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Key Points:

• Template matching detects nearly half-million earthquakes along the Alto
Tiberina fault system within ~3 years

• Clustered seismicity during an aseismic deformation episode reveals a com-
plex interplay of aseismic processes and elastic interactions

• Continuous seismicity intermittent by bursts and repeating events along
a LANF opens the possibility for a new model to explain the behavior

Abstract

The Alto Tiberina Fault system located in the Northern Apennines (Italy) con-
sist of a low angle normal fault which radiates micro-seismicity on a constant
rate and is assumed to host continuous creep. In the hanging wall, on top of
the low angle normal fault, a network of syn- and antithetic high angle faults
frequently hosts swarm seismic sequences, one of which has been associated to a
transient aseismic deformation signal. To study in detail the dynamics related to
the seismic and its relationships with aseismic deformation processes occurring
in this fault system, we apply template matching on seismic data recorded at an
array of borehole stations, to derive a high-resolution earthquake catalog. We
then quantify the time and space clustering of the seismicity which reveals ele-
vated clustering within the hanging wall during an aseismic deformation period.
This reflects the complex evolution of aseismic slip together with the complexity
of the shallow fault system. On the other hand, we observe a bimodal seismic-
ity along the low angle normal fault, with continuous and diffuse seismicity,
and rapid bursts which could suggest rapid fluid releases. Along the low angle
normal fault, we additionally identify repeating earthquakes and model them
assuming a creep model. Our results open the possibility for other models than
the actual model of inter-seismic deformation to explain the seismicity along the
Alto Tiberina low angle normal fault.

Plain Language Summary

In the Apennines, faults that could potentially rupture into large earthquakes
can be divided into two groups by their angle between the horizon and the fault
surface (dip angle) but also by their way to radiate small earthquakes. The Alto
Tiberina low angle normal fault shows a small dip angle and radiates small mag-
nitude earthquakes with a quasi-constant event-rate. In the shallow part of the
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area, several faults show large dip angles and radiate thousands of small earth-
quakes only during certain time periods. To better understand the mechanisms
responsible for the earthquakes radiated from these distinct types of faults, we
apply a technique for detecting new earthquakes similar to earthquakes that are
already known. This technique increases the number of detected earthquakes
which helps to better analyze the behavior of the earthquakes in space and time.
The results of this approach suggest that the earthquakes radiated from the high
angle faults are driven by short-lived processes. The analysis of the earthquakes
radiated from the low angle fault reveals continuous processes acting within this
region. Additionally, this area radiates earthquakes in short time intervals from
areas in close vicinity which could potentially indicate another mechanism than
assumed so far.

1 Introduction

Low angle normal faults (LANF) are intriguing geological structures found in ex-
tensional tectonic regimes (Wernicke, 1995). Those structures are normal faults
with a dip angle lower than 30◦, which should inhibit frictional fault reactiva-
tion under the well accepted Anderson-Byerlee rupture theory (Byerlee, 1978;
Collettini, 2011). Nevertheless, seismically active LANFs are found in several
locations around the world, such as in Greece in the Gulf of Corinth (Rietbrock
et al., 1996), in Papua New Guinea in Mai’iu (Abers et al., 1997; Biemiller et al.,
2020) and in Italy along the Apennines (Chiaraluce et al., 2007). Observations
of seismic activity along LANFs raises the question whether these faults are
capable to produce moderate-to-large magnitude earthquakes, or whether other
deformation mechanisms help to accommodate the extension (e.g., Collettini,
2011; Wernicke, 1995).

A well-studied LANF is the Alto Tiberina Fault (ATF) located in the Apen-
nines (Fig. 1a), which is thought to accommodate large portions of the overall
tectonic extension of � 3 mm/yr within the region (Serpelloni et al., 2005). The
structure of this fault is well characterized by several seismological studies, as
with deep seismic reflection profiles (Barchi et al., 2003), controlled source seis-
mic imaging (Mirabella et al., 2004), and several seismic tomographies (e.g.,
Chiarabba & Amato, 2003; Pauselli et al., 2006; Piana Agostinetti et al., 2017).
Further studies characterized the ATF with gravity (Boncio et al., 2000), mag-
netic (Collettini & Barchi, 2002), and heat flow measurements (Mirabella et al.,
2004). These studies reveal a NNW trending major fault dipping 15◦ - 20◦
from the surface to at least 12-14 km depth. At depths below 4 km the fault
plane is highlighted by constant micro-seismicity within a 500 − 1500 m thick
fault zone (Chiaraluce et al., 2007; Vuan et al., 2020).

The hanging wall (HW) of the LANF is dominated by several syn- and antithetic
splay faults with high dipping angles of 50◦ - 60◦. The largest structure is
the Gubbio fault showing a listric geometry, dipping 40◦ - 60◦ at shallow
depths and bending to 10◦ – 15◦ below depths of 3 – 4 km (Mirabella et al.,
2004). The HW is further characterized by high vp/vs ratios, indicative of high
pore-fluid pressure (Chiarabba & Amato, 2003; Piana Agostinetti et al., 2017).
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The seismicity in the HW usually occurs in transient episodes with reoccurring
sequences of elevated seismicity in a swarm-like behavior lacking larger events
(Valoroso et al., 2017).

Focusing on the mechanical behavior of the ATF several studies (Anderlini
et al., 2016; Chiaraluce et al., 2014; Collettini et al., 2011; Hreinsdóttir &
Bennett, 2009; Vadacca et al., 2016) proposed that the extension in the area is
accommodated to some degree by creep along the LANF. Combining a block
modeling approach with GPS velocities measured at a dense GPS network in
the area, Anderlini et al. (2016) inferred partial creep of 1.7 mm/yr along
the LANF, with several asperities being locked. More recently the geodetic
data analysis of Gualandi et al. (2017) revealed a small transient deformation
signal related to a one-year long swarm-like seismic sequence starting in late
2013. This transient is thought to occur along two high-angle faults within the
HW, which hosted thousands of small earthquakes with a swarm-like seismic
activity (Valoroso et al., 2017). The swarm-like seismic activity was studied
with a high-resolution earthquake catalog for the period between 2010 to 2014,
which revealed a complex mixed mode seismicity (Valoroso et al., 2017). More
recently, Vuan et al. (2020) used template matching (TM) to better characterize
the seismicity occurring in the vicinity of the LANF surface and found several
productive clusters indicating a time intermittent activity rate, indicative of an
interaction with M > 3 earthquakes and slow deformation occurring within the
HW.

