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Abstract To identify greater detail in the seismicity pattern preceding the 24 August 2016 Mw6.0
earthquake in Central Italy, we apply waveform matching using 1,028 events as templates. In the 8 months
before the mainshock, we find ~2,000 additional earthquakes mostly located along a subhorizontal shear
zone (SZ) bounding at depth the extensional fault system. Asynchrony is observed in the occurrence of
events nucleating along the SZ compared to the ones on fault portions embedded in the shallower upper
crust, with the former anticipating the latter. Within the SZ, we also observe along-strike seismic migration
episodes with earthquakes pointing toward the Mw6.0 mainshock nucleation zone. These episodes are
followed by an apparent quiescence within the main fault area. We suggest that the variations in the seismic
activity along the SZ represent the brittle signature of the tectonic loading process enabling portions of the
overlaying normal faults to become unlocked.

1. Introduction

The observation of deformation mechanisms active at upper and midcrustal depths together with the mea-
surement of physical properties variations of fault zones materials is essential to our understanding of fault
loading processes, earthquake physics, and the preparatory phase for faults embedded in the continental
crust. Early theoretical models based on geological studies of exhumed faults proposed a localized fault zone
of elastofrictional behavior overlying regions where quasi-plastic processes occur along shear zones (Sibson,
1977). Later on, laboratory data were used to propose models for fault rheology where a brittle upper crust
with faults strength obeying Byerlee’s friction rules (Byerlee, 1978) overlies more ductile portions where fault
behavior is plastic due to increasing temperature (Brace & Kohlstedt, 1980). Such models are essentially
coherent with the earthquake distribution at depth showing the role of brittle-ductile transition zones separ-
ating a seismogenic upper crust deforming via pressure-dependent and temperature-insensitive brittle fric-
tional sliding and an aseismic lower crust deforming via temperature-dependent and pressure-insensitive
ductile processes such as dislocation creep (Sibson, 1982). Studies of exhumed faults and experimentally
deformed samples show, however, that the transition from active faulting to creep is not discrete but is more
often a zone in which deformation mechanisms and strain localization depend on pressure, temperature,
strain rate, grain size, fluid activities, mineralogy, phase transformations, and microstructure (Cole et al.,
2007, and reference therein).

By analyzing the 8 months of seismicity pattern preceding the first mainshock of the 2016–2017 Central Italy
seismic sequence, we address specific questions of interest concerning how seismic activity along a subhor-
izontal shear zone placed in the midcrust may contribute in evidencing tectonic loading and how the strain
may be partitioned along the overhead crustal faults.

The 1997 Umbria-Marche and 2009 L’Aquila sequences, located to the north and the south of the 2016–2017
sequence, respectively (Figure 1), were both distinguished by foreshocks activity occurred along structural
discontinuities in between the main faults (Chiaraluce et al., 2003) and along the main fault plane
(Chiaraluce et al., 2011), respectively. In contrast, the crustal volume enclosing the normal faults system
responsible for the 2016–2017 seismic sequence displays before the first mainshock a low level of seismic
activity (ML< 3.3) mainly occurring along a midcrustal shear zone (depth interval 6–11 km) as well as on por-
tions of the shallower faults that will be reactivated during the sequence (Chiaraluce, Di Stefano et al., 2017).
In addition, despite the rather similar geological environment, only the foreshocks pattern of both the 1997
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Figure 1. Map view and cross sections of the study area. Template events (yellow dots) and seismic stations (white
triangles) locations are superimposed to the aftershocks (black dots) of the 2016–2017 Central Italy seismic sequence (from
Chiaraluce, Di Stefano et al., 2017). The focal mechanisms of the three mainshocks of the sequence (red for the
24 August event with Mw6.0, green for the 26 of October Mw5.9 event, and light blue for the 30 of October Mw6.5 shock)
are close to the related epicenters (stars). As a reference, we also reported the focal mechanisms of the 1997
Umbria-Marche (Mw6.0) and the 2009 L’Aquila (Mw6.3) mainshocks (black), placed on their epicenters. The red box shows
the projection at the surface of the modeled fault plane of the 24 August Mw6.0 (from Tinti et al., 2016). A-A0 cross
section reports only the aftershocks occurring within theMw6.0 source area while in B-B0 all the available events are visible.
Within both the cross sections, the template dimension is scaled with the number of repetitions. TSZ = top of shear
zone. The inset of cross section A-A0 shows a cartoon of the main discontinuities deduced from the seismicity pattern.
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and 2009 sequence gave hints of the involvement of fluids in the earthquake preparatory phase (Lucente
et al., 2010; Ripepe et al., 2001; Terakawa et al., 2010).

