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Abstract we analyze the spatiotemporal evolution of earthquake clusters in the Campotosto area, lo-
cated between the L’Aquila 2009 and Central Italy 2016 seismic sequences. This region has experienced sev-
eral moderate earthquakes (My,5-5.5) and persistent low-level seismicity. Using a hierarchical density-based
algorithm on high-resolution catalogs, we identify clusters lasting from days to months and migrating at rates
of meters to kilometers per day. These clusters alternate between phases of rapid expansion and slower diffu-
sion, reflecting complex interactions among fluids, aseismic slip, and seismic rupture across fault segments.
Energy release within clusters is low, with effective stress drop ranging from 0.01 to 1 MPa, suggesting diverse
driving processes. Clusters with larger spatial extents tend to exhibit lower effective stress drop, implying a
significant aseismic slip component, consistent with remote sensing observations. Our findings indicate that
deep fluids promote multiphase slip and fault reactivation, influencing seismicity across fault segments with
varying criticality. Variations in fault orientation and dip further contribute to heterogeneous slip distribution,
affecting both energy release and cluster formation.

Non-technical summary The activation of faults by nearby earthquakes can occur through vari-
ous mechanisms, each influenced by the state of stress and its sudden fluctuations, fault geometry, frictional
properties and external forces. The basic types of fault activation include dynamic triggering, earthquake
interaction, changes in pore water pressure, and aseismic transients. These processes often occur almost
simultaneously, making it challenging to identify the driving mechanism responsible for changes in crustal
volumes. Limited knowledge of fault geometries, their segmentation, and other structural heterogeneities
hinders further investigation of complex and productive earthquake sequences. Here, we analyze the behav-
ior of the Campotosto bridge area and its activation following the main earthquakes in central Italy. The area
experienced three earthquakes with 5<My;,<5.5 immediately after the L’Aquila My 6.3 earthquake and four
similar events two and a half months after the Norcia My 6.5 earthquake. We use high-resolution earthquake
catalogs to identify clusters that stand out from the background seismicity suggesting mechanisms that may
have influenced the frictional resistance of the faults and the role of fluids in reducing the effective normal
stress, thereby facilitating fault slip.
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In the last 20 years, Central Italy has experienced two
significant seismic sequences: the My, 6.3 L’Aquila
earthquake in 2009 and the My 6.5 Central Italy earth-
quake in 2016. The two main sequences converge in
the so-called Campotosto seismic zone (CSZ in Fig. 1),
an area where several fault segments were activated by
a series of moderate magnitude earthquakes (My,<5.5)
in 2009 and 2017 (e.g., Chiaraluce et al., 2017; Falcucci
et al., 2018). The CSZ was hit by three earthquakes
with 5<Myy <5.5 immediately after the L’Aquila My, 6.3
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event, and four similar events two and a half months
after the Norcia My, 6.5 earthquake. All these earth-
quakes exhibited a northwest-trending rupture directiv-
ity (e.g., Calderoni et al., 2017) and an average strike, dip
and rake of 320°, 57° and -90°, respectively (e.g., Bren-
nan Brunsvik et al., 2021; Artale Harris et al., 2022; Loc-
chi et al., 2024). Thus, the CSZ comprises a complex sys-
tem of fault segments 5-15 km long within a 450 km?
area (Fig. 1).

High-resolution earthquake catalogs covering both
the period before and after the main events are available
(e.g., Valoroso et al., 2013; Sugan et al., 2014; Tan et al.,
2021; Vuan et al., 2017; Sugan et al., 2023; Waldhauser
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Figurel a)Overview map of seismicactivity in centralltaly since 2009, based on seismic catalogs from Valoroso et al. (2013);
Sugan et al. (2023), and Waldhauser et al. (2021). The 2009 L’Aquila seismic sequence in the southeastern sector is shown
in blue, while the 2016-2017 sequence is shown in orange. Green dots represent seismicity during the interseismic period
(2010 to the onset of the 2016 sequence). Colored rectangles indicate the surface projections of the main finite fault solutions
(Cirella et al., 2009; Tinti et al., 2016; Chiaraluce et al., 2017). The black dashed rectangle outlines the Campotosto Seismic
Zone (CSZ). Red curved lines within the CSZ mark the surface trace of major southwest-dipping normal faults (Faure Walker
et al,, 2021). b-d) Projected cross-sections along profiles A-A‘, B-B‘, and C-C‘, respectively. Red stars denote earthquakes
with My, > 6. The outline of the Campotosto water reservoir is also shown.

et al., 2021; Chiaraluce et al., 2022). These catalogs,
compiled using data from dense permanent and tem-
porary networks, have provided detailed spatial distri-
butions of seismic events (e.g., Mancini et al., 2022) and
help improve our understanding of fault geometries
and segmentation (e.g., Buttinelli et al., 2021; Barchi
et al., 2021; Pizzi et al., 2017).

Figure 1 provides a comprehensive overview of seis-
mic activity in central Italy following the 2009 L’Aquila
earthquake. The map highlights the spatial distribu-
tion of earthquakes from multiple high-resolution cat-
alogs, distinguishing between the 2009 L’Aquila se-
quence (blue dots), the 2016-2017 Central Italy se-
quence (orange dots), and the seismicity from 2010 to
early 2016 (green dots). Surface projections of the main
finite fault models are also shown (Cirella et al., 2009;
Tinti et al., 2016; Chiaraluce et al., 2017). Within the CSZ
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(black dashed area in Fig. 1), red curved lines trace the
surface expression of major southwest-dipping normal
faults (Faure Walker et al., 2021; Lavecchia et al., 2021).
These normal faults are oriented northwest-southeast.
Among them, the Laga and Capitignano faults (Fig. 1)
play a critical role in the area’s seismic dynamics. Both
faults, are associated with Quaternary extensional tec-
tonics and exhibit clear geomorphological evidence of
recent activity and surface ruptures (e.g., Civico et al.,
2016). The CSZ has the potential to generate earth-
quakes of magnitude up to My, 6.6 and their structural
configuration and historical behavior underscore the
importance of detailed seismic hazard assessments in
this part of the Apennines.