Despite the studies cited above, several questions regarding the mechanical be-
havior of the ATF-system remain open. First there is the need to characterize
the way in which the accommodated stress within the study area is released, if
by continuous deformation along the LANF (Anderlini et al., 2016), in a tran-
sient way within the HW (Gualandi et al., 2017) or as a complex interplay of
both mechanisms (Vuan et al., 2020). Another open question is related to the
driving mechanism of the swarm-like seismic sequences within the HW, as a
result of elastic interaction in between events or driven by transient aseismic
deformation episodes (Gualandi et al., 2017). Additionally, there are still no
quantitative observations assessing the role of fluids in controlling the evolution
of the seismicity and the transient aseismic deformation (Chiaraluce et al., 2007;
Chiodini et al., 2004; Valoroso et al., 2017), like found in other regions (Duverger
et al., 2018; Ruhl et al., 2016).

To tackle the aforementioned challenges related to the deformation in the ATF
system, we first derive a new high-resolution catalog of small earthquakes. This
extended catalog is produced using a template matching (TM) approach (Gib-
bons & Ringdal, 2006) applied to an array of borehole stations (Chiaraluce et
al., 2014) recording high-frequency (sampling rate of 500 Hz) and low noise
data (Fig. 1b). Starting from an initial catalog of � 30,000 earthquakes we
detect more than 400,000 new events with magnitude as low as −2. We fur-
ther analyze the detected seismicity in terms of event interaction in time and
space, and systematically search and model repeating earthquakes, to infer the
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role of creep along the LANF (Nadeau & McEvilly, 1999). We finally propose
models to reconcile the observed seismological behavior, and reveal a complex
coexistence of different processes along the ATF fault system.

Figure 1: (a) Map and cross-section of the study area in Italy. Triangles show
the locations of the borehole stations (TB0X) and one surface station (ATVO).
The seismicity is plotted color-coded to indicate depth, red lines indicate fault
outcrops, black stars and beach-balls indicate the locations and the focal mecha-
nisms of the five largest events within the study period. (b) Waveforms recorded
at stations indicated in (a) of a M � −1.8 event (2013-04-21T20:15:15), happen-
ing northeast of the station array. (c) Waveforms recorded at TB01.BHZ of all
detections made by a template event (2013-12-23T17:02:05, M = −0.98, wave-
form indicated on top), sorted by a decreasing CC to MAD ratio. The horizontal
dashed and solid lines indicate ratios of 12 and 11, respectively. The stacked
waveform considering all events of the family is indicated at Event 50 in black.

2 Detection of the Seismicity

To improve the detection of small earthquakes and ameliorate the time resolution
of the seismicity in the study area, we make use of TM (Gibbons & Ringdal,
2006) and apply this array processing to data recorded at a network of borehole
seismic stations (Chiaraluce et al., 2014). Figure 1a shows the network and the
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seismicity used in this study. Our analysis covers a time period from July 2012
to December 2015, which encompasses the transient aseismic deformation signal
(Gualandi et al., 2017) overlapping with a major earthquake swarm (Valoroso
et al., 2017).

The seismic network used in this study is installed within three boreholes (Fig.
1a) two of them having one surface station and one deep station (stations TB01
and TB02), and one borehole with a surface station plus 3 stations at different
depths inside the borehole (station TB03). After quality control of the data, in-
cluding visual inspection in time and frequency domain, we noticed that surface
stations show a general high level of noise with a daily variation. Additionally,
the continuous data is contaminated by glitches and spikes. As these spurious
signals are not consistent over several stations, we speculate that they originate
from a source close to the sensor, probably related directly to the sensor or the
digitizer. We further observe that the deepest stations are much more sensitive
to small magnitude events, as illustrated in figure 1b. We thus focus our analy-
sis on four seismometers (3-components each) located at depth (TB01 (180m),
TB02 (210m), TB03 (150m) and TB03 (250m)). For all stations used, the data
was sampled at 500 Hz throughout the duration of the study period.

The continuous data is analyzed using a TM approach (Gibbons & Ringdal,
2006), which is proven optimal to detect small signals with extremely low signal
to noise ratios (SNR) (e.g., Beaucé et al., 2018; Beaucé et al., 2019; Sánchez-
Reyes et al., 2021). With TM, the P and S waveforms of known earthquakes
(templates) are correlated with continuous data recorded at different stations
and different components. At every time step the average correlation coefficient
(CC) over all components is used to define new detections (e.g., Beaucé et al.;
2018; Beaucé et al., 2019; Sánchez-Reyes et al., 2021).

The first step of our data processing consists of the preparation of the continuous
seismic data. The daily traces are synchronized to provide seismograms of 24
hours starting at midnight. The data is then demeaned, detrended, filtered from
5 to 49 Hz, and resampled at 100 Hz. The frequency band used here differs
from earlier studies in the study area (e.g., Vuan et al., 2020) which allows
the detection of small magnitude events (M<0, see Cabrera et al., 2022), as
they are expected to have better SNR at higher frequencies (e.g., Abercrombie,
2021). Furthermore, with the use of 5 Hz as the lower corner frequency we
avoid systematically observed local noise which is strong in the frequency range
from 1 to 5 Hz (Cabrera et al., 2022; Latorre et al., 2014; Poli et al., 2020;
Sánchez-Reyes et al., 2021).

