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Abstract. We present the first paleoseismological results along the Fiandaca Fault, the source of the 26 December 2018, Mw
4.9 Fleri earthquake. We excavated two exploratory trenches along the coseismic surface ruptures at the Collegio Fiandaca
site. Analysis of trench walls allow identifying, besides the 2018 event, two historical surface faulting events. The youngest
one occurred in the period 1281-1926 CE, and most likely during the1894 Fiandaca earthquake. The oldest one, previously
unknown, occurred in the Early Middle Ages (757-894 CE). This paleoseismic evidence strongly suggest increased seismic
activity along the Fiandaca Fault in the last centuries. In order to verify this hypothesis, we conducted detailed morphotectonic
analyses and throw rate measurements along the Fiandaca and other capable normal faults in the Mt. Etna eastern flank. Throw
rates mean values show an increase from 1.4 mm/yr during the 15-3.9 ka time interval to 3.4 mm/yr between 3.9 ka and the
Greek-Roman period, with a further increase since the late Middle Ages, reaching 10 mm/yr. This trend suggests a very recent
growth in flank instability, in agreement with current geodetic data but also with historical eruptive activity. These findings
highlight an increase of the associated geological hazards along the inhabited eastern flank, emphasizing the need for further

research and a multi-hazard approach to risk assessment and land planning for Mt. Etna and similar volcanic regions.

1 Introduction

Paleoseismology is a vital tool for the study of earthquake hazard and active tectonics. Nonetheless, its application in the
context of Late Quaternary basaltic volcanoes encounters considerable limitations due to the inherent highly dynamic nature
of such systems. Etna volcano, however, provides an ideal setting for overcoming these limitations. In particular, the densely
populated Mt. Etna eastern flank records frequent surface faulting earthquakes and aseismic fault creep, which result in
significant offsets of well-dated historical landforms and stratigraphy, including lava flows, interlayered pyroclastic deposits,

and anthropic structures. This allows for the analysis of paleoseismic events and fault slip rates across various time scales
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(Monaco et al., 1997; Azzaro et al., 2000; Ferreli et al., 2002). Not much has been done since the first paleoseismological
studies in the early 2000’s, but the extensive building damage and surface faulting produced by the 2018 Fleri earthquakes
renewed interest in Mt. Etna capable faults characterization (Monaco et al., 2021; Azzaro et al., 2022; Tringali et al., 2023a).
Detailed historical earthquake records for Etna illustrates severe frequent building damage and ground ruptures. Still, they
mostly date back to the second half of the 1800s, leaving sparse or even no information about earlier periods. In this framework,
paleoseismology might play a crucial role for detecting earthquakes that precede the historically known ones, and to evaluate
the slip rates variations over longer time windows.

Due to intense tectonic and gravitational deformation resulting in diffuse coseismic and aseismic surface faulting, Mt. Etna is
a natural laboratory to gain further knowledge of these geological processes (Rasa et al., 1996; Azzaro, 1999). For example,
offset of well-dated landforms, lava flows and anthropic structures allows the analysis of fault slip-rates variations over
different time scales, from the Late Pleistocene to the present. Therefore, Mt. Etna offers the opportunity to test methodologies
to try disentangling gravitational transients from purely tectonic and volcanic-induced deformation. Moreover, the study of
several volcano-tectonic events suggests that dike intrusions, eruptions, flank instabilities and surface faulting are closely
related each other (Acocella et al., 2003; Walter et al., 2005a; Neri et al., 2009; Mattia et al., 2015). (Thus, the extensive
documentation about flank eruptions allows understanding of feedback between the seismic and volcanic processes, leading
to a better knowledge of the volcano behaviour.

In this paper, we provide an accurate description of the first paleoseismological results along the Fiandaca Fault (FIA in Fig.
1) and analyse its recent coseismic activity and throw rate variations over time. The 2018 post-earthquake urban reconstruction
work allowed us to dig two trenches in the Collegio Fiandaca site (see location in Fig. 1) to verify whether it was possible to
rebuild in the same area. While post-earthquake reconstruction may present new opportunities for research, it has not been
possible to excavate along the entire fault zone due to logistic constraints and requests of landowners. However, the location
of the trench in the central portion of the Fiandaca Fault and the significant effects of the 2018 surface faulting allowed us to
study the entire fault rupture. These results provided suitable information for relocating the residential buildings in the area
affected by coseismic scarps. Furthermore, the trenches allowed us to recognize past surface faulting events.

Based on this paleoseismic investigation, we conducted a careful analysis of the fault scarps to assess throw rates resulting
from the displacement of different ages lava flows along the Fiandaca Fault and nearby extensional structures: Aci Catena,
Aci Platani, San Leonardello, Santa Tecla and Trecastagni faults (CAT, PLA, LEO, TEC and 3CA in Fig. 1). A similar
approach was applied along the Pernicana Fault (PER in Fig. 1a) where throw rates in acceleration were observed in the last
3.5 ka (D’Amato et al., 2017). We analyse the obtained throw rates in comparison with recently published morphotectonic,
geodetic, seismicity and eruptive history investigations (e.g., Bencke and Neri, 2003; Bencke et al., 2005; Neri et al., 2009;
Neri et al., 2011; Bonforte et al., 2011; Azzaro et al., 2012; Azzaro and D’Amico, 2014; D’Amato et al., 2017; Branca and
Abate, 2019; Guidoboni et al., 2019; Bevilacqua et al. 2022; Carnemolla et al., 2023; Palano et al., 2023) to assess long and

short-term fluctuations and their relations with the entire volcano flank dynamics.
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Figure 1: Simplified geological and volcano-tectonic map (modified after Branca et al., 2011a; Azzaro etal., 2012; ITHACA Working
Group, 2019; Barreca et al., 2013; Bevilacquaet al., 2022; Branca et al., 2011a; Neri et al., 2011); black lines are faults and lineaments
(dashed where uncertain) with their kinematics and seismic/creep behaviour, and eruptive fissures; TFS: Timpe fault system; PFS:
Pernicana fault system; SFS: Southern fault system; RFS: Ragalna fault system. Faults labels: FIA: Fiandaca; FLE: Fleri; PLA:
Aci Platani; CAT: Aci Catena; LIN: Linera; TEC: Santa Tecla; VEN: Santa Venerina; MOS: Moscarello; SCA: Scalo Pennisi;
LEO: San Leonardello; MAC: Macchia; CAL: Calcerana; CAV: Masseria Cavaliere; 3ME: Tremestieri; 3CA: Trecastagni; GRE:
San Gregorio; TRE: Aci Trezza; PER: Pernicana; FIU: Fiumefreddo; NAC: Ripe della Naca. Etna Central Craters (red dots) labels:
VOR: Voragine; BN: Bocca Nuova; NEC: Northeast Crater; SEC: Southeast Crater; inset (a) shows the general tectonic framework
of NE Sicily with Etna volcanic edifice and its sliding flank borders (in yellow).
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2 Geological setting
2.1 Geological evolution and volcanic activity

Etna volcano has a peculiar position in the Mediterranean geodynamics, located on the Appennine-Maghrebian active fold and
thrust belt (Fig 1a; Doglioni et al., 2001; Branca et al., 2011a), resulting in local uplift rates of 1-3 mm/yr estimated for the last
5 kyr (Branca et al., 2014). The current volcanic edifice is the result of the superimposition of different volcanoes during the
last 180 ka (Branca et al., 2011a), starting with the Timpe (180-110 ka) and Valle del Bove phases (110 ka-65 ka). About 65
ka ago, the volcanic activity migrated to the W with the inception of a stratovolcano phase with two different volcanoes:
Ellittico (65 ka-15 ka) and Mongibello (15 ka-present). Mt. Etna is currently one of the most active volcanoes in the world and
its activity is mainly localised in the summit area with eruptive episodes in the central craters (VOR, BN, NEC and SEC in
Fig. 1; Acocella et al., 2016), or in subterminal monogenic craters. The eruptions are characterised by a prevalent strombolian
activity with the deposition of fall out deposits and basaltic lava flows. The eruptive activity is sometimes located in the flanks
along eruptive fissures, feed by dykes (i.e., lateral or flank eruptions), and interesting mostly the so-called NE, S and W Rifts
(Neri et al., 2011; Azzaro et al., 2012; Tibaldi et al., 2021; see location in Fig. 1). Starting from 7478-7134 BCE (Malaguti et
al., 2023), a series of catastrophic collapses along the eastern flank produced a wide depression known as Valle del Bove
(Guest et al., 1984; Calvari et al., 1998, 2004). The collapses are evidenced by debris avalanches deposits at the open end of
the Valle del Bove (Branca et al., 2011b). They have been subsequently eroded and reworked generating, with a series of
alluvial events, a wide alluvial fan along the lonian coast locally named Chiancone (Calvari and Groppelli, 1996). Mt. Etna
has probably experienced other past flank collapses as inferred by two valleys E-W elongated in the sedimentary basement
(Branca and Ferrara, 2013).

