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events before the Mw 6.0 Amatrice mainshock 12 

• fore-mainshocks and swarm-like clusters persisted before the Amatrice main 13 

at the northern and southern fault edges of the nucleation point  14 

• an unlocking process by progressive deformation localization weakened the 15 

2016 main fault volume peripheral area 16 
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Abstract 25 

Approximately 23,000 well-located earthquakes from 2009 to 2016 are used as 26 

templates to recover seismic activity preceding the 2016 Central Italy seismic 27 

sequence. The resulting spatiotemporal pattern is analyzed employing ~91,000 28 

newly detected events. In the 8 years before the sequence onset, microseismicity 29 

(ML≤3.7) develops at the hangingwall of the 2016 fault system and along a sub-30 

horizontal shear zone. The events, mainly organized in clusters, represented by 31 

foreshock-mainshock and swarm-like sequences, migrate toward the nucleation area 32 

of the first Mw 6.0 mainshock of the sequence that occurred on the 24th of August in 33 

Amatrice. We propose an unlocking model based on variable temporal clustering of 34 

the seismicity, including repeaters, identifying fault portions with different degree of 35 

coupling and rheology, responding differently to the tectonic loading, and working to 36 

progressively localize the deformation process, increasing rock damage and 37 

weakening the nucleation patch of the Amatrice mainshock. 38 

 39 

Keywords: template matching, unlocking, swarms, foreshocks, slow slip, progressive 40 

deformation  41 

 42 

Plain Language Summary 43 

  We exploit a high-resolution earthquakes catalog to describe the seismic activity 44 

preceding the cascade-like 2016 Central Italy seismic sequence. Newly retrieved 45 

events are analyzed in space and time to characterize the earthquake preparatory 46 

phase leading to the first mainshock of the sequence.  47 
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Our 8-years-long observations show rock damage related to seismic activity involving 48 

structures surrounding the nucleation and rupture zone. Intriguing seismicity patterns 49 

along an almost horizontal discontinuity below the normal faults and at their northern 50 

and southern edges are found. We highlight migrations, clustering, and progressive 51 

deformation localization close to the first mainshock of the sequence, unveiling a 52 

complex preparatory phase. 53 

  54 

1. Introduction 55 

In the last 25 years, the central Apennines have been the site of moderate-strong 56 

(5.9<=Mw<=6.5) extensional earthquakes (Colfiorito 1997; L'Aquila 2009; Central 57 

Italy 2016). Contrary to what happened in both 1997 (Ripepe et al., 2000) and 2009 58 

(Lucente et al., 2010) crises, the 2016 sequence initiated without conventional 59 

foreshocks activity.  60 

The sequence evolved around its largest event (Mw 6.5, 30th October) near Norcia, 61 

located in the middle of a fault system activated two months earlier, with a first 62 

Mw 6.0 (24th August) event located south, near the town of Amatrice. Then, a few 63 

days before the Norcia earthquake, another Mw 5.9 event occurred at the 64 

northernmost extent of the sequence, near the village of Visso (Figure 1). 65 

Aftershocks distribution clearly shows the geometry of the shallow SW-dipping 66 

normal fault segments hosting the mainshocks of the sequence, confined at depth by 67 

a sub-horizontal about 2-3 km thick shear zone active between 7-12 km (SZ; 68 

Chiaraluce et al., 2017, Waldhauser et al., 2021); a discontinuity interpreted as a 69 

litho-structural feature or as the limit of the brittle-ductile transition, contributing to 70 

pre- co- and post-seismic displacement (Barchi et al., 2021; Mandler et al., 2021).  71 
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Before the Mw 6.0 Amatrice mainshock, seismicity rate changes along the SZ (Vuan 72 

et al., 2017) and pre-slip (Vičič et al., 2020), linked to supposed temporal fluctuations 73 

in tectonic loading, are observed close to the system of shallow dipping normal faults. 74 