In a second step, we extract the potential templates from the continuous data.
For this we use the earthquakes from the catalog of Valoroso et al. (2017), (Fig.
1a; Fig. 2). For the time period of interest (July 2012 until December of 2015)
the catalog contains 34,923 events, which are precisely relocated using a double
difference approach (Valoroso et al., 2017). In our work, we define a template
as 1.2 s long P and S waveforms starting 0.4 s before the theoretical arrival
time at each seismometer. The theoretical arrival times are calculated with a
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local 1D velocity model (Chiaraluce et al., 2007; Tab. S1). P waveforms are
extracted from the vertical seismometer component, while the S waveforms from
the horizontal components. For each potential template we calculate the root-
mean-square (rms) amplitude within a noise window (1.2 s long time window
previous to the P wave arrival) and relate this to the rms amplitude within the
P and S waves windows to obtain the SNR for each template. Only templates
with a SNR > 3 at more than 8 seismometer components are retained for further
analysis. This step reduces the number of templates for the final run to 28,903.

We then use each template to scan the daily continuous data with a sliding
window of one sample. This computation implies the calculation of � 1014
correlations per component. To perform this large analysis, we use the Fast
Matched-Filter (FMF) code of Beaucé et al. (2018) based on a parallel GPU
framework. The processing was performed using a single NVIDIA Tesla V100
GPU with NVLink, and implied 2800 h of computation. For each template we
obtain daily traces of the CC averaged over all seismometer components, which
are then used to extract detections of new events. To that scope, we estimate
the median absolute deviation (MAD) for the daily trace of the CCs and define
a new detected event when the CC at a sample exceeds the daily MAD by a
factor of 10.

This preliminary threshold was chosen from tests made with a subset of data
and using low SNR templates and is further in good agreement with other
studies (Cabrera et al., 2022; Sánchez-Reyes et al., 2021; Shelly, 2020). With
these parameters we obtain a first set of detections, which includes redundant
ones (e.g., new detections identified by multiple templates). This redundancy
results in event detections with an interevent time smaller than the template
window length (1.2 s). Therefore, we decluster this first set of detections using
the inter-event arrival time at the seismometer network. In this study we retain
events with an average inter-event arrival time at the network larger than 1.2
s, which corresponds to the window length of the template. This approach
allows to detect events with inter-event times even below 1.2 s if the hypo-
central distances in between them is large enough. However, within a group of
redundant detections, the CC ranges from ~0.2 to values of up to 1 if an auto-
detection is included. In each group of redundant detections, we retain only the
ones with the highest CC for the final extended catalog. After the declustering
the extended catalog consists of 630,265 detected events, that is 21 times the
number of events within the initial catalog.

Each newly detected event is assigned to the location of the template which
detected it (Valoroso et al., 2017). We estimate the magnitude of a newly
detected event by measuring the ratio of the waveform amplitudes between the
template and the newly detected event (Cabrera et al., 2022; Peng & Zhao,
2009). The ratio is taken from the absolute mean value within a window length
of 1.2 s during the P-arrival on every component. Then, the new magnitude is
estimated by adding the logarithm to the base of 10 of the median ratio of all
components to the template’s magnitude. This approach assumes a change of
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10 in the amplitude as a change of 1 unit in magnitude (Cabrera et al., 2022;
Peng & Zhao, 2009).

We subsequently perform quality control on the extended catalog, to ensure
that only real detections of good quality are included. This step involves visual
inspection of events detected by single templates (Fig. 1c). We thus plotted 10s
of the waveforms for all detections made by one template sorted by a decreasing
CC to MAD ratio (Fig. 1c). New detected events above the dashed line have
a ratio >12, while detections above the solid line have a ratio > 11. From the
figure 1c, we can see clear P wave arrivals for the first 30 detections, while P
waves fade out around detection number 40. The S wave arrivals are generally
more prominent and can be seen for almost all detections, fading out below
ratios of 11.

We performed the aforementioned procedure of visual inspection on randomly
chosen families. The approach led us to retain only detections with a CC to
MAD ratio > 12 as new events. This choice leads to a final catalog of 447,834
events which is an extension of the initial catalog (34,923 events) by a factor of
� 12, in agreement with studies from other areas using a similar approach (e.g.,
Gibbons & Ringdal, 2006; Sánchez-Reyes et al., 2021; Shelly, 2020).
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Figure 2: (a) Cumulative number of events for the initial (blue) and the ex-
tended (red) catalog. Note the two different scales. Two distinct time periods
(pre-swarm and swarm) of distinctive style of seismicity are indicated. (b) Space-
time evolution along strike for the initial (blue) and the extended (red) catalog.
Black stars mark the five largest events within the study period (see Fig. 1).

3 The extended seismic catalog

From 28,903 templates we were able to retrieve 447,834 events, which time and
space evolution is reported in figure 2, together with the initial catalog (Valoroso
et al., 2017). The extended catalog contains one order of magnitude more events
than the initial one while it preserves a similar time evolution for the cumulative
number of events (Fig. 2a). This is seen as a first order quality estimate, as it
reproduces the overall evolution of the seismicity.

An interesting feature of the extended catalog is that the detection increment
factor is not constant during the studied period. In the first phase of the study
(up to December 2013; Fig. 2a) we observe that the two catalogs follow the same
time evolution even though the extended catalog having � 10 times more events
with respect to the initial one. However, at the onset of a significant increase
of seismicity in January 2014, despite the time evolution remains similar, the
increment factor exceeds 12 (Fig. 2a). To ensure that this evolution of event
number is not related to changes in data quality we inspected the continuous
data without finding anomalies. This increment is thus reflecting a true seis-
micity increase. Indeed, the extended catalog has a potential time resolution
below 1.2 s, which allows to resolve events with short interevent times of less
than 2 s interevent times (Fig. S1; Fig. S2). This factor is strongly influencing
the increment factor we obtained, which allows to resolve an extremely high
seismicity rate (e.g., January 2014, Fig. 2), and therefore enables the capture
of its small-scale spatio-temporal dynamics.