Changes in the P- to S-wave velocity ratio over time,
along with low S-wave velocity zones detected by seis-
mic tomography and ambient noise interferometric
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Start Date End Date  Days Mmax
04/01/2009  12/31/2009 365 5.10
01/01/2010  08/23/2016 2424  3.50
08/24/2016  01/17/2017 146 4.30
01/18/2017 08/31/2017 212  5.40

N.Events Catalog Figure
16291 Valoroso et al. (2013) Fig. 3a,b
30324 Sugan et al. (2023) Fig. 3c,d
18733 Waldhauser et al. (2021)  Fig. 3¢, f
25853 Waldhauser et al. (2021)  Fig.3g, h

Table1 Seismic catalog summary including time intervals, maximum magnitude, number of events, and corresponding

figures.

studies (e.g., Soldati et al., 2019; Magnoni et al., 2022),
have been linked with the presence of fluids, as well
as pore pressure variations in carbonate rocks (e.g.,
Chiarabba et al., 2018). Moreover, the strongest se-
quences ruptured fault patches segmented by inherited
structural complexities, suggesting dynamic interfer-
ence during faulting episodes (e.g., De Gori et al., 2023;
Piegari et al., 2024).

In the Central Apennines, lithology also plays a fun-
damental role in controlling fault mechanics and earth-
quake behavior. Faults hosted in carbonate-bearing
rocks exhibit distinct frictional properties, which con-
tribute to heterogeneous stress conditions, in turn af-
fecting the spatial and temporal evolution of seismic
sequences such as those of L’Aquila (2009) and Cen-
tral Italy (2016-2017). Laboratory and field investiga-
tions on specific faults further confirm that carbonate-
rich faults can host both seismic and aseismic slip, de-
pending on tectonic loading, mineralogy, fault fabric,
and fluid pressure (Carpenter et al., 2014; Collettini and
Tinti, 2025).

In this study, we focus on the activation and interac-
tion of clustered seismicity within the CSZ, which con-
nects the two sequences and creates a complex setting
that poses a significant seismic hazard in the area where
the second largest water reservoir in Europe (Fig. 1) is
located, bounded by three dams (e.g., Moratto et al.,
2023; Tondi et al., 2020). Although several approaches
have suggested the influence of fluids and aseismic de-
formation (e.g., Malagnini et al., 2010, 2012; Cheloni
etal., 2019), some important questions about the gener-
ation mechanism of the numerous CSZ events with My,
> 5 occurring at different times require further investi-
gation, as does the correlation between the nearby My,
> 6 earthquakes and the geometric complexity of the
fault system. We also examine whether the complex ge-
ometry of the CSZ contributed to the splitting and reacti-
vation of the slip into different patches over time. To this
end, we use high-resolution earthquake catalogs cover-
ing the 2009-2017 time window and apply methods that
identify and classify the spatio-temporal dynamics of
clustered seismicity relative to the background.

In the following, we provide a comprehensive de-
scription of the CSZ including an analysis of seismic
activity using a hierarchical, density-based clustering
method. This advanced technique enables us to effec-
tively separate and identify distinct seismic clusters ac-
tive in the area. For each cluster, we define its spatial
extent, duration, and when possible, the migration pat-
tern of the seismic front. This analysis helps us un-
derstand the temporal and spatial evolution of seismic
events within each cluster. In addition, for some clus-
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ters we calculate the diffusivity values and the effective
stress drop, which are essential for evaluating the re-
leased energy and prevailing stress conditions. Finally,
we interpret our results and discuss how fault geometry,
possible source mechanisms and triggering phenom-
ena may have influenced the observed seismicity pat-
terns, with the aim of improving our understanding of
earthquake interactions, aseismic slip, and fluid-related
processes.

2 Earthquakes catalog and focal
mechanisms in CSZ

To analyse seismicity in the CSZ, we selected high-
resolution catalogs (Table 1) covering a period of ap-
proximately nine years starting in 2009, focused on
the region bounded by latitudes 42.45°-42.6° and longi-
tudes 13.1°-13.5°. Seismicity was truncated to exclude
events within the coseismic boxes representing the My,
> 6 fault segments (Cirella et al., 2009; Tinti et al., 2016;
Chiaraluce et al., 2017) (Fig. 1).

The catalog from Valoroso et al. (2013) was used for
the seismic sequence of the 2009 L’Aquila earthquake.
It contains about 60,000 events (blue dots in Fig. 1),
located using an automatic detection method for the
arrival times of P and S waves combined with cross-
correlation and the double difference method (Wald-
hauser and Ellsworth, 2000). The mean location error is
approximately 100 meters as derived from a bootstrap
analysis. Approximately 16,300 of these events, which
occurred in the CSZ in 2009, were included in the anal-
ysis.

