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Abstract

The 1928 AD volcanic activity on eastern Etna, Italy, produced wide surface
deformation and high effusion rates along fissures, with excess volumes of about 50
million m3 of lavas. This, in conjunction with the low elevation of the main eruptive
vents (1150 m a.s.l.), caused the destruction of the Mascali town. Our research
focuses on a multidisciplinary study from field observations and Finite Element
Method modelling through COMSOL Multiphysics®, with the aim of reconstructing
the geometry, kinematics and origin of the system of faults and fissures formed
during the 1928 event. We collected quantitative measurements from 438 sites of
azimuth values, opening direction and aperture amount of dry fissures, and attitude
and vertical offsets of faults. From west to east, four volcanotectonic settings have
been identified, related to dike propagation in the same direction: 1) a sequence of
8 eruptive vents, surrounded by a 385-m wide graben, 2) a 2.5-km long single
eruptive fissure, 3) a half-graben as wide as 74 m and a symmetric, 39-m-wide
graben without evidence of eruption, 4) alignment of lower vents along the pre-
existing Ripe della Naca faults. Field data, along with historical aerial photos,
became inputs to FEM numerical models. The latter allowed us to investigate the
connection between diking and surface deformation during the 1928 event, subject
to a range of overpressure values (1-20 MPa), host rock properties (1-30 GPa) and
geometrical complexity (stratigraphic sequence, layer thickness). In addition, we
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studied the distribution of tensile and shear stresses above the dike tip and gained
insights into dike-induced graben scenarios. Our multidisciplinary study reports that
soft (e.g. tuff) layers can act as temporary stress barriers and control the surface
deformation scenarios (dike-induced graben, single fracture or eruptive fissures)
above a propagating dike by suppressing the distribution of shear stresses towards
the surface.

Keywords: 1928 Mt Etna eruption, graben, dike, fissures, numerical modelling

1. Introduction

Magma ascent in the shallow crust occurs in the form of vertical to subvertical tabular
bodies, i.e. dikes or inclined sheets (Bates and Jackson, 1987; Ferrari et al., 1991;
Acocella and Neri, 2009; Acocella et al., 2009; Geshi and Neri, 2014; Falsaperla and
Neri, 2015; Tibaldi, 2015; Acocella 2021). Dikes/sheets rupture the host rock ahead
of their tips and form Mode | fractures (Anderson, 1951; Rubin and Pollard, 1987;
Rubin, 1993) driven mainly by the internal magma overpressure towards the surface
(Gudmundsson, 2011). The dike/sheet ascending path generally lies on a plane
parallel to the maximum principal compressive stress (01) and perpendicular to the
minimum principal compressive stress (03) (Anderson, 1951; Rubin, 1993) ahead of
the dike tip. However, subject to stress rotations, magma can stall and store along
horizontal to sub-horizontal planes, forming sills (Pollard and Johnson, 1973;
Maccaferri et al., 2011; Craig et al., 2016; Sili et al., 2019). Sills can then evolve to
shallow magma chambers (Barnett and Gudmundsson, 2014; Gudmundsson,
2020), or can deviate along pre-existing fractures (faults or dikes) (Bahat, 1980;
Gautneb et al., 1989; Ferrari et al., 1991; Gardufio et al., 1996; Gudmundsson et al.,
2001; Acocella et al., 2006a; Neri et al., 2008, 2011; Tibaldi et al., 2008; Ruch et al.,
2016; Gudmundsson, 2020; Acocella, 2021; Thiele et al., 2021; Drymoni et al.,
2021).

Fracture formation relies on the Griffith’s theory, where several minor pre-existing
cracks in an interface can unify to form larger cracks and eventually fractures
(Griffith, 1924; Broek, 1982; Gudmundsson, 2011). In magma-driven fractures,
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magma overpressure induces stress concentration at the dike tip that, in turn, can
initiate and allow a fracture to propagate if: 1) the tensile stress is equal (or exceeds)
the tensile strength (To) of the host rock, and 2) the elastic energy release rate (G))
is equal (or exceeds) the material toughness (Gic) of the host rock. If both conditions
are satisfied, a fracture initiates and then propagates in advance of the magma front.
Sometimes a dry segment may form at the surface (Warpinski, 1985; Bonafede and
Olivieri, 1995; Garagash and Detournay, 2000; Billi et al., 2003; Tibaldi, 2015).
Similarly, for a shear fracture, uniform shear (Mode Il) loading conditions can also
generate slip on the crack surface and promote displacement orthogonal to the crack
front but parallel to the crack plane. In this case, crack generation occurs when the
stress intensity factor (K ), or fracture toughness of the host rock, becomes critical
(Kiic) (Backers and Stephansson, 2012).

In shallow settings, the stress concentration (tensile loading) above the propagating
dike tip induces tensile stress (o) and shear stress (1) concentration in the
conterminous host rock (Gudmundsson, 2011). As a result, at a short distance from
the tip’s side there is a great concentration of tensile stress which is thus subject to
shear stress. This may produce deformation of the topographic surface and can be
expressed by the formation and development of extension fractures, faulting,
upwarping, and graben development (Rubin and Pollard, 1988; Billi et al., 2003). The
dike-induced surface deformations can be further convoluted owing to the different
geometries of the intrusion plane, the dissimilar mechanical layering of the host rock,
and topographic effects (e.g.: Acocella et al., 2006b, 2009; Neri et al., 2008; Bonforte
et al., 2009; Battaglia et al., 2011; Trippanera et al., 2014, 2015; Galland et al., 2015;
Guldstrand et al., 2017; Fittipaldi et al., 2019; Gudmundsson, 2020; Tibaldi et al.,
2020; Drymoni et al., 2021). Although these topics have already been studied, more
field observations and analyses are needed to better understand the complex
relationships between them.