We further observe 4,157 periodically activated events (Fig. S3a) at along strike
distance approximately −15 km (Fig. 2b) within the extended catalog. These
events were detected by templates located at shallow depths (between 0.09 to
1.9 km) within a small region at the southern end of the Gubbio basin close to
a cement factory. The waveforms of these events (Fig. S3b) consist mainly of
low frequency signals similar to the events observed by Latorre et al. (2014).

In the following analysis of our work, we removed these events, as they can
be considered as a nuisance for earthquake related studies (Gulia & Gasperini,
2021). However, the dense report of human made signals can potentially be used
to monitor changes in physical properties in the fault system, using recently
proposed correlation approaches (Pinzon-Rincon et al., 2021).

In figure 3a we compare the frequency-magnitude distribution of the extended
and the initial catalog (Valoroso et al., 2017). Despite we see a similar b-value
(� 1) for both catalogs, the estimated magnitude of completeness (Herrmann
& Marzocchi, 2021) decreased from 0.39 for the initial catalog to -0.67 for the
extended one (Fig. 3a).
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Figure 3b further compares the estimated magnitudes with the magnitudes of
the initial catalog as a function of time. This figure again reveals the improved
magnitude resolution of the extended catalog, and its capability to resolve in
detail the large number of events associated with each burst of seismicity (Fig.
3b inset). There is however in both catalogs a daily evolution of minimum re-
solved magnitude, with smaller magnitude events better detected during night-
time (Fig. 3b inset). This phenomenon was already seen in another TM study
(Sánchez-Reyes et al., 2021) and might be due to daily anthropogenic noise vari-
ation (Poli et al., 2020), and should be considered for example while performing
statistical analysis of the seismicity (e.g., Marsan & Nalbant, 2005).

The results of the extended catalog can be partially compared with a previous
study (Vuan et al., 2020), where the authors applied TM using events nucleating
within 1,500 m from the assumed ATF surface to detect � 16,000 earthquakes
within our study period. With the TM approach presented here we are able
to detect 32,158 events nucleating in the same fault volume, which corresponds
to an extension factor > 2. We postulate that the reason for the improved
performance in this study is related to the use of a higher frequency band and
the higher sampling rate, which allows to better detect small magnitude events.
Additionally, the borehole data used in this study seems to be less sensitive to
noise (Chiaraluce et al., 2007), and therefore better resolve the micro-seismicity
nucleated from the deeper parts of the LANF.

Even though we are able to detect a large amount of new seismic events from
areas where templates are available, the inherent disadvantage of TM is its blind-
ness for areas where no seismicity, or any other signal was previously identified.
This represents the weak point of TM compared to other detection methods
like used by Majstorović et al. (2021) which do not rely on previously charac-
terized events from distinct areas. A further issue in the presented approach
is the limitation to a borehole station network consisting of only 4 sensors (12
channels). During periods when no data is available for more than one station,
the results of TM are less reliable, and are therefore not included within the
extended catalog presented here. Especially during early 2013, Fig. 2c shows
several gaps of data indicated by vertical empty lines.

The extended catalog is available in electronic format at https://www.dropbox.com/s/up3zq75wioimofk/cata_pub.txt?dl=0.
For each detected event we report the origin time, the position (which is the
same as the template position), the estimated magnitude, the ID of the
template detecting a given event (to group events into families) and the CC to
MAD ratio. We further flag events which are human made. Different formats
can be provided upon request to the authors.
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Figure 3: (a) Frequency-magnitude distribution for the initial (blue) and the
extended (red) catalog. Continuous lines indicate the cumulative distributions.
Dashed black line indicates the b-value of the initial catalog. Triangles indicate
the magnitude of completeness estimated following the approach of Herrmann
& Marzocchi (2021). (b) Magnitudes as a function of time for the initial (blue)
and the extended (red) catalog. Inset: As (b) for a time period from 2013-12-18
until 2013-12-22.

4 Dynamics of the Seismicity

In the following, we use the extended catalog (without the 4,157 events which
are most likely related to human induced sources) containing 443,677 events
to derive new insights about the dynamics of the seismicity, to shed light on
the deformation processes and infer the mechanical properties of the ATF fault
system.

4.1 Time and space Clustering of the Seismicity

We start our analysis, by assessing the interaction in time and space between
seismic events. Time and space clustering of earthquakes is commonly associated
with interactions between events during co- and post-seismic processes, like
static or dynamic stress transfer triggering (Freed, 2005) or afterslip (Perfettini
& Avouac, 2004). Alternatively, enhanced interaction can result from external
forcing as slow aseismic deformation (Frank et al. 2016; Lengliné et al., 2017;
Poli et al., 2022), fluid fracturing (Obara, 2002; Seno & Yamasaki, 2003) or
coupled fluid and rock interaction (Shelly et al., 2006).

We first divide the seismicity into pre-swarm (beginning of the catalog until 2013-
03-01T00:00:00) and swarm (2013-08-01T00:00:00 until 2014-12-31T00:00:00)
time periods (Fig. 2), guided by the results of Gualandi et al., (2017) and
Valoroso et al. (2017). To assess the time and space interaction during these
two periods, we discretize the seismicity in space into 1 km bins along depth.
Then, for each bin we count the number of events occurring in each time bin of
1-hour.
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We start by evaluating the spatial population dynamics (Bjørnstad et al., 1999),
to retrieve synchronous populations of earthquakes. To that scope, we compute
the zero-lag cross-correlation (ZCC) between the event count time series defined
above (Fig. 4a, b). The resulting ZCC is expected to be high for time series
having similar time evolution, thus indicating synchronous activation over dif-
ferent space bins (Bjørnstad et al., 1999; Frank et al., 2016; Trugman et al.,
2015; Wu et al., 2015).