From the end of the 2009 L’Aquila sequence to the
start of the 2016 Central Italy sequence, we used a tem-
plate matching-based catalog from Sugan et al. (2023)
with more than 31,200 earthquakes in the CSZ (green
dots in Fig. 1). The templates were relocated in ab-
solute terms with the NonLinLoc code (Lomax et al.,
2000). A double difference method was then applied to
refine hypocentral locations, considering only the ab-
solute travel times. The resulting locations have a mean
horizontal error of less than 400 meters.

From the beginning of the Amatrice-Norcia sequence
in 2016 until August 2017, we used the seismic cata-
log compiled by Waldhauser et al. (2021), available as
CAT4 in Chiaraluce et al. (2022). Hypocentral locations
were determined using automatically revised absolute
arrival times of the P- and S-waves (Spallarossa et al.,
2021) combined with relative arrival times from cross-
correlation measurements within the HypoDD code
(Waldhauser and Ellsworth, 2000). The mean horizon-
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Figure 2 Distribution of earthquakes along the strike, categorized by magnitude. The dots represent events occurring at
depths of 0-20 km and the colors distinguish the different catalogs used as shown in Figure 1. The Campotosto Seismic Zone
(CSZ)is shaded in gray and includes events with M>5 during phases A and D, following the M>6 earthquakes of 2009 and 2016.
Phase B likely represents the background seismicity level, while phase C precedes the reactivation of the CSZ. The light blue
and orange vertical segments indicate the extent of the coseismic ruptures of the main events outside the CSZ.

tal and vertical errors are less than 100 m. Of the nearly
400,000 events in this catalog, we selected the 45,000
that occurred in the CSZ for our analysis (orange dots
in Fig. 1).

When the three catalogs are combined, the total num-
ber of events in the CSZ exceeds 90,000. Figure S1 shows
the frequency magnitude distribution for the three cat-
alogs. The maximum curvature completeness magni-
tude changes over the 9 years from 0.7 (Valoroso et al.,
2013), and 0.4 (Sugan et al., 2023) to 0 (Waldhauser et al.,
2021).

Figure S2 shows a zoomed map of seismicity in the
study area along with the strike parameters of the focal
solutions reported by Artale Harris et al. (2022), Bren-
nan Brunsvik et al. (2021) and Locchi et al. (2024). Loc-
chi et al. (2024) computed moment tensor solutions for
the 134 events within the CSZ with magnitudes greater
than 3 and evaluated their normalized slip tendency.
The centroids of focal solutions for events with M>5 fall
within a narrow depth range of 7-9 km. Strike angles
range from 312° to 332°, and dip from 38° to 71°. The
strike parameters of the M>3 events in 2009, compared
to those in 2017, indicate a plane rotation from SE-NW
to S-N (Fig. S2c).

3 Spatiotemporal analysis of the CSZ
seismicity

The distribution of earthquakes along the fault system
strike versus time, categorized by magnitude, is shown
in Figure 2.

The Campotosto Seismic Zone (CSZ), shaded in grey
in Figure 2, includes events with M>5 during phases
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A and D following the M>6 events of 2009 and 2016.
Phase B likely represents a period of low-level seismic-
ity, while phase C precedes the reactivation of the CSZ
in 2017.

In Figure 3, we project the CSZ events for the four
phases (as shown in Figure 2 and Table 1) onto space-
time diagrams. We adopt a N310° strike, which is clos-
est to the orientation of the main faults along the Apen-
nines.

The temporal evolution of events at depth is projected
to emphasize their density within the volume. Space-
time diagrams show that seismicity was strongly clus-
tered immediately after the 2009 L’Aquila earthquake
(Fig. 3a) and migrated rapidly to the northwest (Movie
M1 in the supplement). Figure 3 also provides first-
order evidence of seismic front migration and cluster-
ing. This clustering suggests an immediate response
of the Laga fault system (Fig. 3a) to the L’Aquila main-
shock, with seismic activity propagating northwest-
ward. A few months later, the Cittareale sequence was
activated (Fig. 2), characterized by a typical pressure-
driven slow diffusive pattern (Fig. 3a). For the period
between the two major sequences (Fig. 3b), there were
no significant changes in seismicity rate from 2010 un-
til 24 August, 2016. In 2016, following the first My, > 6
near Amatrice, we observe a marked increase in seismic
activity in the northernmost sector (Fig. 3c). Although
the magnitudes and the distances from the study area
are similar, the southeastward extension of the events in
2016 is spatially much more limited compared to 2009.
Two months later, the main Norcia earthquake (M 6.5)
marked a peak of seismic activity further to the south-
east with well-developed clusters near the area of the
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Figure3 Along-strike (a, c, e, g), and depth (b, d, f, h) projections of seismicity over time for phases A, B, C, and D of Figure 2.
The black dots represent events occurring at depths of 0-20 km. The extent of seismicity and migration patterns of clusters
are shown in panels a), c) and e) (red arrows). The time interval, the number of events in each phase, and the corresponding

catalog are listed in Table 1.

subsequent My, > 5 events in 2017 (Fig. 3c and Movie
M2 in the supplement). This phase culminated in the
activation of the entire study area on 18 January 2017,
when four My, > 5 events occurred within a few hours.

The time-depth projections indicate that the
hypocenters of events with magnitudes above 5.0
were primarily located at depths between 7 and 9 km
(Figs. 3b and 3h). Lower magnitude events in 2009
were generally shallower than those in the 2016-2017
sequence, where many M>3.5 events occurred at depths
reaching up to 15 km. We also note that the clustered
seismicity preceding the M>5 events in 2017 migrated
upward in the northern sector, possibly contributing to
fault weakening between 2 and 10 km depth.

