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Abstract

Mt. Etna is a complex and highly dynamic system, where tectonic structures, gravitational instability,
and magmatic processes interact to produce heterogeneous deformation patterns, particularly
along its eastern flank. This sector is affected by a network of active faults accommodating the
seaward motion of the unstable flank and capable of producing shallow and damaging earthquakes,
such as the M,, 5.0 Fiandaca event of 26 December 2018. Beyond the seismotectonic implications
for seismic hazard, active faulting also has significant consequences for land management, since
buildings and infrastructure located close to fault traces are particularly exposed to damage due
to ground ruptures. Here we analyze the spatio-temporal evolution of ground deformation using
a DInSAR time-series approach based on Sentinel-1 data over the 2015-2020 period. We focus on
a fault-oriented differential LOS analysis able to distinguish creeping, locked/seismogenic, and
coseismically activated fault segments along Mt. Etna’s eastern flank. While both viewing geometries
were processed to characterize the deformation field at the volcano scale, the differential fault-slip
investigation was developed, in this first application, on the ascending dataset. The results reveal
a fault-controlled deformation pattern marked by spatial discontinuities across the main tectonic
structures, two distinct deformation phases before and after the December 2018 intrusive-seismic
event, and strong variability in fault behavior. By reducing the broader background deformation,
the differential approach isolates the fault-related component and highlights the coexistence
of persistent creep, locked/seismogenic behavior, and coseismic activation along adjacent fault sectors.
Overall, these findings confirm the effectiveness of DInSAR time-series techniques for resolving
fault kinematics in volcanic environments and provide support for the definition (extension and
size) of Susceptibility and Respect Zones in Level 3 seismic microzonation applications at Mt. Etna.
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1. Introduction

The characterization of fault dynamics represents a fundamental challenge for advanced seismic hazard assessment
in volcanic environments, especially when applied to detailed microzonation analyses. In such settings, the interaction
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between tectonic structures, gravitational processes, and magmatic activity generates complex deformation patterns
that are often highly localized in space and variable in time. Mt. Etna (Italy), the most active volcano in Europe,
provides an exceptional natural laboratory to investigate these processes, as it is affected by the coexistence
of persistent volcanic activity and flank instability, leading to frequent shallow seismicity and active faulting
(Azzaro et al., 2013a; Bonforte et al., 2011).

In particular, the eastern flank of the volcano is characterized by a well-developed system of tectonic lineaments,
namely the Timpe fault system, which accommodates the volcano’s seaward motion (Azzaro et al., 2013a).
These structures are capable of generating destructive earthquakes, such as the M,, 5.0 event that occurred on
26 December 2018 along the Fiandaca fault (Azzaro et al., 2022), highlighting the strong societal relevance of
understanding their kinematic behavior, as demonstrated by the high level of seismic hazard resulting at local scale
(Azzaro et al., 2013b; D’Amico et al., 2025).

In recent years, differential synthetic aperture radar interferometry (DInSAR) has emerged as a powerful tool for
measuring ground deformation with high spatial resolution and millimetric accuracy (Massonnet and Feigl, 1998;
Biirgmann et al., 2000), enabling the detection of both continuous and transient deformation processes. Early
applications were not limited to mapping coseismic displacements but also targeted volcanic deformation from the
outset, including the case of Mt. Etna (Massonnet et al., 1995; Lanari et al., 1998). The subsequent development of
advanced time-series analyses, first applied to volcanic settings at Campi Flegrei caldera (Lundgren et al., 2001) and
at Mt. Etna (Lundgren et al., 2004), significantly improved the capability to reconstruct the temporal evolution of
deformation signals and to distinguish between interseismic, coseismic, and post-seismic phases (Ferretti et al., 2001;
Berardino et al., 2002).