Regarding past eruptions, during the Greek-Roman and Medieval period, the opening of eruptive fissures was common below
1400 m of elevation (Branca and Abate, 2019). These eruptions culminated with an eruptive cycle associated with high
volumes of lava laterally erupted in the period 1600-1669 CE by big flank eruptions (Bencke and Neri, 2003). After the 1669
CE eruptive event there was a drastic change in the volcanic behaviour andwith the opening of fissures mainly in the upper-
middle flanks between 1600 m and 2500 m a.s.l., suggesting a change in the plumbing system (Branca and Del Carlo, 2005;
Branca and Abate, 2019). In the last three centuries the opening of new fissures has been concentrated above 1000 m of
elevation (Branca and Abate, 2019), with two long term eruptive cycle starting from 1760 and 1865 CE respectively (Bencke
and Neri, 2003). The cycle started in 1865 CE is characterized by more frequent flank eruptions and higher volumes of erupted
products then the previous one (Bencke and Neri, 2003). The W Rift is currently less active but produced many eruptions
before the 1600 CE (Neri et al., 2011; Branca and Abate, 2019).

2.2 Seismotectonic and flank instability

The eastern and southern flanks of the Etna volcano include several capable faults characterized by coseismic and aseismic
slip (Fig. 1; Borgia et al., 1992; Rasa et al., 1996; Gresta et al., 1997; Azzaro, 1999; Azzaro et al., 2012; Barreca et al., 2013).

4
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The NE flank is affected by the Pernicana fault system (PFS in Fig. 1; Acocella and Neri, 2005) with two main fault segments
(PER and FIU in Fig. 1) characterized by prevalent left-lateral kinematics, and stick-slip behaviour to the W, whereas aseismic
creep is dominant to the E. The Ragalna fault system (RFS in Fig. 1; Rust and Neri, 1996) affects the SW flank of the volcano
with two fault segments (CAV and CAL in Fig. 1). The Etna E flank is affected by the mainly NNW-trending Timpe fault
system (TFS in Fig.1) characterized by a general E-W extension along normal faults dipping toward the E, with right lateral
strike-slip components (Lanzafame et al., 1996; Monaco et al., 1997). The SE flank is interested by the Southern Faults System
(SFS in Fig. 1), composed of normal and right lateral strike-slip faults (Azzaro et al., 2012; Barreca et al., 2013). These
structures separate shallow sliding blocks (Bonforte et al., 2011; Siniscalchi et al., 2012; Acocella et al., 2013; Azzaro et al.,
2013) due to gravitational collapse of the entire sector toward the lonian Sea (Neri et al., 1991; Borgiaet al., 1992; Lo Giudice
and Rasa, 1992; Solaro et al., 2010; Chiocci et al., 2011; Gross et al., 2016; Urlaub et al., 2018). The boundaries of the
gravitational collapse are defined by the PFS in the NE flank (Neri et al., 2004), and by the SFS and RFS in the S (Rasa et al.,
1996; Rust and Neri, 1996) with deformation primarily transferred along the San Gregorio-Aci Trezza faults (GRE and TRE
in Fig. 1; Azzaro et al., 2013; Urlaub et al., 2018, 2022). The unstable flank is bounded in the summit area by the NE and S
Rifts going through the central craters (Acocella et al., 2003, 2016). Furthermore, two ENE-WSW and NE-SW normal
structures named Ripe della Naca faults (NAC in Fig. 1) are located between the PFS and the TFS. NAC are interpreted as
inherited neotectonic faults of the buried basement (Azzaro et al., 2012).

The interpretation of the TFS and its driving-mechanism has been widely debated in literature. Specifically, TSF has been
interpreted as: i) the inland continuation of the Malta Escarpment (Lanzafame and Bousquet, 1997; Monaco et al., 1997; Neri
et al., 2018); ii) part of gravitational structures affecting the offshore margin of Mt. Etna (Borgia et al., 1992; Chiocci et al.,
2011; Gross et al., 2016; Urlaub et al., 2018; Murray and de Vries, 2022); iii) a secondary splay of a main dextral E-W striking
shear zone (Firetto Carlino et al., 2019); iv) the northern termination onshore of the Alfeo Fault offshore (Fig. 1a; Monaco et
al., 2021). Regardless the TFS meaning, these faults induce localized subsidence, interrupting the Latest Pleistocene to
Holocene regional uplift, with rates of 0.8-2 cm/y along the coastline between Stazzo and Torre Archirafi villages (Carveni et
al., 2005). The subsidence is typically related to the gravitational sliding, as it is further demonstrated by recent geodetic data
(Bonforte et al., 2011; Palano et al., 2023; Carnemolla et al., 2023).

The Etna E flank is characterized by frequent diffuse surface faulting mostly along the PFS, TFS and SFS (Rasa et al., 1996;
Gresta et al., 1997; Azzaro, 1999). Moderate magnitude (Mw<5) earthquakes, with a shallow hypocentral depth, mostly less
than 2 km, generate coseismic surface rupture and significant damage to the urban areas (Carveni and Bella, 1994; Azzaro,
1999; Azzaro et al., 2017). Historical events reached maximum macroseismic intensity of grade (VIII-1X in the EMS scale
(Azzaro et al., 2017).

Aseismic creep events are common along the lower eastern flank faults, occurring during periods of seismic swarms as well
as during times of low seismic activity (Rasa et al., 1996; Palano et al., 2022). Recently, several studies highlighted that most
of the deformation is aseismic and accommodated with frequent slip transients of acceleration occurring in the lower E flank

(“Slow Slip Events”; Mattia et al., 2015; Palano et al., 2022; Carnemolla et al., 2023). The shallow deformation is concurrently
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driven by volcano-tectonic and gravity processes (Rasa et al., 1996; Tibaldi and Groppelli, 2002) that can be also influenced
by the sedimentary basement morphology and the thickness of the volcanic pile (Palano et al., 2022; Tringali et al., 2023a;
Tringali et al., 2023b).

