with the 486 
position of the shallower volume (blue circle) and deeper volume (red circle) and the main 487 
lithological features (i.e., Apennine carbonates, karst aquifer, mélange and boundary faults). (b) 488 
Dry and (c) wet conditions and the model behaviour in terms of hydraulic head, stress state 489 
(arrows) and velocity variations. The arrows represent the ground deformation consequent to the 490 
hydrological condition. 491 
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Figure 2. (a) Spring discharge of the Caposele spring (in blue, location in Figure 1). Arrows indicate drought years. (b)
Declustered seismicity rate (in blue, calculated in 90-day sliding windows. (c–e) East component detrended Global
Positioning System displacements from sites MCRV, MRLC, and CDRU (blue circles; locations in Figure 1b). Red lines in
(a–e) show the summation of the first three reconstructed components (RC) as determined by Multichannel Singular
Spectrum Analysis. (f–j) Show separately the first three reconstructed components. RC2 and RC3 form an oscillatory
seasonal signal and are shown together. RC1 is a long-term multiannual signal common to all the five time series.

is strictly controlled by climate trends (Allocca et al., 2014). The peaks of maximum discharge (Figure 2a), cor-
responding with high hydraulic head in the aquifer, occur in spring-summer (May–July), some (4 to 5) months
after the period of maximum precipitation, whereas the minimum discharge takes place during the rainy
months (November–December). Drought years (2008 and 2012) are typically characterized by reduced dis-
charge during the entire hydrological year (Figure 2a). The smooth shape of the hydrograph and its delayed
response to rainfall indicate that spring discharge is not affected by single events of rainfall (Fiorillo, 2009).
Here we argue that these characteristics, shared by the largest karst aquifers in the Apennines (Fiorillo et al.,
2015), allow the buildup of significant hydraulic head modulating stress accumulation and seismicity rates on
the IFZ.

3. Seismicity and GPS Data

The 2008–2017 seismicity (Figure 1b and supporting information for details) along the IFZ is characterized by
low-magnitude events (−0.1 ≤ ML ≤3.9), mostly concentrated at depths smaller than 15 km (supporting infor-
mation Figure S2), dispersed within a crustal volume including the fault segments activated during the 1980
MS 6.9 earthquake (De Matteis et al., 2012). To avoid biases related to seasonal variations of network sensitivity
and aftershock clustering, we select events above the magnitude of completeness (Mc 1.2) and decluster the
catalog. A more detailed discussion of the applied methodologies can be found in the supporting information
(Aki, 1965; Amoroso et al., 2014; Lomax et al., 2000, 2009; Reasenberg, 1985; Schorlemmer & Gerstenberger,
2007; Shi & Bolt, 1982; Wiemer, 2001; Woessner & Wiemer, 2005). After these steps the seismicity is prefer-
entially concentrated (61%) in the May–October semester (Figure 1d). A 90-day sliding average consistently
displays seasonal peaks of seismicity in July–August and two prominent peaks in 2009 and 2013 corre-
sponding to substantial groundwater recharge following drought years (Figure 2b). Separation of seismicity
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Momento sismico (Mo) à Dimensione sorgente

198 Terremoti e onde

(quantità vettoriale vR) che tiene conto anche della direzione media lungo la quale la frattura si
propaga. Per le onde sismiche di periodo maggiore o al più confrontabile con la durata della rot-
tura e per quelle lunghezze díonda che sono grandi in confronto alla dimensione della sorgente è
possibile sostituire il complesso processo di dislocazione con la semplice rappresentazione media
di figura 7.4. In tale modello la sorgente viene considerata puntiforme, nel senso che líintero pro-
cesso di dislocazione viene descritto da uníunica funzione dislocazione∆u(t)media associata ad un
singolo punto, baricentrale rispetto allíintera superficie di faglia. Sebbene questa approssimazione
possa risultare estremamente irrealistica, si tenga conto che essa è applicabile solo in quei casi in
cui la lunghezza díonda dominante dei segnali registrati è molto più grande delle dimensioni della
sorgente stessa per cui, dal punto di vista dellíosservazione, i contributi alla radiazione sismica dei
singoli elementi della faglia risultano indistinguibili. Questo è, ad esempio, il caso delle registra-
zioni telesismiche per le quali le massime frequenze rilevate corrispondono a lunghezze díonda di
gran lunga superiori rispetto alla dimensione lineare della sorgente che le ha emesse. La complessità
del modello aumenta al diminuire del rapporto tra la lunghezza díonda considerata e le dimensioni
lineari della sorgente.

Figura 7.5 ñModelli a doppia e a singola coppia di forze.

Il modello di dislocazione media di figura
7.4 è sufficientemente semplice da poter essere
rappresentato da un sistema di forze dinami-
camente equivalente (coppia di forze orien-
tata parallelamente alla superficie di faglia) os-
sia in grado di produrre uníanaloga radiazione
sismica. Per simulare questo processo di dislo-
cazione è necessaria una coppia di forze varia-
bili nel tempo applicata allíinterno del mezzo
elastico (Figura 7.5). Il difetto principale di tale

modello è che esso non include esplicitamente dal punto di vista fisico líinizio e líarresto della rot-
tura.