With this paper, we intend to contribute to a better understanding of dike-induced
surface deformations in central stratovolcanoes, taking as a field-based example the
structures associated with the eruptive fissuring of 1928 AD at Mt Etna, Italy (Duncan
et al., 1996; Branca et al., 2017). This volcano is subject to both tectonic, magmatic
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and gravity stresses, which interact triggering eruptions. The eruption here studied
started in November 1928 with the opening of three eruptive fissures (UF, MF, LF in
Fig. 1), aligned in a WSW-ENE direction. These three fissures opened in time
progression on the 2", 3 and 4"-19" November, and thus propagated eastward
(Branca et al., 2017), coherently with the presence of a dike that intruded in the same
direction. They started in the summit area of the volcano, but quickly, in a few days,
propagated down to 1150 m a.s.l. (Duncan et al., 1996; Branca et al., 2017). From
this site, a long lava flow expanded downward and covered an area of 4.38 km?,
destroying the village of Mascali and sterilising wide swaths of productive agricultural
land.

The structures associated with the 1928 fissure eruption of Mt Etna provide an
excellent case study, because they show a plethora of possible dike-induced
structures, such as symmetric to half-grabens, dry fissures, volcanic vents and
eruptive fissures. The integration of field observations with aerial remote-sensing
analysis allowed us to precisely map and quantify the structures: these data,
together with lithostratigraphic observations, became inputs to FEM models to
investigate the scenarios that lead to the observed dike-induced surface features.
Further sensitivity analysis allowed us to investigate the parameters that control the
surface deformation subject to a range of overpressure values (1-20 MPa), host rock
properties (1-30 GPa) and geometrical complexity (stratigraphic sequence, layer
thickness). The results of our study have a wide impact and interest as they provide
a crucial contribution to the understanding of dike-induced deformation in active
volcanic areas and could be broadly applied in similar volcanotectonic settings

elsewhere.
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Figure 1. Geological map of the studied area overlapped on a shaded relief
(http://geodb.ct.ingv.it/geoportale/; Branca et al., 2011). The two insets show the
location of Mt Etna and the studied area. The white dashed lines delimit the NE Rift
and the ENE Rift. The numbers specify the age of flank eruptions. Black lines
indicate the main faults (after Azzaro et al., 2012). UF= Upper Fracture, MF=Middle
Fracture, and LF = Lower Fracture are the segments of the 1928 fracture swarm.

Contour lines every 500 m were extracted from the 2005 DEM by Gwinner at al.
(2006). VDB = Valle Del Bove, SEC = SouthEast Crater, NEC = NorthEast Crater.

2. Geological background

Mt Etna is a large basaltic composite stratovolcano formed during the last 500 ka in
eastern Sicily. Its geological evolution is divided in four main evolutionary phases of
eruptive activity: the Basal Tholeiitic (500-330 ka), Timpe (220-110 ka), Valle del
Bove (110-60 ka) and Stratovolcano (60 ka-Present) phases (Branca et al., 20113,
b). The eastern flank of the volcano is distinguished by the presence of a wide
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depression with an amphitheater shape, known as Valle del Bove; our study area is
located immediately NE of the northern escarpment of the Valle del Bove, which is
formed by volcanic deposits of the Valle del Bove phase related to the eruptive
activity of Rocche and Mt Cerasa volcanoes (Fig. 1). These deposits are covered by
the thick succession of Ellittico volcano, consisting of alternating lava flows and
pyroclastic deposits emplaced between about 60 and 15 ka ago. Eruptive activity in
the last 15 ka, belonging to Mongibello volcano, covered the main portion of the
investigated area generating the present morphological setting of the Etna edifice.
The Mongibello volcanic succession mainly consists of lava flows, generated by both
summit and flank eruptions, and subsequently by pyroclastic fall deposits (Branca et
al., 2011a, b).