Within this framework, several studies have demonstrated the effectiveness of DInSAR techniques in investigating
fault activity at Mt. Etna, providing key insights into the coexistence of steady creep and coseismic slip along the
main tectonic structures (Bonforte et al., 2011; Guglielmino et al., 2011; Azzaro et al., 2020). Building on these
early time-series applications, the present study extends the approach into a systematic, fault-oriented differential
LOS framework applied, to our knowledge for the first time, to support and refine the definition of Respect
Zones and Susceptibility Zones in seismic microzonation. However, the potential of high-resolution DInSAR time
series integrated with structural analysis for practical applications such as seismic microzonation remains largely
unexplored, particularly in terms of characterizing the spatial and temporal variability of fault dynamics in a densely
populated area.

In this study, we address this problem through a comprehensive DInSAR time series analysis of Mt. Etna’s
active and capable faults (ACF), based on Sentinel-1 data acquired between 2015 and 2020. Building upon the
aforementioned investigations, we develop a fault-oriented differential LOS approach, implemented through an
integrated ISCE2-MintPy workflow (Rosen et al., 2012; Yunjun et al., 2019) to discriminate between creeping and
locked/seismogenic fault sectors and to investigate the evolution of fault-controlled kinematics in the time-span
considered. The main objective of this work is to apply InSAR-derived fault kinematics to seismic microzonation,
providing a robust geodetic framework for the identification of deformation patterns associated with active faulting.
Specifically, the results contribute to the definition of Respect Zones (RZ, areas immediately bordering a capable
fault trace where new construction is restricted) and Susceptibility Zones (SZ, wider areas requiring site-specific
investigation before construction) within the Level 3 seismic microzonation (SM3) at Etna (see Peronace et al.,
this volume).

2. Active tectonics background

The eastern flank of Mt. Etna is affected by a complex fault system accommodating the seaward motion of the
volcanic edifice, one of the most prominent expressions of flank instability in active volcanoes (Urlaub et al., 2018;
Pezzo et al., 2023 and references therein). This deformation is partitioned across a set of tectonic structures that
segment the edifice into distinct structurally defined blocks, each of them characterized by different kinematics
(Bonforte et al., 2011). Without discussing in detail the role of each individual fault in the local geodynamic framework
(Azzaro et al., 2013a), here we focus on the implications that active faulting may have in the SM3 applications.
In particular, the different characterization of surface deformation as a function of fault behavior (coseismic slip vs
creep) and morphotectonic features (exposed, hidden and buried scarps) plays a primary role in delimiting Respect
Zones (RZ) and Susceptibility Zones (SZ) (see Peronace et al., this volume).
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The faults considered for the ACF characterization are those crossing the municipalities involved in the SM3
analysis, shown in Fig. 1. These structures display different combinations of seismic behavior, aseismic creep,
together with a variety of morphotectonic expressions, all of which are relevant for microzonation. An overall view
of the seismotectonic framework of the study area is provided by Azzaro et al. (2026D).

Briefly, most of the faults considered in our analysis are located in the volcano’s eastern sector, namely within
the Timpe fault system, which includes several interconnected structures forming a complex tectonic alignment
that plays a key role in the geodynamic processes related to flank instability (Azzaro et al., 2013a). Here, the seismic
activity is particularly frequent, with shallow earthquakes concentrated along these faults that represent the sources
of the strongest historical events occurring at Etna (D’Amico et al., 2025). In this densely urbanized area, surface
faulting phenomena are often impressive, with vertical displacements up to 50 cm and tensile openings in the range
60-100 cm (Azzaro, 1999). Moreover, coseismic rupture zones show widespread distribution along strike, with overall
lengths up to 8 km, as documented for the 2018 M,, 5.0 earthquake along the Fiandaca fault (FF) (Azzaro et al., 2022).
The San Leonardello (SLF), Moscarello (MF), and Santa Tecla faults (STF) are also important, displaying different
combinations of geomorphic evidence, fault-slip style and creep phenomena, and therefore particularly suitable
for comparison with DInSAR observations.