In the eight months preceding the 2016 sequence onset, seismic activity increased 75 

along the SZ in the areas located at the termination of the normal faults that will host 76 

the strongest earthquakes. These time-varying rates have been interpreted as the 77 

brittle signature of the tectonic loading process acting along the normal fault’s 78 

bounding plane, suggesting an active role of the SZ in the preparatory earthquake 79 

phase (Vuan et al., 2017). Tan et al. (2021) and Waldhauser et al. (2021) observed 80 

that during the aftershock sequence, the SZ seismicity mainly occurs in response to 81 

the slip on the normal faults, proposing a different and passive role for this structure 82 

during the coseismic stage.  83 

All these findings highlight SZ's time-dependent and evolving behavior during the 84 

preparatory process and in the co- and post-seismic phase. Thus, to constrain the 85 

driving process leading to the unlocking mechanisms of the 2016 seismic sequence 86 

and to better interpret the relationships between high angle normal faults and the 87 

sub-horizontal shear zone, we increase the spatio-temporal resolution of the 88 

seismicity patterns by using a template matching approach (Vuan et al., 2018; 2020 89 

Sugan et al., 2014; 2019). 90 

To look for previously undetected events contained within ~8 years of continuous 91 

data, we use a catalog of approximately 23,000 well-relocated earthquakes that 92 

occurred within the source volume containing the 2016-17 Central Italy sequence and 93 

were detected by the Italian National Network from the 1st of January 2009 and the 94 

24th of August 2016, the day of the Amatrice mainshock (Figure 1).  95 
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The augmented catalog is used to identify areas with different frictional properties by 96 

investigating and defining the typology of clustering (e.g., foreshock-mainshock, 97 

typical mainshock-aftershock, or swarm-like; Zaliapin and Ben-Zion 2016 and 2020) 98 

over time and space. 99 

Within the clusters characterized by higher waveforms similarity, we look for 100 

repeating earthquakes to be possibly associated with the occurrence of aseismic slip, 101 

such as creeping, afterslip, or slow slip events (e.g., Uchida, 2019).  102 

These features are then discussed together to define the earthquake preparatory 103 

phase and nucleation process in the framework of published models (Ellsworth et al., 104 

2018, Tape et al., 2018, Kato and Ben-Zion, 2021).  105 

 106 

2. Methods 107 

2.1 Input catalog 108 

The catalog of templates consists of 23,003 events in the local magnitude (ML) range 109 

0.1 – 5.2 that occurred in the 100 x 100 km2 area shown in Figure 1 from the 1st of 110 

January 2009 to the onset of the 2016 Central Italy sequence (24th of August 2016). 111 

The events have been initially relocated in absolute terms using NonLinLoc code 112 

(Lomax et al., 2000), based on a nonlinear inversion method (Figure S1 in the 113 

supplement).  114 

To further maximize the quality of the templates’ catalog in terms of hypocentral 115 

location resolution, we apply a double difference (Waldhauser and Ellsworth, 2000) 116 

scheme taking only absolute travel times. The resulting relocations show the mean 117 

value of horizontal errors of ~500 m in an east‐west direction and ~400 m north-118 

south. The mean value of vertical errors is ~400 m, as reported in Figure S2 in the 119 
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supplementary material. Details about the methods are described in supplement Text 120 

S1. 121 

         122 

2.2 Template matching 123 

Template matching (Vuan et al., 2018) is applied to 8-years continuous data 124 

recorded before the 2016 Central Italy sequence, placed between Colfiorito 1997 125 

and L'Aquila 2009, to gain greater detail in microseismicity patterns, possibly 126 

inferring indications of the earthquake preparation phase.  127 

Text S2 in the supplement describes the method and input and output parameters to 128 

infer and validate the augmented catalog. 129 

We keep the new detections co-located with the templates, while the magnitude is 130 

estimated by amplitude comparison with the templates. A tenfold increase in the 131 

amplitude ratio corresponds to a one-unit increase in magnitude at each recording 132 

channel.  133 

 134 

2.3 Clustering analysis and repeating earthquakes 135 

We analyze the clustering of the events in the augmented catalog over time and 136 

space (see Text S3 in the supplement) by applying the Zaliapin and Ben-Zion (2016, 137 