Un chiaro problema associato con il modello a singola coppia risiede nel fatto che alla coppia
di forze risulta associato un momento M0 = |f | b (essendo b il braccio della coppia di forze) non
nullo che risulta non bilanciato allíinterno del mezzo nel quale avviene la dislocazione. È quindi
ragionevole attendersi la presenza di una seconda coppia di forze, ortogonale alla prima, in grado di
bilanciare il momento allíinterno del mezzo. È questo il modello a doppia coppia (Figura 7.5).
La comunità scientifica ha molto discusso, a partire dal 1920 fino alla metà degli anni í60, su

Figura 7.4 ñ Il processo di frattura reale alla sorgente coinvolge una serie di fenomeni piuttosto complessi. Esso può essere
approssimato da un modello medio di dislocazione in funzione del tempo rappresentabile mediante un sistema equivalente
di forze che può essere incorporato direttamente nelle equazioni del moto. Figura tratta da T. Lay and T.C. Wallace (1995).
Modern global seismology. Academic Press.

Ds ∝ Energia radiata (Es)

Incremento energia
rilasciata per la 

stessa dimensione
di faglia



~83000 eqs. 2005-2022

Tra L’Aquila 2009 Mw 6.1 e
Amatrice 2016 Mw 6.2

Picozzi et al., 2020



~83000 eqs. 2005-2022
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Generare un modello di faglia che tenga conto delle eterogeneità dello
stress che permetta di simulare il moto del suolo in modo più realistico

1

The orientation of the maximum ground velocity, both in the
near and far fields, can change because of initial stress hetero-
geneity. The conventional way to analyze recorded ground-
motion polarization in earthquake engineering is to refer to
the ratio RotD50/RotD100 between the median and the maxi-
mum spectral accelerations observed in any orientation of hori-
zontal ground-motion shaking (after Shahi and Baker, 2014, as in
Withers, Olsen, Shi, and Day, 2019). Here, to associate any varia-
tion in ground-motion polarization with source properties, we
prefer to directly consider the velocity data rather than spectral
accelerations. Figure 9c,d shows the spatial distribution of the
PGV polarization for homogeneous and heterogeneous models.
Near the epicenter, the polarization is in the fault-parallel direc-
tion at stations that are located perpendicular to fault strike in
both the models. In the homogeneous model, the polarization
switches to fault-normal direction in which the slip rate increases
upon surface rupture after 3 s (Fig. S18), as indicated by arrows in
Figure 9a. In the heterogeneous model, we notice a similar tran-
sition from fault-parallel to fault-normal component. The fault-
normal polarization zone is larger in the heterogeneous case, and
the difference between the two cases persists to Joyner–Boore dis-
tances larger than 20 km. The pattern of PGV polarization is
event-specific, depending on the spatial distribution of barriers,
supporting the findings of Oglesby and Day (2002).

In our models, the shear stresses along dip are nonzero as a
natural result of the circular crack model (Appendix A) but
remain very small compared with along-strike shear stresses

(Fig. S26). We further verified that consequent rake changes
do not have a significant effect on ground-motion polarization
here. Because past and recent studies reveal the significance of
rake angle on rupture speed (Weng and Ampuero, 2020) and
ground motion (e.g., Aagaard et al., 2004; Käser and Gallovič,
2008), we highlight the interest of investigating rake variations
in future applications of our method.

DISCUSSION
Here, we discuss opportunities to extend our dynamic rupture
models to address some of its current limitations.

One limitation of this study is the lack of unilateral ruptures.
Rupture is bilateral and the hypocenter depth is comparable
(5–7 km) in our models. Real hypocenters being randomly
located along ruptures, the earthquake sets that form the basis
of empirical source relations have relatively fewer bilateral rup-
tures. Verification of our results for different hypocenter loca-
tions is one of the primary perspectives.

Figure 8. Ground motion and source properties of model I. (Top) Amplitude
and polarization of peak ground velocity (PGV) near the fault. The dominant
polarization is either fault parallel (FP) or fault normal (FN). The epicenter
position is indicated by a vertical dashed line. (Middle) Stress drop.
(Bottom) Rupture speed. The hypocenter location is indicated by a star.
Rupture extent is indicated by a solid white line. Rupture speed is nor-
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geneity. The conventional way to analyze recorded ground-
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the ratio RotD50/RotD100 between the median and the maxi-
mum spectral accelerations observed in any orientation of hori-
zontal ground-motion shaking (after Shahi and Baker, 2014, as in
Withers, Olsen, Shi, and Day, 2019). Here, to associate any varia-
tion in ground-motion polarization with source properties, we
prefer to directly consider the velocity data rather than spectral
accelerations. Figure 9c,d shows the spatial distribution of the
PGV polarization for homogeneous and heterogeneous models.
Near the epicenter, the polarization is in the fault-parallel direc-
tion at stations that are located perpendicular to fault strike in
both the models. In the homogeneous model, the polarization
switches to fault-normal direction in which the slip rate increases
upon surface rupture after 3 s (Fig. S18), as indicated by arrows in
Figure 9a. In the heterogeneous model, we notice a similar tran-
sition from fault-parallel to fault-normal component. The fault-
normal polarization zone is larger in the heterogeneous case, and
the difference between the two cases persists to Joyner–Boore dis-
tances larger than 20 km. The pattern of PGV polarization is
event-specific, depending on the spatial distribution of barriers,
supporting the findings of Oglesby and Day (2002).

In our models, the shear stresses along dip are nonzero as a
natural result of the circular crack model (Appendix A) but
remain very small compared with along-strike shear stresses

(Fig. S26). We further verified that consequent rake changes
do not have a significant effect on ground-motion polarization
here. Because past and recent studies reveal the significance of
rake angle on rupture speed (Weng and Ampuero, 2020) and
ground motion (e.g., Aagaard et al., 2004; Käser and Gallovič,
2008), we highlight the interest of investigating rake variations
in future applications of our method.

