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Abstract We generated a 4.5-year-long (2010–2014) high-resolution earthquake catalogue, composed of
~37,000 events with ML < 3.9 and MC = 0.5 completeness magnitude, to report on the seismic activity of the
Altotiberina (ATF) low-angle normal fault system and to shed light on the mechanical behavior and seismic
potential of this fault, which is capable of generating aM7 event. Seismicity defines the geometry of the fault
system composed of the low-angle (15°–20°) ATF, extending for ~50 km along strike and between 4 and
16 km at depth showing an ~1.5 km thick fault zone made of multiple subparallel slipping planes, and
a complex network of synthetic/antithetic higher-angle segments located in the ATF hanging wall (HW)
that can be traced along strike for up to 35 km. Ninety percent of the recorded seismicity occurs along the
high-angle HW faults during a series of minor, sometimes long-lasting (months) seismic sequences with
multipleMW3+ mainshocks. Remaining earthquakes (ML < 2.4) are released instead along the low-angle ATF
at a constant rate of ~2.2 events per day. Within the ATF-related seismicity, we found 97 clusters of repeating
earthquakes (RE), mostly consisting of doublets occurring during short interevent time (hours). RE are
located within the geodetically recognized creeping portions of the ATF, around the main locked asperity.
The rate of occurrence of RE seems quite synchronous with the ATF-HW seismic release, suggesting that
creeping may guide the strain partitioning in the ATF system. The seismic moment released by the ATF
seismicity accounts for 30% of the geodetic one, implying aseismic deformation. The ATF-seismicity pattern is
thus consistent with a mixed-mode (seismic and aseismic) slip behavior.

Plain Language Summary Low-angle normal faults (dip< 30°) are geologically widely documented
in most of the extensional tectonic settings. They are considered responsible for accommodating a large
portion of the crustal extension within the brittle crust although their mechanical behavior and seismogenic
potential are still enigmatic. In this paper, we profit from the presence of The Altotiberina (ATF) Near Fault
Observatory to build a 5-year-long high-resolution earthquake catalogue of 37,000 events related to the
seismic activity of the ATF. The catalogue sheds light on themechanical behavior and seismic potential of this
fault capable of generating a M7 event. The microseismicity (ML < 2.4) defines the anatomy of the fault
system dominated at depth by a low-angle (dip 15–20°) normal fault extending for ~50 km along strike and
between 4–5 and 16 km depth. The pattern of seismicity and cluster of repeating earthquakes agree with
geodetic models reporting a frictionally heterogeneous ATF that accommodates a large part of the NE
trending tectonic deformation by creeping below 5 km depth. Seismicity distribution also agrees with the
observation that creeping along the ATF can generate stress accumulation within the ATF hangingwall that is
released by multiple Mw3 seismic sequences along high-angle optimally oriented faults.

1. Introduction

Low-angle normal faults (LANFs; dip < 30°) have been widely recognized from geological studies in many
extensional tectonic settings and have been considered responsible for accommodating large-magnitude
crustal extension within the brittle crust. However, their mechanical behavior and seismogenic potential
are still debated (e.g., Axen, 2004; Collettini, 2011; Davis & Lister, 1988, and references therein).

These geological structures represent a paradox in a brittle, elastic homogeneous crust, since Anderson-
Byerlee frictional fault reactivation theory predicts no slip on normal faults dipping less than 30° in an extend-
ing crust characterized by vertical sigma-1 and developed in rocks with a friction coefficient (μs) in the range
of 0.6–0.85 (Byerlee, 1978). Coherently, there is no evidence of moderate-to-large magnitude earthquakes
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nucleating on LANFs (Collettini & Sibson, 2001; Jackson & White, 1989), while microseismic activity has been
observed along actively slipping LANFs.

One example of a seismically active LANF is in the Gulf of Corinth (Greece), where microseismicity has been
associated to a major crustal low-angle detachment (Rietbrock et al., 1996; Rigo et al., 1996); however, a
recent reanalysis of the seismicity revealed a complex 1.5 km thick layer of diffuse deformation, gently
dipping (10°–20°) to the north (Duverger et al., 2015; Lambotte et al., 2014), questioning the original model
of a major crustal detachment.

Another example is in the Northern Apennines (Italy), whereML < 3 earthquakes recorded during temporary
passive seismic experiments (Boncio et al., 2000; Piccinini et al., 2003) have been attributed to a LANF named
Altotiberina fault (hereinafter ATF; Figure 1). The accurate relocations of the seismicity acquired during an
8-month-long 2000–2001 seismic experiment (Chiaraluce et al., 2007) showed that ML < 2.3 events were
released at an almost constant rate of three events per day along a nearly planar surface dipping E-NE at
low angle (15°), located between 4 and ~14–16 km depth. Seismic activity defines an almost continuous
0.5–1 km thick zone that can be traced along strike (NNW-SSE) for up to 60 km. This zone is spatially consis-
tent with the geometry and location of the ATF obtained by the interpretation of controlled source seismic
profiles (Mirabella et al., 2011).

GPS data suggest that slip actively occurs along the ATF plane (Hreinsdottir & Bennett, 2009). The ATF
accounts, with its antithetic Gubbio Fault (GuF) system, for a large part of the observed 3 mm/yr NE trending
tectonic extension (Anderlini et al., 2016). In particular, the authors suggest a model in which about half of the
ATF surface below 5 km of depth is characterized by creep, producing a long-term slip rate of 1.7 ± 0.3 mm/yr,
while the shallow portion of the same fault (depth < 5 km) is locked and it may be capable of generating
M6.5+ earthquakes. These authors also suggest that the creeping along the ATF plane could favor a stress
increase on the high-angle faults located in the ATF hanging wall that are more favorably oriented in the
present-day tectonic stress field to frictional slip. A similar deformation pattern, describing an actively
slipping ATF with a mostly creeping behavior below 5 km of depth, has been suggested by Vadacca et al.
(2016) by using 2-D numerical modeling.

A prerequisite to investigate the internal structure of fault zones and their related properties, such as the
mechanical and/or frictional behavior, fluid content, and permeability, is the availability of long-term high-
resolution earthquake catalogues. Such catalogues have been used to describe the fine-scale geometry of
faults to a scale of tens of meters (e.g., Rubin et al., 1999; Schaff et al., 2002; Valoroso et al., 2014, among
others) as well as to map their heterogeneous frictional behavior (e.g., Di Stefano et al., 2011; Waldhauser
et al., 2004).

In this paper, we take advantage of the presence of The Altotiberina Near Fault Observatory (TABOO) to build
a 5-year-long (2010–2014) high-resolution earthquake catalogue of about 40,000 events related to the seis-
mic activity of the Altotiberina fault system. TABOO is a multidisciplinary research infrastructure managed by
the Istituto Nazionale di Geofisica e Vulcanologia (INGV), devoted to studying the short-/long-term deforma-
tion processes and related transient signals linked to the activity of the ATF system (see Chiaraluce, Amato,
et al., 2014, for details). The TABOO seismic network consists of a dense array of sensitive seismographs
(including short- and long-period velocimeters), installed both at surface and in boreholes, which allow a very
low threshold in seismic event detection (ML around �0.2) and a very low completeness magnitude of the
catalogue (MC = 0.5 ML).