Figure 4a shows the results of our analysis, for the pre-swarm period. Here,
small ZCC off the diagonal are observed for the full depth range, suggesting
marginal spatial interaction. On the other hand, during the swarm period (Fig.
4b) there is a clear separation between two depth ranges. The shallow part
above ~7 km depth exhibits large ZCC off the diagonal, indicating a significant
synchronization and thus an elevated spatial interaction of the seismicity, while
below ~7 km of depth, the seismicity exhibits small ZCC, similar to the values
during the pre-swarm period (Fig. 4a).

Following the same approach, in in figure 4d and 4e, we show the spatiotem-
poral interaction using 1km bins along strike. We observe again a generalized
marginal interaction of the pre-swarm seismicity (Fig. 4d), while significant
synchronization is observed up to 5-10km, during the swarm period (Fig. 4e).

We further assess the time interaction of the seismicity along depth, considering
a point process formalism (Lowen & Teich, 2005), and autocorrelations of the
event count time series. If the auto-correlation function exhibits a distinct
pulse at zero lag-time, the seismicity is temporally unrelated as expected for a
Poisson process like random seismicity (Lowen & Teich, 2005). On the other
hand, a smooth drop of the auto-correlation function at zero lag-time indicates
an auto-regressive model, in which the time of future earthquakes is related to
the previous ones (Lowen & Teich, 2005). Figure S4a shows the auto-correlation
functions for the pre-swarm period. Here the pulse at zero lag-time indicates
poissonian-like evolution of seismicity over the entire depth range. For the
swarm period (Fig. S4b), we can distinguish between two types of behavior. The
shallow part (above 7 km depth) where the auto-correlation function exhibits
a smooth decay around zero lag-time, indicating a significant time interaction.
On the other hand, for deeper parts (below 7 km) the auto-correlation functions
show a distinct pulse, like seen for the entire depth range in the pre-swarm period
(Fig. S4).

We also explore the time interaction of the seismicity occurring in each depth bin,
by calculating the coefficient of variation (COV) (Fig. 4c). The COV provides
insightful information about the time clustering of earthquakes (e.g., Cabrera
et al. 2022; Kagan & Jackson, 1991; Sánchez-Reyes et al. 2021; Schoenball
& Ellsworth, 2017). A COV of ~1 indicates a Poissonian distribution of the
interevent times while a COV » 1 indicates temporal clustering, indicative of
high interaction between events. Note that for this step we release the time
binning applied in the approach before but use the interevent time of events
in different depth bins, thus exploring the time clustering at time scales even
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smaller than one hour.

Figure 4 c) shows the COV over the depth bins for the pre-swarm period (blue
line) and the swarm period (red line). The pre-swarm period exhibits quasi
stable values for the COV (< 2) over the entire depth range. For the swarm
period again, we can distinguish between two different regimes. The shallow
part (above 7 km depth) exhibits COV > 2 indicating elevated interaction in
time. At deeper parts (below 7 km depth) of the study area the COV drops to
pre-swarm values.

The results from the spatial-temporal analysis discussed above suggest that
i) seismicity exhibits strong space (Fig. 4) and time (Fig. 4c, S4) interaction
mainly occurring during the swarm period and ii) during the swarm, there exists
a decoupled style of seismicity in between the shallow and deeper (> 7km) part
of the fault system.

Figure 4: Pairwise correlation coefficients between the event count time series
binned in 1 km along depth and 1-hour lasting time bins for (a) the pre-swarm
and (b) the swarm time period. For both plots, the color-bar ranges from 0
to 0.5. (c) Coefficient of variation of the inter-event times for 1 km depth bins
for the pre-swarm (blue) and the swarm (red) period. (d) Pairwise correlation
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coefficients between the event count time series binned in 1 km along strike and
1-hour lasting time bins for the pre-swarm and (e) the swarm time period. For
both plots, the color-bar ranges from 0 to 0.5.

4.2 Temporal behavior of template families

We further focus on the characteristics of event families. Similar to previous
studies (e.g., Cochran et al., 2018; Shelly & Johnson, 2011), a family is defined
as a group of detections related to the detecting template. From figure 1c
it is visible that waveforms within a family share similar features with their
template, indicating qualitatively the proximity of the events belonging to a
particular family. To quantify distances between events within a family, we
take advantage of the redundant events reported in section. 2. We consider
events which were used as templates, and at the same time detected by other
templates. As for these events we know the precise location, we can calculate
the hypo-central distances between the location of the auto-detection (i.e., a
template detects the event which it was extracted from) and the locations of all
additional templates, which detected this particular event. From the distances
we obtain an approximation of the expected hypo-central distances between a
mother event and other events within the former defined families. We perform
this analysis for 2,052 cases of redundant detections which corresponds to ~5% of
the catalog (Fig. S5). In figure S5 we observe that most redundant events have
a hypo-central distance of ~250m to the auto-detection. We therefore assume
that hypo-central distances between events within a family can be expected to
be approximately equal to that value. This leads us to the consideration that
a family of events allows us to probe the time evolution of asperities that are
close to each other, in a localized zone of the fault (e.g., Cochran et al., 2018).

Guided from the results of section 4.1, we divide the families into shallow and
deep families, using a depth threshold of 7 km. For each family, we estimate the
interevent times and normalize them by the total duration of each family. The
resulting normalized interevent times (� ) are then sorted within logarithmic time
bins and counted. We account for logarithmic spacing, by dividing the number
of normalized interevent times per bin by the length of the bin and the total
number of normalized interevent times (Duverger et al., 2018). This processing
provides the distributions of the interevent times for the two different depths,
plotted in figure 5a. Their general shape can be described with a truncated
gamma function:

𝜌 (𝜏) = 𝐶 (𝜏)𝛾−1 ⋅ 𝑒− 𝜏
𝛽 (1)

where C and � are constant while �  indicates the time clustering of the seismicity
(Hainzl et al., 2006). For 𝛾 = 1 the seismicity is Poissonian and occurs randomly
in time, while for 𝛾 = 0 it follows a power-law decay similar to an Omori-like
sequence (Duverger et al., 2018; Omori, 1894; Poli et al., 2022).