DISCUSSION
Here, we discuss opportunities to extend our dynamic rupture
models to address some of its current limitations.

One limitation of this study is the lack of unilateral ruptures.
Rupture is bilateral and the hypocenter depth is comparable
(5–7 km) in our models. Real hypocenters being randomly
located along ruptures, the earthquake sets that form the basis
of empirical source relations have relatively fewer bilateral rup-
tures. Verification of our results for different hypocenter loca-
tions is one of the primary perspectives.
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These two independent assessments of interface earthquake ground motions indicate a reduction of the
high-frequency radiation, which is coincident with the preseismic acceleration in GPS velocities 8 months
before the main shock.

4. Discussion

Our results indicate that a geodetic precursor occurred simultaneously with an identified increase in the seis-
micity rate (Figure 1, bottom row), and a decrease in the b value [Schurr et al., 2014]. Such observations can be
modeled as an aseismic slow slip on the subduction interface collocated with long-term foreshock activity
(Figure 2, blue dots). This is consistent with the slow sliding of conditionally stable area on the subduction
interface, spread out by sparse, small seismic asperities [Hetland and Simons, 2010], the seismic activity arising
from the response of seismic asperities to the aseismic forcing.

Seismic radiation spectra of interface events have been proposed, on average, to be representative of the dif-
ferent frictional regimes of a subduction interface [Scholz, 1998; Lay et al., 2012]; regions of unstable sliding
can have large slip but generate modest amounts of short-period radiation upon failure, while smaller patchy
regions of unstable sliding produce coherent short-period radiation when loaded to failure by creep of con-
ditionally stable surrounding regions [Lay et al., 2012; Meng et al., 2015].

The reduction in high-frequency radiated energy often indicates a reduction in earthquake stress drop (i.e., a
decrease of corner frequency). This phenomenon might be explained either by (a) smoother ruptures
[Radiguet et al., 2009], (b) lower rupture velocities, or (c) increasing high-frequency attenuation. Given the
foreshocks sequence does notmigrate through time, a change in attenuation characteristics over such a short
period of time seems unlikely. Rapid fluid migration within the fault zone may change the attenuation locally,
within the few hundredmeters of the damaged fault zone (high pore fluid pressures are accompanied by very
low Qs/Qp ratios—0.1 to 0.4 for saturated basalt that are primarily due to increased shear attenuation
[Tompkins and Christensen, 2001]). However, once integrated over the whole path followed by seismic waves
through continental crust (a few hundredmeters with increased attenuation versus tens of kilometers with no
change), this local change in attenuation accounts for a minor part of the overall attenuation and only at large
frequencies (higher than 15–20 Hz). It will be considered as part of the source, distance independent, high-
frequency (kappa) attenuation. Therefore, the observed change of frequency content at 5–10 Hz rather seems
related to a modification of the earthquake source parameters, such as a wider rupture area or slower rupture
velocity. This is also compatible with the observed reduction in b value during the precursory time period,
implying an increasing proportion of large to small earthquakes. Such a decrease in b value has been pro-
posed as a precursor to major macrofailure [Smith, 1981]. Our observations suggest that a slow aseismic for-
cing that started 8 months before the main shock triggerred an increased number of seismic events together
with a modification of the earthquake frequency content, interpreted as a widening of rupture surfaces [Lay
et al., 2012]. This suggests a progressive expansion of failures into the conditionally stable areas surrounding
small seismic asperities, in a mechanism that will eventually lead to the main rupture nucleation (Figure 4b).

Figure 4. Schematic interpretation of the precursory phase of Mw8.1 earthquake. (a) During the interseismic phase, the
subduction interface slowly creeps (yellow) at depth and in low coupling areas, where frictional asperities are sparse.
The rupture of small frictional asperities resisting this slow slip generates the background seismicity (red). (b) Eight months
before the main shock, slow slip accelerates in the seismogenic zone (maybe facilitated by fluids migration), around the
area ruptured by the main shock. Seismic ruptures start to propagate into the conditionally stable area surrounding the
frictional asperities (light red). (c) After the largest foreshock on 16 March (Mw6.7), slow slip goes on but is superimposed
onto a rough seismic signal generated by the postseismic cascade. (d) On 1 April 2014, Mw8.1 earthquake ruptures a large
portion of the subduction interface, breaking both frictional asperities (red) and surrounding conditionally stable areas
(light red).
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Un possibile modello del processo di generazione dei grandi terremoti

recent experiments119,120. Such models and more general 
damage- rheology frameworks with fault structures that 
evolve during the occurrence of ruptures137,138 might be 
able to quantitatively explain the diversity of slip modes 
and foreshocks observed along major subduction zones, 
including an intermittent increase in fault slip without 
any detectable smooth acceleration immediately before 
a major event.