We use the seismic catalogue to define the geometry and kinematics of the low-angle ATF and the related set
of high-angle synthetic and antithetic hanging wall faults and to investigate the spatiotemporal distribution
of seismicity and clusters of similar earthquakes. In this way, we endeavor to understand the role of the
Altotiberina fault system in accommodating the present-day tectonic extension and investigate its
mechanical properties. Finally, we speculate on the seismic hazard associated with this large fault, which is
non-optimally oriented with respect to the active tectonic stress field.

2. Seismotectonic Context

The ATF system (Figure 1) is located in the Northern Apennines, a NE verging fold and thrust belt undergoing
NE trending extension, at a rate of about 3 mm/yr (Serpelloni et al., 2005).
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The low-angle ATF was first identified through the CROP-03 deep seismic reflection profile, which extends
from the Tyrrhenian to the Adriatic coast (Barchi et al., 1998). More recently, an accurate 3-D reconstruction
of the fault at depth has been obtained through the joint interpretation of 300 km of controlled source seis-
mic data from 40 depth-converted seismic reflection profiles calibrated using six deep boreholes (Figure 2a)
and field geological observations (Mirabella et al., 2011). The interpretation of reflection data was also aided
by a wealth of geophysical data that included gravity, magnetic, heat flowmeasurements, and seismic tomo-
graphy (Boncio et al., 2000; Collettini & Barchi, 2002; Mirabella et al., 2011; Pauselli et al., 2006). Reflection data
show that the fault system is dominated by an ~60 km long extensional NNW trending major fault dipping
15°–20° from surface to at least 12 km depth, toward the ENE (light grey lines in Figure 2a). In the ATF hanging
wall, synthetic and antithetic structures dip at a high angle (50–60°). The largest of these structures is the

Figure 1. Map and two orthogonal vertical sections of the study area along with the three-dimensional locations of
~44,000 earthquakes recorded from April 2010 to September 2014 (black dots). The grey squares and triangles represent
permanent and temporary stations of the TABOO seismic network. The empty red squares (scaled with magnitude;
Rovida et al., 2011) represent the macroseismic location of the largest events occurred in the past 1,000 years. The grey
crosses are aftershocks of the 1984Mw5.2 Gubbio normal faulting earthquakes. The blue stars are the 1984 Gubbio and the
1998 Mw5.1 Gualdo Tadino earthquakes along with their focal mechanisms solutions (from Dziewonski et al., 1985 and
Pondrelli et al., 2002, respectively). The grey and green lines are the surface projection of the Altotiberina and Gubbio faults
(Mirabella et al., 2011).
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22 km long SW dipping Gubbio normal fault (GuF) located to the west of the Gubbio basin (Figure 1)
(Mirabella et al., 2004).

The historical seismicity catalogue of the area reports several events, three with M > 6 in 1352, 1751, and
1781 (http://emidius.mi.ingv.it/CPTI15-DBMI15/; red empty squares in Figure 1). However, all of them occur
at the border of the ATF area imaged by the active seismic data (Mirabella et al., 2011), and none of them
has been definitively associated to the ATF.

Instrumental seismic sequences (M< 5.6) occurred in the area in the past 40 years, nucleating on high-angle
synthetic and antithetic faults located in the ATF hanging wall (Figure 1). In particular, the 1984MW5.6 Gubbio
sequence was originally attributed to the mapped GuF (Haessler et al., 1988; Pucci et al., 2003); however,
Collettini et al. (2003), on the basis of a set of multidisciplinary data, argued that the sequence activated a
different fault located in the GuF hanging wall.

Abundant low-magnitude (ML< 3) seismicity was recorded by passive seismic surveys conducted in the area
in 1987 (Deschamps et al., 1989) and 2000–2001 (Piccinini et al., 2003). Accurate relocations of the 2000–2001
seismicity revealed a seismically active ATF and abundant seismicity located in the ATF hanging wall, nucle-
ating on minor synthetic and antithetic normal faults (4–5 km along-strike length) in the ATF hanging wall,
while the ATF footwall is almost aseismic (Chiaraluce et al., 2007).

The study area is characterized by abundant circulation of deep-seated CO2-rich fluids (Chiodini et al., 2004).
Two deep boreholes, located in the immediate footwall of the ATF, the Santo Stefano and San Donato bore-
holes in Figure 2a, encountered pore fluid overpressure around 80% of the lithostatic load at 3.7 km and
4.8 km depth, respectively. The presence of abundant fluid circulation, and changes of pore fluid-pressure
over time, may have played an important role in favoring the generation of low-magnitude seismicity along
the low-angle normal fault as well as along high-angle faults located in its hanging wall and/or footwall block.
This hypothesis is supported by field-geology based studies investigating the microstructural and macro-
structural fault zone internal structure of the Zuccale fault, which is a low-angle normal fault exposed
west of the Northern Apennines chain on the Island of Elba (Tuscany). This fault, which can be considered
an exhumed analog of the ATF, shows in fact numerous carbonate-rich veins crosscutting the footwall
and the fault core that have been interpreted as hydrofractures formed during periodic buildups in fluid
overpressure (Collettini et al., 2006; Collettini & Holdsworth, 2004; Smith et al., 2007, 2008). Temporal

Figure 2. (a) Map showing the location of 36,819 high-precision double-difference earthquake catalogue (black dots)
together with the isobaths of the ATF geometry at depth (light grey lines) reconstructed by Mirabella et al. (2011)
through the interpretation of about 300 km of seismic reflection profiles (dark grey dots) and subsurface data (magenta
empty diamonds). (b) Location of the largest events recorded during the 2010–2014 (stars) together with their TDMT focal
mechanism solutions [http://cnt.rm.ingv.it/tdmt], and the location in map of the eight 5 km spaced vertical sections
reported in Figure 3 (black lines). The purple, green, and orange stars represent the largest events of the Pietralunga,
Gubbio, and Città di Castello seismic sequences (see text for explanation). The grey and green lines represent the surface
trace of the Altotiberina (ATF) and Gubbio fault.
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changes of pore fluid-pressure have also been invoked to explain protracted main shock-aftershock
sequences along high-angle faults in the Apennines (e.g., Lucente et al., 2010; Marzorati et al., 2014;
Miller et al., 2004).

3. Earthquake Catalogue Detection and Relocation

We use seismic data recorded from April 2010 to September 2014 by the TABOO seismic network that covers
an area of 120 × 120 km2 and consists of 60 permanent and 24 temporary stations equipped with three-
component 0.5 s to 120 s velocimeters and co-located strong motion sensors (Figure 1). The network config-
uration of the permanent stations is stable from April 2010 through the end of the study period, while the
temporary stations were only active from April 2010 to December 2012. Continuous data sampled at
500 Hz were also recorded at a set of eight seismometers deployed in three shallow (250 m) boreholes.
This array functions as a three-dimensional antenna that decreases the detection threshold in the central por-
tion of the system (Chiaraluce, Collettin, et al., 2014). An empirical procedure was applied to estimate the
detection capability of the seismic network, resulting in 0.5ML at 5 km depth, within the whole study area with
the minimummagnitude (ML� 0.5) detected by the borehole array, that is located where most of the seismic
activity occurs (Chiaraluce, Amato, et al., 2014).