2020) approach that separates the clusters from the background seismicity. 138 

Subsequently, we define and classify the clusters as swarms, mainshock-aftershock, 139 

and foreshock-mainshock sequences, following the criterion proposed by Ogata and 140 

Katsura, 2012. 141 

We also investigated temporal clustering (covariance of interevent times; Kagan and 142 

Jackson, 1991) and seismic moment ratio evolution over time (Vidale and Shearer, 143 
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1996) to define the level of complexity, fault interactions, volumetric processes, and 144 

heterogeneous fault properties. The interevent-time statistics method does not rely 145 

on any triggering mechanism or declustering algorithm (Liu et al., 2022). We also 146 

explore the mechanical properties of the activated faults and surrounding regions by 147 

focusing on the presence of repeating earthquakes. In particular, we adopt a method 148 

that combines both seismic waveform similarity, using a cross-correlation function 149 

and differential S-P travel time measured at each seismic station (Shakibay Senobari 150 

and Funning 2019; Sugan et al., 2022). Details about the parameters and the 151 

approach adopted to declare repeating earthquakes are provided in the 152 

supplementary material (Text S4 in the supplement).  153 

 154 

3. Results 155 

In the 8-years preceding the Amatrice earthquake, template matching helped detect 156 

approximately 91,000 new events (Catalog_TM in supplementary), lowering the 157 

magnitude of completeness (MC) of the augmented catalog by about 1 degree of 158 

magnitude, reaching MC = 0.4. The ability of the templates to find new events spans 159 

homogenously over time, including events with a high degree of waveform similarity 160 

(cross-correlation values >0.9; Figure S3). 161 

The templates, located in a square area of approximately 10,000 km2, identify 162 

persistent microseismic activity from 2009 to 2016 in key sectors of the complex 163 

system of faults activated later during the Central Italy sequence. Most seismicity is 164 

located below 7 km, while the 2016 main sequence spreads a broader range, 165 

including the shallower crustal volume (<7km; Figure S4). 166 
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We analyze the pre-sequence augmented catalog divided above and below the SZ. 167 

By applying a tuned ridge estimator of the scattered seismicity (Amini and Roozbeh, 168 

2015), we identify a smooth 3D surface at the top of the SZ (TSZ; Figure S5). The 169 

definition of the top of the SZ seismicity at variable depths is possible because of the 170 

presence of a thin layer (~ 1 km) showing less microseismicity (Vuan et al., 2017) 171 

and partially separating the shallow extensional fault system activated during the 172 

sequence from the underlying shear zone seismicity. 173 

The TSZ east-dipping boundary is more evident below and north of the 2016 fault 174 

system, while in the southern sector, it mixes up in terms of both seismic activity 175 

(e.g., aftershocks) and geometry with the deeper and low angle portion of the 176 

Campotosto fault, activated with a series of 5<MW<6 events during the 2009 L’Aquila 177 

sequence (Valoroso et al., 2013). 178 

TSZ depth values range from 7 to 12 km and do not differ significantly from the TSZ 179 

roughly reconstructed in Vuan et al. (2017). 180 

A space and time representation of the eight-year augmented catalog and the 181 

corresponding yearly frequency of events are shown in Figure 2. Seismicity is 182 

projected along the 2016 main faults mean strike (336 degrees – N24W) with positive 183 

and negative offset values toward the north and south of the 24th of August Amatrice 184 

mainshock nucleation point. Figure 2 highlights two main features: the lack of activity 185 

right below the Amatrice fault (below the TSZ; Figure 2d) and the migration in time of 186 

the shallower (above the TSZ) seismic activity toward the Amatrice fault zone (Figure 187 