Integrated earthquake generation model
Natural fault zones have hierarchical structures and con-
siderable strength and stress variations along the main 
fault surfaces3. Three different models — cascade- up, 
pre- slip and progressive localization — were developed 
to explain the initiation process of large earthquakes. 
The three models consider different faulting environ-
ments (heterogeneous pre- existing faults, a smooth pre- 
existing fault surface and volumetric deformation with 
evolving fault structures, respectively), and they address 
different spatial-temporal scales focusing on different 
characteristic phenomena. We propose an integrated 
model that can explain the diversity of processes lead-
ing to large earthquakes in different tectonic settings 
(FIG. 7). First, a general view of natural faulting should 
consider rock volumes rather than individual surfaces. 
Consideration of rock volumes is especially important 
in complex crustal fault systems, but is also relevant for 
subduction zones and major continental plate boundary 
faults. Laboratory experiments44,139,140 and field observa-
tions141–143 indicate that faulted materials regain frictional 
strength and cohesion rapidly after failure. The strength 
recovery necessitates some form of re-localization of 
deformation to the main fault zones at the end of the long 
interseismic periods, as part of a regional preparation pro-
cess of sub sequent major earthquakes. The re-localization 
of deformation is expected to be less pronounced, and 
more rapid, in geometrically simple sections of large faults 
compared with disordered fault structures, although it 
might have important mani festations also in relatively 
simple structures, including subduction zones.

In complex crustal faults, large earthquakes are 
preceded by progressive generation of elevated rock 

damage by the ongoing seismicity around the eventual 
rupture zones (FIG. 7a). Foreshocks occur as part of seis-
mic clusters and are simultaneous with possible aseismic 
deformation as shear localization proceeds (FIG. 7b). One 
foreshock sequence can trigger (with possible aseismic 
deformation) the large dynamic rupture along the main 
fault zone. In subduction zones, which are characterized 
by relatively high temperatures and abundant fluids, the 
final preparation phase leading to large earthquakes 
appears to be driven by a mixture of slow- slip transients 
and foreshocks (FIG. 7c).

Crustal faults are generally associated with colder and 
drier environments compared with subduction zones, so 
slow slip transients are less common. In addition, owing 
to the higher temperature, abundant fluids and involve-
ment of slow slip transients, foreshocks in subduction 
zones are likely to be more frequent compared with 
those in crustal settings22. The migration of slow slip 
transients contributes to the build- up of shear stress on 
mainshock hypocentre sites, along with stress changes 
induced by foreshock ruptures.

When a strong, small patch on a fault breaks, it pro-
duces a rapid local increase in the loading rate around 
the patch, which can make the surrounding fault more 
brittle and susceptible to dynamic rupture. Foreshocks 
on a relatively smooth surface can be explained by rup-
tures of small fragile patches, which may be triggered 
by slow slip that can also jump- start a much larger rup-
ture (that is, a ‘rate- dependent cascade- up model’)120, 
which connects the cascade- up and pre- slip models136. 
Yet, the rate- dependent cascade- up model still assumes 
smoothly accelerating slow slip that drives the system 
immediately before the dynamic rupture. However, 
as outlined previously, detailed observations show an 
intermittent, step- like behaviour of fault slip during the 
final foreshock sequence, rather than a smooth acceler-
ating slip before the main rupture (FIG. 7c). Intermittent 
slip by a combination of slow and fast failure modes 
increases the stress on the eventual rupture zone and 
produces local variations of loading rates that mod-
ify the effective frictional behaviour of different fault 
sections118,119.
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Stress loading by a combination of
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Fig. 7 | Schematic illustrations of generation processes of large earthquakes. a | Progressive localization of shear 
deformation and background seismicity around a large rupture zone. b | Shear localization and several foreshock 
sequences before the instability leading to the large rupture. c | A space–time diagram of step- like increase in fault slip 
before a major earthquake associated with combined slow slip and foreshocks. A final rapid local loading by a small 
foreshock triggers the subsequent major dynamic rupture and circumvents the large nucleation process of a large patch. 
White and yellow stars denote epicentres of mainshocks and other events, respectively. As an example, two foreshock 
sequences accompanied with slow slip are displayed.
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faults that show clustering of intermediate-size events

reflecting localized asperities (Fig. 3).

The cores of fault zones in the experiments are

surrounded by process or damage zones that form

during initial fault propagation (Zang et al. 2000) and

are reworked during multiple slip episodes. This is

manifested by progressive clustering of events along

the primary fault surface and a peak in event density

distribution centered around the fault core. For

smooth faults we find a narrow damage zone of

about 2–3 mm width, which is of the order of the

location accuracy for AE hypocenters (Fig. 4). In

contrast, the AE event density distribution across

rough faults indicates fault core widths of[ 5–10

mm, with a power-law decay of event density

towards the adjacent wall-rock (Fig. 4; Goebel et al.

2014). The width of the damage zone of rough faults

in sections normal to the fault trace is 2–3 times that

of sawcut faults (Kwiatek et al. 2014b).

However, the distribution of AE events surround-

ing the fault core is not stationary during a stick–slip

cycle. We observe a distinct shift of hypocenter

locations towards the fault core as peak stress is

approached, expressed in a narrowing width of the

fault-normal AE distribution (Fig. 5). During large slip

events, the entire fault zone is activated resulting in a

broad AE distribution. Once inter-slip loading of the

fault restarts, the AE activity shifts from the outer

damage zone towards the fault core with increasing

stress highlighting progressive shear localization along

rough faults prior to the next large slip event (Fig. 5).

We also find that orientations of AE focal

mechanisms show significantly less variability for

smooth faults compared to rough ones (Fig. 6a).

Moreover, the progressive spatial localization of

seismic activity towards the fault core when

approaching failure is characterized by a reduced

variability of fault plane orientations, both for saw-

cuts and rough faults (Fig. 6a). This decrease in

Figure 3
Computer-tomographic image of (a) rough fault and (b) sawcut.

Symbols indicate AE hypocenter distribution along faults from a
single slip episode; the estimated location error is ± 2 mm.