To the North, we investigated a small area along the Pernicana fault (PF) in the urbanized sector of Vena-Presa,
where continuous creep disrupts the infrastructure located astride the fault trace (roads, water pipes and fences).
Although characterized by the highest creep-rate measured in the Etna region, 2.8 cm/yr (Rasa et al., 1996;
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Figure 1. Map of active faults in the Etna region (from Azzaro et al., 2026b). The urbanized zones (municipal capitals and

hamlets) involved in the ACF-SM3 analyses are shown in grey.
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Azzaro et al., 2001), the fault remains hidden due to the purely sinistral strike-slip kinematics. In the same sector, we
also considered the Piedimonte Fault (PDF), a preexisting structure of the sedimentary basement (Azzaro et al., 2012)
that represents an additional ACF structure of potential interest since it lies very close to the highly active eastern
segment of the PF (Azzaro et al., 1998; Acocella and Neri, 2005).

To the South, we analyzed the Trecastagni fault (TCF), a short but very active structure characterized by both
coseismic slip and aseismic deformation (Azzaro et al., 2012). Because of the high impact that ACF-related issues
pose in this densely urbanized area, TCF is intensively monitored (Gambino et al., 2011; Bonforte et al., 2013;
Alparone et al., 2022).

Further west, we finally considered the Ragalna Fault (RF), another creeping fault characterized by a partially
hidden geomorphic expression.

3. Data and methods
3.1 Overview of the DInSAR Time-Series Strategy

The kinematic characterization of active tectonic structures at Mt. Etna requires surface deformation measurements
with high spatial resolution and sub-centimeter accuracy (Guglielmino et al., 2011). In such a volcanic environment,
fault-related deformation is spatially heterogeneous and may evolve rapidly through time as a result of the
interaction between flank instability and magmatic processes. For this reason, a monitoring strategy based on
a single interferogram is generally insufficient to resolve the full temporal complexity of the deformation field.

Although conventional DInSAR has been widely used to map coseismic displacements, single-interferogram analyses
are inherently limited by atmospheric phase delays, orbital errors, temporal decorrelation and phase-unwrapping
ambiguities (Massonnet and Feigl, 1998; Biirgmann et al., 2000; Rosen et al., 2000).

Sentinel-1 SAR archive
ascending + descending, TOPS mode, 2015-2020

:

ISCE-2 stack processing (SBAS network) — MintPy time-series inversion
and error correction

v
v v

Volcano-scale analysis Fault-oriented differential analysis
Cumulative LOS displacement maps, Hanging-wall / footwall LOS time
both viewing geometries series, ascending geometry
(Fig. 6) (Fig. 7)

Creep - locked/seismogenic - coseismic activation
classification of ACF fault sectors
(Fig. 8)

.

Constraints for Respect Zones (RZ) and
Susceptibility Zones (SZ), Level 3 seismic microzonation

Figure 2. Conceptual workflow of the DInSAR time-series analysis adopted in this study, from Sentinel-1 data acquisition
to the fault-slip classification used for Level 3 seismic microzonation (Respect Zones, RZ, and Susceptibility
Zones, SZ).
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To overcome these limitations, we implemented a DInSAR time-series approach based on the Small Baseline
Subset (SBAS) methodology (Berardino et al., 2002), which allows the reconstruction of the temporal evolution of
deformation signals while minimizing decorrelation effects. The SBAS strategy is particularly suitable for this study
because it exploits a redundant network of interferograms with short temporal and spatial baselines, thus improving
phase stability and allowing a more robust inversion of the displacement history.

The adopted workflow integrates the InSAR Scientific Computing Environment (ISCE-2) (Rosen et al., 2012;
Fattahi et al., 2017) for interferometric stack generation with MintPy (Yunjun et al., 2019) for time-series inversion
and error correction (Fig. 2); algorithmic details are provided in the cited references and software documentation.

The use of both ascending and descending Sentinel-1 datasets provides a more complete spatial characterization
of the deformation field and reduces the risk of interpreting geometry dependent line-of-sight (LOS) signals as purely
local fault motion. In this way, the time-series approach offers a robust framework for investigating fault-controlled
deformation at Mt. Etna, both at volcano scale and in the near-fault domain.