We also analyze seismicity rate changes on a grid with
0.3km increments, expressed as the logarithmic ratio of
the number of events 2.5 months before (B) and after (A)
change-point dates. Figure S3 shows six time windows
indicating significant changes, each characterized by a
positive shift (increase) in the ratio within CSZ. From the
fluctuations in the seismicity ratio, retrospective analy-
sis reveals that the spatial distribution of seismicity in
the CSZis closely linked to the largest seismic events oc-
curring at its margins.

4 Characteristics of seismicity clusters

We use HDBSCAN (Campello et al., 2013, 2015), a hi-
erarchical density-based algorithm, to identify clus-
ters in the CSZ for the four phases in Table 1. This
non-parametric method constructs a cluster hierarchy
shaped by the multivariate modes of the underlying dis-
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tribution. HDBSCAN demonstrates superior sensitivity,
up to 82% compared to DBSCAN’s (Ester et al., 1996)
50-62% (Hunt and Reffert, 2021), making it the pre-
ferred choice. Its ability to handle varying density envi-
ronments and detect clusters across all density ranges is
particularly advantageous for analyzing heterogeneous
datasets such as those from the CSZ.

HDBSCAN'’s parameter setup is generally considered
easier and more intuitive than that of DBSCAN, al-
though careful parameter selection remains necessary
to balance sensitivity against false positives (Hunt and
Reffert, 2021). Unlike methods that search for clus-
ters of a specific shape, HDBSCAN identifies regions
of the data that are denser than the surroundings.
The goal is to automatically detect and extract clusters
of seismicity from an earthquake catalog, using only
hypocentral coordinates and time. These clusters rep-
resent spatially and temporally constrained periods of
increased seismicity rates, potentially driven by pro-
cesses such as earthquake interaction and triggering,
aseismic deformation, fluid migration or a combination
of these. Variability in seismicity organization reflects
differences in density across space and time; hence the
four-dimensional approach. Normalization is required
to assign equal weight to spatial and temporal dimen-
sions when considered together.

Density-based clustering identifies populated regions
in feature space and can detect outliers, which helps dis-
tinguish background seismicity (e.g., Ester et al., 1996;
Schoenball and Ellsworth, 2017; Essing and Poli, 2024).
In contrast, hierarchical clustering builds a hierarchy
based on distances between data points and does not re-
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Figure 4 HDBSCAN clusters for the different phases listed in Table 1. The upper panels display the clusters identified on
the map, while the lower panels show depth cross-sections of the clusters projected along the average strike (gray line). The
projection also shows that cluster Al (post-L’Aquila 2009) and cluster E1 occupy an intermediate section of the fault system
at depth, whereas the reactivation of the system in 2017 generates clusters across a broader area, both at depth and in the

shallow portion.

quire a predetermined number of clusters (e.g., Ward,
1963). HDBSCAN transforms the original feature space
into a mutual reachability space and adjusts distances
based on local densities (Lelis and Sander, 2009). We
also use the silhouette score (Rousseeuw, 1987) to opti-
mize the number of clusters by calculating it for a vari-
able minimum number of events within each cluster
(from 200 to 800 in steps of 20 events). Figure S4 shows
the relationship between minimum cluster size, silhou-
ette score and the number of clusters for the time peri-
ods listed in Table 1. Further details on the choice be-
tween HDBSCAN and DBSCAN methods, as well as the
silhouette score are provided in the supplementary ma-
terial.

Figure 4 presents the results of the HDBSCAN anal-
ysis in both map view and depth cross-section for each
phase, with background seismicity filtered out (Fig. S5).
The cross sections are projected along strike and reveal
clusters of varying spatial extent and duration, ranging
from days to months, highlighting key features of the
fault system. Following the 2009 L’Aquila earthquake
(My 6.3), the Laga fault was rapidly activated, with
one of the larger clusters (A1) extending northwestward
(Figs. 4a, b). Two months later, the shallower Cittareale
sequence was triggered (A2 - Figs. 4a, b).

From 2010 until shortly before the My, 6.1 Amatrice
event, clustering was mainly restricted to the north-
western sector, with clusters (CO - C9) spatially limited
and sparsely distributed across the region (Figs. 4c, d).

The My, 6.5 earthquake, which nucleated near Nor-
cia on 30 October 2016, approximately 50 km away, ac-
tivated clusters that were more developed in both vol-
ume and duration (Figs. 4e, f). A notable cluster (E1 in
Fig. 4f) is located north of two M>5 hypocenters of 18
January 2017. Most clustersin 2017 (Figs. 4g, h) filled the
volume left untouched by the 2009 sequence, with seis-
micity at approximately 8-12 km depth (G1 in Fig. 4h)
propagating rapidly from northwest to southeast. A sec-
ond cluster (G2), which also spread rapidly from north-
west to southeast and was synchronous with G1, was lo-
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cated at a shallower depth. In the cross-section of Fig-
ure 4h, a gap in seismicity is visible between G2 and
G1, corresponding to the locations of cluster Al in 2009
(Fig. 4a) and cluster E1 in 2016 (Fig. 4e).

4.1 Clustering properties and orientation

The redistribution of stress by seismic or aseismic slip
can activate and interact with nearby fault segments,
promoting the development of clusters (e.g., Hainzl,
2004; Fischer and Hainzl, 2021). When a fault slips,
stresses on neighboring faults change, potentially trig-
gering a cascade of seismic events. This interaction
can generate complex seismicity patterns. By analyz-
ing cluster properties in Figure 4, such as magnitude
distribution over time, orientation, and migration ve-
locity, we aim to gain insight into fault system behavior.
We also examine additional cluster properties including
duration, size, and seismic front migration velocity. The
properties of the clusters shown in Figure 4 are summa-
rized in Table 2. Their duration ranges from 10 days to
more than 200 days, while the minimum magnitude av-
erages around 0.5.