The eruptive fissures of Mongibello volcano are spatially clustered according to two
main weakness zones, named North-East Rift and ENE Rift (Fig. 1) (Kieffer,
1975, 1985; Lo Giudice et al., 1982; McGuire and Pullen, 1989; Patane et al., 2011;
Cappello et al., 2012; Azzaro et al., 2012), which represent ideal locations for magma
rising, giving place to flank (or lateral) eruptions, that are usually fed by shallow (1-
3 km in depth) dikes propagating laterally from the central conduit (Acocella and
Neri, 2009). The North-East Rift, located on the upper northeastern flank of the
volcano, is represented by a swarm of eruptive and dry fissures striking in NNE- to
NE direction, pit craters and pyroclastic cones, 0.5 km wide and about 7 km long,
which stretches from 2500 to 1700 m a.s.l. More in detail, eruptive fissures strike
from N15°E to N50°E, showing a gradual clockwise rotation along the rift towards
NE (Tibaldi and Groppelli, 2002). Along the northern shoulder of the Valle del Bove,
the ENE Rift is composed of another smaller swarm of dry and eruptive fissures and
cones, at about 2300-1600 m a.s.l. of elevation; fissures strike from N70°E to N90°E
(Azzaro et al., 2012). The eruptive fissures of the ENE Rift formed during flank
eruptions that took place between 15 ka and 3.9 ka BP (Branca et al., 2011a): some
of these fissures propagated from the northern escarpment of the Valle del Bove
down to the fault scarps of the Ripe della Naca (Fig. 1). In historical times, during
the past 2500 years, several eruptive fissures intruded along the ENE Rift and they
are related to the eruptions of Mt Rinatu, dated 1000 + 50 AD, and Scorciavacca,
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dated 1020 + 40, 1865, 1928, 1971 and 1979 AD (Branca et al., 2011a). The topic
of our study, which is the 1928 fissure eruption, is characterised by a swarm of
fractures and eruptive vents extending from the northern bottom of the Valle del Bove
to the west, to the intersection with the Ripe della Naca faults to the east (Fig. 1).
The 1928 eruption is the only event, following that of 1669, to have caused the
destruction of a town in the Etna region. This eruption involved the north-eastern
flank, and the opening of the fissure system, which started on November 2", and
was preceded and accompanied by intense explosive activity at the NE crater
(Branca et al., 2017). On that day, the first segment of the fissure formed at 2600 m
a.s.l. and extended for 450 m, with activity lasting less than 1 hour that produced a
short, 0.45 km-long lava flow. The second segment of the fissure opened on
November 3™ more to the east, at Serra delle Concazze, between 2300 m and 1560
m a.s.l., extending for 3.2 km. This fissure emitted a lava flow for about 18 hours,
that destroyed conterminous woods, reaching 3.8 km in length. The third segment
of the fissure, 100 m-long, formed further east during the night of November 4™ at
1200 m a.s.l. at Ripe della Naca. The development of this dry and eruptive fracture
swarm from west to east clearly mirrors a propagation in the same direction of the
feeder dike. A lava flow was issued from the third fissure and advanced rapidly (0.46
km/h) along the Pietrafucile-Vallonazzo stream gully, reaching, on the morning of
November 6%, the town of Mascali, which was destroyed the following day, with the
exception of the small neighborhood of Sant'Antonino. Between November 6" and
10", the advance of the lava flow interrupted all communication routes between the
cities of Catania and Messina, resulting in about 5000 homeless people and causing
the destruction of 716 hectares of productive land and 8 industrial plants for the
processing of citrus fruits. During the night of November 19™, the emission of lava
ended, generating overall a flow 9.4 km in length that reached an elevation of 25 m
a.s.l. and destroyed a few houses in the village of Carrabba. After 17 days of activity,
a total lava volume of 52.9 + 5.2 x 106 m3 had been erupted, with an average effusion
rate of 38.5 m%/s (Branca et al., 2017).

3. Methodology
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3.1 Field and historical aerial photo analysis

In order to map and classify all the structures of the area in detail, we carried out a
remote-sensing analysis by means of historical aerial photos. We used aerial photos
collected in 1932, 1954 and 1955 by the Istituto Geografico Militare (I.G.M.,
https://www.igmi.org/). Their comparison allowed us to distinguish the 1928

associated structures with the ones generated by later eruptive activity in the same
area (1971 and 1979 AD).

Then, we performed a detailed field survey along the entire length (14 km) of the
1928 fissure, by collecting quantitative and qualitative structural measurements, and
to validate the classification made through the remote sensing analysis. We
classified the observed fractures as normal faults when they presented a vertical
offset (Fig. 2A), or as extension fractures when there is no vertical displacement (Fig.
2B). In some cases, sediments covered the fractures, not allowing the observation
of a continuous scarp; in this case, the classification was made considering the
change in the topography, when it showed a vertical offset. The surface fractures
were classified either as dry fractures when they did not present eruption signs, or
as eruptive fissures (Fig. 2C) when they were accompanied by spatter lavas, lava
flows or scoriae deposits.

In view of the above, we performed field surveys to collect structural data at 438 sites
along the 1928 fracture; each measurement was referred to the WGS84 datum using
RTK GPS with 2-cm of accuracy. We made precise measurements of the strike,
opening direction and aperture amount of dry fractures, and collected data regarding
the attitude and offset of the mapped normal faults. To measure the vertical offset in
the field, we used a measuring tape for offsets < 2 m, and a laser rangefinder for
offsets > 2 m, obtaining results with an uncertainty of 0.10 m and 0.20 m,
respectively. The opening direction was measured only when piercing points were
clearly visible on both sides of the fracture.