In this paper, we make use of an improved earthquake catalog we constructed by applying phase match
filtering, to describe the seismic activity behavior interpreted as the signature of changes in the tectonic
loading along a midcrustal shear zone and on the shallower extensional fault system.

Using both real and simulated earthquake catalogs, many efforts have already beenmade to characterize the
seismicity patterns preceding mainshock occurrence (e.g., Hainzl et al., 2000; Kanamori, 1981; Kawamura,
2006; Mignan, 2014; Wyss & Habermann, 1988) and most of the precursory variations have used definitions
based on the presence of relatively anomalous patterns such as quiescence, accelerating seismic release,
short-term activation, Mogi doughnut, inward and outward event migration, decelerating seismicity, and b
value decrease (e.g., Mignan, 2012). These differences are explained by considering physical processes where
seismic activity is viewed as a marker of an ongoing preparatory process. In this perspective, an additional
pattern, also supported by evidence from laboratory experiments, is the migration of the seismic activity
toward the main rupture nucleation point before the mainshock (e.g., Bouchon et al., 2011; Kato et al.,
2012), a behavior that can be described by both tectonic loading and epidemic-type aftershock sequence
models (e.g., Helmstetter & Sornette, 2003; Ogata, 1988).

Of course, the debate on the rationality andmainly the applicability of the precursory patterns of seismicity is
far from being resolved because of the limited number of well-constrained observations and interpretable
cases, together with the possibility that data windowing in space and time could largely affect results (e.g.,
Hardebeck et al., 2008; Zechar & Zhuang, 2010). Thus, the importance of having reliable statistics for an
increased number of major earthquakes by improving the detection capabilities of smaller earthquakes is
very clear. The seismic activity preceding the onset of the 2016–2017 Central Italy seismic sequence gives
us the opportunity to enhance these statistics focusing on the apparent absence of meaningful seismic
activity in the 8 months before 24 August 2016, the date of occurrence of the first Mw6.0 mainshock, below
and around the activated fault (red box in Figure 1).

2. Data Processing and Catalog Generation

The 2016–2017 seismic sequence, filling a gap in the Apenninic chain between the 1997 Colfiorito and the
2009 L’Aquila earthquakes, has activated so far, an 80 km long normal fault system composed by two main
SW dipping fault segments (Figure 1). Three main events occurred with the largest one with Mw6.5 that
nucleated on 30 October in the middle and after a Mw6.0 (24 August) to the south and a Mw5.9
(26 October) to the north (Chiaraluce, Di Stefano et al., 2017). One of the main peculiarities of this sequence
is that the whole set of high-angle normal faults, confined within the first 8 km of the upper crust, is bounded
below by a gently east dipping 2–3 km thick layer in which small events plus a series of larger extensional
aftershocks (≈Mw4) occurred (Chiaraluce, Di Stefano et al., 2017). The analysis of the seismic activity in the
area, before the sequence onset, showed that this almost horizontal layer was already active (Marzorati
et al., 2016), and only small magnitude events (ML < 3.3) took place.

To decrease the completeness magnitude (MC) of the original catalog (equal to MC1.4) during the 8 months
before the onset of the seismic sequence and thus the final stage of the first mainshock preparatory process,
we applied a search for earthquakes that strongly resemble templates (e.g., Kato et al., 2012; Peng & Zhao,
2009; Shelly et al., 2007; Yang et al., 2009; Zhang & Wen, 2015). We selected as templates 1,028 earthquakes
(yellow events in Figure 1) from the catalog obtained by Chiaraluce, Di Stefano et al. (2017). These templates
are located within 40 km of distance from the first Mw6.0 mainshock and occurred from 1 January to
24 August 2016.