A first order classification of seismic clusters fol-
lows the methodology proposed by Zhang and Shearer
(2016). To quantify the magnitude behavior within these
clusters, we use two key metrics: the timing of the
largest event (t,,) normalized by the mean time, and
the skewness value (3). The skewness of moment re-
lease for a given sequence is calculated as in Roland and
McGuire (2009) and we also use the normalized time ¢,,
as in Zhang and Shearer (2016). The time of each event
(t;) within the cluster is normalized as (¢; - t;nin)/(tmas
- tmin). Then we calculate ¢,,, as the ratio between the
time of the largest moment magnitude event and the
mean of the normalized times. If there is more than
one event with the maximum magnitude, the first oc-
currence is chosen.

Figure 5 illustrates the classification framework,
which separates fields such as mainshock-aftershock
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Cluster StartTime Duration (days)
Al 04/06/2009 190
A2 04/17/2009 234
AO 04/25/2009 120
c8 07/05/2010 76
c9 07/13/2010 135
Cé 09/07/2010 59
C7 09/30/2010 75
c1 11/03/2010 32
co 02/07/2011 80
2 02/14/2011 96
C3 12/11/2012 14
Cc4 06/04/2014 62
c5 02/05/2016 11
F1 10/31/2016 77
) 11/01/2016 76
) 11/04/2016 73
E3 11/30/2016 20
Gl 01/18/2017 203
GO 01/18/2017 206
G2 01/18/2017 216
G3 01/18/2017 172

min. mag Average Depth (km) N.Events
0.86 8.20 6493
0.64 5.47 5431
0.54 4.85 1105
0.53 7.80 1615
0.43 4.92 3416
0.32 4.86 226
041 7.49 2550
0.47 9.79 1411
0.50 3.67 267
0.37 4.06 1535
0.61 6.89 417
0.50 7.78 621
0.55 8.36 489
0.47 6.20 6773
0.49 3.54 3174
0.72 8.23 549
0.47 5.07 132
0.74 9.91 4132
0.35 3.76 917
0.50 4.69 6429
0.50 5.82 990

Table2 Seismic cluster parametersincluding start time, duration, min. mag = cluster minimum magnitude, average depth,

and number of events.

(M-A) sequences from swarm-like patterns. In addi-
tion, mixed clusters, including different types of fore-
mainshock (F-M) sequences as described by Peng and
Lei (2025), are also classified. This framework enables
a first-order analysis of clusters: most exhibit an almost
symmetric distribution of magnitudes over time (skew-
ness close to 0) and variable timing of the main event,
with only a few clusters falling within the M-A category.

To investigate the principal orientation of each clus-
ter in the volume, we apply Principal Component Anal-
ysis (PCA) to the smallest convex set enclosing all points
forming a convex polyhedron in 3D (Bradford Barber
et al., 1996). The seismicity clouds enclosed by con-
vex polyhedra in Figure 6a are fitted using PCA, pro-
viding a 3D variance of the orientation and flatness of
the clustered events (Fig. 6b, and Fig. S6 as an exam-
ple). Table S2 in the supplementary material shows that
PCA variance within each cluster is largely confined to
atwo-dimensional plane. On average the Euclidean dis-
tances of the events to the best-PCA plane range from
70 to 490 m. Variations in the azimuthal orientation of
these planes across different seismic clusters provide
insights into possible segmentation of the fault system,
which can be compared with the orientation of the main
faults. Movie M3 in the supplement offers additional
clues about the 3D position of these planes, which of-
ten coincide with the strike of the focal solutions shown
in Figure S2. Clusters listed in Table 2, where the num-
ber of eventsis larger, show polyhedra that are generally
compressed in 3D and display a nearly planar geometry.
Approximating clusters as planes also enables calcula-
tion of their areal extent, which, combined with the cu-
mulative seismic moment, is used to infer the effective
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stress drop.

4.2 Migration velocity of clusters

We evaluate the seismic front velocity of the clusters
to better understand the mechanisms driving the spa-
tiotemporal evolution of seismicity in the affected vol-
ume. The velocity is computed by projecting the events
onto the plane defined for each cluster. We then use
the time and location of the first event in each cluster
as a reference to compute the absolute radial distance
and time difference for subsequent events. Some clus-
ters display ambiguous behavior with multiple phases,
alternating between mainshock-aftershock sequences
and swarm-like patterns. For these clusters, determin-
ing the velocity of the seismic front is challenging. The
complex distribution of events hampers a reliable time-
distance linear fit suggesting that earthquake interac-
tion may be less organized and that multiple processes
could control seismicity patterns.

Figure 7 illustrates the temporal and radial distance
distribution of events from the first shock for four se-
lected clusters. Cluster A1, which immediately follows
the My 6.3 L’Aquila mainshock, is shown in Figure 7a.
Initially, seismicity propagates south to north at a mi-
gration velocity of approximately 1 km/day, then accel-
erates to about 3.5 km/day two days after onset. In
the following days, the migration velocity decreases and
stabilizes at values lower than the initial rate.