Symbols are color-coded according to AE magnitudes. Note that

damage zone in a rough fault is significantly wider compared to

sawcut and fault structure is more complex

Figure 4
AE event density from experiments Wgn05 and Wgc12 projected

in a fault-normal section. Rough faults show a wider damage zone

compared to sawcut faults

Figure 5
Damage zone half width centered at the fault trace (Wgn05) and

estimated for a sliding time window during loading. During inter-

slip loading, a shift of AE distributions towards the fault core

reveals progressive localization of damage approaching failure

G. Dresen et al. Pure Appl. Geophys.

In addition, temporal changes of spatial correla-

tion of AEs at fixed scales, C(r = 5–20 mm) show a

progressive change with loading (Fig. 7e, f). For

rough faults, we find that several slip events are

preceded by peaks of the correlation function

suggesting progressive clustering of AEs towards

the onset of sliding.

3.4. Strain Localization and Seismic Coupling

At the start of a stick–slip loading cycle, axial

displacement of the entire sample assembly inferred

from LVDT measurements corresponds closely to

local measurements from strain gages placed on the

sample blocks on opposing sides of the faults. This

indicates that initially faults are locked. During such

Figure 7
(a) b-value evolution versus time for rough and (b) sawcut faults. For many slip events b-values decrease prior to small or large events.

(c) Correlation dimension D for rough and (d) sawcut faults. D often decreases below 2 (planar distribution of AEs) approaching a slip event
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In addition, temporal changes of spatial correla-

tion of AEs at fixed scales, C(r = 5–20 mm) show a

progressive change with loading (Fig. 7e, f). For

rough faults, we find that several slip events are

preceded by peaks of the correlation function

suggesting progressive clustering of AEs towards

the onset of sliding.
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Stick–Slip Failure 

but with outlier values removed, which makes them more robust
to signals not of interest for our analysis (such as earthquakes)
and to potential sources of noise. A more extensive description of
the features used can be found in the “Methods” section. These
daily features are then averaged within a time window.
Anomalous data points are detected within each window and
removed before averaging. The results shown in Fig. 3 use a time
window of 3 months (i.e. features are averaged over 90 days), but
our methodology is robust to changes in the window size (see
Supplementary). Each window is indexed by its latest day: the
value of the features over the 3 months considered is associated
with the last day of the window, to ensure that the analysis is
made using only past data. Two successive time windows are
offset by one day, and therefore contain 89 days in common. The
averaged features over these time windows are used as input to

the ML algorithm. In the following, ‘seismic features’ will refer to
those features averaged over a time window.

We apply a supervised ML approach to assess whether
continuous seismic waves carry the potential signature of an
upcoming slow slip failure. We assess whether a given time
window of the continuous seismic data can be used to find
signatures of impending failure for the next slow slip event. In the
training phase, the algorithm takes as input the seismic features
calculated from the first (contiguous) 50% of the seismic data
(training set), and attempts to find the best model that maps these
features to the time remaining before the next slow slip event
(label or target). Details on how we build the model can be found
in the “Methods” section.

Once a model is trained, it is evaluated on data it has never
seen—the remaining (contiguous) 50% of the data (testing set). It
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is important to note that in the testing phase, the model only has
access to the seismic features calculated from the continuous
seismic data, and has no information related to slow slip timing
(the label). In the testing phase, the label is used exclusively to
measure the quality of the model’s estimates, i.e. how close these
estimates are compared to the true label values obtained from
PNSN Tremor Logs. If the model is able to estimate an imminent
failure from seismic data it has never seen before, then it means
that one or several features carry the signature of an impending
slow slip event. We use Pearson’s correlation coefficient (CC) as
the evaluation metric, to compare the output of our model to the
true test label values.

We rely on gradient-boosted trees algorithms that are relatively
transparent in their analysis in contrast to many other methods33.
These algorithms can be probed to identify which features are
important in the model predictions, and why. Identifying the
important statistical features allows us to make comparisons with
laboratory experiments, and gain insight into the underlying physics.

Estimating slip failure times from continuous seismic data.
Estimations of the time remaining before the next slow slip event

on the testing set are shown in Fig. 3. Figure 3a shows the ML
time to failure estimations using data from station B001 (in blue),
and the measured time remaining before the next slow slip event
(ground truth, dashed red line). This ground truth can be
understood as a countdown to the next slip, and is equal to zero
whenever the PNSN Tremor Logs reported an ongoing slow slip.
Each point of the model estimations of slip timing (blue curve) is
made from seismic features from the three preceding months.

The seismic data long before failure and during failure appears
very different to the trained model, that easily distinguishes
between these two extreme cases in all the examples in our testing
set. Estimations far from failure (for large values of time to
failure) are noisy and not very accurate, but are of lesser interest
for our analysis. They are often characterized by a long plateau
during which the estimations remain relatively constant,
suggesting that none of our seismic features follow patterns in
the early stages of the cycle that are informative of the upcoming
rupture. Interestingly, a similar but shorter plateau can be
observed in laboratory slow slip events as well13, especially
following events of larger magnitudes. These observations suggest
that slow slip events may be followed by a fundamentally
unpredictable phase—maybe due to the local re-arrangement of

T
im

e 
to

 fa
ilu

re
(d

ay
s)

Date

IQ
60

-4
0 

8–
9 

H
z,

B
00

1 
(m

/s
)

0 20 60 80 100 120 140
Experimental runtime (s)