3 Geologic features around the Fiandaca Fault
3.1 Stratigraphic framework

The area under investigation is located on the lower SE flank, in a sector characterised by scattered dwellings and lemon trees
established on historic Mongibello lava flows (Branca et al., 2011b; Fig. 2) of the Torre del Filosofo formation (volcanic
products of the period 122 BCE-1669 CE) and Pietracannone formation (3.9 ka-122 BCE Upper member and 15 ka-3.9 ka
Lower member). The lava flows outcropping in the area are mostly attributed to eruptions that occurred in the lower eastern
flank in the period 3.9 ka — 122 BCE (Fig. 2) that were partially covered by new flows during the Medieval period (e.g., IX
century AD and 1329 CE). In the trenching site the outcropping lava is the Mt. Salto del Cane (sd in Fig. 2) lying on a ~3000
years old paleosoil (Del Carlo et al., 2004; Branca et al., 2011b). The 122 BCE tephra fallout is a marker stratigraphic bed,
due to a Plinian basaltic eruption that led to the formation of a vast pyroclastic deposit that covered the SE flank of the volcano,
about 10-30 cm thick around the trenching site (Coltelli et al., 1998; Branca et al., 2011b). The onset of a new lateral eruption
in 1329 CE formed the M. Rosso scoria cone, and the lava flow erupted reached the area of Santa Maria la Stella to the N of
Acireale (Fig. 2). Toward the S, in the Aci Catena area, some lava flows (ay, mr and tr in Fig. 2) covered between 3.9 ka and
122 BCE, the 15 ka Aci Platani lava flow (at in Fig. 2) and the Valverde formation.
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3.2 Morphotectonic and historical seismicity

The Fiandaca Fault (FIA) is part of the TFS and stretches for an overall length of ~4.5 km from Pennisi to the N of Aci Catena
with a curvilinear, almost NNW-trending trace (Fig. 2). From the kinematic point of view, FIA is a normal fault with a right-
lateral slip component. Small but evident degraded scarps, typically less than 10 m high, reflecting long-term vertical
displacement, mark the fault trace. At its N termination, FIA directly connects to the NW-striking Fleri Fault (FLE), while to
the S it connects directly to the Aci Catena Fault (CAT) and, through several fault splays and multiple parallel scarps, to the
Aci Platani Fault (PLA). CAT shows multiple fault strands with mostly a N-trending, displacing with a normal component
Mongibello lavas and to the S also 115 ka lava flows of the Valverde formation (Branca et al., 2011a). CAT is characterized
by retreated, up to 70 m high, fault scarps. Two of them intersect the 115 ka lavas, resulting in a cumulated vertical offset of
~90 m. To the S, CAT changes its strike to NNW-SSE and NW-SE connecting to the E-W Aci Trezza Fault (TRE in Fig.1).
PLA has a curvilinear trace with strike changing from NNW-SSE to NNE-SSW (Fig. 2) with 5 to 20 m high scarps.

FI1A is one of the most active faults of TFS, characterized by a significant seismic activity (Fig. 3). The trenching site is in the
central sector of FIA, where only coseismic fault activation has been documented over the last 150 years. This sector is
characterized by well evident surface ruptures with vertical displacement occurred during at least 9 earthquakes in the last 600
yr (Fig. 3; see Supplementary Table S1; Azzaro, 1999; Tringali et al., 2023a). The first known strong earthquake occurred
during (the seismic swarm that preceded and accompanied the 1329 lateral eruption (Guidoboni et al., 2019). Nevertheless,
there is no clear information about earthquakes and associated surface ruptures between 1329 and 1600 CE. Azzaro and Castelli
(2015) revised the historical sources during the period 1600-1831 CE, recognizing at least 6 earthquakes that could be
associated with the TFS (see Appendix A and Table A1), one of them occurred in April 1809 is associated with ground ruptures
but without a precise location. Despite the uncertainties, (the highly felt earthquakes in Acireale and Zafferana Etnea strongly
suggest a causative fault identified in FIA or LIN, as these faults are closest to the affected villages (see Fig. 1a). In spite the
FIA high seismic activity, its S termination shows also slow and constant aseismic creep as testified by the frequent damage
along buildings, roads and walls crossed by the fault.

CAT and PLA have recently experienced frequent aseismic creep phenomena (see Supplementary Table S2) showing a
maximum short term throw rate of 2.3-6 mm/yr for CAT in the period 1970-2000 (Rasa et al., 1996; Bonforte et al., 2011). In
particular, the last aseismic creep episodes with surface faulting occurred in 2023 along CAT (Tringali, 2023) and in 2018
along PLA (Tringali et al., 2023a).
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3.1.1 26 December 2018 surface faulting

200 The 26 December 2018 Fleri earthquake (M. 4.8 — My 4.9; Bonforte et al., 2019; De Novellis et al., 2019) generated 8 km of
surface faulting along FIA and FLE (Civico et al., 2019; Tringali et al., 2023a). The ruptures showed a clear en-échelon pattern
along FIA with left-stepping transtensive fault grabens. The maximum observed throw is 45-50 cm along the central sector of
FIA with a general increase moving to the S (Azzaro et al., 2022; Tringali et al., 2023a). The heave values were particularly
high in some localities, up to 120 cm, due to graben collapses and the formation of deep and elongated sinkholes.

205
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Figure 4: December 26, 2018, earthquake ground ruptures map at the Collegio Fiandaca site (modified after Tringali et al., 2023a);
numbers show the amount of heave (H, in yellow), throw (T, in red) and strike-slip (SS, in green); yellow dots are field photos location
of Fig. 5.
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210 At Collegio Fiandaca site we observed four ground ruptures striking N150-170° (Fig. 4). The ruptures reactivated a pre-
existing, ~8 m high, degraded fault scarp. The W-most ruptures are quite discontinuous small open cracks with a 0.5-2 cm
heave, offsetting pavements and walls of the buildings over a length of ~10 m (Figs. 4, 5b and 5c). The E-most rupture displaced
the asphalt and the walls, showing a transtensive kinematic with up to 3 cm heave and 2 cm throw, and a prevalent right lateral
offset of 12 cm (Fig. 4). The central part of the fault zone showed two main ruptures delimiting a 4-5 m wide and more than

215 10 m long graben (Figs. 4 and 5d). The main fault of the graben showed up to 30 cm throw (with an average of 20 cm), up to
15 cm heave, and 4 cm right-lateral offset. The antithetic fault showed a maximum heave and throw of 12 cm with an average
of 10 cm.

220 Figure 5: 26 December 2018 coseismic ruptures at Collegio Fiandaca trench site (see photos location in Fig. 4): a) ground rupture
along a private road with few cm of offset; b) ground rupture which follows a damaged building wall, offset ~1 cm; ¢) 1.5 cm
horizontal offset between two floor tiles continuing into the wall; d) fault graben on a private asphalt parking which extends over
the wall and farmland.
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4 Methods and materials
4.1 Paleoseismology, trenching, logging and sample dating

We excavated two trenches, coded as FIA1 and FIA2 (see location in Fig. 6), across the 2018 coseismic ruptures to a maximum
depth of 3 m (see Table 1 for details). We meticulously cleaned the trench walls in order to facilitate accurate recognition of
natural stratigraphy. Parts of the trenches encountered thick anthropic refill and therefore were not cleaned and studied. It was
possible to study the natural stratigraphic and tectonic features along the trench sections named N-Wall, S-Wall1 and S-Wall2,
for the FIAL; and N-Wall, for the FIA2. We identified the main stratigraphic units and the faults based on the deposit grain-
size distribution, fabric and colour, separated by bed tops of unconformities, considered as horizons. Horizons were flagged
with coloured pins and logged. We logged the trench walls at 1:50 scale. We used UAV survey to obtain a detailed orthophoto
image of the trench site. We generated three ortho-photomosaics from a 3D digital model of the trench walls, obtained by the
processing of ground-based 24-megapixel imagery means of common Structure-from-Motion photogrammetry workflow
(Agisoft Metashape® software). These new technical and instrumental developments in paleoseismic studies allow better
characterization of a fault zone (McCalpin et al., 2023).

Table 1: Features of the FIA1 and FIA2 paleoseismological trenches.