In contrast, cluster A2 (Cittareale sequence, Fig. 7b)
shows a distinctly different behavior. Here, the appar-
ent migration speed is relatively low (~0.17 km/day),
and despite the high number of low-magnitude events,

SEISMICA | volume 5.1 | 2026



SEISMICA | RESEARCH ARTICLE | Clusters in the Bridge Zone Linking L’Aquila 2009 and Central Italy 2016 earthquakes

20 4 E2

=< Glea (69
A J

Mixed

104

~
c
[
o0

T
0.0 0.5 1.0

T
1.5 20 25

tm normalized

Figure5 Cluster classification following the approach of Zhang and Shearer (2016). The plot shows the normalized timing
of the largest event (¢,,,) relative to the mean, plotted against the skewness (113) of the moment release over time, calculated
as described by Roland and McGuire (2009). Red lines delineate the classification boundaries that distinguish mainshock-af-
tershock (M-A) sequences from swarme-like activity. Mixed clusters include various types of fore-mainshock (F-M) patterns,

as defined by Peng and Lei (2025).

the front slows down over time. The Cittareale se-
quence is characterized by migration velocities compa-
rable to those observed in clusters from 2010 to 2016
(0.2-0.3 km/day, see Fig. S8), which are characterized
by fewer earthquakes, reduced spatial extent, and occa-
sional small burst-like sequences with varying magni-
tudes.

Figures 7c and 7d show clusters E1 and E2, which pre-
ceded the four My, > 5 events of 18 January 2017, and
were activated 1-2 days after the My, 6.5 Norcia earth-
quake (30 October, 2016). Cluster E1 initially released
low-magnitude events at 10-12 km depth along a 3 km
long fault patch. We also observe a simultaneous initial
activation of low-magnitude events along 3-4 km long
segments for cluster E2, which occurs almost simulta-
neously with E1 but is shallower and located on a con-
jugate minor fault of the main Laga fault. This common
phase is followed by a second stage characterized by an
increase in the number of events (still of relatively low
magnitude), with seismicity distributed across different
compartments. During this phase, cluster E1 shows an
increase in migration velocity, while cluster E2 main-
tains a more uniform migration rate. The spatial distri-
bution of events in these clusters appears more complex
and less clearly defined.

4.3 Diffusivity and effective stress drop

To better understand the physical mechanisms govern-
ing seismic cluster evolution, we estimate diffusivity
and effective stress drop. These parameters provide
insights into fluid migration and stress redistribution,
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which are critical for interpreting cluster dynamics and
their triggering processes (Shapiro et al., 1997; Hainzl
et al., 2012). Diffusivity reflects the efficiency of pore-
pressure diffusion, often linked to fluid-driven seismic-
ity, while effective stress drop constrains the energy re-
lease and fault strength during rupture (Abercrombie,
1995). Together, these estimates help assess whether
clusters are controlled by fluid flow, stress transfer, or
a combination of both.

The diffusivity values (D) of the triggering seis-
mic front, calculated using the Shapiro formula (e.g.,
Shapiro and Dinske, 2009), are estimated for the clus-
ters shown in Figure 7. These values are presented in
Figure 8 for clusters Al, A2, E1, and E2, and in Fig-
ure S7 for several smaller swarms identified during the
2010-2016 phase. Clusters Al and El initially display
lower diffusivity values, which increase approximately
two days after the onset of self-sustained slip propaga-
tion. In contrast, clusters A2 (Cittareale) and E2, lo-
cated at shallower depths, exhibit different geometrical
characteristics and consistently lower diffusivity values.
Values of D around 30 m?/s are observed for cluster Al
(Fig. 8a), where an initial phase of lower diffusivity, ap-
proximately 10 m?/s during the first two days after the
L’Aquila mainshock, is followed by sustained accelera-
tion and widespread propagation of seismic events to-
wards the northwest. At a similar depth, although with
a more complex evolution and lower diffusivity, clus-
ter E1 shows a comparable pattern with an increase in
diffusivity about two days after the onset (Fig. 8c). In
contrast, clusters A2 (Cittareale) and E2 display complex

SEISMICA | volume 5.1| 2026



SEISMICA | RESEARCH ARTICLE | Clusters in the Bridge Zone Linking L’Aquila 2009 and Central Italy 2016 earthquakes

] | 1 . .
?.—'_S.I .% ¢ u-}
7101 e
g | > 3
==12] ?
+ 3 o
14 g ,
S i@ ; 120
. )
0 S ; A 120
5 “M\_ /(/ Skii\
Gad /60
Ung 15 A O
L7 - s 4@@5\
) 20 ;
> 20
B 00
b)
co 3
@
|
iy G2
1 BT , )
g6 & AN
L
3 C8
| Al
=~
5 101 G
—|z*| y
<
-141 < 140
0 120
5 SN 108
&0 ™S A
f;a g vl ﬁ‘;\%\\\
& i ke / Qo
)20 A
25 20
0.0
Figure 6 a) Three-dimensional visualization of seismic

clusters, each represented with a distinct color to highlight
spatial separation. b) Cluster geometries approximated by
3D planes derived from PCA analysis. The supplementary
Movie M3 provides an interactive view to betterillustrate the
dominant orientations and spatial relationships among the
clusters.

behavior, where pore pressure and diffusivity values of
the seismic front decrease over time. In Figure S6, we
also present examples of smaller clusters, located at the
edges of the fault system and at shallower depth, for
which D remains below 1-2 m?/s.

Cluster Al can be used to estimate the decrease in
strength of the Laga fault after the main L’Aquila earth-
quake in 2009 due to pore fluid pressure. We deter-
mined the normal and shear stresses on the fault us-
ing formulas derived in Malagnini et al. (2010, 2012) and
fault parameters given in Table 3. Details are provided
in supplementary material. The resultin Figure 9 shows
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that the effective strength of the fault decreases by about
0.5-1 MPa after 2 days to about 4.5-8 MPa after 5 days,
which may explain the migration of events and the oc-
currence of the two subsequent M>5 events in the CSZ.