0

4

8

T
im

e 
to

 fa
ilu

re
 

(s
)

10

15

20

25

A
co

us
tic

 p
ow

er
(a

.u
.)

b

c

0

100

200

300

400

2.8

3.2

3.6

4.0
1e–10

T
im

e 
to

 fa
ilu

re
 (

da
ys

)

ML estimates Time series of features

a

–100

2014 2015 2016 2017 2018 20192013

CC = 0.56

400

300

200

100

0

2007 2009 2011

Time to failure

2013 2015 2017 2019

Date

40

Fig. 3 Slip timing estimations, patterns identified by our model, and comparison to shear experiments in the laboratory. a ML estimates in testing of
time to failure (in blue), and ground truth time to failure (in red) from the PNSN tremor logs. For most events, estimates are close to zero for several weeks
preceding the rupture. b The most important feature identified by our model plotted against time, for the best stations (B001), for time window intervals of
3 months (black curve). This energy-based feature shows clear patterns with respect to the time remaining before the next slow slip event (left axis).
c Shows the best statistical feature found in laboratory slow slip experiments for comparison (acoustic power, right-hand vertical axis). The best features in
the laboratory c and Cascadia b are related to the energy of the seismic waves, and appear to follow similar patterns, with a progressive increase in
amplitude that peaks towards the end of each slow slip event.

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-020-17754-9

4 NATURE COMMUNICATIONS | ��������(2020)�11:4139� | https://doi.org/10.1038/s41467-020-17754-9 | www.nature.com/naturecommunications

Hulbert et al. (2020) 

Nucleation of slow slip in Cascadia



Figure 2. (a) Comparison of relocated hypocentral locations for events before (red circles) and after (blue circles) theMw 7.0
main shock rupture. Events occurring up to 13 May 2016 are shown; circle sizes are scaled to earthquake magnitude. CMT
solutions determined by JMA for the two main events are shown as beach balls. Surface traces of active faults are shown in
green lines. The geometry of the three faults on which two large foreshocks (Mw 6.2 and 6.0) and main shock ruptures
occurred, estimated from surface deformations measured using the GNSS Earth Observation Network System (GEONET)
and interferometric synthetic aperture radar (InSAR) images, is shown by gray rectangles [Kato et al., 2016a; GSI, 2016]; the
updip projection of each fault is shown by the heavier line. Dashed lines denote the locations of the cross sections shown in
Figure 2b. (b) Depth sections along each profile shown in Figure 2a.

Geophysical Research Letters 10.1002/2016GL070079
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Kato, A., et al. (2016), doi:10.1002/ 2016GL070079. 

Sugan, M., et al. (2014), doi:10.1002/2014GL061199. 

The 2016 Mw 7.0 Kumamoto earthquake, Japan

The 2009 Mw 6.3 L’Aquila earthquake, Italy

Cominciamo ad osservare che molti grandi terremoti hanno una fase preparatoria (da analisi retrospettive)

The 6 February 2023, Mw 7.8 Kahramanmaraş
earthquake, southern Türkiye 

Picozzi et al., 2023, doi:10.1038/s41598-023-45073-8

continuously incoming data in a potentially noisy time series represents a powerful method that can
increase significantly the detection capabilities with respect to the standard STA/LTA. These methods have
recently shown the possibility of significant improvements in many seismological applications such as
detection of low-magnitude seismic events [e.g., Gibbons and Ringdal, 2006], relocation [e.g., Schaff and
Waldhauser, 2005], and clustering [e.g., Harris and Dodge, 2011].

To recover the missing events over 96 days between 1 January and 6 April 2009, we applied the MFT [e.g.,
Kato et al., 2012, 2013] to the continuous three-component velocity seismograms recorded at 10 seismic
stations around L’Aquila (Figure 1) operated by the Istituto Nazionale di Geofisica e Vulcanologia (INGV). We
selected a total of 512 earthquakes between 1 January and 6 April 2009 as template events from the
catalogue provided by Chiaraluce et al. [2011], relocated using a double-difference algorithm [Waldhauser
and Ellsworth, 2000].

For each template, we cropped 5 s off the three-component waveforms, starting from 2.5 s before the Swave
arrival, as computed using a one-dimensional velocity model (Central Italian Apennines—CIA—model)
proposed by Herrmann et al. [2011]. A two-way 2–5Hz Butterworth filter was applied to 20Hz sampled
waveforms. The correlation coefficient was calculated between the template event waveforms and target
waveforms at each sample. The hypocentral location, the time associated to the origin time, and the
magnitude of the new detected events were calculated as described in Kato et al. [2013]. A positive detection
was set at nine times the median absolute deviation of the mean correlation coefficients for every event and
every day. Visual inspection was performed for each new detection before considering it as a positive event.
At the end of the procedure, the MFT identified 3571 foreshocks, approximately six times the number in the
catalogue of Chiaraluce et al. [2011] for the same period.

3. Spatial-Temporal Foreshock Pattern

By applying the MFT to continuous data using the 512 template events, we detected 3571 earthquakes in the
magnitude range from !0.4 to 3.9 including templates. Figure 2 demonstrates two examples of new
detections by using the MFT.