2b). 188 

Although remaining active during the 8-years time window, the SZ concentrates the 189 

events north and south of the Amatrice main fault edge (Figures 2c). Below this fault 190 
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volume, a lower seismicity rate is found. On the contrary, the SZ becomes very active 191 

after each mainshock of the 2016 sequence (Tan et al., 2021; Waldhauser et al., 192 

2021; Barchi et al., 2021). The clustering of events above the SZ migrates from south 193 

to north, progressively affecting the main fault volume from 2013 (Figure 2b).  194 

The period from 2009 to the end of 2011 is characterized by a concentration of 195 

events in the Campotosto area (south of the 2016 main fault: Figure 2a), both above 196 

and below the TSZ. This is caused by the still ongoing aftershocks activity of the 197 

2009 L’Aquila sequence extended in time, presumably due to the triggering effect of 198 

the pore pressure diffusion process described by Malagnini et al. (2021). After 2013, 199 

we still observe activity in the southern part of the Amatrice fault, in the Campotosto 200 

area, even if the number of events decreases. 201 

Clusters above the TSZ inside the Amatrice fault volume are observed starting from 202 

2013 (Figures 2a, b). At the same time, diffused seismicity is also active close to the 203 

northern fault edge within the SZ (Figure 2c, d). From the second half of 2015 until 204 

the sequence onset (with the Amatrice MW 6.0 mainshock on the 24th of August 205 

2016), clusters are found within the main fault volume and close to the Amatrice 206 

nucleation point.  207 

We apply a space-time nearest-neighbor technique (Zaliapin and Ben-Zion 2016, 208 

2020) to distinguish better clustered from background activity (Figure 3), plus a 209 

frequency-magnitude distribution criterion (Ogata and Katsura 2012) for classifying 210 

the identified clusters as swarm-like, foreshock-mainshock, and mainshocks. 211 

Within our 8-years long catalog, we identify approximately 670 clusters (number of 212 

events higher than 10) lasting from days to months and a maximum magnitude 213 

generally lower than ML 3 (Figure S4). Clusters constitute 51% of the total seismicity 214 
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and are mainly foreshock-mainshock (22%) or swarm-like sequences (28%). Few 215 

clusters classified as swarms revealed a mixed behavior with bursts' repetitions in a  216 

few days. 217 

Figures 3a and 3b help distinguish areas with different clustering or diffuse seismicity 218 

above and below TSZ. Above the TSZ (Figure 3a), clusters are mainly found in the 219 

hanging wall of the fault system and predominate in the southern sector (S) or within 220 

the fault volume (F). The northern sector (N) is characterized by a few clusters at the 221 

edges and a low background seismicity rate. Below the TSZ (Figure 3b), swarms and 222 

fore-mainshock sequences are more abundant in the S sector. The N and F sectors 223 

show very few clusters but with, respectively, a higher and meager background 224 

seismicity rate.  225 

The along-strike projection of the clusters and background seismicity versus time, 226 

above and below the TSZ, is shown in Figures 3c and d, respectively. Figures 3c,d 227 

reflect what is described in Figure 2. Above the TSZ, clusters migrate from N and S 228 

toward the F sector, decreasing one year before the mainshock. Clusters below the 229 

TSZ evolve differently: we find swarm-like sequences in the S sector up to 2015 and 230 

in the footwall out of the N sector, while few foreshock-mainshock clusters develop 231 

within and around the F sector.   232 

We also find repeating earthquakes, doublets characterized by low interevent time 233 

(generally less one day), following the same migration shown by the other clusters 234 

above TSZ (Figure 3c) toward the nucleation point of the 24th August Amatrice 235 

mainshock. Some are also found below the TSZ, close to the Campotosto area, and 236 

north of the Amatrice fault (Figure 3d). 237 



manuscript submitted to Geophysical Research Letters 
 

	 11	

To better investigate the difference in the mechanical properties of the faults system, 238 

we use clustering as a proxy for identifying areas and periods of different coupling 239 

and frictional properties. Generally, weaker temporal clustering characterizes 240 

creeping volumes where the coupling in the main fault volume is lower (Liu et al., 241 