We paid special attention to distinguish among structures formed during the 1928
event and those produced by earlier events. First of all, we examined the
stratigraphic relationships between the various structures and the 1928 depositional
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units, ascribing to pre-1928 events the structures that are clearly covered by the
1928 lava flows. Although we recognize that some uncertainty here can be present,
because some faults or fissures can have formed as the dike propagated upwards
or laterally prior to erupting, we used this stratigraphic criteria in conjuction to further
observations. The 1928 fractures are all characterised by a very low degree of
sediment infilling and young vegetation, whereas the pre-1928 structures are filled
and have large trees. We also examined the fault scarps to see if there are
indications of reactivation (such as different degrees of erosion of parts of the fault
scarp, or different lichen colonization), without finding any evidence. Finally, there

are some historical papers that describe that during the 1928 event the new swarm
of fractures formed (Friedlander, 1929; Ponte, 1928, 1929; Imbo, 1932).

i L L A e %

Figure 2. View of a SE-dipping normal fault (A), a dry extension fracture (B) and an
eruptive fissure with signs of spatter lava deposits (C) as surveyed in the field.

3.2 Numerical modelling

3.2.1 Material properties
In the present research, we use a layered domain that corresponds to dissimilar
Young’s modulus (E) values since the upper crust is mainly highly anisotropic and
heterogeneous (Gudmundsson, 2011, 2020; Drymoni et al., 2020). In detail, stiffness
properties reflect values that have been proposed as common crustal deposit values
(Gudmundsson, 2011). Basement values are between 10-40 GPa, shallow crust
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deposits typically range between 1-15 GPa (Ray et al., 2006; Becerril et al., 2013),
while pyroclastics and sediments may be very compliant, as much as 0.001 GPa
(Heap et al., 2019). Furthermore, we assume that the examined crustal segment
(and its associated layers) is characterised by a linear elastic behaviour, based on
previous studies (e.g. Gudmundsson, 2011).

Consistently with field lithostratigraphic observations, here we consider a
heterogeneous host rock, made up of an approximation of four layers, with the
following characteristics: i) comparatively stiff lava flows with Ecs, cs2=7-10 GPa, ii)
stiff host rock lava flows with Es=7-30 GPa, and iii) a compliant tuff layer with Et=1
GPa. All deposits have a constant Poisson’s ratio value of 0.25 (Babiker and
Gudmundsson, 2004) and density values of pcs=ps=2600 kg m- that correspond to
stiff lava deposits, and pr=2000 kg m™ for compliant deposits.

3.2.2 FEM Methods
We used the Structural Mechanics module of the Finite-Element-Method (FEM)
software COMSOL Multiphysics (v5.6), to explore the distribution of dike-induced
local tensile stresses while the fracture propagates to the surface through a layered
elastic medium. The program has the ability to analyse in 2D the stresses and strains
at a dike tip subject to user-defined boundary conditions (dynamic boundary loads)
and simulate the distribution of stresses around the tip to enable assessing both the
modes of fracturing (Broek, 1982; Gudmundsson, 2011; Bazargan and
Gudmundsson, 2019, 2020) as well as the likelihood of the dike propagation path
(Drymoni et al., 2020). According to Amadei and Stephansson (1997), the tensile
stress should be almost equal to the in-situ tensile strength (T,) of the host rock for
a fracture to occur (between 0.5-9 MPa); hence, in all our models we design primarly
a tensile stress surface. Secondly, we explore the possibility of pre-existing fractures
to slip; hence, we model also a shear stress surface (Melin, 1986; Lawn, 1993). The
shear stress concentration has been proposed to be usually two times the tensile
stress (1220), thus between 1-12 MPa (Haimson and Rummel, 1982; Schultz, 1995)
to generate slip in pre-existing fractures. In the static models, we change the depth
of the dike to allow it to propagate gradually to the surface. While it ascends, we take
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snapshots of the latter on dissimilar stratigraphic contacts where a mechanical
contrast can be produced (Gudmundsson and Brenner, 2001). The models assume
that pre-existing fractures exist in the near-surface domain generating individually
either Mode | or |l fracturing scenarios (Backers and Stephansson, 2012) and that
the host rock behaves in a linear elastic way (Farmer, 1983; Bell, 2000).

3.2.3 Model setups and baseline models

We designed 2D models of a dike propagating through a layered host rock subject
to the following steps. First we designed the geometry of the squared layered host
rock domain, which replicated the field observations, and then that of the dike (Fig.
3). The latter has been modelled as an elliptical cavity with internal overpressure of
Po,=1-20 MPa for a basaltic dike, as defined by Becerril et al. (2013). We then
assigned material properties (stiffness, Poisson’s ratio, density) to each deposit as
described above. Before running the models, we discretised the computational
domain by using very fine triangular meshing, characterized by a minimum element
quality of 0.4534 m and 1100 boundary triangular elements. All models are fastened
in the two bottom corners to avoid rigid-body rotation and translation. Finally, the
upper surface, which is considered to be flat, is free, hence simulating Earth’s
surface (Fig. 3). Our models are finally moved in the centre, close to the central part
of the domain, to ensure that the modelled area of interest is sufficiently far from the
model edges so as not to be contaminated by edge effects.

We designed a suite of baseline models with gradual complexity to simulate as much
as possible the field observations and the in situ conditions during dike
emplacement. We originally started from homogeneous domains and then gradually
improved the host rock geometry by adding the stratigraphic sequence typically
found on Mount Etna. The latter was comprised by: 1) two comparatively stiff (Ecs=7-
10 GPa) lava layers with a measured field thickness of 1 m and 0.2m respectively,
2) a compliant tuff (Et=1 GPa) layer with a measured field thickness of 1 m, and 3)
a stiff lava layer (Es= 7-30 GPa) which simulates the surrounding host rock in the
model setups (inset in Fig. 3).