3.2 SAR Data Preparation and Interferometric Stack Generation

The dataset used in our analysis consists of C-band (wavelength A ~ 5.55 cm) Single Look Complex (SLC) images
acquired by the Copernicus Sentinel-1 A/B satellites in Terrain Observation with Progressive Scans (TOPS) mode over
the 2015-2020 period. The interferometric processing was carried out using the topsStack workflow implemented in
ISCE-2, which ensures the co-registration of all SAR acquisitions to a single master geometry, thereby minimizing
geometric inconsistencies and cumulative resampling errors.

The quality of the interferometric stack was evaluated through the temporal coherence, which quantifies the
consistency of the interferometric phase observations through time and therefore represents a key indicator of the
reliability of the reconstructed deformation products. As shown in Fig. 3, the highest temporal coherence values are
generally observed in urbanized areas and stable rocky sectors, whereas lower values characterize vegetated zones,
recent volcanic deposits, and areas affected by stronger decorrelation. This information provides an important
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Figure 3. Temporal coherence map derived from the Sentinel-1 interferometric stack. Temporal coherence ranges from 0 to 1
and expresses the consistency between the interferometric observations and the reconstructed phase time series.
Values close to 1 identify pixels with stable phase behavior and high reliability of the retrieved deformation
signal, whereas values close to 0 indicate decorrelated or less reliable areas.
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basis for evaluating the robustness of the subsequent time-series analysis and for identifying the most reliable
sectors for fault-oriented investigation.

A redundant network of interferometric pairs (Fig.4) was established to minimize geometric and temporal
decorrelation. The interferograms were generated burst-by-burst and subsequently merged. To enhance the
Signal-to-Noise Ratio (SNR) prior to phase unwrapping, the merged interferograms were multilooked using
a 5 x 1 (range x azimuth) window, and then filtered using a power-spectrum Goldstein filter with a strength factor
of 0.75. Spatial coherence was simultaneously estimated to evaluate the interferometric phase quality of each pair.

Accurate co-registration of TOPS data is critical and requires sub-pixel accuracy in the azimuth direction.
This is achieved in ISCE-2 through a two-step procedure involving geometric co-registration based on precise orbit
data and DEM information, followed by refinement using the network-based Enhanced Spectral Diversity (NESD)
algorithm (Fattahi et al., 2017).
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Figure 4. Interferometric network for the Sentinel-1 ascending dataset used in this study. Each node represents a
SAR acquisition, while connecting lines indicate the selected interferometric pairs. The network is optimized
to minimize temporal and perpendicular baselines.

3.3 Time-series reconstruction and fault-oriented analysis

The stack of unwrapped interferograms was analyzed using MintPy (Yunjun et al., 2019) to derive LOS displacement
time series, through a weighted least-squares inversion in which interferogram weights are derived from the phase
variance of each pair. To isolate the deformation signal, a sequence of correction steps was applied (Fig. 5), including:
- removal of Solid Earth Tides using PySolid (Yunjun et al., 2022),

- mitigation of stratified tropospheric delays using phase-elevation relationships (Doin et al., 2009),
- removal of residual orbital ramps,
— estimation and correction of DEM-related phase residuals following Fattahi and Amelung (2013).

Phase-unwrapping errors were further corrected using a closure-phase approach that exploits the redundancy of
the interferogram network (Yunjun et al., 2019), with residual inconsistencies corrected via connected-component
analysis.

Following the time-series inversion, the LOS displacement products were analyzed within a fault-oriented
perspective, specifically designed to adapt the DInSAR time-series approach to the active tectonics framework of
Mt. Etna. The aim was not only to describe the spatial and temporal distribution of deformation, but also to evaluate
how the geodetic signal evolves in the vicinity of the active structures included in the ACF studies.

A first step consisted of extracting representative LOS displacement time series from high-coherence points
located close to selected fault sections. These time series were used to evaluate the temporal behavior of deformation
in the near-fault domain and to identify possible changes associated with the December 2018 intrusive-seismic
phase. A preliminary inspection showed that, in many cases, the signal could not be described by a single linear
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Figure 5. Flowchart of the correction pipeline implemented in MintPy, illustrating the sequential application of Solid
Earth Tide removal, empirical tropospheric delay mitigation, deramping and DEM residual correction in order
to isolate the pure tectonic signal.

trend over the entire 2015-2020 interval. Instead, several time series display a pre-event linear behavior, a sudden
displacement around late December 2018, and a subsequent change in rate. For this reason, the time series were
analyzed by estimating two different velocities, before and after the December 2018 intrusive-seismic phase.