Hypocenter locations and uncertainties of the starting 1,028 events with 0.1 < ML < 3.3 are estimated with
a 1-D velocity model (Carannante et al., 2013) plus station correction, exploited by a nonlinear inversion
code (NonLinLoc; Lomax et al., 2009). The selection of the templates is based on waveform quality
and location accuracy rejecting events with formal horizontal/vertical errors greater than 1 and 3 km,
respectively, and located with a number of phases less than 10. Horizontal/vertical errors, number of
phases, azimuthal gaps, and depths of the 1,028 templates used are shown in Figure S1 in the
supporting information.
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Cross correlations of daily three-component continuous waveforms sampled at 20 Hz with 1,028 templates
are performed by using PyMPA a Python-based phase match filtering (Vuan et al., 2017) in the frequency
range from 2 to 5 Hz. Templates are trimmed using a 5 s data window, starting 2.5 s before the theoretical
S wave arrival. Arrival times are computed using the ObsPy port (Krischer et al., 2015) of the Java TauP
Toolkit routines (Crotwell et al., 1999). Seismic data are collected from 17 stations of the national seismic net-
work (white triangles in Figure 1) located in a radius of about 50 km from the investigated fault (red box in
Figure 1; from Tinti et al., 2016). The correlograms are evaluated as a function of time, shifting sample by sam-
ple the template event window through the continuous waveforms. The threshold, defined after a visual
inspection of detected events, is set at 15 times the median absolute deviation of the stacked correlograms.
The magnitude of the detected event, as in Peng and Zhao (2009), is calculated as the median value of the
maximum amplitude ratios for all channels between the template and detected events, assuming that a
tenfold increase in amplitude corresponds to a one unit increase in magnitude. We found many events that
are correlated to more than one template in a narrow time window. Time windows of 6 s are selected, and
within each one, the template for which the normalized correlation coefficient is the greatest is taken for
determining the event location and magnitude (e.g., Kato et al., 2012). By using restrictive criteria on
detection threshold, the number of channels considered, and cross-correlation mean values, we found,
before the 24 August mainshock, 1,816 new events (e.g., undetected by previous analysis; Figure S2), plus
266 early aftershocks occurred in the first 48 h of the seismic sequence. New detections have smaller
magnitudes than the templates, and they increase by about 3 times the size of the starting catalog allowing
a substantial decrease of MC in the augmented catalog from ML1.4 to less than ML1.0. It is worth noting that
MC does not vary significantly with time (e.g., during the 8 months preceding the mainshock; Figure S3),
implying that the features we are going to identify and discuss by means of the new catalog do not depend
on the templates selection.

3. Seismicity Pattern

The vast majority of the 2,844 earthquakes in the catalog, composed by the 1,028 templates and the 1,816
new detections, are located along the midcrustal shear zone consisting of a plane gently dipping to the
east and bounding at depth, from 6 km to 11 km, the fault system (yellow events in the cross sections of
Figure 1). This shear zone (SZ) highlighted by the seismic activity before and after the onset of the seismic
sequence has a lateral extension perpendicular to the chain of about 30 km (cross-section A-A0 in Figure 1)
and more than double that along the strike fault extension. Following Chiaraluce, Barchi et al. (2017), we
interpret this seismic layer as located directly above (approximately 2 km) the top of the “brittle-ductile”
layer modeled for a sector cutting the Apenninic chain 40 km to the north of the cross-section line (A-A0) in
Figure 1.

In Figure 2 we compare the presequence seismic activity occurring above and within the SZ for different
volumes. We define the earthquakes nucleating within the SZ as the ones that occurred below the top of
the shear zone (TSZ in Figure 1). We defined polygons assuming as a reference the projection of the box
representing the source of the Mw6.0 fault (Tinti et al., 2016; red volume in Figure 2e). Since TSZ is located
at variable crustal depths in the region, we use indications from relocated aftershocks for separating seismi-
city occurring below TSZ (dashed lines in Figure 2; thus within the SZ) or above it (solid line in Figure 2). The
definition of TSZ at variable depths (6–8 km) is possible because of the presence of a thin layer (~1 km) having
reduced seismicity. This thin layer separates the shallow extensional fault system activated during the 2016
sequence from the underlying shear zone with very high seismicity (Figure 1).

We observe that seismicity within the SZ is more widespread than that at shallow depth around themain nor-
mal faults. Especially in the southern sectors (volumes g and h in Figure 2) in a 400 km2 area, most of the seis-
micity is located at a depth between 7 and 11 km. The seismicity distribution at depth changes in the crustal
volumes containing the Mw6.0 fault segment and in its footwall (Figures 2e and 2f). In the main source
volume (Figure 2e) we observe shallower seismicity increasing from mid-April and becoming predominant
frommidend of June when there were fewer events at depth along the SZ. In the same period in the footwall
volume (Figure 2f) the seismicity at shallow depth, which is always more abundant than the deeper one,
shows an additional minor increase. The seismicity pattern we observe all around the Mw6.0 source volume
may be an indication of partitioning of the strain between the upper and middle to lower crust along the SZ.
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Figure 3 shows the location of the seismicity in map view (Figures 3a and 3b) and the space-time distribution
of the events along the fault strike of the 24 August Mw6.0 (Figures 3c and 3d) in the shallower crust and
along the SZ. During the 8 months, the seismicity along the SZ (Figure 3b) is diffused over a wider area than
the shallow seismicity (Figure 3a).