Continuous seismic recordings are transmitted in real time to the INGV acquisition center, where we set up
the automatic procedure for determining accurate absolute and relative locations. We analyzed the contin-
uous data by following the ensuing steps.

First, we used an event detection engine running on the continuous data stream. The algorithm applies the
classical short-time avarage/long-time avarage coincidence-sum algorithm to the trace of the three-
component covariance matrix calculated over 1 s long time windows sliding with 0.5 s step. The parameter
setting of the detection algorithm was optimized with very sensitive values in order to declare as many
low-magnitude events as possible. Thus, we detected 1.2 million events in 4.5 years.

In the second step, we applied to the detected events an automatic picking algorithm (Manneken Pix;
Aldersons et al., 2009; Di Stefano et al., 2006; Valoroso et al., 2009, 2013). This picker provides precise arrival
times for P and S waves together with a consistent (i.e., homogenous) estimation of the measurement errors,
based on a predetermined weighting scheme. The use of an automatic picking allows us to avoid introducing
all the inconsistency and blunders derived from routine hand-pickings performed by several seismologists (e.g.,
Di Stefano et al., 2006). The resulting catalogue of about 500,000 P wave and 340,000 S wave arrival times was
inverted to compute single-event absolute locations. Picking uncertainty is lower than 0.03 s (three samples) for
the best-picked data (class 0), while phase reading errors larger than 0.4 s are discarded.

Third, we used the same catalogue to compute a three-dimensional VP and VP/VS model (Di Stefano et al.,
2014) by using the SimulPS code (Eberhart-Phillips & Reyners, 1997). After relocating all the detected events
in the 3-D model, we selected 40,319 events having at least 12 phase readings, azimuthal gap lower than
180°, and residuals (RMS) lower than 0.3 s. Formal location errors of events belonging to the 3-D absolute
location catalogue are on the order of hundreds of meters. The spatial distribution of these events is shown
in map view and along two orthogonal vertical sections in Figure 1.

In the fourth step, we used high-quality 3-D absolute locations, phase data, and waveforms of the 40,319
events to compute relative locations using waveform cross-correlation (CC) and double-difference (DD)
methods (see Waldhauser & Schaff, 2008). We computed traveltime differences (delay times) for pairs of
neighboring events at common stations using both phase pick data (i.e., high-quality P and S wave arrival-
time readings) and delay times measured via CC of waveforms coming from correlated earthquakes, i.e.,
earthquakes that occur within 5 km of one another and have similar waveforms (Schaff & Waldhauser,
2005). For each event, we computed phase delay times with the 40 nearest neighbors within 10 km distance
and we selected the 40 highest quality differential times per event pair. Furthermore, we chose only event
pairs with at least eight delay times at common stations, in order to guarantee robustness of the DD
inversion process.

Simultaneously, we computed CC delay times by using the time domain CC function for large-scale applica-
tions described in Schaff and Waldhauser (2005). We applied this method to all the event pairs separated by
≤5 km (based on 3-D locations), at all the available stations. We run the cross-correlation algorithm on
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seismograms filtered in the 1–15 Hz frequency range, using a lag time of ±1 s. Pwave and Swave correlations
are computed along the vertical component and the N-S component of the seismograms, respectively.
Correlation measurements are read on two different window lengths for the same phase. The subsequent
check of the consistency of the measurements obtained for the two windows reduces the number of outliers
due to cycle skipping (Schaff et al., 2004). In particular, we choose two windows of 0.7 s and 1.4 s for P waves
and 1 s and 2 s for S wave s. Thus, we obtain ~500 million P wave and 300 million S wave differential times,
having a CC coefficients of 0.7 or larger. After identifying the optimal CC coefficient threshold to eliminate
data outliers, we ended up with a high-quality database of ~170 million P wave and ~71 million S wave
differential time measurements with CC coefficient ≥0.85.

In the final step, we combined the CC delay times with 21 million P wave and 12 million S wave delay times
computed from P and S wave phase readings to estimate high-precision relative locations using the algo-
rithm hypoDD (Waldhauser & Ellsworth, 2000; Waldhauser & Schaff, 2008). Picks and CC differential times
are combined in a dynamically weighted DD inversion. Given the large number of events and readings of
our data set, we avoided computation limits by subdividing the relocation process through the generation
of 20 rectangular boxes. The boxes are oriented perpendicularly to the general NNW-SSE direction of the
main faults and include about 4k events connected through a web of delay times not exceeding 3 million.
Each adjacent pair of boxes overlaps by 70% of the box volume. In each box, the DD inversion runs for 22
iterations, during which the weights of both picks and CC delay times are dynamically adjusted on the basis
of event separation and delay time residuals. Appropriate values of damping of the LSQR solutions are deter-
mined by visual inspection of the condition number of the system of linear equations together with the rate
of convergence. The final DD catalogue is completed after computing weighted locations for all events
belonging to multiple boxes, in which the weighting scheme is based on a linear function of the distance
of each event from the centroid of the clusters in each box.

The final DD catalogue includes 36,819 events occurring between 1 April 2010 and 30 September 2014
(Figure 2) withMW< 3.9. Relative location errors are estimated by applying a statistical resampling approach
(i.e., bootstrap method). Eighty percent of the events are constrained by CC data and have vertical and hor-
izontal relative formal errors on the order of tens of meters. The remaining events, mainly located by using
phase data delay times, have formal location errors on the order of 100m. Histograms of vertical and horizon-
tal errors are shown in Figure S1 in the supporting information.

4. The Altotiberina Fault System

The spatial distribution of the 36,819 events reveals the detailed architecture of the ATF system allowing us to
investigate the relationship between the LANF and the complex network of smaller synthetic and antithetic
high-angle faults located in the hanging wall block of the ATF.

In Figure 2, we show the distribution of the entire DD catalogue inmap view. The 15 events with 3<MW< 3.9
(stars) are shown together with their time domain moment tensor (TDMT) solutions (http://cnt.rm.ingv.it/
tdmt). We also indicate the surface trace of both the Altotiberina and Gubbio faults (grey and green lines),
reconstructed through the interpretation of about 300 km of depth-converted seismic reflection profiles,
together with an interpolated map of the ATF isobaths (Figure 2a). A large part of the recorded seismicity
occurs within a NW-SE oriented volume, which can be traced for about 35 km along strike, located in the
inner portion of the investigated area, where the larger events also are located (Figure 2b). Outside this
narrow volume, seismicity is more homogeneously distributed, extending from Città di Castello (CdC) to
the north of Gualdo Tadino. The depth distribution of this seismicity follows the ATF isobaths, defining a
structure that can be traced along strike for ~50 km and that shows a clear termination toward east along
an almost N-S oriented structure (Figure 2).