Trench Realization Trending Length Max depth
FIALl 6-13 February 2023 N75° 40m 3m
FIA2 13-17 February 2023 N75° 11m 2m

We collected three charcoal samples and subsequently dated by AMS at CEDAD (CEntro di DAtazione e Diagnostica,
University of Salento). For the determination of the experimental error in the radiocarbon date, the scattering of the data around
the mean value and the statistical error resulting from the “C count were considered. We collected one sample of tephra in
FIAZ2 that was analysed in the INGV-OE labs by Mauro Coltelli. Two additional samples (EFIA and WFIA) were collected in
the easternmost and westernmost part of FIAL to assess chemical analysis for a better constrain of the recognized horizons

(see further information in Supplementary Material).

4.2 FEield-survey-and-seismic tomography

We conducted a two-month field survey following the December 26, 2018, earthquake, starting in the night of the mainshock
(see Tringali et al., 2023a). In particular, we conducted field surveys at the Collegio Fiandaca trenching site on 29 and 31
December 2018; 22 January 2019; and February 18, 2019. Before trenching, we performed a seismic refraction tomography
survey, in order to investigate the subsurface fault zone width. The instrumentation used for the survey consists of a 24 channel
seismograph (MAE sysmatrack), 2 seismic cables with 12 sockets each, 13 geophones with a frequency of 4.5 Hz and one 8
kg hammer. To enhance the definition of the underground seismic refractors, we used seven energization points during the

tomography data acquisitions. We processed seismic data using SeisOpt® @2D software.
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4.3 Evaluation of throw rates

The throw values have been estimated from geological profiles where the lowest anthropic disturbance occurred (i.e., low
presence of buildings) and forest coverage. (The profiles were realized only where the thickness of the lava flows was more
than 10 m, to be sure of measuring actual and not inherited throw values from previous scarps.

All the profiles, with associated fault throw and throw rates, and their locations are available in the supplementary materials.
The throw rates obtained have been compared with others published recently.

The DTM (https://www.sitr.regione.sicilia.it/geoportale/it/Metadata/Details/946) used to realize the topographic profiles and

to estimate the lava flows thickness has generally an accuracy of £0.3 m increasing at +0.6 m in areas covered for the 70% by

tree vegetation. Therefore, the calculated throws have an accuracy of £0.3 m.

5 Trenching site results
5.1 Trench stratigraphy and seismic tomography

The paleoseismological trench FIAL and FIA2 were oriented N75° across the 2018 coseismic ruptures (Fig. 6a), enabling
assessment of the width of the deformation zone, and identification of pre-2018 displacement events. We excavated FIA2 at
the E termination of the FIAL, extending the initial trench to better investigate the fault zone in the sector affected by the

hanging wall graben.
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270  Figure 6: Map of Collegio Fiandaca trench site: a) orthophoto mosaic obtained by aerial drone photos showing FIA1 and FIA2 with
sectors of the walls investigated in detail, and faults in accordance with the 2018 coseismic ruptures; dashed blue line is the trace of
seismic tomography showed in (b).

The accurate analysis of the two trenches allowed us to identify three stratigraphic units lying on volcanic blocks associated
275 to the top of the M. Salto del Cane lava flow (sd in Fig. 2), commonly outcropping in the area. The stratigraphic units are

covered by reworked anthropogenic material, in some cases directly overlapping the sd lava flow. The units are synthesised
and described in Table 2.
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280 Table 2: Stratigraphic units identified along the FIAL and FIA2 walls.

Unit Code Description

sd lava flow | Volcanic scoria and breccia and isolated hard basaltic rock belonging to the sd lava flow

UL Pyroclastic deposit significantly reworked characterized by high vesiculated, millimetric to 1 cm lapilli
with tabular plagioclase crystals.
Deposit characterized by loose medium sands with minor silt and rare subrounded millimetric to 5 cm

U2 clasts and rare fragments of historical bricks, the base of the deposit is reddish (7,5YR/3R) passing
upwards to a dark brown colour (5YR 3/2).

U3 Deposit characterized by loose medium sands with minor silt and rare subrounded mm to cm clasts,
roots, fragments of historical bricks and embedded remains of U1. The colour is black (5YR 2,5/1).
Anthropic reworked deposit characterized by medium dark brown sands with lava blocks, recent bricks

R1/R2 fragments and plastic. R2 has a higher lava blocks content, in the FIA1 N-Wall and is a dig refilling
crosscutting R1.

U1 is missed in many parts of the trenches, especially in the western side. An erosive surface recognized in both trenches
separates U2 and U3. The seismic tomography in Fig. 6b shows two main seismic layers with different VVp values. The
shallowest layer, indicated in blue, can be ascribed to the U1, U2 and U3 identified within the trench. The second layer with
285 higher Vp is attributed to the sd lava flow observed at the base of the trenches (Fig. 6b), which exhibits a minimum vertical
displacement of ~3 m. The low-velocity zone between the progressives 22-28 m can be associated with the main damaged

fault zone of FIA that corresponds to the surface fault graben (Fig. 6b).

5.1.1 Units dating

Radiocarbon dating for 3 collected samples was calibrated and the result of the calibration is shown in Table 3.
290 Table 3: Calibrated dating of the charcoal samples collected in the FIA1 and FIA2 trenches.

Trench | Unitcode | Sample code | Labcode | Calibrated Dating (confidence level 20)
677AD (21.3%) 749AD

FIAl U2 S1 LTL31802 | 757AD (72.2%) 894AD

928AD (2.0%) 945AD

1687AD (26.6%) 1731AD

1806AD (68.8%) 1926AD

FIAZ2 U3 S3 LTL31801 | 1281AD (95.4%) 1400AD

FIAL U3 S2 LTL31803
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The sd lava flow at the bottom of the trench has an archaeomagnetic age of 150200 BCE (Tanguy et al., 2012). The pyroclastic
deposit U1 can be ascribed to the 122 BCE (personal communication by Mauro Coltelli) aligning with its petrographic features
described by Coltelli et al. (1998). Meanwhile U2 and U3 are identified as a colluvial deposit. U2 dates to the early medieval
period in accordance with S1 radiocarbon dating. U3 may be likely from the late medieval period to the beginning of the last

century, based on radiocarbon dating of S2 and S3.

5.2 FIAl trench

For the FIAL trench, 3 separated logs were realized named: N-Wall, S-Wall1, S-Wall2.

In the western portion of FIA1 S-Wall1, the stratigraphy is sub-horizontal with U2 directly covering sd in most of the section
(Fig. 7aand b). Toward the east from 5 m to 0 m along section, the beds, including the sd roof, are tilted to a dip of 10° angle,
increasing eastward to 15°, starting from 12 m (Fig. 7a and b). This part of the trench is characterized by an apparent
thickening of the colluvium of unit U2 and the progressive increase of the eastward dipping angle of the units (Fig. 7b), which
could be ascribed to an inferred fault activity. The inferred fault displaces U2 of about 20 cm.

The FIAL1 N-Wall (Fig. 7c and d) shows an eastward dipping fault plane that displaces the base of U2 and the top of sd showing
a vertical offset of about 40 cm. The original roof of U2 and part of sd top have been eroded by two anthropogenic excavations
filled with R1 and R2 (Fig. 7d), hence the clear evidence of surface faulting may have been removed. The thickness of U1 is
apparently greater on the hanging wall of the fault (Fig. 7d) suggesting a colluvial deposition during the tectonic processes.
The faults observed in S-Wall1 and N-Wall of FIA1 are uncertain due to the erosive surface that truncates U2 (Fig. 7).
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Figure 7: Orthophoto mosaic of the FIAL1 S-Walll (a) and N-Wall (c): the yellow dashed line is the top of the lava flow, the green
dashed line is an erosive surface interesting the tops of U2 and the lava flow, the inferred fault planes are shown in red. b) and (d)
reconstruction of the stratigraphic succession along the FIA1 S-Wall1 and N-Wall (mirror); the inferred fault planes in red displace
the lava flow and U2. Yellow dot is the sample collected for chemical analysis.
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In FIA1 S-Wall2 (Fig. 8) five fault planes have been identified displacing sd, U2 and U3 (Fig. 8). The faults create 'horst' and
‘graben’ systems, where in the most depressed areas the thickness of U3 increases (Fig. 8b). The eastward dipping F2 fault
shows a vertical displacement of 28 cm along U2 and a dip direction of N50°/70°, while the two W-dipping F1 and F3 faults
show a maximum vertical displacement of 19 cm along U2. The F2 appears to displace also R1 with an offset of 15 cm. The
320 F4 and F5 faults are uncertain, appearing to create a horst in sd without clearly displacing the units but the erosive surface
between U2 and U3 is lowered of about 40 cm. As a result, sd also appears to have a total displacement of about 40 cm inside
the graben formed by F2 and F4. Considering also F5, sd appears to have a total throw >1 m, dipping toward the E. The dip
directions of the antithetic faults are consistent with the value observed in the 2018 surface ruptures. The dip direction of F2

is a bit different than the values measured along the 2018 coseismic ruptures because the strike-slip component is not