For families of the shallow part (above 7 km depth; Fig. 5a) the logarithmic
interevent time linearly decays over four orders of time magnitude and can
be fitted (eq. 1) with 𝛾 ∼ 0.26. This value of 𝛾 is indicative of seismicity
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clustered in time (Duverger et al., 2018; Poli et al., 2021), but differs from
classic aftershock sequence (e.g., Omori, 1894).

For the deep families (below 7 km depth; Fig. 5a) we observe a clear change of
the slope at 𝜏 ∼ 10𝑒−2. This change of slope is indicative of a bi-modal behavior
of the seismicity, similarly to the observations of Thomas et al. (2018) for low
frequency earthquakes (LFE). More in particular, for small 𝜏 (𝜏 < 10𝑒 − 2) the
distribution decays with 𝛾 = 0, indicative of an Omori-like process (Omori,
1894). On the other hand, for 𝜏 > 10𝑒 − 2 the seismicity becomes less time
clustered, with 𝛾 = 0.55.
To visualize the behavior of distinct time clustering discussed above, in figure
5b, c, d we show the cumulative number as function of time, for the deep and
shallow seismicity. For deep seismicity with short interevent time intervals of
less than 10^4s (Fig. 5b), we clearly see that the time clustering observed in
figure 5a, is mainly associated with intermittent occurrence of rapid bursts of
seismicity. In contrast to that, the seismicity with long interevent time intervals
(> 10^5s) evolves with a nearly constant rate for the whole duration of our study
period (Fig. 5c). The seismicity related to shallow families after the increment
of events in January 2014 fades out over time by following an Omori-like decay,
without however being governed by a large mainshock (Fig. 5d), as observed
for other swarms (Poli et al., 2022).

Figure 5: (a) Probability density function for the normalized inter-event times
of deep (red) and shallow (blue) template families. Dashed black line indicate
the least squares polynomial fit for the indicated areas. (b) Cumulative number
for events with short interevent time intervals (<10^4 s) until the next event in
the deep part. Vertical red dashed lines indicate the origin times of repeating
events. (c) As (b) but for long interevent time intervals (> 10^5 s) until the
next event. (d) As (b) but for events within the shallow part.

4.3 Repeating Earthquakes along the LANF

One of the proposed mechanisms to explain the accommodation of the exten-
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sion within the study area is constant creep along the LANF (Anderlini et al.,
2016; Vadacca et al., 2016). Creeping faults are well known to generate repeat-
ing earthquakes: earthquakes highly similar in terms of waveforms, frequently
radiated from a single asperity which is constantly brought to failure due to
constant loading in the surrounding area (Nadeau & McEvilly, 1999).

In this work, we systematically search for repeating earthquakes along the LANF
as evidence of creep, by correlating the waveforms of events occurring below 7
km depth. To that scope, we follow the approach of Duverger et al. (2018)
and estimate the similarity value between event pairs over the entire station
network, while considering the SNR of each component. We limit our analysis
only on waveform similarities, without any attempt to relocate highly similar
events (Uchida & Bürgmann, 2019).

For each pair of events with a hypo-central distance of less than 750 m in
between, we extract the waveforms on all 12 components and cut it into 9.5
seconds lasting windows (sampled at 500 Hz) starting with the p-arrival and
including substantial portions of the s-coda (Fig. 6a inset). The waveforms
are filtered between 1.5 and 15 Hz. For every detection we estimate the SNR
within a 0.5 second lasting window before the P-arrival. We cross-correlate
the waveforms component-wise and extract the maximum of the resulting cross-
correlation function. This maximum is then averaged over the station network
while values extracted from components with a low SNR are down weighted
with a logistic function (Duverger et al., 2018; supplementary material).

Next, we group events sharing a similarity value (> 0.95) following a simple
equivalence class approach (i.e., if event A and B share a high similarity value,
they open a family, if an additional event C shares a high similarity value with
only one of the events A or B, it is grouped into that family).

This approach leads to 10 event families of repeating events (Fig. 6; Tab. S2).
The majority of these families consist of two events (doublets), in agreement
with previous studies (Valoroso et al., 2017), while only two families consist of 3
events (Tab. S2). The obtained families are all characterized by short durations
ranging from seconds to several hours (Fig. 6b; Tab. S2). Additionally, from
figure 5d it is clear that families occur unrelated to the starting time of the
swarm-like seismic sequence in the shallow part of the HW, while some of them
seem to be correlated in time with the short duration bursts observed from the
short-lasting template families (Fig. 5b).

The short duration of all families implies short interevent times and therefore
seems to suggest that the observed events are not governed by fault creep (Hatch
et al., 2020). To corroborate this hypothesis, we define the repeating earth-
quakes rate (R) to be controlled by the slip rate (V ) on the surrounding fault:

𝑅 = 𝑉
𝐷 (2)

where D is the characteristic slip per event (Thomas et al., 2018). We combine
the moment (𝑀0 = 𝜇𝐴𝐷) and assume the stress drop �𝜎 defined according to
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Madariaga (1976) for a circular crack with area 𝐴 = 𝜋 ∗ 𝑟2, to obtain:

𝐷 = 𝑀0

𝜇∗𝜋∗( 7𝑀0
16𝜎 )

2
3

(3)

We here assume �𝜎 of 3 MPa (Chiaraluce et al., 2007), 𝜇 of 30 GPa, and a
creep rate V of 1.7 mm/yr, as proposed by Anderlini et al. (2016). We then
compute the expected event rate as a function of the seismic moment (Fig. 6b).
The observed interevent times are 2-3 orders of magnitude smaller than the
expected interevent times for constant creep of 1.7 mm/yr (Anderlini et al.,
2016), suggesting that the events observed along the LANF are not driven by
creep.