11
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Figure 3. Numerical model setup. The computational domain is 50 m x 50 m and the
dike is located at 12 meters depth with a 0.5 m thickness, and a maximum inclination
of 10°. The crosses at the two bottom corners represent fastened conditions. Host
rock layering and dissimilar properties are represented by colour coding: green
corresponds to tuff, red to comparatively stiff lava flows, orange to very stiff lava
flows. The sensitivity analyses include changes in the sequence of the layers, the
stiffness of the layers (Ecs, Et, Es), their thickness (W1, W), their overpressure
range (P,=1-20 MPa) and the inclination of the propagating dike (0-10°).

We initially plot the magnitudes (distribution) of o3 to examine the stress
concentration around the dike tip and the location of their highest concentrations.
Then, we plot a second contour (line) surface to examine similarly the shear stress
concentration. Finally, we design two arrow surfaces corresponding to o1 and 03

principal compressive stresses ahead of the dike tip.

3.2.4 Sensitivity tests
We performed several sensitivity tests to investigate which are the stress conditions
and the geometrical or mechanical parameters that could, individually or coupled,

produce temporary stress barriers in Etna’s shallow crust. For that reason, we initially
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examined the effects of the dike's overpressure (Po) in two different orders of
magnitude (1 MPa and 10 MPa) within a range of 1-20 MPa, the layer thickness (W)
in two different orders of magnitude (0.1 m and 1m) and within the range of 0.1-1 m.
Finally we explored the stiffness (Ecs, Er, Es) of the layers in two different orders of
magnitude (1 GPa and 10 GPa) and within a range of 1-30 GPa. In a second stage,
we tested some further geometrical properties of the host rock, such as the
stratigraphic sequence, and the dike inclination (0-10°). The detailed analysis,
results and interpretations are to be presented in a numerically-focused follow up
study, due to the length of the current work. Here, we provide some initial insights
which could better interpret the field observations, which are the main focus of this
case-study.

4. Results

4.1 Surface deformation

In the field, we recognized all the fractures and eruptive vents present along the
1928 fissure, for a total of 159, classified as: I) 11 eruptive vents formed during 1928
(7% of structures), 1) 8 pre-1928 eruptive vents (5%), lll) 33 eruptive fissures (21%),
IV) 29 normal faults (18%), V) 38 dry extension fractures associated with the 1928
event (24%), V1) 36 older fractures (faults and extension fractures) (23%), and VII)
4 pit craters (2%), as can be seen in Fig. 4F. Furthermore, we collected structural
measurements in 438 sites (Fig. 4G), as explained in the previous chapter, and we
collected the strike of all fractures: the predominant direction is ENE-WSW, with the
majority striking N60-70°E (Fig. 4A) (Table 1).

Table 1: Collected strike data and statistical analysis (N=136).

Classified trend | Peak strike Average strike | Standard deviation
[1) eruptive N60-70°E N65.8°E 7.1°

fissures

IV) normal faults N60-70°E N72.7°E 10.1°

V) dry fractures N70-80°E N70.6°E 6.3°

VI) older N60-70°E N67.6°E 8.4°

structures

13
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N60-70°E

N69.1°E

8.3°

Our observations have revealed four settings of surface deformation (Fig. 4F) along

the studied profile, from west to east. In detail, we report:

1) Sector one (Fig. 5): A sequence of 8 eruptive vents, with an ENE-WSW

2)
3)

4)

alignment, surrounded by a 385-m wide graben with offset values ranging up

to 10 m, an average offset of 1.8 m and a standard deviation (SD) of 2.1 m.

Sector two (Fig. 6): A single eruptive fissure, no graben formation.

Sector three (Figs. 7-8): A 74-m wide half-graben with offset values up to 1.2
m, an average offset of 0.8 m and a SD of 0.7 m, followed to the east by a 39-
m-wide graben with offset values ranging from 0.9 to 1.3 m, an average offset
of 1 m and a SD of 0.8 m. No evidence of eruption.

Sector four: Alignment of lower vents along the pre-existing Ripe della Naca

Fault.
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379  Figure 4. Rose diagrams showing the strike of all fractures (A), eruptive fissures (B),
380 normal faults (C), dry extension fractures (D) and older fractures (E). The structural
381  map with the location of the different surficial deformation settings, represented more
382 in detail in Figures 5-6-7-8, is shown in (F). The map with the location of all the sites
383  of structural observations is shown in (G). Coordinate Reference System: WGS 84-
384  UTM 33N.

385

386 4.1.1 Sector 1: volcanic vents and graben

387 The westernmost and most elevated sector of the 1928 fissure is characterized by
388 the alignment of 8 volcanic vents, with an average direction of crater elongation of
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N67°E, in agreement with the general trend of the 1928 structure according to the
statistical analysis. The vents are surrounded by normal faults with converging dips
which form a 385-m wide and 10-m deep graben (Fig. 5A): faults strike E-W to ENE-
WSW and multiple planes can be found along the southern side of the graben, with
vertical normal offsets up to 10 m. However, the fault scarps are partially covered by
younger volcanic deposits so the measured displacement is estimated. Instead,
along the northern side of the graben, only one fault is present, with normal offsets
ranging 1 to 3 m. The presence of all these structures in the historical aerial photos
of 1932, collected by I.G.M., confirm they are linked to the 1928 event.