325 detectable.
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Figure 8: a) Orthophoto mosaic of the FIA1 S-Wall: the yellow dashed line is the top of the lava flow, the green dashed line is top of
U2, the fault planes are shown in red. b) reconstruction of the stratigraphic succession along the FIA1 S-Wall; the fault planes in

red displace the lava flow, U2, U3 and R; the erosive surfaces are in blue. The green square and dot are dated charcoals (the square
corresponds to the opposite wall); yellow dot is the sample collected for chemical analysis.
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5.3 FIA2 trench
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FIA2 N-Wall (Fig. 9) highlights a westward dipping fault (F6) affecting sd, U1, U2 and U3 (Fig. 9). U3 shows a vertical
displacement of about 15 cm along F6. U2 and U1, on the other hand, show a maximum displacement of 26 cm. On the F6

hanging wall, an open fissure is filled by anthropogenic reworked material in U3 and by the silty sands of U3 in U2 up to the

top of U1. The fault F6 is dipping N226°/72° which is consistent with the values measured along the coseismic antithetic 2018

surface ruptures.

FIA2 N-Wall

L [ ] 1 [ |
|| | | | | | | | |
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Figure 9: a) Orthophoto mosaic of the FIA2 N-Wall, the coloured pins are between the stratigraphic units and the F6 fault plane (in
red); b) reconstruction of the stratigraphic succession along the FIA1 S-Wall, the fault plane in red displaces the lava flow, U1, U2,
340 U3 and R1. The red dot is the collected tephra sample; the green square corresponds to a dated charcoal along the opposite wall.
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5.4 Fault zone analysis and 2018 ruptures relationships

The analysis of the faults recognized along trenches walls and the ground ruptures highlights a distributed fault deformation
zone about 40 m wide which is consistent with 2018 fault rupture width (Tringali et al., 2023a). The faults in the FIA1 S-Wall2
and FIA2, more specifically F2, F4 and F6, correspond with the 2018 coseismic ruptures forming the main fault graben (Figs.
4 and 6a) as well explained in the next chapter. The inferred fault of the FIA1 N-Wall and S-Walll is aligned with the 2018
westernmost coseismic ruptures. The sd lava flow in the seismic tomography also appears slightly displaced between 4 and 6
m (Fig. 6b) confirming the existence of the inferred fault observed in the FIA1 N-Wall and S-Wall1.

6 Trench restoration and paleoseismic sequence

Previous studies about the Etna eruptions and the dating of charcoal samples allowed to temporal constraint the restoration of
the trenches. We conducted this restoration only for the FIA1 S-Wall2 (Fig. 10) and FIA2 N-Wall (Fig. 11), where we found
clear evidence of faulting.

Restoration of FIA1 S-Walil2
E - 757- 894 CE w | E 26 December 2018 w
U2 deposition = « . N = 41
q =1 -l - i g »"-‘- :

Ez

sd lava flow
@)
E 1 281 B 1 926 CF— = U3 deposition
U3 deposition V
U3
sd lava flow
b)

1281 - 1926 CE

Figure 10: Possible restoration of the FIA1 S-Wall2; a) deposition of the colluvial deposit of U2 during the period 757-894 AD,
followed by an erosive event; b) period 1806-1926 AD with the deposition of the colluvial deposit of U3 followed by an earthquake
(c) which activated F1, F2, F3 and presumably F4; d) after the reworking of the surface by the human activity and formation of the
R1 during the 1970s, a second earthquake in 2018 produced a new surface faulting event along F2 and probably F3 and F4.

According to the dating, it has been possible to identify some seismic events that generally affect all the units. Figure 10 shows

the restoration of the FIAL1 S-Wall, with two seismic events observed: the first earthquake occurred after or during the
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deposition of U3 in the period 1281-1926 CE, and a second one in 2018. In fact, F2 of the FIA1 S-Wall appears to also affect
R1, showing evidence of activation during the 2018 event, as this fault corresponds with the 2018 event main surface rupture
(Fig. 10d). The supposed F4 corresponds to the antithetic surface rupture of 2018 coseismic graben (Fig. 10d). Probably, the
demolition works of the pre-existing building have further reworked R1, thereby obliterating clear evidence of the 2018
faulting. The displacements measured along F1, F2, F3 and F4 in FIA1 appear to be consistent with two seismic events in
accordance with the throw values observed in the 2018 surface ruptures of the area. Thus, certainly one earthquake occurred
along the F1, F2 and F3, but it is very likely that they have undergone two events. If only one earthquake had occurred, this
should have been of a higher Mw than the one in 2018 (i.e., Mw>5) given the amount of displacement. However, 5 is the
maximum expected Mw estimated for FIA (Azzaro et al., 2017; Azzaro et al., 2022), hence we assume that 2 earthquakes can
be observed in FIA1 S-Wall.

Restoration of FIA2 N-Wall
W 122 BCE' _ - fall out E 1970s

sd lava flow

.. » anthropic rework

1281 = 1926 CE »U3 deposition
W . ‘ N7

v

0o ey

Figure 11: Possible restoration of the FIA2 N-Wall. a) pyroclastic fallout (122 BC Plinian eruption) is deposited on the 150+200 BC
lava flow, subsequently eroded; b) an earthquake occurred during the deposition of the colluvial deposit of U2 in the period 757-894
AD; c) after an erosive event on U2, the deposition of the colluvial deposit of U3 occurred in the period 1281-1926 AD; d) reworking
of the surface by the human activity and formation of the R1 during the 1970s; e) earthquake in 2018 displacing the lava flow, U1,
U2, U3 and R1.

Regarding the FIA2 N-Wall the F6 displacement of 26 cm measured along U2 and U3 appears to be related to at least two

seismic events in accordance with the throw values of the 2018 surface ruptures in the area. Displacement of 15 cm observed
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in U3 are consistent with the ones of the 2018 W-dipping surface ruptures occurred exactly in the same location. Moreover,
the open fissure along F6 filled by the R1 allows associating it to the 2018 event with a high confidence. The displacement of
26 cm measured in U2 is a minimum, but it can indicate at most least two events when compared with the throw values
measured along the 2018 W-dipping surface ruptures. Therefore, also along the FIA2 N-Wall it is possible to infer the
occurrence of two earthquakes (Fig. 11).

Finally, the combination of the two trenches allow to detect 3 earthquakes (Fig. 12) occurred in: 1) 757-894 CE time interval
(Fig. 11b); 2) 1281-1926 CE time interval (Fig. 10c); 3) 26 December 2018 (Figs. 10d and 11e). The first event is a novelty
because it is not reported in any seismic catalogue due to the lack of available historical sources so far. Furthermore, this early
medieval earthquake might have been triggered by a dyke intrusion related to one of the three eruptions that occurred along
the eastern flank in the period 700-850 CE (Branca and Abate, 2017; see Supplementary Table S4). The second event, which
preceded the 2018 earthquake, may be associated to the 1894 earthquake, because it is the strongest historical known seismic
event with known characteristics. However, there are some uncertainties regarding the precise timing of this event. Certainly,
the second event could be associated with another earthquake occurred in the period 1329-1831 CE. Nevertheless, there is no
definitive evidence of surface faulting linked to FIA in the historical sources, apart from the 1329 and 1809 CE earthquakes

(see Supplementary Table S1). However, the precise location of the ground rupture is not clearly documented.