This temporal segmentation follows previous geodetic observations of time-dependent kinematic changes on
Mt. Etna’s unstable flank (Bonforte et al., 2019; Pezzo et al., 2023) and is further developed here within a fault-oriented
framework.

However, LOS time series extracted in the proximity of a fault do not necessarily represent local fault-slip alone.
Even after correction of the main orbital, atmospheric, and topographic contributions, the measured signal may still
include residual non-tectonic components, as well as a broader deformation contribution associated with the regional
seaward motion of the unstable flank and with magma-induced processes. In this sense, the near-fault LOS signal
should be regarded as the superposition of a local fault-related component and a broader deformation component.

To better isolate the component attributable to shallow fault kinematics, a differential analysis was then carried
out by selecting pairs of points located on the hanging wall and footwall of the investigated faults. For each profile, the
differential signal was computed as:

ADpps(t) = Diosuw(t) = Dios,pw (£) Y]

where Do yw(t) and Dy s rw/(t) are the LOS displacement time series measured on the two opposite sides of the
fault. Although the resulting signal does not represent the full fault-slip vector, it provides a more robust proxy
for the relative displacement across the fault and reduces, to first order, the deformation component affecting the
two blocks.

This workflow allows a progressive transition from volcano-scale deformation analysis to a more tectonically
constrained interpretation of fault behavior.

4. Results
4.1 Volcano-Scale LOS Displacement Maps

The 2018 dike intrusion beneath the summit area and the following 26 December 2018 Fiandaca earthquake
represented one of the most significant deformation phases of the 2015-2020 period at Mt. Etna. The cumulative LOS
displacement maps derived from the Sentinel-1 time series clearly show a complex deformation pattern affecting
both the summit region and the eastern flank of the volcano (Fig. 6).

The dominant deformation signal is associated with the 2018 intrusive phase beneath the central summit area,
where the volcano is divided into two sectors characterized by opposite LOS displacement. This pattern indicates
a strong horizontal displacement component, effectively producing a kinematic separation of the summit region.
In the ascending geometry, differential LOS displacement in the summit area reached values of about 23 cm. Another
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Figure 6. Cumulative LOS displacement maps for the ascending (left) and descending (right) geometries spanning
the 2015-2020 period. The maps highlight the seaward sliding of the eastern flank at the volcano scale, expressed
as motion away from the sensor in the ascending geometry, and toward the sensor in the descending geometry.
Furthermore, the effects of the 26 December 2018 earthquake along the Fiandaca fault (FF) are clearly visible.

major deformation signal is visible on the lower southeastern flank, in correspondence with the Fiandaca fault (FF),
where the effects of the 26 December 2018 earthquake are clearly expressed by a sharp surface displacement
discontinuity and differential LOS displacement of about 20 cm.

Both ascending and descending geometries show a coherent large-scale pattern characterized by the seaward motion
of the eastern flank, reflecting the well-known gravitational instability of this sector of Mt. Etna (Bonforte et al., 2019).
Superimposed on this regional trend, the cumulative maps reveal localized discontinuities along the main tectonic
structures included in the ACF framework. As discussed in Section 3.3, cumulative LOS maps alone do not resolve
the temporal evolution of the signal, since they do not distinguish whether the observed deformation results from
steady long-term motion or from the superposition of different phases marked by abrupt changes in displacement
rate. In the present analysis, this temporal complexity is further investigated through fault-slip LOS time series in
a fault-oriented perspective.
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Figure 7. (a) Ascending cumulative LOS displacement map of Mt. Etna’s eastern flank showing the location of the selected
points used for representative time-series analysis. (b) LOS displacement time series extracted along the Pernicana
fault (PF), showing motion away from the sensor of about 2 cm/yr interrupted by a jump of about 2.5 cm during
the 2018 dike intrusion. (¢) LOS displacement time series extracted along the Fiandaca fault (FF), clearly recording
the coseismic offset associated with the 26 December 2018 earthquake and the subsequent post-seismic evolution.
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To explore the temporal behavior of the signal in the vicinity of active structures, representative ascending LOS time
series were extracted from selected high-coherence points located close to the Pernicana and Fiandaca faults (Fig. 7).
These examples clearly show that the deformation cannot always be described by a single linear velocity over the
whole 2015-2020 interval. Instead, the time series are characterized by two distinct velocity regimes, before and
after the December 2018 event, and by a sudden displacement whose amplitude varies according to the considered
flank sector.