Earthquakes recurrent over time are also shown in Figures 3a and 3b; the larger the circle size, the higher
is the number of detected earthquakes by the same template. East and south of the main fault volume,

Figure 2. (a) Map view of the presequence seismic events. The color coding is based on the occurrence within distinct crustal volumes respect to the central one
containing the Mw6.0 fault plane (see text for further explanation). (b–i) Cumulative number of earthquakes above (solid line) and below (dashed line) TSZ
defined based on the depth of the events, for different subvolumes.
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the epicenters of the three mainshocks of 24 August (Mw6.0), 26 October (Mw5.9), and 30 October (Mw6.5), respectively. The red box represents the projection at
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Figure 3a, b). Space-time diagrams are drawn along NW trending direction of the (c) shallow and (d) deeper relocated events. The selected stripe has approximately
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the recurrent shallow seismicity is almost absent (Figure 3a) while diffuse events are found at depth
(Figure 3b). Along the SZ, seismicity and recurrent events occur instead persistently south and north of
the main fault, while in the west and east sectors (hanging wall and footwall, respectively) there are
fewer earthquakes.

TheMw6.0 main fault volume mainly exhibits shallow seismicity (Figure 3a) with earthquakes repeating close
to the 24 August Mw6.0 and 30 October Mw6.5 nucleation points. The events also occur at the northern and
southern edges of the fault plane. Fewer recurrent earthquakes are found along the SZ below the main
fault volume.

Monthly shallow and deep seismicity detected in the area of the 2016 Central Italy sequence before 24
August Mw6.0 earthquake is shown in Figure S4. The quasi-repeaters within the SZ are mostly recurring at
the same critical points from January to April 2016 (see Figure S4, b1–b4), while the productivity of shallow
events becomes evident from April to July 2016 (see Figure S4, a4–a7). In July and August (see Figures S4,
a7 and a8 and S2, b7 and b8) we observe a considerable reduction of the seismic activity within the
main fault.

The space-time diagrams (Figures 3c and 3d) confirm that events at depth are more frequent, especially in
the northern and southern volumes along strike. Shallow earthquakes mostly concentrate within the main
fault plane along shorter distances from theMw6.0 hypocenter (± 10 km; see Figure 3c). The gradual increase
of the events along the SZ and the main fault plane in the first months of 2016 is characterized by an accel-
eration of the seismic release at the beginning of April (Figure 3d) that seems to trigger an ~ 10 day delayed
increase in the shallow seismicity (Figure 3c). Detections associated with the same template and character-
ized by a number of occurrences ≥5 in a 48 h time window are also shown in Figures 3c and 3d (yellow dia-
monds). Recurrent events over time are found within high-rate seismicity time windows.

From the beginning of May, we observe a migration at about 1 km/d toward the fault plane. Few shallow
events are detected within the main fault volume from mid-May to about 20 June. In Figure 3c, in the same
volume, we also observe some phases of increasing seismic rate (high) and relaxation (low) for the shallow
earthquakes that seem time shifted in comparison with those along the SZ (see Figure 3d). These variations
of the seismic rate within the main fault volume are also evident in the cumulative number of earthquakes
shown in Figures 3c and 3d. From mid-June to the beginning of August we record an apparent quiescence
or relaxation at depth (Figure 3d) that is synchronous with a relatively sudden increasing rate of shallow seis-
micity close to the northern end of the main fault plane. An increased rate at depth together with a migration
episode (faster than before: 1.4 km/d) is observed in August, starting about 1 month before the mainshock.
This migration, better constrained in the southern sector (Figure 3d), points to the nucleation of the Mw6.0,
while no corresponding shallower seismic activity is recorded.