We display the depth distribution of the seismicity by using eight N55°E trending vertical cross sections
(Figure 3) drawn perpendicularly to the mean strike of the ATF (Figure 2b). The inner sections (2 to 7) contain
earthquakes occurring within 5 km (±2.5 km) from the vertical plane, while sections 1 and 8 encompass a
10 km volume (projecting 2.5 km from the inner and 7.5 km from the outer volume). In each vertical section,
we also report the intersection with the 3-D geometry of the ATF, by showing both real data (dark grey dots)
and the interpolated plane (dotted grey line), and the 3-D geometry of the Gubbio Fault (green line)
(Mirabella et al., 2004).
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4.1. The ATF

Microseismic activity occurs along a low-angle surface consistent with the ATF plane (black dots in Figure 3).
The geometry of the ATF-related seismicity matches well with the 3-D geometry obtained by seismic reflec-
tion profiles down to 10–12 km depth (dotted grey line in Figure 3). However, below 12 km, where no seismic
reflection data are available, seismicity deviates from the interpolated ATF plane (dotted grey line) and high-
lights a surface with a higher dip angle.

The fault surface is almost continuous and dips to the ENE with an average dip angle of 20° within 4 to 16 km
depth. The dip varies slightly along depth: about 15° between 3 to 8 km and 25° between 8 to 16 km with a
gentle bend around 8–10 km depth (sections 6 and 7 in Figure 3). In other portions, the fault shows a shape
similar to staircase geometry around 12–14 km depth (sections 2, 4, and 5).

The fault zone thickness changes both along dip and along strike. Along dip, at shallow depths (between 3 to
8 km), seismic events delineate a fault zone a few kilometer thick (sections 4–6), whereas between 8 and
16 km, events image a thinner fault zone, about 1 to 1.5 km thick (sections 5–7). Along strike, in the southern
sector (sections 6–8), the seismicity is continuously distributed along the ATF from 5 to 16 km depth, while in
the central and northern sectors, seismicity is almost absent in the 7 to 9 km depth range (sections 1–3) or
quite sparse (sections 4 and 5). The latter fault portion lies right below the hanging wall volume that contains
the largest number of seismic events. The ATF footwall is instead almost aseismic, except for a small number
of events, located at about 20 km depth, that are not related to the ATF activity (section 4).

To zoom into the ATF zone, we plot the seismicity that occurs within ±1 km from the small boxes in Figure 3
(insets a–d in Figure 3). In insets a and b, we observe a thickening of the fault zone structure between 9 and
11 km of depth. This thickened zone corresponds to fault portions where the ATF surface marks the contact
between different lithologies (i.e., phyllitic layer of the acoustic basement and the underlying crystalline base-
ment). At larger depths, the ATF surface is entirely located within the crystalline basement; thus, it does not
crosscut any velocity contrast (from Latorre et al., 2016). Another significant feature is the presence of
multiple subparallel fault surfaces between 10 and 15 km depth (insets c and d). This feature has important
implications for the understanding of the ATF slip behavior, as we will discuss in the final paragraph.
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Finally, in cross sections 4–6 (Figure 3), seismicity defines a structure located at the lower tip of the ATF, which
dips at low angle to the SW. Seismic reflection profiles (Mirabella et al., 2011), as well as previous analysis of
the instrumental seismicity of the area (De Luca et al., 2009), suggest that this seismicity may occur on the
deepest part of a SW dipping Apennine basal thrust outcropping in the Adriatic foreland (Barchi et al.,
1998; Mirabella et al., 2011, and references therein). According to this interpretation, this seismicity does
not occur on the ATF but on amajor fault structure that determines the ATF termination at depth toward east.

We use the 3-D geometry of the ATF together with seismicity to separate events belonging to the ATF from
those occurring in the ATF hanging wall and to build up the ATF-related (ATF-C) and the hanging wall (HW-C)
catalogues. The ATF-C includes the 3,685 events withML< 2.4 (black dots in Figure 3) nucleating within 3 km
from the ATF surface (±1.5 km), as imaged by seismic reflection profiles. For depths larger than 10 km, we
include in the ATF-C events located in geometric continuity with the low-angle ATF surface. The HW-C
includes the remaining 31,125 events nucleating along the network of synthetic and antithetic faults in the
ATF hanging wall (grey dots in Figure 3). Finally, there are 1,609 events not included in the two catalogues,
which occur at the northern or southern border of the ATF.

To investigate possible differences in the behavior of seismicity in the HW-C and the ATF-C, we examine the
space-time distribution of the seismicity that occurred from the 1st of April 2010 to the end of September
2014, projected along a NW striking section (dotted grey line in Figure 2b), after separating the contributions
of the HW-C (Figure 4a) and of the ATF-C (Figure 4b). Figures 4c and 4d show the map distribution of the two
data sets, highlighting a strong difference in the two seismicity patterns. Events pertaining to ATF-C are
homogeneously distributed in space and time (Figure 4b), while in the HW-C events occur mainly in bursts
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associated with multiple seismic sequences having main shocks of MW > 3 (stars in Figure 4). In particular, a
sharp increase of seismic release in the form of main shock -aftershocks occurs in several locations: in the
Pietralunga area (purple stars), in the Citta di Castello area (orange stars), and around the Gubbio town
(green stars).

The HW-C and the ATF-C also show differences in the parameters of the Gutenberg-Richter relation
(Gutenberg & Richter, 1944). We computed the b-value and the MC of the catalogue by using MBS method
(Cao & Gao, 2002), which furnished, for both data sets, the more conservative values of the Mc (Figure 5).
The HW-C shows a MC of 0.5 with a b-value of 0.94 (±0.01), while the ATF-C has a higher MC of 0.7 and a
significantly higher b-value of 1.27 (±0.06). Chiaraluce et al. (2007) observed the same behavior, although
absolute values of both MC and b-values were generally lower in their study, and explained this observation
invoking different rheological properties for the distinct fault portions to explain the observation.

4.2. The Altotiberina Hanging Wall Seismicity

Hereafter we describe in detail the geometry, kinematics, and spatiotemporal distribution of the seismic
sequences that occurred nearby the Pietralunga, Città di Castello, and Gubbio towns.
4.2.1. The Pietralunga Seismic Sequence
The Pietralunga seismic sequence activated a 10 km long fault segment (the Pietralunga Fault (PF)), which is
located at the northern termination of the NW-SE fault system (purple stars and focal mechanisms in Figure 2).
We report in map and cross sections of Figure 6a the PF seismicity and the temporal distribution in terms of
number of events with time (Figure 6b).