The Fiandaca hanging wall time series shows an almost negligible pre-event velocity of about 0.4 cm/yr, followed
by a marked coseismic displacement of about 10.11 *+ 0.04 cm associated with the 26 December 2018 earthquake,
and a subsequent increase in deformation rate up to about 3.9 cm/yr. By contrast, the Pernicana hanging wall time
series is characterized by a pre-event velocity of about 1.7 cm/yr (corresponding to motion away from the sensor),
followed by a smaller sudden displacement during the December 2018 intrusive-seismic phase and a subsequent
increase in deformation rate up to about 2.3 cm/yr. These observations indicate that sudden displacement and
two-phase velocity behavior may be detected in near-fault LOS signals across different sectors of the volcano.

Therefore, in order to better isolate local fault-slip within the ACF framework, the near-fault LOS signal was
further analysed through the previously described differential approach across the fault trace.

4.2 Differential LOS profiles and fault-slip behavior in the ACF framework

Following the approach outlined in Section 3.3, the differential analysis was applied to the faults shown in
Fig. 1 using the ascending Sentinel-1 time-series dataset, which currently provides the most complete preliminary
results for fault-slip investigation. The profiles were selected according to the seismotectonic model proposed by
Azzaro et al. (2012), in which the main fault systems are internally segmented in sectors characterized by different
behavior, including creeping portions and more clearly locked/seismogenic ones. Accordingly, whenever possible,
the differential profiles were positioned to sample both a creeping section and a locked/seismogenic section of
the same fault, to directly compare their behavior within the ACF framework. In the latter case, the profiles were
preferentially located in correspondence to the epicentral areas of major historical earthquakes.

The analyzed profiles highlight marked variability in shallow fault-slip behavior among the investigated structures.
In each case, the differential LOS signal was computed between hanging wall and footwall points to reduce, to
first order, the common deformation component associated with the large-scale seaward sliding of the eastern
flank, and therefore to better isolate the local fault-slip. In Fig. 8, red profiles identify sectors interpreted as mainly
locked/seismogenic, whereas blue profiles indicate sectors characterized by stable sliding/creep.

In addition, the limited separation of the near-fault point pairs makes this approach primarily sensitive to
localized shallow deformation, such as fault creep or coseismic displacement, rather than to the broader interseismic
velocity gradient associated with locking at depth.

It should also be stressed that a locked classification alone provides no direct information on either the long-term
fault-slip rate or the impending seismic hazard. A near-zero differential LOS signal may characterize a recently
ruptured fault, a locked fault accumulating stress, or a fault with a very low long-term slip rate. Distinguishing
among these cases requires independent geological, geodetic, seismological, and surface-rupture constraints
(Azzaro et al., 2013b). Accordingly, the differential LOS signal is used here only in conjunction with these independent
constraints to distinguish locked/seismogenic sections from creeping sectors.

The clearest example of coseismic fault-slip behavior is provided by the Fiandaca fault. The FF-1 profile shows
a locked/seismogenic behavior during the pre-seismic period, followed by a sharp displacement step of about
15-16 cm in late 2018. In the post-seismic period the FF-1 profile shows a constant trend away from the sensor,
probably related to post-seismic relaxation, indicating that most of the local slip was released coseismically.