Vertical Offset (m)
® 0.00-1.00
@® 101300
@ 301500

@ 501000

Figure 5. (A) Map showing in detail Sector 1, where volcanic vents and the presence
of a graben can be observed. Legend of the structures and location of this figure are
in Figure 4F. Coordinate Reference System: WGS 84-UTM 33N. (B) and (C) show
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the S-dipping normal fault and WSW-ENE-aligned volcanic vents, respectively. The
yellow arrow in (B) indicates the vertical normal offset.

4.1.2 Sector 2: single eruptive fissure

Towards the east, at an altitude of ~2080 m a.s.l., the surface expression of the 1928
structure changes abruptly: here, volcanic vents are not visible anymore, whereas a
single eruptive fissure can be clearly observed. This setting appears continuously
for 2.5 km moving eastward, up to an altitude of ~1600 m a.s.l. There, the fissure
suddenly disappears, and finally emerges again at the surface in correspondence of
the lower vents (~1150 m a.s.l.), almost 3 km to the east. In this sector, there is no
clear evidence of graben formation, apart from a few scattered short scarps with low
offsets. Like in Sector 1, both north and south of the 1928 fractures, pre-1928
fractures have been recognized, that do not show a continuous vertical offset or
evidence of graben formation, and, of course, have been excluded by the present
analysis (green lines in Fig. 6A). Moreover, in the NE part of this sector, the uprise
of the dike to the surface caused several collapses, forming a series of sinkholes,
aligned and elongated as the fractures (Figs. 6B-C).

Figure 6. (A) Map showing in detail Sector 2, where surface deformation is
characterized by a single eruptive fissure without evidence of clear vertical

displacement at its sides. Legend and location of this figure are in Figure 4F.
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Coordinate Reference System: WGS 84-UTM 33N. Examples of the eruptive fissure

and a sinkhole are shown in (B) and (C).

4.1.3 Sector 3: half-graben and symmetric graben without eruption

In this sector, located at ~1600 m a.s.l., there are no signs of eruption. The western
part of the sector is characterized by the presence of a 74-m wide half-graben, as
shown in detail in Figure 7A. The northern half-graben side is formed by SE-dipping
normal faults (Fig. 7D), with offsets ranging from 0.3 to 1.2 m. Instead, only dry
extension fractures are present along the southern side, without any evidence of
vertical offset (Fig. 7E). The structural analysis of the extension fractures has shown
that the maximum amount of aperture is 3 m, with an average of 1.1 m, and the
standard deviation (SD) is 0.8 m. We report results from 12 sites where the opening
direction has an average value of N161.2° E, and a SD of 12.4°, with a peak between
N160-180°E. Considering the local strike measured in the same sites, we obtained
an average of N68.9°E, and a SD of 6.3°, with a peak in the interval N60-70°E,
indicating a small right-lateral component of movement of 2.3° (Fig. 7B). In detail, 6
sites show signs of pure extension (lateral component < 5°), 5 sites of right-lateral
and only 1 of a left-lateral component of displacement, respectively. The opening
direction values in Figure 7C are related to the local strike, since a clockwise rotation
of the former corresponds also to a clockwise rotation of the latter. Finally, we report
a few sinkholes in the middle part of the sector (Fig. 7A).
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Figure 7. (A) Map showing the western part of Sector 3. The black arrows represent
the opening direction of fractures, while numbers correspond to the vertical offset (in
meters) measured at the sites of structural measurements. Coordinate Reference
System: WGS 84-UTM 33N. Location in Figure 4F. (B) Rose diagram showing the
local strike (in grey) and the opening direction (in blue) at 12 sites, respectively. (C)
Graph showing the relation between the local strike and the opening direction. (D)
Field example of a SE-dipping normal fault. The yellow arrow highlights the vertical
offset. (E) A dry extension fracture observed in the field.

The eastern part of Sector 3 is characterised by a symmetric graben: the southern
side is formed of NNW-dipping faults, whereas the northern side by SSE-dipping
normal faults (Fig. 8A). The range of vertical offsets is between 0.3 and 3.5 m, with
a maximum cumulated value of offset of 4 m along part of the northern graben side.
In the middle of the graben, extension fractures were noticed, but opening directions
could not be measured because piercing points were not visible. Finally, average

aperture values were lower than 1 m with a maximum of 2.7 m (Fig. 8A).
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Figure 8. (A) Map showing the eastern part of Sector 3. The numbers indicate the
vertical offset (in meters) at the structural stations, while the red and white dots report
the vertical offset and aperture values, respectively. Coordinate Reference System:
WGS 84-UTM 33N. Location in Figure 4F. (B) A NNW-dipping and (C) a SSE-dipping
normal fault are shown, along with their vertical offset, highlighted by the yellow

arrow.