The seismic activity started on 10 April 2010 with the occurrence of 71 events with 0.1 < ML < 1.7. We
interpret these events as a foreshock sequence culminating with a MW3.6 event on 15 April (red star in
Figure 6). This local mainshock was followed by sustained seismic activity that produced about 850 events

Figure 5. (a) Frequency-magnitude distribution, completeness magnitude (Mc), and b-value computed by using the MBS
method (Cao & Gao, 2002), for the hanging wall and ATF-related seismicity catalogues. (b) Monthly number of events
with time (grey histograms) and cumulative number of events with time (red lines) for the hanging wall and ATF-related
seismicity. The yellow stars represent events with MW > 3.0.
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during the following 20 days (red dots in Figure 6a). The temporal distribution of these events is reported
in the red histogram in Figure 6b, which shows that after the MW3.6 event, the number of events
exponentially decreases with time following an Omori-like seismic behavior. After a period of quiescence
that lasted for 3 years, the seismic activity recurred with a MW3.3 event on 24 March 2013, activating
the northern portion of the PF (yellow dots in Figure 6). About 70 events followed the MW3.3 event for
about 12 h (yellow histogram in Figure 6b). Again, seismicity stopped for 1 year to reappear during
2014 with a MW3.2 event on 25 March (light blue star in Figure 6a) that was followed by 650 events
that occurred in about 20 days (light blue histogram in Figure 6c). The seismicity associated to this
last cluster (light blue dots) filled the gap between the fault segments that were activated in the previous
two sequences.

At a finer scale, the 2010 sequence activated a 6 km long fault segment, dipping about 60° to NE, with events
between 3.5 and 5 km depth, at the southern termination of the PF (sections 5 to 8 in Figure 6). The exten-
sional focal mechanism is consistent with the seismicity distribution, as it shows a nodal plane dipping at high
angle to the NE (Figure 6, section 7). In the same time window, a smaller antithetic fault segment 1 km long
has been activated (Figure 6, section 8). The 2013 cluster activated an ~0.5 km long segment at the lower tip
of the northern termination of the PF (Figure 6, section 1). Consistent with the geometry of the fault segment,
the focal mechanism indicates normal faulting kinematics with a minor strike-slip component on a lower dip
angle plane.

The 2013 events show a 1.5 km long fault segment dipping with a high-angle to the NNE, activated by the
MW3.2 event (blue star in section 2, Figure 6). Below 4.5 km of depth, a smaller (1 km long) segment is
characterized by a lower dip angle (Figure 6, section 2). At the same time, a second parallel minor segment
(2 km long along strike and 1 km along dip) is activated (Figure 6, sections 3 and 4) bringing by the end of
September 2014, the PF to reach a total along strike length of 10 km.
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It is noteworthy that each single fault segment is activated independently, showing that the seismicity
migrated with time toward previously unbroken fault segments. In particular, the 2010 cluster activated
a 6 km long fault in about 10 days (red dots in Figure 6), with an average propagation velocity of 0.6 km/d.
This behavior was already observed by Marzorati et al. (2014), who reported on a migration velocity
of 0.4 km/d and suggested a pore fluid-pressure change as possible driving mechanism for the
observed migration.

Below the PF, the ATF surface, extrapolated by Mirabella et al. (2011), is located between 6 and 7 km depth
(Figure 3, sections 3 to 6), i.e., about 1 km below the lower tip of the PF. Thus, the PF does not root in the low-
angle ATF and occurs entirely in its hanging wall. This finding agrees with the recent work by Latorre et al.
(2016). The authors relocated in a deterministic velocity model a similar earthquake catalogue recorded
during the 2010 Pietralunga sequence, showing that these events occur in the high P wave velocity layer
composed of dolomites and anhydrites of the Triassic evaporites (VP within 6.1 and 6.3 km/s), a lithology
prone to the generation of both seismic and aseismic slip behaviors (De Paola et al., 2008; Trippetta
et al., 2010).
4.2.2. The Città di Castello Seismic Sequence
While both the Pietralunga and Gubbio sequences activated adjacent normal fault segments in the ATF
hanging wall, the Città di Castello sequence (hereinafter CDC) occurs at the western boundary of the inves-
tigated volume, close to the upward projection of the ATF (orange stars in Figure 2).

The CDC sequence, consisting of 1,440 events and five earthquakes withMW> 3 (Figure 7), occurred within a
short time window of 1 month from 20 April to 20 May 2013. This seismicity is organized in two major bursts
(Figure 7b) that followed the occurrence of the larger (MW > 3) events. The first cluster is guided by three
MW > 3 events occurring in 2 days (20 and 21 April 2013; red events in Figure 7), while the second cluster
includes two MW > 3 events occurring on 8 May 2013, 4 h from each other (light blue in Figure 7). Also, in
this case, the decay of the seismicity rate mimics the Omori-like behavior observed during larger magnitude
mainshock-aftershock sequences.

The fault segment is almost E-W oriented (N110°E) with a change to NNW-SSE (N130°E) in the eastern portion
of the fault (map in Figure 7) showing a total along-strike length of 2.5 km. The first cluster of seismicity (red
dots in Figure 7) highlights a normal fault dipping at high angle (60°) to the NNE with events occurring
between 3.5 and 4.2 km depth. A minor segment is instead located at the lower tip of this fault (highlighted
by the yellow dots in section 2 in Figure 7). The second sequence started 18 days later (Figure 7b) and partially
occurred on the same fault segment and also on a new-minor segment located on the lower tip of the fault at
4.7 km depth (green dots in section 2 in Figure 7). This minor segment is very small: about 200 m long along-
dip and few tens of meter thick. All the focal mechanisms of the largest events show normal faulting kine-
matics, with a minor strike-slip component, with a plane in agreement with the distribution of seismicity.

Active seismic data do not provide a robust constraint on the ATF geometry in this shallower portion of the
system (Latorre et al., 2016; Mirabella et al., 2011); thus, the relationship of the CDC sequence with the ATF is
not straightforward. Furthermore, a focused analysis on the historical and recent seismicity with respect to
the active normal faults of the CDC-Sansepolcro area reported by Brozzetti et al. (2009) indicates that in this
portion of the study area, the active faults are located west of the CDC town. We conclude then that the 2013
seismic activity (Figure 2) is not related to clearly mapped active faults of the area.
4.2.3. The Gubbio Seismic Sequence
The majority (90%) of the whole recorded seismicity occurred in the Gubbio area along a ~20 km long NW
trending fault volume that shows a spatial continuity with the Pietralunga fault (Figure 4a).