2022). Differently, locked volumes with higher coupling show a more pronounced 242 

temporal clustering. 243 

The covariance of interevent times (Figs. 4a, b), the seismic moment ratio (Figs. 4c, 244 

d), and the cumulative rate over time (Fig. 4e, f) are computed for the volume hosting 245 

the fault (area F in Figure 3) and for the N and S sectors of Figure 3 (Figures S6 and 246 

S7) to evaluate the degree of coupling above and below the TSZ. 247 

Low and high covariance values are often alternated in F. At the same time, an 248 

evident increase in temporal clustering was found in 2013 when the activity above the 249 

TSZ changed from Poissonian to clustered (Fig. 4a), while below the TSZ (Fig. 4b), 250 

unclustered diffuse seismicity prevails. 251 

The moment ratio is generally low after 2013 (Figure 4c and 4d), indicating clustered 252 

swarm-like sequences, often observed elsewhere during increased over-pressurized 253 

fluids in fault volumes (Zhu et al., 2020). In general, moment ratios between 0.5 and 254 

1 evidence fore-mainshock coexisting with swarms-like clusters.  255 

The cumulative number of events is higher above the TZS than below (Figures 4e 256 

and f). In the shallower crust from 2013, the high temporal clustering suggests high 257 

coupling, while diffuse low-level seismicity is found below TZS. 258 

In the north-northwestern sector (N), covariance values above the TSZ show few 259 

clusters (Figure S6a), less than in the F sector (Fig. 4a). From 2012 to 2013, below 260 

the TSZ, seismicity appears to be more diffuse than in F, with no apparent temporal 261 
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clustering and Poissonian (Figure S6b). In N, moment ratios slightly increase from 262 

2012 (Figure S6c). Despite the higher density of events below the TSZ than above 263 

(Figure S6d), moment ratios are lower than 0.5. The weaker temporal clustering 264 

suggests low coupling for N.  265 

South of the main fault volume (Campotosto area, S in Figure 3a), a relatively low 266 

covariance value is observed above TZS up to 2011. Subsequently, the values rise 267 

for some clusters starting from the second half of 2011 (Figure S7a). Moderate 268 

covariance values are also found from 2015 to 2016 below TSZ (Figure S7b).  269 

The moment ratio shows prevailing mainshock-aftershock and foreshock-mainshock 270 

sequences up to mid-2011, followed by predominant swarm-like clusters and 271 

foreshock-mainshock (Figure S7c and d). The high cumulative number of events that 272 

characterizes this sector from 2009 to mid-2011 is still related to the L’Aquila 2009 273 

aftershock sequence. 274 

 275 

4. Discussion 276 

In the 8-years before the first Mw 6.0 Amatrice mainshock of the 2016 sequence, 277 

seismicity highlighted by the newly retrieved catalog appears to mainly occur along a 278 

shear zone (SZ) located below ~7 km and bounding at depth the normal faults 279 

system.  280 

The seismicity pattern (Figure 2) shows that the seismic release along the SZ is 281 

relatively constant and unclustered, with a release rate lower at the base of the 282 

Amatrice mainshock fault than in the surrounding areas. 283 

On the contrary, above the SZ, within the shallower crustal volume hosting the main 284 

normal fault where the mainshocks nucleate, we observe seismic activity organized 285 



manuscript submitted to Geophysical Research Letters 
 

	 13	

in clusters (mainly foreshocks-mainshock and swarms) nucleating around the main 286 

fault zone (Figure 3), together with repeating earthquakes and producing progressive 287 

rock damage migrating in time toward the Amatrice nucleation area (Figures 3). The 288 

migration pattern observed at shallow depth from the southern portion to the fault 289 

volume and repeating earthquakes can be interpreted as an aseismic slip process.  290 