Parameter Values
Average Fault Dip 40 degrees
Diffusivity 30m?/s
Static Friction (1) 0.65-0.75-0.85
Fluid Density 1000 kg/m’
Rock Density 3000 kg/m?
Reference Depth 8000 m
Pore Pressure Coefficient (\) 0.7-0.8-0.9
Distance from the origin point ~ 7800 m
System condition steady state
State (dry or wet) wet

Fault type normal

Table 3 Reference parameters used to estimate the de-
crease of fault strength as in Malagnini et al. (2010).

As shown in Figure 6, the area of each cluster can
be estimated using the convex hull algorithm to define
polyhedra enclosing the events belonging to the cluster,
and the cumulative seismic moment can be estimated
according to the relationships of Malagnini and Munafo
(2018). The effective stress drop is calculated assuming
that all the events are in a plane and using the formulas
of Fischer and Hainzl (2017). From the total area we cal-
culated the equivalent radius of the cluster, and then by
summing the seismic moment of the events in the clus-
ter, it is possible to determine the effective stress-drop.
Figure 10 shows that the area occupied by clusters Al,
G1 and G2 appear oversized in relation to the cumula-
tive moment. This may indicate an aseismic contribu-
tion during the activation of the multiple My, > 5 events.
Relatively low effective stress drops (approximately 0.1
MPa) are also observed in the clusters preceding the se-
ries of four My, > 5 events on 18 January 2017 (E1, E2).
This is generally not the case for the clusters from 2010
to 2016, which have an average effective stress drop be-
tween 0.1 and 1 MPa.

In the CSZ, the estimated low effective stress drop
can be related to the reported deficit between seismic
and geodetic moment release after the 2009 and 2016 se-
quences (e.g., Gualandi et al., 2014; Cheloni et al., 2019;
Mandler et al., 2021). A similar deficit of approximately
35% between seismic and geodetic cumulative moment
is found by Vicic¢ et al. (2020) in the finite fault inversions
in the same area.

5 Discussion

High-resolution seismic catalogs enable detailed recon-
structions of earthquake patterns, which are essential
for understanding the evolution of clusters within com-
plex fault systems. In these volumes, diverse fault
segments interact through mechanisms ranging from
fault creep to stick-slip behavior, influenced by inter-
nal forces and the three dimensional geometry of the
fault network (e.g., Lee et al., 2024). Lithological het-
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erogeneities and structural complexities play a critical
role in fault behavior: they influence fault segmentation
and bending, modulate the spatial distribution of stress,
and the dynamics of rupture propagation. Tectonically
driven sequences—such as those governed by aseis-
mic slip or regional strain can facilitate stress trans-
fer across fault segments, promoting rupture jumping
(Roche et al., 2025). This process is more efficient when
fault orientation and elevated pore pressure favor con-
nectivity. In contrast, fluid-driven sequences typically
exhibit slower migration rates and limited stress trans-
fer, often manifesting as swarm-like seismicity in frac-
tured, low-permeability volumes (Moutote et al., 2023;
Roche et al., 2025). Static stress changes from prior
earthquakes further influence the timing (advancing or
delaying; Perfettini et al., 2003) and magnitude of sub-
sequent ruptures (Pino et al., 2019).

The Laga fault in CSZ exemplifies the complexity of
normal fault systems. Its geometry is non-planar, with
dip angles varying from 50° to 30° along strike and with
depth, as evidenced by seismic data (Bigi et al., 2013),
geomorphological data (Faure Walker et al., 2021), focal
mechanisms (Locchi et al., 2024), cluster-fitting planes
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(Fig. 6), and the nucleation of larger events, which gen-
erally occurs at changes in fault dip angle (Chiaraluce
etal., 2011).

Such geometric variability induces a heterogeneous
stress field that modulates slip behavior. Similar seg-
mentation and bending were observed during the 1997
Colfiorito sequence, where six My, 5-6 events rup-
tured distinct fault segments due to interactions be-
tween active normal faults and inherited thrust struc-
tures (Chiaraluce et al., 2003).

The lithological architecture of the CSZ, dominated
by alternating carbonate platforms, flysch sequences,
and marly units, plays a pivotal role in modulating fault
permeability and seismic behavior. High-permeability
fractured carbonates facilitate fluid migration and pore
pressure buildup, promoting aseismic slip and rapid
migration in clustered seismicity. The low effective
stress drop, most evident in clusters with a higher num-
ber of events and greater energy release, suggests a
significant aseismic contribution. This interpretation
aligns with the observed deficit between cumulative
seismic moment and geodetic moment in CSZ (e.g.,
Mandler et al., 2021). In contrast, low-permeability
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diffusivity values.

flysch and marls compartmentalize the crust, lead-
ing to localized overpressure and swarm-like seismic-
ity (e.g., Piana Agostinetti et al., 2017; Falcucci et al.,
2018). These lithological contrasts, especially when jux-
taposed across fault zones, create hydraulic discontinu-
ities that influence the spatial distribution and migra-
tion of seismic clusters. Structural interpretations of
the Campotosto linkage fault zone further suggest that
lithological heterogeneity contributes to fault segmen-
tation and influences rupture propagation (Tondi et al.,
2020).