In Figure 3a we show the comparison between templates and new detected events in terms of number
of events per day and magnitude distribution. The MFT increased considerably the detections, with a
resultant reduction of the Mc from 1.1 [Chiaraluce et al., 2011] to about 0.5 ± 0.05. On the basis of the

Figure 1. (a) Layout of the L’Aquila region showing the location of permanent Istituto Nazionale di Geofisica e Vulcanologia
(INGV) seismic stations (red triangles) used and 512 template events (black circles) selected from the catalogue of
Chiaraluce et al. [2011]. (b) Zoom view of the location of 419 template events close to the main fault plane with the slip
inverted by Poiata et al. [2012] using teleseismic data for the 6 April 2009 Mw 6.3 L’Aquila earthquake. Size and color
of the template events are drawn as a function of magnitude and hypocentral depth, respectively.

Geophysical Research Letters 10.1002/2014GL061199
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seismology, supervised and unsupervised ML approaches have attracted
considerable research attention (Sick et al., 2015;Wang et al., 2019;Woo,
2019). The ML algorithms (e.g., artificial neural networks (ANN), genetic
programming (GP), self-organizing map (SOM), support vector machines
(SVM), and decision tree (DT)) are used to train to find implicit de-
terminations for seismic events. As one of the cutting-edge algorithms in
the ML arena, deep learning uses the ANN concept to learn generalized
representations of data sets in different domains to define complex
nonlinear relationships between variables. The outstanding capabilities of
ML in sequential data sets lead it to be an optimal choice for the phase
association problem in seismology, which processes one element of a
sequence at a time and thus, suitable for phase association in a real-time
seismic network. Fig. 2b summarizes the published AI-based studies in
seismology during 1999–2019. As seen, ANNs are the most widely-used
ML methods in this domain. Moreover, there has been recently a
growing interest in deploying deep learning techniques in seismology.

2. The AI approaches in seismic analysis

Attempting to mimic human cognition capability, AI is a computa-
tional solution to address engineering problems that are difficult to solve
using conventional approaches (Alavi and Gandomi, 2012). In principal,
AI uses the given seismic trainingdata to identify the relationshipbetween
the inputs and corresponding outputs, as shown in Fig. 3a (Shahin, 2016).
Such essence of AI leads to its advances in seismology, especially consid-
ering the massive detected seismic data with heavy noise. Due to the in-
adequacy of physics-based models developed using the first principles to
define the underlying relationships between seismic data, AI has attracted
critical attention in recent years (Li et al., 2018). Taking an AI approach
toward data mining, processing and analyzing substantially increases the
accuracy and efficiency of earthquake detection, which offers exciting
opportunities to develop seismic networks for multipurpose. Some ex-
amples are detection and phase picking, early warning, ground-motion
prediction, tomography, geodesy, etc. Thanks to the capability of AI in

capturing subtle functional relationships between variables without a
need to assume prior form of the relationship, complicated information
between factors in earthquake (e.g., time, location, magnitude, and
possible damages) can be extracted. On the contrary, almost all of the
traditional statistical methods can only provide the existing relationships
between seismic datawhen prior knowledge of the nonlinear nature of the
variables is known. Another advantage of AI over the traditional methods
is that it fosters increasing computational efficiency in making decisions
over earthquake while decreasing error rate (Azamathulla Md, 2013;
Karbasi andMdAzamathulla, 2017). On the other hand, a limitation of the
AImethods is that theyare extremely parameter sensitive, especiallywhen
dealing with complicated experimental datasets. A viable solution to
tackle this issue is to use robust optimization algorithms (e.g. genetic al-
gorithm, particle swarm optimization, Tabu search) for an optimized
control of the parameters of the AI method.

2.1. Machine learning

As a branch of AI, ML involves systems capable of automatically
learning from data, identifying patterns and making decisions. The
salient beauty of ML is that it enables computers to learn without being
explicitly programmed. Most of the ML-based methods are essentially
inspired by biological learning. In seismology, ML uses series of tech-
niques to find the inherent rules and dependences between data and then
classify or regress them. Also, ML is commonly used to categorize and
analyze unseen patterns or features in detected data since it, unlike
seismologists that analyze data using intuition and logics, discovers un-
considered features beyond human capability (Kong et al., 2019). Fig. 3b
displays the main components of ML, which can be grouped into super-
vised and unsupervised (Salehi and Burgueno, 2018). The former typi-
cally consists of regression and classification methods, and the latter
includes reduction and clustering techniques. There is also another
category called semi-supervised learning algorithms that can organize
the data as well as make predictions. However, characterizing into

Fig. 1. (a) Characteristics of earthquake and seismic events occurred during 1900–2013 (USGS, 2019), and (b) AI-enhanced seismic analysis in detecting “small”
seismic events and addressing noisy data.

Fig. 2. Existing AI and data science studies in seismology. (a) Illustration of the interrelation between AI and data science techniques in seismology. (b) Summary of
the published AI-based studies in seismology during 1999–2019.
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Distributed Acoustic Sensing
La tecnologia DAS (Distributed Acoustic Sensing) permette di effettuare misure simultanee della
deformazione dinamica (strain) del suolo su lunghi tratti di fibra ottica tramite appositi
interrogatori laser.

L’elevata risoluzione spaziale (<4m) e temporale (<1ms) dei sistemi attuali, unitamente alla possibilità di campionare
notevoli lunghezze di fibra (>20km), rendono tale metodo particolarmente adatto al monitoraggio sismico regionale e
della deformazione crostale.