Earthquakes and known surface faulting events

Earthquakes
@O time interval from 4C

Y& known

FIA2

700 900 1100 1300 1500 1700 1900
Time (years CE)

Trenches

Figure 12: Historical earthquakes, in bold the ones certainly associated with coseismic ruptures along FIA, and time interval of the
3 surface faulting events recognized in the trenches.

The highlighted sequence of earthquakes strongly suggests an increase in fault activation over time. In the following chapter,
we investigate this hypothesis by examining the temporal variation in Late Pleistocene to historical throw rates along the
Fiandaca fault system. We also compare measured Fiandaca fault system throw rates with similar observations on several other
capable faults on Mt. Etna eastern flank.
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7 Throw rates analysis and flank dynamics
7.1 Throw rates of the Fiandaca fault system

At the Collegio Fiandaca site the lack of information regarding the erosive surfaces and the anthropogenic reworking of a
subsurface portion precludes the estimation of total throw-rates based on the observed displacements along the trenches.
However, the close interrelationship between FIA, CAT and PLA indicates the presence of a faults system that accommodates
the deformation along the lower eastern flank. Thereby, 18 profiles (see traces in Supplementary material; Figs. S1, S2, S3)
have been realized along FIA, CAT and PLA, where the Mongibello lava flows and the Valverde formation are displaced to
assess the long (~115 ka) and short-term (~1-10 ka) vertical slip rate of the entire fault system. Table Al (see Appendix A)
summarizes minimum fault throw assessed along all the profiles, the corresponding throw rates, and their accuracy. We
selected 4 representative profiles (see locations in Fig. 2) showed in Fig. 13a with the reconstruction of the relative geological

Ccross section.
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The 115 ka Valverde formation shows a throw of 115 m indicating a minimum throw rate of 1 mm/yr similarly to that reported
by Azzaro et al., (2012). The 15 ka at shows vertical displacements of ~55 m indicating a minimum throw rate of ~2.9 mm/yr
along four profiles. Thel50 BC sd shows an average vertical displacement of ~7.5 m along eight profiles, indicating a throw
rate of ~3.3 mm/yr. The 1329 lava flow has vertical displacements of ~6 m from five profiles, indicating a throw rate of 8
mm/yr. The throw rates obtained show an increasing trend through time with a significant growth starting from 1329 CE (Figs.
13b, ¢ and d).

7.2 Throw rates temporal evolution and possible significance

The throw rates analysed are illustrated in Table A2 (see Appendix A) showing literature data (Rasa et al., 1996; Azzaro et al.,
1998; Azzaro et al., 2000; Azzaro et al., 2001; Obrizzo et al., 2001; Ferreli et al., 2002; Neri et al., 2007; Bonforte et al., 2011;
Azzaro et al., 2012; D’Amato et al., 2017; Tringali, 2023; Tringali et al., 2023b) with the addition of those from this study.
These new data include, besides those along the Fiandaca fault system, throw rates obtained from profiles (see location in
Supplementary Figs. S2b and S3) along the Trecastagni, San Leonardello and Santa Tecla faults (see Table Al).

The analysis of the throw rates evolution over time (Fig. 14) allows to observe a gradually increase starting at least from the
Holocene along the TFS (Fig. 14a) and especially for the PFS (Fig. 14b) and the SFS (Fig. 14c) In particular, during the Late
Pleistocene and the Holocene until at least 3.9 ka, throw rates of 0.9-1.4 mm/yr on average occurred along the TFS, PFS and
SFS (Fig. 14a, b and c). After 3.9 ka an increase of the throw rates is observed passing from 1.4 to 2.5-3.4 mm/yr on average
considering all the faults. Finally, throw rates of ~5-10 mm/yr observed from the Medieval period (Figs. 13c and 14a) suggests
a further increase of fault slip events in the last centuries. The highlighted throw rates evolution may be associated with a
gradual increase of the flank instability over time. In fact, most of the coseismic and aseismic fault slip events along the eastern
flank are triggered by temporary acceleration of the flank sliding. The data corroborate the findings of Acocella and Neri
(2005) regarding the PFS. In essence, PFS is comprised of two distinct segments: the western segment (between 1800 and 700
m a.s.l.) and the eastern segment (below 700 m a.s.l.). The eastern part of the fault system is characterised by smaller, separated
faults configured in en-échelon pattern, with progressively lower rates of movement towards the lonian coast. This second part
of the fault system resembles a 'neo-fault', in which ground deformation has not yet reached the maturity that characterises the
western portion. This suggests a deformation process undergoing recent evolution and expansion, connected with the sliding
phenomena that characterise the eastern flank of the volcano. However, it would be erroneous to rule out the possibility that
the flank instability process was already acting as previously suggested (Tibaldi and Groppelli, 2002; Groppelli and Norini,
2011), with probable involvement in significant sliding acceleration episodes, albeit less frequent. The observed increase in
flank instability can be attributed to the growth of the volcanic edifice over time, which has reached its maximum size in the
last 20-30 thousand years.

Even though erosive processes may lead to underestimate the throw rates, some of them gradually increase of 2-4 times, since
15 ka, 3.9 ka and the latest years (e.g., PER, FIU, GRE, 3CA; CAT, PLA, FIA, LEO, TEC; see Fig. 14 and Table A2). The
most impressive throw rate increase is along PER (Fig. 14ba), from 2.5 mm/yr in the last 15 kyr to 15-36 mm/yr in the last 3.5
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kyr (D’ Amico et al., 2017; Ferreli et al., 2002; Obrizzo et al., 2001). GRE also experienced a high increase (Fig. 14c) from 0.3
mm/yr in the last 15 kyr (Azzaro et al., 2012) to 3 mm/yr in the period 1995-2000 (Bonforte et al., 2011), which is consistent
with the maximum vertical displacements on manmade structures of 5-10 cm observed since the 1960s (Monaco et al., 2010;
Imposa et al., 2015). The increases along PER and GRE are extremely high, one order of magnitude greater, and considering
that these two faults play an important role bounding the flank instability (Neri et al., 2004; 2007; Azzaro et al., 2013; Urlaub
et al., 2018), it is very likely an increase of the E flank sliding over time.

Throw rates of Etna faults over time
a) \Timpe fault system (TFS) ] b) Pernicana fault system (PFS)
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Figure 14: Boxplots of the Etna faults throw rates (see Table A2) highlighting an evolution over time: a) Timpe fault system; b)
Pernicana fault system; c) Southern fault system; d) all faults.
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These findings agree with the recent GNSS data, which shows displacements toward the E higher than 15-20 mm/yr along the
TFS with major deformation along the hanging walls (Bonforte and Puglisi, 2006; Carnemolla et al., 2023; Palano et al., 2023).
A similar behaviour is observed also along the SFS.

In conclusion, the flank instability was already acting in the Late Pleistocene and in the beginning of the Holocene, albeit with
minor sliding velocity. During the Holocene, flank instability gradually increased over time reaching its current sliding rate
presumably during the Middle Ages. This led to the superimposition of the current sliding process on the long-term regional

tectonic uplift.