Thus, evaluating the space-time variation in the rate of occurrence of the seismic events identifies two main
episodes of inward seismicity migration. We verified the influence of MC in the inward migration pattern
recognition, and we observe that seismicity patterns remain consistent independently if we take into account
all the augmented catalog of events or only those aboveMC. These migration episodes, marked in Figure 3d,
anticipate two time windows when we observe a lower rate of events. In addition to this, the measured
migration velocities of approximately 1 km/d are critical for this sector of the Apennines. About 0.5–1 km/
d as an apparent migration velocity value was observed in the L’Aquila foreshock sequence 2 months before
the 2009 mainshock (e.g., Sugan et al., 2014) and 1 km/d characterize the sequence migration in the Umbria-
Marche 1997 (Antonioli et al., 2005).

4. Discussion

The preparatory phase of the 24 August 2016 Mw6.0 earthquake in Central Italy is characterized by some
peculiarities in the seismicity pattern evolution that could remain hidden if not analyzed in detail by using
phase match filtering or similar methods. We identify the following features characterizing the system in an
area of 50 km along fault strike and 30 km across the system: (1) presence of diffuse seismicity at depths
ranging from 6 to 11 km along a subhorizontal interface (SZ) in the 8 month period preceding the seismic
sequence onset; (2) shallow seismicity (0–6 km), located on the dipping planes of normal faults, recurrent
over time and space and almost absent south and east of the main fault volume; (3) seismic rate along
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the SZ, all around the 24 August fault area, is higher than that at shallower depths, while within the main
fault volume, shallow earthquakes prevail. This evidence suggests that earthquakes (e.g., slip), occurring
along the low-angle SZ and around the source area of the first mainshock, increased the stress at the
main fault edges allowing the growth of the fractures pattern with a consequent unlocking of normal
fault portions located above (see the simplified scheme of the A-A0 cross section in Figure 1). Such fault
unzipping seems also modulated over time by the seismicity migration episodes along the SZ observed in
Figure 3d. The validation of the kinematic compatibility (e.g., by moment tensor for small magnitude
earthquakes) of this mechanism is behind the scope of this paper deserving a dedicated analysis.

From these observations, we argue that changes in the seismicity pattern along the SZ could be related to a
tectonic loading process taking place along the midcrustal SZ, varying with time and partitioning the strain
on the shallower crust. To further investigate the different behavior of the SZ and the shallower faults in
accommodating the coseismic strain, we analyzed the space-time distribution of the early aftershocks includ-
ing the 266 new earthquakes we detected in the 2 days immediately following the 24 August Mw6.0 main-
shock. It is important to note that these 266 additional aftershocks, we retrieved with the template
matching technique and that are added to the available catalog (574 events from Chiaraluce, Di Stefano
et al., 2017), are detected by using the same set of 1,028 templates recorded before the mainshock.
Figures 4a and 4b show that the early aftershocks immediately propagated in an area considerably larger
than the size itself of the activated fault. We observe in fact a clear off-fault expansion of the aftershocks
toward portions located both north and south of the source. We model this early aftershock migration, which
occurred soon after (48 h) the mainshock, looking for diffusion processes recovered by analyzing the evolu-
tion in space and time of the shallower (Figure 4a) and the deeper (along SZ) seismicity (Figure 4b). We apply
Darcy’s law proposed by Shapiro et al. (2003) defining a triggering front r = (4πDt)0.5 related to the time (t) and
the scalar diffusivity (D). We end up with two very different speeds corresponding to highly different diffusion
coefficient values: 25–50 m2/s for the shallow events against the 160 m2/s for the events migrating along the
SZ. Even if the D value estimated for the shallow seismicity is less robust because of the limited number of
earthquakes considered, here the relevant aspect is the large discrepancy between the two measured values.
Assuming that the value observed for the expansion of shallow seismicity is correct, it could certainly be
explained by an aftershock model derived from the rate and state frictional law (Dieterich, 1994). In addition
to this, D = 25–50 m2/s is a value consistent with the values inferred from the 1997 Colfiorito and

Figure 4. Spatial and temporal evolution of the seismic sequence between the 24 AugustMw6.0 and the 30 OctoberMw6.5
earthquakes. The catalog of the early aftershocks of Chiaraluce, Di Stefano et al. (2017) has been enhanced by adding
the 266 newly detected events occurred in the first 48 h after the Mw6.0 mainshock. (a) Shallow (blue events) and
(b) deeper (green events) earthquakes. Dashed lines (orange) define the along-strike extension of the Mw6.0 fault plane.
Black dashed lines indicate a linear fit for the off-fault aftershocks migration used to compute the diffusion coefficient (D).
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2009 L’Aquila neighboring sequences (see Chiaraluce (2012) for a review) where a role for overpressurized
fluids is proposed.