The seismic activity of this area can be divided into two main periods: a first period includes ~7k events that
occurred during the 2011 (grey dashed box in Figure 4a and red dots in Figure 8), while a second very pro-
ductive one includes ~20k events nucleating along the same fault segments between 2013 and 2014 (black
dots in Figure 8). This last period started on 26 August 2013 with aMW3.8 event and continued with sustained
activity that included seven events with MW > 3, through the entire 2014 (black dots and green stars with
related focal mechanisms in Figure 8). Seismic activity recurred along this fault system in 2015 and 2016, with
two events withMW = 3 on January 2015 and on October 2016. These events are not considered in this paper
since they fall out of the investigated time window but they are available at the INGV website (http://cnt.rm.
ingv.it/).
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The histogram in Figure 8b shows again that larger events modulate the seismic activity. A space-time dia-
gram showing the 2013–2014 catalogue, starting 10 days before the 26 August 2013MW3.8 event is reported
in Figure 8c. An increase of the seismic rate occurs after 26 August, while sustained seismic activity is
observed after the largest (MW3.9) event of the area (22 December 2013; larger star in Figure 8c). The
space-time diagram shows that at the beginning of the sequence, seismicity mostly migrated north-
westward; after the MW3.9 event, the activated structures became increasingly complex and the seismicity
migrated from the inner fault segments toward the more external ones. Before the 2013–2014 sequence,
seismicity had already occurred on the same fault segments (grey dotted box in Figure 4a).

To show the distribution of the seismicity at depth, we selected 10 vertical sections, reporting events occur-
ring within 1 km (±500 m) from the vertical plane. Vertical sections do not sample the seismicity volume uni-
formly because our objective was to highlight the most significant geometrical characteristics of the
activated fault system. However, we show the complete set of 1 km spaced sections in Figure S4. Each fault
segment is about 3 km long along the dip direction, with a fault zone thickness of a few hundreds of meters
(Figure 8), while the along-strike length is about 5 km. Noteworthy, some fault segments show a lateral con-
tinuity between them that might result in a larger along-strike length. Compared to the fault zone structure of
the Pietralunga and CDC sequences, here earthquakes are distributed more chaotically imaging a thicker and
less defined fault zone. This observation agrees with seismic and geologic data reporting that geologically
young (i.e., immature) faults are structurally more complex compared to mature fault zones with wider fault
gouges (e.g., Scholz, 2002). This possibly indicates a less mature fault zone structure for the Gubbio fault.
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The largest events are located at the intersection between oppositely dipping faults (sections 4 and 6) or at
the fault terminations (sections 3 and 5). Coherently with the geometry of the associated fault segments,
available TDMT solutions show a pure dip-slip kinematics on high-angle planes (dip between 52° and 66°).
The only exception is the event 7, whose focal mechanism shows a minor strike-slip component with one
of the two nodal planes dipping at low angle (25°) to the SW (section 7).

The relationship between the microseismic activity and the mapped SW dipping Gubbio fault (GuF; green
line in Figure 8) is not direct. In the northern portion of the system (cross sections 1 to 6), seismicity mainly
occurs on fault segments located in the footwall of the GuF. In the southern sector (sections 7 and 8), events
nucleate around and along the low-angle portion of the GuF, but generally, there is no evidence of events
occurring along the high-angle shallower portion of the fault. According to its focal mechanism solution,
the MW3.7 event (section 7) might have either nucleated along the deeper low-angle SW dipping portion
of the GuF, or along a NE dipping high-angle conjugate plane, since seismicity also images at greater depths
a high-angle fault. Thus, the overall view of the seismic activity is not able to define uniquely whether the GuF
is a well-oriented locked segment, capable of hosting a moderate earthquake, or a non-active fault.

5. Clusters of Similar Earthquakes Along the ATF

To recover information about the mechanical properties of the fault, we look for clusters of repeating
earthquakes (RE) nucleating along the Altotiberina fault (ATF-C). RE are seismic events characterized by
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near-identical waveforms that repeatedly rupture the same fault patch and that have been interpreted
as the signature of a creeping process (Nadeau et al., 1995). Then, we investigate the spatiotemporal
distribution of RE to map those portions of the ATF characterized by distinctive frictional behavior, i.e.,
stick slip or stable sliding, as it has been suggested by geodetic data (Anderlini et al., 2016; Vadacca
et al., 2016).

In order to choose, from the entire ATF-C, those events belonging to clusters of RE, we use the time domain
cross-correlation function over long time windows (i.e., 8 s window, including 1 s before and 7 s after the P
wave arrival). We compute CC coefficient for all event pairs nucleating along the ATF and having a hypocen-
ter distance less than 5 km. Then, we select those event pairs with a CC coefficient larger than 0.90 over the
entire window length at five or more common stations. Events that satisfy these requirements are considered
clusters of similar earthquakes.

We identify 299 similar events (8% of the ATF-C), grouped in 97 clusters. Sixty clusters are doublets (i.e., made
by two events), accounting for 40% of the total. The remaining 37 clusters are made by three or more events.
Events have generallyML< 1 (Figure 9a), which corresponds to source dimensions of a fewmeters. Examples
of similar waveforms are shown in Figure S5.

Almost 90% of the clusters cover a maximum window of 2 days, while among doublets, 80% have a
maximum length of 1 day (Figures 9b and 9c). Furthermore, within each cluster, events have a short
interevent time, and for almost 50% of the clusters, the second event occurs within 2 h from the first event
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(Figures 9d and 9e). The composition of the clusters in terms of percentage of doublets and the temporal
distribution of the events within each family in terms of inter-event time are extremely similar to those
observed for clusters of RE occurring along the creeping portion of faults in California, such as the San
Andreas, the Calaveras, and the Hayward fault (Nadeau et al., 1995; Rubin et al., 1999; Schaff et al., 2002;
Waldhauser & Ellsworth, 2002). On the other hand, a main difference is that in the ATF-C, we do not
observe clusters composed by events occurring within a longer inter-event time (e.g., months-years), as it
has been observed along the San Andreas Fault (Nadeau & McEvilly, 1999, among others). This diversity
can either indicate a different driving mechanism or it can be solely due to the fact that our observation
interval (4.5 years), combined to a strain rate at least 1 order of magnitude smaller than the one affecting
the California region, may be too short for detecting such long-periodicity clusters.

In Figure 10a, we show the spatial distribution of the ATF-C (grey dots) and the clusters of RE, which are color
coded based on the size of the families. The seismicity is generally homogeneously distributed along the fault
surface, with events occurring from 3–4 to 16 km depth. The only portion void of both regular seismicity and
clusters of RE is the V-shaped zone between 5 and 9 km of depth, occurring NE of the Pietralunga village
(Figures 10a and 4). Clusters of RE are instead not homogeneously distributed. The larger number of doublets
and triplets (magenta and light blue dots) are concentrated in the deepest portion at the eastern edge of the
ATF, while the most populated clusters (green and yellow dots) occur in the shallowest portion of fault
around 5 km depth (Figure 10a).