4.1.4 Sector 4: lower vents and Ripe della Naca faults

This is the easternmost part of the 1928 fissure (Fig. 4), connected to Sector 3 by a
number of right-stepping, dry fractures. Sector 4 is distinguished by the presence of
some aligned sinkholes and a series of vents in the form of small pyroclastic cones.
The craters of the cones are aligned ENE-WSW and elongated with a trend between
N65°E and N74°E. These are the vents from which the long lava flow was outpoured
and reached the town of Mascali, destroying it. The vents are located at the foot of
the upper escarpment of the Ripe della Naca faults, in an area coinciding with the
intersection between the 1928 fracture and the trace of the upper Ripe della Naca
faults. Here, in fact, the Ripe della Naca faults are composed of two main normal
faults striking about N70°E and dipping towards SSE. They form two escarpments:
the upper one is about 90-130 m high, the lower one is about 110-125 m high.

4.2 Numerical modelling
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Our main aim was to reproduce the field observations through numerical modelling
and to gain insights into the connection between in depth and surface deformation
processes, induced by diking. Firstly, we modelled a basaltic dike propagating
towards the surface through a layered media and studied the conditions of Mode |
fracturing close to the dike tip. Secondly, we explored the Mode Il fracturing scenario
in the vicinity of the dike tip but we also expanded our interpretations by studying the
distribution of shear stress towards the surface. Finally, in both scenarios, we
explored the propagation path of the dike as designated by the local stress field (o1
and o3).

In Figures 9-11, we show the results from a suite of models that simulated the
observed stratigraphy. The vertical dike was modelled in a variety of setups (layering
scenarios and dike inclination) with an assigned overpressure of 1 MPa (e.g. Fig.
9A), 10 MPa (e.g. Fig. 9B) and finally 20 MPa (e.g. Fig. 9C). The host rock in all
models had a stiffness range of 1-30 GPa. In Figures S1-S3 (Supplementary
material) we report the theoretical shear stress values calculated with COMSOL
multiphysics both at the very close vicinity of the dike tip and 2 m below the surface
(Fig. 4 Suppl.). The model results are summarized as follows:

Figure 9 shows the results assuming a vertical dike propagating towards the surface
through a layered sequence as observed in the field.The dike is modelled at the first
(and deepest) soft/stiff contact (Et/Ecs), which reflects the location of the highest
mechanical contrast in the layered sequence. According to the models, the tensile
stresses formed by performing an overpressure boundary condition are
concentrating symmetrically at the stiff lava layers and more especially at the stiffer
lavas (Es=30 GPa). In Figure 9A (P, =1 MPa), low to moderate tensile stress values
(0.5 — 5 MPa) are concentrated in the stiff layers (lava). Also very low shear stress
values (up to 2 MPa) are distributed around the dike tip, but not above it and towards
the surface. The shear stress concentration at the dike tip (Figs. S1A-D Suppl.) is
0.8 to 1.4 MPa and decreases towards the surface (around 0.82 MPa at 2 m below
the surface). The o3 trajectories at the dike tip show up to 90° rotations just above it
and close to the contact between the tuff and the lava layer indicating the presence

of a stress barrier. In the next model, in Figure 9B, we increased the overpressure
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by one order of magnitude (P, = 10 MPa). We observed moderate (3-5 MPa) to high
(6-10 MPa) tensile stress concentration at the lava layers. At the dike tip, the o3
trajectories show minor rotations (up to 45°), but at the close vicinity of the tip with
the comparatively stiff lava/tuff contact we observe a 90° o3 stress rotation, which
could imply again that the tuff layer can act as a temporary stress barrier. The
shearing fracturing mode distribution is also observed with the contours surface. In
detail, low shear stress values (1-4 MPa) are distributed at the top lava layer,
whereas the rest (5-12 MPa) are concentrated at deeper levels and mostly at the tuff
(1-4 MPa) and comparatively stiff lava deposits (5-12 GPa). The theoretical shear
stresses now subject to a higher overpressure show equally an order of magnitude
higher values (Figs. S1B-E Suppl.) both at the dike tip (1 = 14 MPa) and close to the
surface (1 = 8.2 MPa). It is clear that in Figure 9B (P, = 10 MPa), the presence of the
tuff layer suppresses the distribution of shear stresses towards the surface. Although
the tensile stress is very high at the top layer, the shear stress is not sufficient to
initiate slip above the dike tip and close to the surface (1 < 203).