By contrast, FF-2 shows a stable trend that accumulates about 2 cm over the investigated time span and does not
display the abrupt coseismic step observed at FF-1. This difference between FF-1 and FF-2 highlights the along-strike
segmentation of the Fiandaca fault during the 2015-2020 period, although the limited separation of the near-fault
points does not constrain the broader interseismic deformation or long-term fault-slip rate.

A substantially different behavior is observed along the Pernicana fault, where the PF-1 profile displays a progressive
and persistent increase in fault-slip related displacement through time, reaching about 5-6 cm over the investigated
interval. No dominant coseismic step is visible, and the overall pattern is consistent with continuous stable sliding.
This behavior agrees well with the known kinematics of the PF and supports the interpretation of this sector as one
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Figure 8. Differential LOS fault-slip (cm) analysis performed across the principal structures located on Mt. Etna’s eastern
flank. The preliminary analysis allowed different fault sectors to be characterized according to their prevailing
dynamic behavior (blue = creep; red = locked/seismogenic behavior)

dominated by creep (Azzaro et al., 2001). In contrast, the nearby PDF-1 profile along the Piedimonte Fault remains
nearly stationary, with differential LOS displacement close to 0 cm over the investigated period. This indicates that
no significant shallow relative motion was resolved across the sampled sector during 2015-2020. However, because
of the limited separation between the near-fault points, this result does not allow us to distinguish between very
low fault activity and broader interseismic deformation distributed over a larger spatial scale.

The Santa Tecla Fault also shows a marked difference along strike. The STF-1 profile remains nearly stable, with
differential displacement of only about 1 cm or less, consistent with a locked/seismogenic sector (Azzaro et al., 2026a).
On the contrary, STF-2 exhibits a progressive deformation pattern, with differential fault-slip displacement reaching
about 10-11 cm by the end of the time series, without a dominant abrupt coseismic step. This progressive trend
indicates a sector affected by persistent slip and confirms the field observations of creep behavior (Rasa et al., 1996).

A similar contrast is observed along the San Leonardello Fault, where SLF-1 is nearly stable, with displacement on
the order of 1 cm, whereas SLF-2 shows a progressive differential displacement of about 5-6 cm, again highlighting
a significant variability in fault-slip behavior along strike (Azzaro et al., 2020). Also, MF-1 on the Moscarello Fault
is characterized by a limited displacement close to 0, which, in the ascending differential dataset, is consistent
with the locked/seismogenic behavior inferred from its seismotectonic characterization (Azzaro et al., 2000, 2012).
A different behavior characterizes the Trecastagni fault, a structure known to accommodate both seismic and aseismic
slip along the same sector. Here the TCF-1 profile shows a moderate but detectable cumulative displacement,
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ca. 3 cm, suggesting that shallow slip may occur there as well, although less prominently than in the main creeping
sectors.

Finally, we also verified the InSAR signature relative to the central segment of the Ragalna Fault (RF) on
the southwestern flank of Etna. The analysed dataset does not show any particular feature, although the fault
is characterized by impressive creep phenomena observed in the field during the considered time span. The most
probable explanation is that the central segment of the RF, which has an azimuth close to 0° and is characterized by
transtensive behavior (Neri et al., 2007), was not active during the investigated period.

5. Discussion and conclusive remarks

While the target of a detailed InSAR examination discriminating the volcano-wide deformation field from
localized fault-slip behavior is not a new approach (Lundgren et al., 2004; Rust et al., 2005; Bonforte et al., 2011;
Guglielmino et al., 2011; Azzaro et al., 2020), the analysis of multi-year time series represents a significant step
forward for the study of fault dynamics at Etna. Furthermore, the ability to discriminate locked fault segments from
creeping ones is not only a scientific achievement but can also be applied for practical purposes such as seismic
microzonation studies — a dual value that we regard as a novelty of this approach.