Figure 6: (a) Cross section of the ATF. Grey dots indicate the overall seismicity
while the LANF model is indicated as a black line. Color-coded dots indicate
the locations and the duration of the found repeating event families. (b) Mean
interevent times as a function of seismic moment. Black dashed line indicates
the interevent times expected for a loading rate of 1.7 mm/yr. Black solid line
indicates the whole time of the study period. Color-coded dots as in (a).

5 Discussion

The presented analysis reveals different modes of seismicity in different parts of
the ATF fault system, which can be summarized as: i) the shallow seismicity
(depth < 7km), occurring along syn- and antithetic high angle normal faults (Pi-
ana Agostinetti et al., 2017; Valoroso et al., 2017) during the transient aseismic
deformation process (Gualandi et al., 2017), is strongly clustered in time and
space (Fig. 4 and 5), ii) deep seismicity (depth > 7km) including the LANF
exhibits only marginal time and space clustering (Fig. 4; Fig. 5), and is char-
acterized by a bimodal time evolution, with short time-clustered (Fig. 5b) and
long and non-time clustered (Fig. 5c) seismicity. We now discuss in more details
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the different types of seismicity and the possible physical processes governing
them.

5.1 The Shallow Seismicity

The shallow seismicity (depth < 7km) is mainly radiated by the syn- and anti-
thetic high angle normal faults, which stand above the LANF (Gualandi et al.,
2016; Valoroso et al., 2017). This shallow seismicity is showing a significant spa-
tial clustering, which implies a simultaneous activation of large fault portions
(up to 4 km along depth, 5 to 10 km along strike) over the time scale of 1 hour
(Fig. 4b, e). The spatial interaction observed is accompanied by a significant
increment of time clustering (Fig. 4c; Fig. S4b). However, the clustering is
occurring only during the aseismic deformation episode observed by Gualandi
et al., (2017). The analysis of the interevent times (Fig. 5a) and the time evo-
lution of cumulative events (Fig. 5d) reveal that the swarm seismicity evolves
in time like an Omori-like sequence, but the lack of a clear mainshock and the
𝛾 ∼ 0.26, obtained from eq. 1, do not support the hypothesis of stress transfer
from large events to govern the evolution of the seismicity (Duverger et al., 2018;
Poli et al., 2022).

The observation of time and space clustering indicates that the occurrence of
future events is controlled by previous ones (Beaucé et al., 2019). This behavior
is often related to elastic interaction (Freed, 2005), where the complexity of
a fault system is likely controlling the interaction of earthquakes (Kato et al.,
2021; Scholz, 2019). Alternatively, time and space relations can be linked to the
complexity of different physical process, like aseismic slip (Frank et al., 2016;
Lengliné et al., 2017), fluid fracturing (Obara, 2002; Seno & Yamasaki, 2003)
or a coupled system of fluid and rock interaction (Shelly et al., 2006).

A mechanism explaining the rapid (1 hour) synchronization of seismicity in large
parts (up to 5km) of the fault (Fig. 4) could be stress transfer from large events
(Freed, 2005). However, the space synchronization of seismicity is up to 5km,
that is ~30 times larger than the fault size for the largest events in the sequence.
Moreover, the synchronization observed in figure 4 is not always occurring close
to these large events.

We alternatively propose that the increment of time and space clustering ob-
served during the transient aseismic deformation signal (Gualandi et al., 2017),
is mainly a by-product of aseismic slip, with additional elastic interaction, which
plays a significant role even for small magnitude seismicity (Helmstetter et al.,
2005). Thus, the evolution of the seismicity resembles to the behavior of LFEs
observed in subduction or transform faults, during slow slip events (Frank et
al., 2016; Tan & Marsan, 2020). With this model, the seismicity can directly
be used to assess the fine spatio-temporal evolution of transient aseismic slip,
not resolvable by daily geodetic measurements (Gualandi et al., 2017). Our in-
terpretation further implies that the reported transient aseismic deformation is
similar to the one observed in subduction zones. In the study area the different
rheology of the shallow normal faults (Piana Agostinetti et al., 2017), as well as
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lower temperature and pressure values do not permit the occurrence of tremors
or LFE, but rather of regular seismicity.

The strong interactions observed (Fig. 4; Fig. S4), also suggest the complexity
of the fault system, which is likely to consist of groups of asperities along large
faults, or complex fracture networks in a fault volume. In both cases, the
resulting effective rheology is likely to inhibit the propagation of large magnitude
earthquakes in the shallow syn- and antithetic faults.

We finally highlight how the lack of interaction (Fig. 4; Fig. S4), in periods out-
side the time of the transient aseismic deformation, indicates a mostly coupled
fault system within the shallow part.

5.2 The Deep Seismicity

A clear change of the seismicity is observed at depths below 7 km, where spatial
(Fig. 4) and temporal interaction (Fig. S4) are no longer observed, even during
the transient aseismic deformation episode in 2014 (Gualandi et al., 2017). This
observation indicates that the deeper part of the LANF is not activated during
the transient aseismic deformation episode (Gualandi et al., 2017), differently
from what was discussed by Vuan et al. (2020).

We further observe that the deep seismicity follows a bimodal time evolution,
with rapid reoccurring events (<10^4 s) having a significant temporal interaction
(Fig. 5a, b), while the long-lasting reoccurring events (> 10^5 s) exhibiting a
nearly constant time evolution (Fig. 5a, c).

The systematic analysis of waveforms similarity permitted to discovered 10
groups of repeating earthquakes. These events are used to understand the role
of creep along the ATF (Anderlini et al., 2016). To corroborate the role of creep
we use a simple creep model driving the rupture of asperities (sec. 4.3). With
this model the interevent times of the repeating events are incompatible with
creep observed with geodetic data (Anderlini et al., 2016; Fig. 6). One can
argue that given the small tectonic loading rate, the study period is too short to
resolve any repeating earthquake sequence. However, the expected interevent
time for small magnitude repeating earthquake sequence is well below the dura-
tion of the extended catalog (Fig. 6b), enabling the observation of creep related
REs, unless the LANF events are characterized by an extremely small stress
drop, two orders of magnitude smaller than the assumed stress drop of 3MPa.