We investigated the kinematics of the clusters of RE, by computing composite focal mechanism solutions by
inverting first motion polarities with the FPFIT computer program (Reasenberg & Oppenheimer, 1985). We
computed composite solutions because the calculation of focal mechanism solutions for events having
low magnitude (ML < 2.4) and nucleating at relatively large crustal depths (10 to 15 km), below a local net-
work, is not an easy task since P wave first arrivals are usually not very clear and takeoff angles are difficult
to constrain in reason of the low resolution of the velocity model at high frequencies. Analogously, the com-
putation of focal solutions by waveforms modeling methods is challenging. Thus, we based our analysis on
the assumption that the events belonging to the same cluster, characterized by highly similar waveforms
(CC ≥ 0.90), are assumed to have the same kinematics. We retrieved 75 composite solutions out of the original
97 clusters composed by events with 1<ML< 2.4 (Figure 10b). Most of the solutions show pure normal fault-
ing kinematics (45%; dark grey solutions); 28% have normal solutions with a minor left-lateral component
(light grey), while the remaining 26% reveals a strike-slip kinematics (orange). Normal solutions occur along
the whole range of depths. Noteworthy, some pure normal faulting events rupture low-angle planes
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consistently with the ATF geometry between 10 and 16 km of depth (grey boxes in sections 3, 4, 5, 6, and 8 in
Figure S3). Noteworthy, the majority of the strike-slip events are located at the lower eastern tip of the ATF
where the seismicity associated to the ATF disappears along a NS trending direction.

6. Discussion and Conclusions

The detailed analysis of ~37k events withMW < 3.9 recorded in 4.5 years between 2010 and 2014 allowed us
to produce a comprehensive picture of the geometry, kinematics, and slip behavior of the actively slipping
Altotiberina low-angle normal fault and of the associated complex system of higher-angle synthetic and
antithetic faults located in the hanging wall of the ATF. Additionally, we investigated the spatiotemporal
interaction between the low-angle and high-angle hanging wall faults.

One of the major open questions regarding low-angle normal faults is whether these misoriented structures
can host seismic activity (Collettini, 2011; Collettini & Sibson, 2001; Jackson & White, 1989; Westaway, 1999).
During 2010–2014, about 10% of the recorded earthquakes (3,700 events withML< 2.4) nucleated along the
ATF surface with an almost constant rate of about 2.2 events per day (Figure 5). This low-magnitude seismi-
city confirms seismic slip occurring along an ~20° NNE dipping surface between 4 and 16 km depth (Figure 2).
The depth interval that is involved by the continuous release of microseismicity coincides with the creeping
sector of the ATF as proposed by Anderlini et al. (2016) and Vadacca et al. (2016) on the basis of GPS data.

We corroborate the hypothesis of aseismic deformation occurring along the ATF with further seismological
indications. The first evidence comes from the comparison between the geodetic and the seismic strain
released by the ATF in the 2010–2014 investigated window. Anderlini et al. (2016) proposes a slip rate asso-
ciated to the ATF of 1.7 mm/yr. By assuming a rigidity of 30 GPa, and that the creeping portion of the ATF
accounts for half of the 1800 km2 area (50 km × 37 km), we obtained a MOgeodetic on the order of
2.12 × 1015 Nm, for the 4.5 years of observation. Then, we measured the MO released by the ATF seismicity
in the same time window. We used the empirical relation proposed for the study area by Munafó et al.
(2016) to convert local magnitudes (ML) to moment magnitudes (MW); then we converted the MW to seismic
moment (MOseismic) based on Hanks and Kanamori (1979). The resulting MOseismic ranges between
3.72 × 1014 Nm and 6.47 × 1014 Nm, depending on the inclusion of the events withML>MC. The comparison
between the geodeticMOwith the seismicMO indicates that theMOseismic is significantly lower (30%) than the
MOgeodetic, corroborating the hypothesis that part of the 1.7 mm/yr slip rate is released along the ATF plane
through aseismic slip. Together with this evidence, the larger b-value observed along the ATF (1.27) com-
pared to the HW-C (0.94; Figure 5) highlights a preferred tendency of the ATF to generate microseismicity
than large magnitude earthquakes. This signature is consistent with what is observed in the creeping portion
of the San Andreas fault showing at higher depth a higher b-value (1.2) with respect to the shallower locked
portion (b = 0.8–0.9; Amelung & King, 1997).

The ATF shows a complex fault zone structure, characterized by an averaged thickness of ~1.5 km, varying
along both depth and strike. We observe the presence of fault bends around 8–10 km depth (sections 6
and 7 in Figure 3) together with areas characterized by staircase trajectories around 12–14 km depth (sections
2, 4, and 5 in Figure 3). In correspondence of these geometries, some portions of the ATF are locally well
oriented in the present-day tectonic stress-tensor (dip > 30°), where brittle ruptures could nucleate.
Furthermore, seismicity distribution points to the presence of multiple subparallel slipping planes located
at both moderate and large depths (insets c and d in Figure 3).

A previous study based on high-resolution seismicity distribution, but covering a shorter time window
(Chiaraluce et al., 2007), was not able to determine if the microseismicity associated to the ATF occurred
within or outside the ATF fault plane (i.e., core). As mentioned before, the study area is characterized by
deep-seated CO2-rich fluids (Chiodini et al., 2004), observed in the San Donato and Santo Stefano deep bore-
holes (Figure 2a), overpressuring the ATF footwall block. In this framework, a first scenario proposed by
Chiaraluce, Amato, et al. (2014) sees the ATF-related microseismicity as earthquakes occurring right above
the fault plane rupturing high-angle planes (auxiliary to the low-angle ones). These events would denote
brittle ruptures in the fault hanging wall, favored by stress increase induced by the creeping along the ATF
low-angle plane. The alternative interpretation involves multiple discrete slipping planes within a wider fault
zone characterized by variable frictional and rheological properties. This latter interpretation is consistent
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with our observations, based on the new seismic catalogue, reporting low-magnitude events occurring
within a hundred of meter wide fault zone composed bymultiple slipping planes (cores). The small and brittle
fault patches located within the ATF zone can be the expression of different factors such as steady state tec-
tonic stress, stress redistribution caused by aseismic/seismic slip on adjacent slip patches, and transient var-
iations of pore fluid pressure buildups. Focal mechanisms of these events coherently describe a
nonhomogeneous kinematics, with the coexistence of pure extensional mechanisms along low-angle planes
(sections 3, 4, 5, 6, and 8 in Figure S3) and oblique/strike-slip solutions.

A comparison between the fault zone structures of the ATF with the Zuccale fault (ZF), a low-angle normal
fault exposed on the easternmost portion of the Elba Island in the Tyrrhenian sea, can furnish a further con-
tribution for the understanding of the mechanical behavior of the ATF. The ZF is considered an older
exhumed analogue of the ATF, and many studies have investigated its geological setting, the microstructural
characteristics, and the internal structure, providing an accurate description of the fault zone architecture and
proposing a model for the evolution of the fault zone and slip behavior (Collettini et al., 2006, 2011; Collettini
& Holdsworth, 2004; Smith et al., 2007, 2008).

According to these studies, the ZF zone structure is composed of a footwall block made of Paleozoic breccias
and cataclasites and of a few meter thick (3 to 8 m) heterogeneous fault core made of phyllosilicate-rich hor-
izons alternated with decameter-sized lenses of carbonate-rich cataclasites. Abundant carbonate-rich veins,
crosscutting both the footwall block and the fault core, have been interpreted as hydrofractures developed
right below the ZF plane during episodic buildups in CO2-rich fluid overpressure channeled along steeply
dipping (80°) minor faults located in the ZF footwall (Collettini et al., 2006; Smith et al., 2008). Thus, fluid over-
pressure buildups below the relatively impermeable low-angle plane can promote the generation of episodic
tensile hydrofractures (i.e., small earthquakes) along small fault patches.