In fact, applying the time-series analysis at the level of individual fault segments allows us to better constrain the
form and extension of Respect Zones (RZs) and Susceptibility Zones (SZs) defined for Level 3 (the highest) of seismic
microzonation, where the different expressions of surface deformation as a function of fault activity — earthquake
rupture or creep — and morphotectonic evidence play a primary role. As described in Peronace et al. (this volume) for
the case of Etna, the definition of the RZs or SZs boundaries along a fault trace is routinely based on the analysis of
historical earthquake ruptures (e.g. Azzaro, 1999; Azzaro, 2004; Azzaro et al., 2020, 2022, 2026a) and targeted field
investigations. However, the complex seismotectonic situation and, sometimes, the ambiguous field evidence can
be resolved from the examination of extended time series.

In practical terms, where a persistent differential LOS gradient coincides with a mapped capable fault trace,
the InSAR results provide independent geodetic support for the existing RZs or SZs and may help refine their
along-strike segmentation. At the fault scale, the differential LOS approach (Section 4.2, Fig. 8) made it possible
to reduce, to first order, the common deformation component associated with the seaward sliding of the eastern
flank, isolating a signal that is more directly attributable to local fault-slip. This allowed us to confirm the
same creeping and locked/seismogenic segments identified in the seismotectonic model by Azzaro et al. (2012)
derived from independent historical data and morphotectonic evidence, that are recognized in just five years of the
InSAR observation period. It is important to stress, however, that this outcome describes the shallow, near-surface
expression of fault-slip during the time-span 2015-2020 and should not be read as a direct estimate of the long-term
slip rate. For instance, the differential profile along the Pernicana fault (PF-1) accumulates about 5-6 cm over the
investigated five-year interval, corresponding to an average rate on the order of 1.0-1.2 cm/yr. This is markedly
lower than the 2.8 cm/yr creep rate reported for the same fault segment from independent geological and geodetic
data, calculated on centennial-decennial observations (Rasa et al., 1996; Azzaro et al., 2001). This discrepancy
is expected for two reasons: i) as noted in Section 3.3, the differential LOS signal does not represent the full fault-slip
vector but only a proxy for shallow fault kinematics, and has to be regarded as the lower bound of the true slip rate
rather than a substitute for it; ii) volcano-tectonic dynamics, as demonstrated in Section 4.2 (Fig. 8), is not constant
but exhibits periods with different velocities depending on the interaction between eruptive activity and flank
instability processes (Lundgren and Rosen, 2003; Bonforte et al., 2011; Urlaub et al., 2018). Along the Fiandaca fault,
the displacement step associated with the December 2018 earthquake helps identify the activated fault section
and therefore confirms and refines the corresponding RZ. Transitions between creeping and locked/seismogenic
sectors may also guide the internal partition of the SZ and identify areas requiring a more detailed geophysical
characterization (e.g., Gaudiosi et al., this volume), or paleoseismological investigations (Azzaro et al., 2000;
Ferreli et al., 2002; Tringali et al., 2025). Conversely, the absence of a detectable InSAR signal along the central
segment of the Ragalna Fault, despite the creep documented in the field (Neri et al., 2007), implies an absence of
activity in the investigated period.

As a first exploratory application, this study does not provide a complete assessment of the methodological
uncertainty of the differential LOS approach. Future sensitivity tests should repeat the analysis using box pairs of
different sizes and positions, with the dispersion of the resulting time series and velocities providing an estimate of
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methodological uncertainty. The present classifications should therefore be regarded as first-order interpretations
consistent with previous analyses based on independent geological, seismological, and geodetic evidence.

In conclusion, the DInSAR time-series analysis based on a five-year Sentinel-1 dataset represents an attempt,
in this volcanic context, to apply the SBAS approach using a dense interferogram network specifically aimed at
fault-scale investigation. A major contribution of this work lies in the fault-oriented differential LOS approach
that allowed a first-order recognition of creeping, locked/seismogenic and coseismically activated fault segments
on Mt. Etna’s eastern flank, highlighting a marked variability among the investigated structures. These results,
integrated with independent geological, seismological, and geophysical evidence, can support a more accurate
delineation of Respect Zones (RZs) and Susceptibility Zones (SZs), thereby improving Level 3 seismic microzonation in
the Etna region.
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