On the contrary, the very high off-fault diffusivity value observed along the SZ requests a different explana-
tion. In general, early aftershocks off-fault expansion can be due to static stress changes, viscoelastic
relaxation, fluid diffusion, dynamic triggering, or afterslip. The aftershock pattern, directed especially
north-northeast and south, cannot be due to static stress changes. In fact, as shown in Convertito et al.
(2017), Coulomb stress change is positive in the aftershock area, but most of the early events are at dis-
tances where the stress change is close to zero. We can also exclude a viscoelastic relaxation for the longer
times needed to develop (we observe a migration of ~10 km in 24 h) and fluid influence for the very high
diffusivity values we measured at depth. We could think of an induced dynamic triggering effect due to
source directivity. However, the 24 August mainshock slip distribution is bilateral (see Tinti et al., 2016) with
no meaningful slip at the fault bottom. In case of prevailing dynamic triggering, we expected to measure
higher diffusivity values in the shallower crust. Based on these observations, one of the remaining possible
explanations for the observed off-fault migration is the occurrence of an afterslip episode inducing small
events, along with the SZ. In this framework, the apparent high-speed velocity expansion (approximately
8–10 km/d as shown in Figure 4) is consistent with previous studies (5–30 km/d) investigating early after-
shocks to identify afterslip (Chang et al., 2007; Kato et al., 2016; Kato & Obara, 2014; Lengliné et al., 2012;
Meng & Peng, 2016; Peng & Zhao, 2009; Tang et al., 2014; Yao et al., 2017). As an additional and indirect vali-
dation for the afterslip occurrence, we evaluated the presence and behavior of the quasi-repeaters (cross-
correlation values between 0.65 and 0.8) and repeaters (> 0.8) recorded by near-fault stations (Figure S5)
during the first 48 h after the mainshock. We observed quasi-repeaters and repeaters to occur below the
main fault plane, in the footwall and outside (north-south) the fault area. The evidence of this off-fault
expansion corroborates our hypothesis suggesting that afterslip may be the driving force triggering repea-
ters at similar critical points and seismicity migration with high D values along the SZ. These features
mimicking the propagation of an aseismic slip transient also indicate a certain degree of decoupling
between the shallow crust and the underlying structure (SZ) as well as the signature of loading rate
variation/modulation continuing after the Mw6.0 earthquake.

5. Conclusions

Hidden features characterizing the microseismicity pattern in the 8 months before the 2016 August Mw6.0
mainshock are observed by increasing the number of detected events. We focus the investigation on the
modulations of earthquakes occurrence along a midcrustal shear zone, causing tectonic load variations
and a gradual unlocking of the overlaying normal faults. Asynchrony is observed in the occurrence of seismic
events nucleating along this deeper interface compared to the ones occurring on fault portions embedded in
the shallower upper crustal volume, with the former anticipating the latter. We interpret this behavior as the
signature of strain partitioning between the middle and upper crust. An increase in the rate of seismic release
at depth in areas close to the main fault volume corresponds to a delayed increase in events in the upper
portion. Other peculiarities of the seismic sequence suggest a decoupling between a brittle upper crust
and a possibly aseismic lower crust active along this midcrustal shear zone.

Seismicity occurring along the SZ has a broader spatial extension than that in the shallower crust. Within the
deeper layer, we also observe seismicity migrating along strike toward the first Mw6.0 mainshock nucleation
point at relatively low speed (1–1.4 km/d) in May 2016 and 20 days before the Mw6.0 earthquake. These epi-
sodes are followed by an apparent quiescence in June and July 2016 within the main fault area.

All these observations are indicative of a preparatory phase that can be related to a tectonic loading pro-
cess leading to suppose aseismic slip phenomenon at depth, whose seismic activity along the low-angle
shear zone, acting as detachment, could be the brittle signature. Variations in the tectonic loading may
have contributed to increasing the stress in a broad area with a growth of the fracture pattern in the fault
zone prone to rupture. The decoupling between the shallow crust and the underlying structure is also evi-
dent from the extension of the aftershock area immediately after the Mw6.0 earthquake. We observe very
high values of the diffusion coefficient at depth that are interpreted as afterslip induced by the 24 August
mainshock, likely contributing to the loading of the 26 October Mw5.9 and 30 October Mw6.5 main
fault planes.
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