7.3 Concurrent factors affecting flank dynamics

The apparent increase in throw rates over time may be related to recent earthquake clusters triggered by dyke intrusions, which
have been observed to temporarily accelerate slip along faults (Acocella et al., 2003; Neri et al., 2005; Azzaro et al., 2012).
Nonetheless, considering the change in volcanic behaviour over the last centuries, with an increase in flank eruptions, these
clusters could become more frequent, thereby impacting flank instability. Thus, when considering long-term eruptive cycles,
their impact on volcano flank dynamics may be more significant than those observed during individual eruptive events. For
example, the 1669 event, characterized by dry fractures extending approximately 12 km from the base of the central crater
along the entire S Rift (Branca et al., 2015), suggests that the magmatic intrusion caused intense deformation on the sliding
flank of the volcano. However, considering the entire eruptive cycle of the 17" Century (Behncke and Neri, 2003), it is likely
to have affected the flank instability in the long term, influencing subsequent lateral eruptions. For these reasons, an analysis
of the spatial and temporal distribution of historical flank eruptions and relative eruptive fissures (see locations in Fig. 1) was
carried out revealing a variation that generally affects all the Rifts, except for the S one which seems to maintain roughly a
constant activity (Fig. 15). In general, a change is observed from 1000 CE onwards with a significant increase in eruptions
along the NE Rift (Figs. 15a and b). More specifically, last centuries flank eruptions, following the 1700, have become more
frequent at higher altitude along the NE and S Rifts (Fig. 15c), which border the eastern instability sector. The increase in
throw rates along PER may be associated with more frequent dyke intrusions along the NE Rift (D’Amato et al., 2017).
Conversely, few eruptions interested the W Rift which was very active during the Greek-Roman period (Fig. 15a) and over
the long term (Fig. 15d; Branca and Abate, 2019). This could also be due to the fact that the W Rift may host a greater number
of 'eccentric’ or 'peripheral’ eruptions, i.e. fed by magma conduits other than the central one, which allow magma to rise
vertically to the surface rather than laterally, and thus make a minor contribution to the movements of the eastern flank of the
volcano (Neri et al., 2011; Acocella et al., 2013). Furthermore, an apparent increase of eruptive fissures is also observed in the
ENE flank (Fig. 14b, ¢ and d), aligning with an extension toward the ESE of the eastern flank. This grow may be associated
with the increasing of the gravitational sliding that can promote the capture of the uprising magma in the eastern flank along
NAC as happened during the 1928 eruption (Tibaldi et al., 2021, 2022). This magma capture supports the hypothesis that NAC

represents a deep structure inherited from the sedimentary basement (Azzaro et al., 2012).
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Location of Etna’s flank eruptions over time
|a)| 500 BC - 1000 AD | 'b)| 1000 AD - 2018
NE Rift 0 NW flank 3%

NW flank 11% ENE flank 11% NE Rift 18%
VdB 0 W Rift 13%
ENE 16%
VdB 8%
S Rift 39% S Rift 42%

W Rift 39%
)| 1700 - 2018 'd)| 5008c- 2018
NW flank 3% NW flank 5% NE Rift 13%

ENE 16%

NE Rift 169
16% |\ Rift 19%
ENE 23%

VdB 8% S Rift 41%

W Rift 7%“

S Rift 43%

dB 6%

Figure 15: Etna historical eruptive fissures spatial and temporal distribution (see supplementary Tables S4 and S5): a) 500 BC —
500 1000 AD period; b) 1000 AD — 2018 period; c) 1700 — 2018 period; d) 500 BC — 2018 period. VVdB: Valle del Bove eruptions with
uncertain location of the eruptive fissures; ENE: East-Northeast flank strictly related to the NAC fault zone.

The feedback processes occurring between flank instability and lateral eruptions at Mt. Etna (i.e., 1989, 1991-1993, 2001,
2002-2003, 2004-2005 eruptions) have been explored in several works (Acocella et al., 2003; Bonforte and Puglisi, 2003; Neri
505 et al., 2005; Walter et al., 2005a; Neri and Acocella, 2006; Bonaccorso et al., 2013; Bonforte et al., 2019). Several authors
have described the combination of volcano spreading and flank sliding as controlling the position of future eruptive events

through the creation of shallow fractures and weaknesses that become the paths of rising magma (see McGuire and Pullen,
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1989; Acocella and Neri, 2003; Acocella and Tibaldi, 2005; Ruch et al., 2012; Pezzo et al., 2020). Furthermore, analogue
structural evolution modelling of La Palma and multidisciplinary studies in Tenerife (Canary Islands) suggests that the position
and the direction of the main volcanic rifts are guided by the flank instability (Walter and Troll, 2003; Walter et al., 2005b).
Therefore, even considering the importance of the regional tectonics in driving magma from the deep plumbing system, the
recent increase of the volcano-tectonic activity with more eruptions in the upper flanks, seismicity and surface faulting events
may be explained with an increase of the flank instability.

If the observed trend will persist, it could lead to a further increase in eruptions, seismicity, and surface faulting events with
consequences in the associated hazards. Flank instability is a major issue in the coastal and insular volcanoes because it may
lead to catastrophic collapses that can also trigger dangerous tsunamis. This is even more important in a volcano like Etna,
which is inhabited by around a million people, most of whom are concentrated on its southern and eastern flanks, the most
affected by deformation. Although a catastrophic scenario is unlikely, a collapse that may partially involve the inhabited eastern
slope cannot be completely ruled out. For these reasons, it will be important to investigate the hypothesis of the increase of the
flank instability with i) extensive paleoseismological investigations to better estimate the fault’s slip-rates; ii) advanced studies
on the spatial and temporal distribution of the flank eruptions; and iii) the improving of the volcano monitoring system,
especially along active and capable faults.

8 Conclusions and future perspectives

Recent shallow earthquakes damage and associated flank eruptions on Mt. Etna have allowed the study of the dynamics of the
Etna’s eastern flank with multidisciplinary approaches. The first paleoseismological evidence along the Fiandaca Fault
prompted the identification of three earthquakes occurring:
i in the Early Middle Ages (i.e., 757-894 CE);
ii. in the period spanning the recent centuries (i.e., 1281-1926 CE), may be considered to correspond to the date of 8
August 1894;

iii. the 26 December 2018.
At present we have no record in any seismic catalogue of the earthquake that occurred in the Early Middle Ages. We may
speculate that it was triggered by the dyke intrusion associated with one of the three flank eruptions, reported in Branca and
Abate (2019), that took place along the eastern flank during the same period. The 2018 surface faulting correspond to the faults
recognized within the trenches and during field survey immediately after the earthquake. This evidence confirms the
importance of paleoseismology and exploratory stratigraphic trenches for the seismic risk reduction also in volcanic contexts.
In addition, these paleoseismic results suggest an increase of seismicity and fault activation through time.
The analysis of throw rates variations over time obtained along different lava flows along the Fiandaca-Aci Catena-Aci Platani
faults scarps, reveals an increase in throw rates from 1.4 mm/yr at the beginning of Holocene to 8 mm/yr starting from the

Medieval period onwards. These results corroborate the paleoseismic findings. Furthermore, an increase in throw rates has
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been observed in numerous other eastern flank faults (TFS, PFS, SFS and RFS in Fig. 14), particularly those situated adjacent
to regions exhibiting flank sliding such as the Pernicana and San Gregorio faults (PER and GRE in Fig. 14). This behavioural
pattern suggests an increase in flank instability over time.(This is findings are in alignment with recent geodetic data but also
with the continuous growing of the volcanic edifice which reached its maximum size at the end of the Pleistocene.

It seems highly probable that increase in flank instability has influenced the eruptive activity of the last few centuries, resulting
in the opening of new eruptive fissures at higher altitudes on the eastern flank along the NE and S Rifts, as well as along the
Ripe della Naca faults. Nevertheless, it cannot be discounted that the acceleration of flank deformations was triggered by an
increase in the frequency and quantity of magma moving from the deep magma chamber to the surface layers of the crust,
which could undergo cyclical secular variations. However, as emerged in several studies, feedback processes occur between
flank instability and lateral eruptions, thus, they concurrently act in the flank dynamics. In any case, these recent changes in
the flank dynamics have also led to a decrease in volcanic activity along the W Rift, which was more active during the Greek-
Roman period.