Similarly, Vičič et al. (2020), using GPS data preceding the mainshock, suggest that 291 

aseismic deformation plays a fundamental role in loading surface faults. 292 

Observations of aseismic transients in the shallow crust are less common than in 293 

subduction zones because it is hypothesized that slow slip requires a rich content of 294 

over-pressurized fluids and higher temperatures not often found in the colder, drier 295 

continental crust (Bouchon et al., 2013). Over-pressurized fluids (CO2) are well 296 

documented along in this sector of the Apennines, being encountered at around 5-6 297 

km of depth in a few deep boreholes drilled for oil investigation activities (Trippetta et 298 

al., 2013; Chiodini et al., 2013; Lombardi et al., 2010). Thus, fluid-driven slow slip can 299 

be possible in an extensional framework showing clustered activity with the presence 300 

of foreshocks and progressive localization of deformation.  301 

More recently, Malagnini et al. (2022) measured time variations of seismic 302 

attenuation, a parameter strongly linked to crustal permeability, and interpreted the 303 

2016 Central Italy sequence as an extended episode of fluid diffusion. Coseismic 304 

permeability changes evidenced by seismic attenuation are responsible for creating 305 

fluid diffusion pathways enabling the triggering of multi-mainshocks.  306 

Abundant fluids in Central Italy are also supposed by the presence of migrating 307 

swarm-like clusters. Ross and Cochran (2021) interpreted swarms as an effect of 308 

transient natural fluid injection processes in southern California. Thus, the final 309 
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preparation phase leading to large earthquakes could be driven by a mixture of slow-310 

slip transients and fluids. 311 

Tiny slow slip seismic transients could contribute to the build-up of shear stress on 312 

mainshock hypocenter sites and stress changes induced by foreshock ruptures. 313 

When a strong small patch on a fault breaks, it rapidly increases the patch's loading 314 

rate, making the surrounding fault more brittle and susceptible to dynamic rupture 315 

(Kato and Ben-Zion 2021). In 2013 within the fault volume, as described in Figures 3 316 

and 4a, we observed an intermittent, step-like fault slip behavior with typical swam-317 

like seismic bursts. This intermittent slip could represent a combination of slow and 318 

fast failure modes, increasing the stress on the eventual rupture zone and producing 319 

local variations in loading rates that modify the effective frictional behavior of the 320 

main fault.  321 

Assuming the temporal clustering as a proxy of the main fault volume coupling, we 322 

define the existence of a creeping activity along a basal detachment characterized by 323 

low coupling, increasing the loading on the above locked high-angle normal faults 324 

(higher coupling). We highlight a northwestern creeping region, where diffuse 325 

seismicity prevails below the TZS, and a southern region with moderate coupling 326 

below TSZ, where fluid diffusion occurs. We provide in Figure S8 a simplified sketch 327 

to synthesize our observations and results on the preparation process of the 2016 328 

Central Italy seismic sequence.  329 

Identifying the locked areas of the fault accumulating elastic strain to be released 330 

during a future earthquake and areas slowly releasing strain through aseismic creep 331 

are essential when examining the nucleation processes. The nucleation of a dynamic 332 

rupture is related to the evolution and variations of stress and strength in the fault 333 
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system volume. The two end-member models describing such a process are the 334 

cascade-up (e.g., Ellsworth et al., 2018) and the pre-slip (e.g., Tape et al., 2018).  335 

Between these models, there is the progressive deformation localization one (Ben-336 

Zion and Zaliapin, 2020; Kato and Ben-Zion, 2021), which supposes evolving 337 

distributed rock damage to localized deformation, leading to a primary slip zone 338 

prone to a significant dynamic rupture (e.g., Amitrano et al., 1999; Renard et al., 339 

2019). During the localization, microseismicity monitoring could play a role, and 340 

clusters or foreshocks could trace in space and time the evolving process that might 341 

lead to the nucleation of the mainshock rupture (Kato and Ben-Zion, 2021).  342 

The described eight-year seismicity patterns find analogs with the model proposed by 343 