According to the ZF zone structure, the authors proposed a mixed-mode fault evolution model for LANFs
including alternated stable-sliding (creeping) and stick-slip processes. Creep would mostly occur along
foliated chlorite-talc-rich phyllonites, composed of weak materials (μ < <0.6) with a prevalent velocity-
strengthening (i.e., creeping) behavior. While, a prevalent velocity-weakening (i.e., stick-slip) frictional beha-
vior is possessed by the carbonate-rich lenses, where small earthquakes can be facilitated either by buildups
of critical fluid overpressure (i.e., hydrofracture) or by local stress accumulation due to continued deformation
in the surrounding creeping areas. To highlight hydrofracture events, the computation of the full moment
tensor solution for the ATF seismicity to investigate the volumetric component of the events would be
significant (Martinez-Garzòn et al., 2017).

The proposed model regarding the evolution and slip behavior of LANFs may be representative of what
happens at larger depths along the ATF. Some dissimilarities are listed below.

First, the lithology of the host rocks is not the same; however, in both cases the alteration of host rocks can
generate phyllosilicate-rich materials (Collettini et al., 2006). Second, the Zuccale fault core thickness is almost
3 orders of magnitude smaller compared to the ATF characterized by a hundred of meter thick fault zone
including multiple slipping planes (cores). However, this difference could be due to erosion mechanisms
during the exhumation and/or long-term displacement phases. Finally, the high-angle faults, acting as fluid
conduits, observed within the ZF footwall are not obvious within the ATF structure (Figure 3). One possible
reason for this is that these high-angle faults are characterized by very small displacements (from tens of
centimeters to meters; Smith et al., 2008). Thus, their dimension may be below the resolution of our earth-
quake catalogue. Alternatively, we might speculate that some of the vertical alignments of earthquakes
observed in cross sections in Figure 3 could be the evidence of such structures.

Beyond these dissimilarities, the spatiotemporal distribution of the seismicity along the low-angle ATF
strongly resembles the mixed-mode slip-behavior proposed for the ZF. In particular, stick-slip episodes testi-
fied by small-magnitude events that occur, sometimes with regularity (i.e., clusters of repeating events), along
small fault patches. At the same time, stable sliding can occur at larger scale along phyllitic portions of the
low-angle fault, as suggested also by the geodetic data.

To investigate spatial variations of the frictional behavior along the ATF surface, Anderlini et al. (2016)
mapped the coefficient of interseismic coupling (the ratio of the long-term seismic slip rate to the tectonic
slip rate) by inverting GPS data. In Figure 11, we report their geodetically determined map of interseismic
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coupling (IC) along with the distribution of the ATF-C (grey dots) together with the location of clusters of RE
occurred during 2010–2014 (this study) and during the 2000–2001 experiment (from Chiaraluce et al., 2007;
blue dots in Figure 11). We observe a striking positive correlation between the creeping regions, identified in
Figure 11 by three lighter areas, and the microseismic activity. In contrast, the locked portions (asperities) are
noticeably less productive or almost silent. Seismicity mostly occurs in a NW-SE channel between the A and C
asperities around 4–5 km depth, while at larger depths, it encircles the large asperity C. Accordingly, clusters
of RE (yellow and green dots) occur around 4–5 km depth, while a peculiar concentration of doublets
(magenta dots) nucleate along the eastern border of this fault patch. Thus, the ATF fault plane is
characterized by lateral heterogeneities in the frictional properties resulting in the coexistence of locked
patches between 5 and 9 km depth in the northern sector of the fault, corresponding to the V-shaped
void of seismicity (Figures 4 and 11), surrounded by quite large creeping portions. The spatial distribution
of the clusters of RE, observed at the border between larger locked and creeping patches on the fault
plane (Sammis & Rice, 2001; Wesson & Nicholson, 1988), strengthens this hypothesis.

The geometrical connection between the ATF and the high-angle HW faults shown by the seismicity distribu-
tion also seems consistent with the degree of coupling proposed for the ATF by Anderlini et al. (2016). In the
northern portion, in correspondence with the asperity C (green dotted line in Figure 11), seismicity distribu-
tion does not highlight any connections between the ATF seismicity surface with the overriding HW faults
(sections 1 to 4 in Figure 3). On the contrary, in the southern portion, the HW seismicity connects with the
ATF seismicity below the mapped Gubbio fault (GuF; sections 7 and 8 in Figures 3 and 8). This is the area
where the observed seismicity matches well with areas of positive stress build-up modeled by 2-D numerical
simulations of interseismic deformation computed by Vadacca et al. (2016). Their best fit model suggests
creeping along the ATF below 5 km depth and along the flat portion of the GuF, which induces stress
accumulation in the ATF-HW, coherently with the generation of the observed multiple MW3+ seismic
sequences in the ATF-HW.

The rate of occurrence of RE clusters shows a good degree of correlation with the seismic release of the HW
seismicity. Both RE clusters and HW seismicity (red and grey histograms in Figure 9f, respectively) show
similar positive peaks in 2010–2011 and 2013 and a less productive period during the 2012. This similarity
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suggests that the dragging of the creeping portions of the ATFmight concentrate the stress on the ATF hang-
ing wall faults resulting in a modulation of the related seismic occurrence. The period showing a minor
degree of correlation is observed during the Gubbio sequence that lasted from the end of October 2013
for almost 1 year. This period of time could be considered as less representative of the typical ATF mechanical
behavior. In fact, the Gubbio sequence, characterized by the occurrence of a large number of local main
shocks (seven events with 3.0 < MW < 3.9), shows episodes of seismicity migration along contiguous fault
segments (Figure 8b) interpreted as the occurrence of pore fluid -pressure diffusion processes in the source
volume, as well as episodes of static stress interaction processes that may have contributed in driving
the deformation.

Finally, on the basis of empirical relations between fault dimension (1,800 km2) and maximum magnitude, it
is possible that the ATF could host up to a MW7.2 event. Our observations are consistent with the occurrence
of aseismic deformation along the ATF plane reducing the availability of strain energy, thus somewhat low-
ering the seismic hazard associated to the ATF. At the same time, we are aware that through a dynamical fric-
tional weakening process (Kohli et al., 2011), seismic ruptures can nucleate in small and locally well oriented
locked fault portions and propagate through creeping portions even if embedded within velocity strength-
ening materials. During these processes, high slip velocities favor a switching from creeping to seismic beha-
vior, as observed for the Tohoku-Oki 2011 earthquake, which accumulated its largest seismic slip in the area
that had been assumed to be creeping (e.g., Tohoku-Oki 2011 earthquake; Fukuda et al., 2013; Noda &
Lapusta, 2013). This evidence suggests that the ATF cannot be excluded in the assessment of the seismic
hazard of this portion of the Northern Apennines.
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