The style of the repeating earthquakes is more similar to the mentioned short-
lasting families (Fig. 5a, b), with duration of the order of up to a few hours,
also observed by Valoroso et al., (2017). The driving mechanism for this rapidly
repeaters could therefore be stress transfer on close asperities (Chen et al., 2013;
Lengliné & Marsan, 2009). However, by analyzing the position of the largest
events within each repeating earthquakes family, we did not recognize any clear
mainshock aftershock behavior (Fig. S6).

The rapid recurrence of repeating events could be linked to the significant
amount high pore-fluid pressure observed in the ATF fault system (Piana
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Agostinetti et al., 2017). Following the model of Baisch & Harjes (2003),
multiple failure of the same asperity can occur for an increase of fluid pressure.
The repeating events (Fig. 6), can thus represent a mode of rupture, fully
driven by short lasting (10-1000s) pore pressure changes, as suggested by
Collettini (2002). A simplified calculation of the pore pressure change can be
done by dividing the cumulative stress drop for each repeating earthquake
family and assuming a coefficient of friction of 0.6 (Baisch & Harjes 2003). For
a stress drop of 3 Mpa, we obtain 10-15 MPa of pore pressure change over
times ranging from ~10-1000s.

Together with the short bursts of events discussed above, we observe the oc-
currence of the long term and nearly continuous seismicity observed along the
LANF at depth > 7km (Fig. 5c). Without any clear spatial and temporal clus-
tering (Fig. 4; Fig 5a, c), this seismicity might reflect continuous deformation
similar to creep proposed by Anderlini et al., (2016). However, here creep is
not accompanied by long-lasting repeating earthquakes (Fig. 6), as in other
creeping faults (e.g., Nadeau & McEvilly, 1999). One possible explanation is
that the rheological conditions on the LANF are different compared to creeping
strike slip faults or subduction zones (e.g., Nadeau & McEvilly, 1999; Uchida &
Bürgmann, 2019). This hypothesis is however in contrast with geological stud-
ies, which describe the ATF as composed of a continuously deforming ductile
matrix, with embedded lens of competent material, which represents seismically
active asperities (Collettini et al., 2011).

In an alternative model the deformation across the ATF system observed geode-
tically at the surface (Anderlini et al., 2016), can be understood assuming an
effective opening of a non-elastic volume at depth (D’Agostino & D’Anastasio,
2012), like the one proposed for the Gulf of Corinth (Lambotte et al., 2014). This
volume can represent the effect of over-pressurized CO2 rising form the mantle,
sealed below the LANF (Chiodini et al., 2004). For this model, no creep is
needed, in agreement with our observations. In this case the continuous seis-
micity observed along the LANF (Fig. 1a; Fig 5c) is resulting from strain below
the central part of the LANF (Lambotte et al., 2014). This last discussion calls
for novel seismo-geodetic analysis to better understand the deformation style
along the LANF.

6 Conclusion

By applying TM processing (Beaucé et al., 2018; Gibbons & Ringdal, 2006) to
data recorded at an array of borehole stations we were able to produce a catalog
of 443,677 earthquakes, expanding by � 12 times the number of events within
the initial catalog (Valoroso et al., 2017). The new seismic catalog is complete
to magnitude down to -0.67.

While TM is powerful to detect many more events, with low SNR, no objective
method can be used to define a good and time consistent detection threshold.
We therefore performed several quality controls on the detected signals to ensure
to have a minimal impact of false detections in the extended catalog. With
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the presented approach we significantly improved the detection of small events,
being able to detect earthquakes with magnitude as low as −2 (Fig. 3). An
electronic format of the extended catalog can be accessed at https://www.drop
box.com/s/up3zq75wioimofk/cata_pub.txt?dl=0.

The detailed analysis of this catalog permitted to reveal different styles of seis-
micity in different times and fault regions. We first observe marginal time and
space clustering during periods not affected by aseismic deformation, along the
full fault system (Fig. 4a, d; Fig. S4a). On the other hand, in concomitance
with the 2014 aseismic deformation episode (Gualandi et al., 2017), the shallow
seismicity starts to be strongly clustered in time and space. We propose that
this enhanced interaction of seismicity reflects the complexity of slip process
during the transient.

In the deeper part of the fault system (>7km), along the ATF, we observe bi-
modal seismicity (Fig. 5), with long and nearly continuous families of events,
and short bursts with duration less than 1 day. We further detect and model
repeating earthquakes and illustrate the marginal role of creep in controlling
their occurrence (Fig. 6). We thus proposed rapid changes of pore pressure as
driver for rapid repeating events, in agreement with geological studies (Collettini,
2002).

The lack of clear seismological evidence for creep along the ATF calls for more
detailed seismo-geodetic studies to better assess the deformation style occurring
along the ATF during the inter-seismic period (Anderlini et al., 2016; Vadacca
et al., 2016).

7 Data and Resources

During the review process, the catalog can be downloaded via https://www.dropbox.com/s/up3zq75wioimofk/cata_pub.txt?dl=0.
The continuous seismic data used in this study are available at the Istituto
Nazionale di Geofisica e Vulcanologia (INGV) seismological data center
(http://cnt.rm.ingv.it/webservices_and_software/, last accessed May 2021)
and were downloaded using obspyDMT (Hosseini & Sigloch, 2017). For data
processing we made us of the ObsPy package (Beyreuther et al., 2010; Krischer
et al., 2015). The fast matched filter code was used for template matching
(Beaucé et al., 2018). Computations were performed using the University of
Grenoble Alpes (UGA) High-Performance Computing infrastructures CIMENT.
Maps were created using the Generic Mapping Tools (GMT) version 6.0 and
PyGMT (Uieda et al., 2021). Supplemental material for this article contains
six figures, two tables and one equation, expanding the information presented
in this manuscript.
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