Kato and Ben-Zion (2021). Before the 2016 central Italy sequence, we observe the 344 

generation of rock damage by ongoing seismicity around a future rupture zone 345 

producing crustal weakening on a multi-annual scale, background seismicity 346 

localization, and coalescence of events into growing clusters in the final ~3–4 years 347 

before the large earthquakes. 348 

 349 

5. Conclusions 350 

The initiation of major earthquakes results from multiple processes acting at various 351 

spatial and temporal scales. The novel and increased catalog we generate, 352 

composed of about 91,000 events, highlights a progressive deformation localization 353 

before the first Mw 6.0 mainshock of the 2016 Central Italy sequence. 354 

Our 8-years observations show rock damage related to seismic activity involving 355 

structures surrounding the nucleation and main rupture zone. The pre-sequence 356 

seismicity patterns along the almost horizontal SZ demonstrate an evolution of 357 
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damage at the base of normal faults at the northern and southern main fault edges 358 

that probably triggered clusters and seismicity within the main fault volume. 359 

Localization of background seismicity and growing clusters migrating within the main 360 

fault volume produce crustal weakening around the future rupture zone, with 361 

progressive unlocking. The migrating clusters, mainly formed by foreshocks-362 

mainshocks and swarm-like clusters also including repeating earthquakes, suggest 363 

the occurrence of slow slip transients, probably boosted by fluids. 364 
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 618 

Figure 1 – a) Map showing the selected templates (black dots) and stations (red 619 

triangles) used in the template matching analysis. Faults are projected at the surface 620 
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as boxes: Amatrice (red, Tinti et al., 2016), Visso (orange, Chiaraluce et al., 2017), 621 

Norcia (blue, Scognamiglio 2018). The red star marks the 24th August Amatrice 622 

epicenter. Green lines show normal faults (Barchi et al., 2021). Focal mechanisms 623 

from Scognamiglio et al., 2006. b) A-A', c) B-B', d) C-C' along dip cross-sections of 624 

seismicity from 2009 to 2016 (24th August), where is apparent the almost flat shear 625 

zone in the middle crust.  626 
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 643 

Figure 2 – a) Spatiotemporal distribution of the augmented catalog in the shallow 644 

crust above the TSZ and b) the corresponding yearly frequency of events projected 645 

along the main fault strike (336 degrees). Only events with M>=Mc are plotted. c) and 646 

d) panels as a) and b) for events below the TZS. Red dotted lines represent the 647 

northern and southern edges of the 24th August Mw 6.0 Amatrice main fault. Faults 648 

are projected at the surface for the Amatrice mainshock (red), Visso (orange), and 649 

Norcia (blue). The red star marks the 24th August Amatrice epicenter. 650 
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 656 

 657 

Figure 3 – a) Map showing swarm-like, foreshock-mainshock clusters, and 658 

background seismicity above the SZ, b) as a) below the top of SZ. Only clusters with 659 

at least 10 events are shown. Yellow diamonds show the repeating earthquakes, 660 

identified using a 0.97 cross-correlation value (supplementary Text S4). Dashed 661 

black lines identify the faults regions (F), the southern regions (S), where clusters 662 
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prevail, and the northern region (N), where background seismicity prevails. c) along-663 

strike section of the clusters above SZ and d) below the top of SZ. Faults are 664 

projected for the Amatrice mainshock (red), Visso (orange), and Norcia (blue); the 665 

white star marks the position of the 24th Amatrice mainshock. 666 
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 670 

 671 

Figure 4 – Covariance values of interevent times above (a) and below (b) the TSZ. 672 

Moment ratio of interevent times above (c) and below (d) the TSZ. Dashed lines show 673 

the associated standard deviation. The cumulative number of events above (e) and 674 

below (f) the TSZ is also shown. The analysis is performed for the fault volume (F in 675 

Figures 3a and b).  676 