 

 

depth-integrated measurements which are used to infer the properties of fault zones at 105 
seismogenic depths. The shallowest fault zone structure is thus a natural starting point when 106 
seeking to understand the fault zone’s full architecture, because this structure may subsequently 107 
be used to correct for its universal contribution to depth-integrated observations. 108 

In August of 2021, a DAS array was deployed on a dark fiber traversing a path between 109 
Ridgecrest, CA and Barstow, CA. The array spans 100 kilometers with 10-meter channel 110 
spacing, amounting to 10,000 channels averaging strain over 50 or 100 meters, depending on the 111 
recording period (see Fig. 1). DAS is a powerful tool for characterizing the shallow subsurface 112 
(e.g, Atterholt et al., 2022; Cheng et al., 2021; Jousset et al., 2018; Spica et al., 2020; Viens et 113 
al., 2022; Yang, Zhan, et al., 2022), and we employ this array to solve for the heterogeneous 114 
structure in and around the Garlock Fault. We leverage data with complementary frequency 115 
sensitivity from an active source survey that used the in-situ DAS channels as receivers and 116 
ambient noise cross-correlations.  117 

The active source experiment was performed using a Propelled Energy Generator (40 kg) source 118 
at 10 m intervals along a 1.4 km segment of the array centered on the mapped strand of the 119 
Garlock Fault (purple segment; Fig. 1a). At each shot location, we performed 10 shots for 120 
stacking. During the active source experiment, we reduced the channel spacing and gauge length 121 
of the array to 2 m and 16 m respectively. To produce virtual shot gathers, we cross-correlate 122 

a. b. c.

Figure 1. Study setting and dataset examples. a. Map summarizing the data used in this study. Blue, yellow, and 
purple curves represent the entire DAS array, the segment used for the ambient noise experiment, and the 
segment used for the active source experiment, respectively. Gray and green points show the earthquakes used 
to construct the profiles in Figures 2 and 4. The gray star indicates the earthquake shown in c. The diamond 
shaped points indicate the earthquakes shown in Fig. S4. Red points show earthquakes that were also used in the 
inversion in for the bimaterial contrast. b. Example shot gathers located approximately on the mapped fault trace 
from the active source (top) and ambient noise experiments (bottom). Active source and ambient noise shot 
gathers are bandpass filtered between 2-10 and 1-5 Hz respectively. c. Example of the waveforms from an on-
fault earthquake. Olive dotted lines mark the P and S wave picks. Earthquake wavefield is filtered between 1-10 
Hz. For b and c, zero distance is the location of the intersection between the central strand of the Garlock Fault 
and the DAS array. 
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DAS @OGS per il monitoraggio Regionale

l’utilizzo dell’esistente struttura regionale INSIEL,
rappresenta il primo esperimento di applicazione di
tale tecnologia per scopi scientifici su vasta scala sia
in Italia che in Europa.

Infrastruttura regionale di 
comunicazione tramite 
fibre ottiche INSIEL

Piano Nazionale di Ripresa e Resilienza (PNRR) à finanziamenti
infrastrutturali del progetto ITINERIS (Italian Integrated Environmental
Research Infrastructures System, WP7)

5 interrogatori ottici iDAS e relativa 

infrastruttura informatica.

Per il futuro ci aspettiamo un importante impatto nel
monitoraggio sismico per Istituzioni e Protezione Civile
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Attività dell’OGS. 

In questo contesto le attività dell’Ente si focalizzano nei settori della transizione ecologica, dell’azione per il 
clima, della protezione dell’ambiente, della biodiversità e degli ecosistemi, della riduzione dei rischi naturali 
e dell’economia blu sostenibile. 

In coerenza con tali linee di indirizzo generali, l’OGS ha ridefinito per il prossimo triennio le proprie cinque 
grandi missioni di ricerca scientifica e innovazione che rappresentano in modo esplicito le competenze e gli 
obiettivi dell’Istituto e del suo personale: 

1. comprendere Mare e Oceano per promuovere la salute degli ecosistemi e la sostenibilità, con le seguenti 
priorità scientifiche: funzionamento degli ecosistemi e biodiversità, osservazione e previsione, 
cambiamento climatico e acidificazione dell’oceano, inquinanti e plastica, sostenibilità degli ecosistemi 
ed economia blu; 

2. comprendere i Processi Geologici per guidare lo sviluppo sostenibile, con le seguenti priorità scientifiche: 
dinamiche della Terra ed evoluzione dei bacini, mappatura e monitoraggio dei processi, georisorse 
sostenibili, sistemi idrici integrati, soluzioni a zero emissioni nette di carbonio; 

Grazie per l’attenzione







L’autosimilarità e’ una caratteristica peculiare del processo di frattura

Immaginiamo che la crosta sia un corpo fratturato con caratteristiche di autosimilarità ovvero che a qualunque 
ingrandimento lo si osservi appaia in forma simile

Scala decametrica Scala decimetrica by D. Albarello
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Figure 3. Maps of expected seismicity rates (M3+) for CRS‐1/7 and ETAS at period‐specific windows. We adopt a grid size of 2 × 2 km in all models. Black
circles indicate observed events (M3+) within each specified time period, while stars indicate the primary earthquakes (not included among the target events
of the respective time window). S = sources; Prel = preliminary; Rev = revised; Opt RS = optimized rate‐state parameters, USD = uniform slip distribution;
SUP = spatially uniform receiver planes; SVP = spatially variable planes; FLM = finite‐length rupture model; I = isotropic stress field; HoBR = spatially
homogeneous background rate; HeBR = spatially heterogeneous background rate; MtBV = Mount Bove‐Mount Vettore. Aσ values are in MPa, _τ values are in
MPa/year. CRS = Coulomb rate‐state; ETAS = Epidemic Type Aftershock Sequence.
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