The CSZ experienced two major seismic sequences
in 2009 and 2016-2017, within a confined area of ap-
proximately 450 km?. These sequences were charac-
terized by distinct activation mechanisms. In 2009,
the segment of the Laga fault aligned with the Pagan-
ica fault—the source of the My, 6.3 L’Aquila earth-
quake—was rapidly activated (Fig. 3a). Migration ve-
locities of larger events increased from 1-2 km/day
to 3-4 km/day within two days after the mainshock
(Fig. 7a, cluster Al), likely driven by overpressurized flu-
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ids. A modeled fault strength reduction of 0.5-1 MPa
at around 8 km depth (Fig. 9) is consistent with the low
stress drop observed (Fig. 10), suggesting fluid channel-
ing through permeable carbonate layers between 7 and
9 km depth.

In 2016, following the Amatrice earthquake, sparse
seismicity appeared in the northern CSZ, but produc-
tive clusters (E1, E2) developed only after the Norcia
event in late October (Movie M2). These clusters mi-
grated northward and upward, in contrast to the prevail-
ing southward background seismicity (Fig. 3e). Their
migration followed the SE-NW rupture direction of all
My, > 5 events in the CSZ (Calderoni and Abercrombie,
2023), suggesting that cluster evolution may have weak-
ened resistant fault segments, facilitating rupture. The
northern CSZ, where flysch and marly units dominate
(Barchi et al., 2021), exhibited slower cluster evolution
and delayed rupture, consistent with fluid-influenced
swarm behavior in low-permeability lithologies.

This preparatory phase lasted approximately 2.5
months and culminated in a cascade of four My, >
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5 earthquakes on 18 January 2017 (Movie M2). Dur-
ing the interseismic period (2009-2016), low-magnitude
clusters (Myy < 3) were scattered near the edges of the
fault system (Fig. 4c). Some clusters aligned with tec-
tonic features, while others—typically My, <2—resem-
bled fluid-induced swarms with multiphase bursts.

The contrasting triggering mechanisms of the
strongest CSZ earthquakes and the evolution of clus-
ters from 2009 to 2017 indicate a multiphase process.
The 2009 sequence partially activated the Laga fault,
assisted by high-pressure fluids and aseismic slip, with
seismicity concentrated at depths of 7-9 km. Migration
stopped at the subparallel Capitignano fault (Fig. 2),
but shallow propagation resumed months later, likely
due to fluid bypass, triggering the Cittareale sequence
(cluster A2, Fig. 4a). This SE-NW migration followed
the main tectonic alignments in the southern CSZ.

From 2010 to mid-2016, only minor clusters occurred
near Cittareale, with low-rate seismicity prevailing. Af-
ter the Amatrice earthquake, the northern CSZ was per-
turbed, and post-Norcia clusters formed on the Capitig-
nano and Laga faults (E1, E2 in Fig. 5¢), unlocking pre-
viously resistant fault sections. These ruptures prop-
agated rapidly in January 2017, affecting both shallow
and deep fault segments.

In summary, the interplay between fault geometry,
segmentation, and lithological heterogeneity—particu-
larly the distribution of permeable carbonates versus
low-permeability flysch and marls—critically shaped
the spatiotemporal evolution of seismicity in the CSZ.
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These factors likely inhibited a through-going My, > 6
rupture along the Laga fault, underscoring the impor-
tance of integrating these data into seismic hazard as-
sessments.

6 Conclusions

The Campotosto area has experienced several earth-
quakes with magnitudes in the range 5<Myy<5.5, as well
as sustained high-rate and long-lasting seismic activity
in response to the perturbation generated by two large
sequences that occurred nearby (within 30 km) in 2009
and 2016-2017. We analyzed clusters of seismicity and
swarms that developed along the fault system to under-
stand the interplay of processes that may have shaped
the modality and patterns of seismicity over time in a
region connecting the two volumes hosting the main
faults responsible for the 2009 and 2016-17 mainshocks.

Our study shows that the migration of the seismic
fronts in clusters and swarms exhibits a complex be-
havior characterized by alternating phases of acceler-
ated expansion and slow, pressure-controlled diffusion.
The duration of these clusters also varies considerably,
ranging from a few days to several months, with mi-
gration velocities from kilometers to meters per day.
This intricate pattern suggests a dynamic interplay be-
tween diffusion processes, and both aseismic and seis-
mic slip across different fault segments. The effective
stress drop within these clusters and swarms is esti-
mated to be less than 1 MPa, indicating significant dif-
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ferences in stress release mechanisms. In particular,
the lowest effective stress drop observed in widespread
clusters suggests a substantial contribution from aseis-
mic slip. This finding is consistent with geodetic studies
that report a seismic moment deficit (30-35%) relative
to the deformed area of the main events.

Our cluster analysis also indicates that the multiphase
slip observed on the main fault in this area, the Laga
fault, results from the combined effects of permeat-
ing fluids, complex geometry and lithological hetero-
geneities. Variations in the fault orientation and dip,
both at shallow depths and below 10 km, as highlighted
by the clusters, can create localized areas of higher and
lower slip. This heterogeneity in slip distribution and
fault segmentation can significantly influence the over-
all seismic moment and rupture propagation.

The 2017 seismic reactivation appears to have affected
a broader portion of the fault system, with seismic-
ity distributed across both deep and shallow fault seg-
ments. In contrast, the 2009 main events activated only
a central part of the fault system, where fluids were
channeled. This pattern may indicate a more complex
rupture process and a change in the mechanical behav-
ior of the fault, possibly influenced by fluid migration
or evolving stress conditions. Analysing seismicity pat-
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terns and clusters triggered by transient processes is ex-
tremely valuable for understanding the faulting style of
tectonic structures, as reflected in the spatio-temporal
evolution of seismicity.
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