The observed increase in flank instability is a significant finding, as it may potentially lead to an increase in the frequency of
eruptions, major earthquakes and surface faulting events, which in turn may result in significant hazards. Moreover, in the
worst-case scenario it could lead to collapses that would adversely impact a densely populated area. Hence, further
investigations are required regarding the past flank eruptions and slip rates, with a view to better constrain the increasing trend
of the sliding flank.

It is evident that a multitude of factors contribute to the overall volcanic activity, including regional tectonic movements, the
intrusion of dikes, lateral eruptions, the slippage along faults, and the instability of the volcano's flank. Consequently, risk
assessments and future land use planning must adopt a comprehensive approach that considers the potential for a range of
hazards.

30


null
??


https://doi.org/10.5194/egusphere-2024-4078
Preprint. Discussion started: 22 January 2025
(© Author(s) 2025. CC BY 4.0 License.

Appendix A: Mt. Etna capable faults throw rates

EGUsphere\

575 Table Al: Throws and throw rates obtained by 22 geological profiles along several displaced and dated lava flows.

Throw Throw | Throw rate
N Fault Lava flow Age (m) rate accuracy
(mm/yr) (mm/yr)
1 Fiandaca (FIA) M. Salto del Cane (sd) | 150 BCE | 10.5 4.9 $0.2
2 Fiandaca (FIA) M. Salto del Cane (sd) | 150 BCE 7.5 3.5 +0.2
3 Fiandaca (FIA) M. Salto del Cane (sd) | 150 BCE 6.6 3.1 +0.2
4 Fiandaca (FIA) M. Salto del Cane (sd) | 150 BCE 7.6 3.5 +0.2
5 Fiandaca (FIA) M. Salto del Cane (sd) | 150 BCE 8 3.7 +0.2
6 Fiandaca (FIA) M. Salto del Cane (sd) | 150 BCE 7.5 35 +0.2
7 Fiandaca (FIA) M. Salto del Cane (sd) | 150 BCE 8.2 3.8 +0.2
8 Fiandaca (FIA) M. Salto del Cane (sd) | 150 BCE 8.1 3.7 +0.2
9 Fiandaca (FIA) 1329 1329 CE 5.2 7.6 +0.5
10 Fiandaca (FIA) 1329 1329 CE 6.8 10.0 +0.5
11 Fiandaca (FIA) 1329 1329 CE 55 8.1 +0.5
12 Fiandaca (FIA) 1329 1329 CE 6.0 8.8 +0.5
13 Fiandaca (FIA) 1329 1329 CE 6.5 9.5 +0.5
Aci Catena (CAT)
14 Fiandaca (FIA) Aci Platani (at) 15 ka 44 2.9 +0.02
Aci Platani (PLA)
Aci Catena (CAT)
15 Fiandaca (FIA) Aci Platani (at) 15 ka 41 2.7 +0.02
Aci Platani (PLA)
Aci Catena (CAT)
16 Fiandaca (FIA) Aci Platani (at) 15 ka 43 2.9 +0.02
Aci Platani (PLA)
Aci Catena (CAT)
17 Fiandaca (FIA) Aci Platani (at) 15 ka 45 3 +0.02
Aci Platani (PLA)
Aci Catena (CAT)
18 Aci Platani (PLA) Valverde fm. 115 ka 110.0 1.0 +0.01
19 Trecastagni (3CA) Vigna Grande (vr) 15 ka 11.8 0.8 +0.02
20 | San Leonardello (LEO) M. llice (mi) 1030 CE 7.7 7.8 +0.4
21 | San Leonardello (LEO) M. Gorna (mg) 500 BCE 13.8 55 +0.2
22 Santa Tecla (TEC) Piano d’Api (ay) 3.9 ka 10.2 2.6 +0.1
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Table A2: Throw rates of the Etna faults according to long and short-term dating, showing a general increase over time. Method for
the throw rate estimation: FO: field observation (geomorphological and geological), PT: paleoseismological trench, GD: geodetic

580 data. Sources indicated in the column References.

S)F:tlélr; Fault TT;?%V/;?;‘ES Time Method References
0.6 15 kyr FO Azzaro et al., 2012
Calcerana (CAL)
25 3.9 kyr FO Azzaro et al., 2012
RFS ) _ 13 15 kyr FO Azzaro et al., 2012
Masse(rlél A(iil;/ aliere 15 3.9 kyr FO Azzaro et al., 2012
3.7 1993-2002 CE FO Neri et al., 2007
1-2.5 15 kyr FO D’Amato et al., 2017
15 3.5 kyr FO D’Amato et al., 2017
Pernicana (PER) 20 >1850 CE FO; PT Ferreli et al., 2002
36 1980-1997 CE FO Obrizzo et al., 2001
PFS 12 1997-1999 CE FO Azzaro et al., 2001
0.4 15 kyr FO Azzaro et al., 2012
Fiumefreddo (FIU) 3.9 kyr FO Azzaro et al., 2012
1971-1997 CE FO Azzaro et al., 1998
o 2.5 3.9 kyr FO Azzaro et al., 2012
Tremestieri (3ME)
4 1995-2000 CE GD Bonforte et al., 2011
0.8 15 kyr FO This study
SFS Trecastagni (3CA) 25 3.9 kyr FO Azzaro et al., 2012
4 1995-2000 GD Bonforte et al., 2011
0.1 110 kyr FO Azzaro et al., 2012
San Gregorio (GRE) 0.3 15 kyr FO Azzaro et al., 2012
3 1995-2000 CE GD Bonforte et al., 2011
0.9 115 kyr FO This study
14 35 kyr FO Azzaro et al., 2012
. 2.4 15 kyr FO This study
Aci Catena (CAT)
2.6 3.9 kyr FO Azzaro et al., 2012
TFS 2.3-3.6 1970-1995 FO Rasa et al., 1996
6 1995-2000 GD Bonforte et al., 2011
0.1 110 kyr FO Azzaro et al., 2012
Aci Platani (PLA) 0.4 15 kyr FO Azzaro et al., 2012
2.5 3.9 kyr FO This study
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1.0 3.9 kyr FO Azzaro et al., 2012
Fiandaca (FIA) 3.7 >150 BCE FO This study
8.1 >1329 CE FO This study
2.8 3.9 kyr FO This study
Santa Tecla (TEC) -
10 1979-1995 FO Rasa et al., 1996
o 0.8-1 >500 BCE FO Tringali, 2023
Scalo Pennisi (SCA) - ;
15 2002-2022 CE FO Tringali et al., 2023b
2 100 kyr FO Azzaro et al., 2012
1.7 7.6 kyr FO Azzaro et al., 2012
Moscarello (MOS) 1.4-2.7 6.0 kyr FO; PT Azzaro et al., 2000
25 3.9 kyr FO Azzaro et al., 2012
3 1995-2000 CE GD Bonforte et al., 2011
2.6 7.6 kyr FO Azzaro et al., 2012
55 >500 BCE FO This study
San Leonardello (LEO) -
7.8 >1000 CE FO This study
5 1980-1995 CE FO Rasa et al., 1996
Ripe della Naca (NAC) 0.7 180-15 kyr FO Azzaro et al., 2012

Data availability

The data about Fiandaca historic surface faulting events, geological cross sections with associated traces on maps, and eruptive
history that support the findings of this study are available in the supplement of this article. Data about historical and
instrumental  seismicity can be found in the: CFTISMEd (https://storing.ingv.it/cfti/cfti5/); CMTE

(https://www.ct.ingv.it/macro/etna/index.html). Spatial and structural data about the 2018 surface ruptures are available in the

zenodo repository (https://zenodo.org/records/8414945).
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