However, when we rise even more the dike’s overpressure (P, = 20 MPa, e.g. Fig.
9C), the tensile and shear stress distribution show another pattern. In detail, the
shear stress contours are now closer to the surface and two symmetrical lobes are
formed at the dike’s surroundings. The top layer now bears a higher range of
shearing (1-8 MPa), while the tuff layer has a range of 2-12 MPa. The theoretical
shear stresses at the dike tip reach even higher values up to 28 MPa at the tip and
16.8 MPa close to the surface (Figs. S1C-F Suppl). The tensile stress is highly
concentrated at the stiff lava layers and especially at the top lava layer (3= 10 MPa).
A stress barrier condition still exists at the comparatively stiff lava/tuff contact above
the dike tip. The comparative study of Figures 9A-C proposes that higher
overpressure values result in higher tensile stress concentration at the top lava layer
and eventually a higher probability of Mode | fracturing. However, our models show
that the distribution of shear stress towards the surface is not only subject to the
overpressure value of the dike but also to the presence of soft layers in the host rock.
To identify how the stiffness of the top layer controls the concentration of tensile and
shear stress regardless of the boundary conditions, we have rerun all the previous
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models with a lower Young’s modulus value, equal to the comparatively stiff lava
(Ecs = Es =7 GPa). The results are presented in Figures 9D-F and S1G-L (Suppl.)
and show that even if the top layer is softer (but still comparatively stiff), the stress
concentrations are quite similar to Figures 9A-C and S1 (Suppl.). In detail, the
theoretical shear stress at the tips rises from 1.4 MPa to 2 MPa for Po,=1 MPa, from
14 to 19 MPa for P,=10 MPa and from 28 to 38 MPa for P,=20 MPa. However, the
shear stress close to the surface shows a 15% reduction from 0.82 to 0.69 MPa for
Po=1 MPa, 8.2 to 6.9 MPa for 10 MPa and finally 16.4 to 13.8 for P,=20 MPa. This
implies that Mode | and Il fractures can occur very close to the tip, but it is hardly
possible for a pre-existing fault to slip comparatively to the rest of the models (Figs.
10 and 11). However, the orientation of the stress field is now critically affected and
all models imply conditions of dike propagation.
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Figure 9. FEM models show the distribution of tensile (o) and shear stresses (1)
(contours) around a propagating dike tip. The models include the trajectories of the
maximum principal compressive stress (o1, white arrows) and minimum principal
compressive stress (03, black arrows) in different concepts of layered media as
denoted in the inset model maps. The colour scale of tensile and shear stresses
ranges from 0-10 MPa and 0-12 MPa, respectively. (A, D) a vertical dike emplaced
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in the shallow crust with an overpressure of 1 MPa., (B, E) a vertical dike emplaced
in the shallow crust with an overpressure of 10 MPa, (C, F) a vertical dike emplaced

in the shallow crust with an overpressure of 20 MPa.

In the next stage, we altered the geometrical properties of the host rock (sequence
of the stratigraphy and thickness of the layers) to identify discrepancies which could
propose different surface deformation scenarios. Here, we present the model suites
that have provided the most relevant insights (Figs. 10 and Fig. S2 Suppl.). In this
model run, we have changed the thickness of the tuff layer by making it an order of
magnitude thinner (Wt=0.1 m) (Figs. 10A-C) and decreased the heterogeneity of the
host rock by omitting the tuff layer from the sequence (Figs. 10D-F). We have rerun
the models with the same boundary loading conditions (Po,=1-20 MPa) and the same
stiffness values (1-30 GPa). The results of the suites where P,=1 MPa (Figs. 10D
and Fig. S2 Suppl.) show similarities with Figs. 9A and Fig. S1 (Suppl.) implying 90°
stress rotations and satisfied dike arrest conditions, while Fig. 10A shows rotations
up to 80° only. However, if P.=10 MPa (Figs. 10B and 10E) and the tuff layer is
thinner by an order of magnitude (Fig. 10B), the shear stress distribution is again
symmetrical to the dike tip, but appears to rise closer to the surface and to
concentrate above it. The contours in the top lava layer range between 1-7 MPa
while in the tuff layer they are between 2-6 MPa. Similarly, the theoretical shear
stresses at the dike tip reach a maximum of 32 MPa and 9 MPa close to the surface
that imply a higher probability of dike-induced faulting since the shear stress values
are now 2.3 times higher (from 14 to 32 MPa) subject to the model results in Fig. 9.
However, if the tuff layer lacks from the sequence (Fig. 10E), the distribution of shear
stresses is again symmetrical but it is distributed higher and wider above the tip. The
range of shear stress also differs from the previous runs with the amount to be 1-4
MPa in the lava layer and 1-5 MPa in the tuff layer (Fig. 10E) and the theoretical
stresses to be two times higher than the results related to the models in Fig. 9 but
lower than the results shown in Figs. 10A,D. In both models in Figs. 10B,E, the
tensile stress distribution is sufficient (over 0.5 MPa) to make a fracture at the dike
tip and it is concentrated similarly at the stiffer materials (lavas). In Figure 10B, the
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trajectories of o1 and o3z arrow surfaces show no stress rotations at the vicinity of the
tips but in Figure 10 E an 80° stress rotation is evident. Thus, in both case scenarios
the dike cannot probably stall in the shallow crust.

In the next models (Figs. 10C and 10F), we increased the amount of overpressure
(Po=20 MPa) while keeping the same stiffness values (1-30 GPa). We observed no
stress rotations at Fig. 10C and almost 90° rotations at Fig. 10F. The tensile stress
concentration is also very high at the vicinity of the dike and closer to the surface.
Especially in Figure 10F we observe a wider distribution of Mode | fractures to the
surface. Finally, the shear stress contours in Figure 10C have shown a very high
distribution in the top lava layer (1-12 MPa) and just 1-7 MPa in the following run in
Figure 10F, where the tuff layer is omitted. The theoretical shear stresses (Figs. S2A-
L Suppl.) at the dike tip rise up to 64 MPa if the tuff layer is thin (Fig. 10C) and up to
54 MPa if the tuff layer is omitted from the stratigraphy. Close to the surface, the
shear stresses can reach a maximum value of approximately 18 MPa when the thin
tuff is present and 13.2 MPa when the tuff is absent. Those results could imply two
possible volcanotectonic events. Mode | conditions suggest that a dike arrest
scenario of a propagating dike could be likely. However, Mode |l conditions,
individually, can also imply that a dike-induced scenario is highly possible.
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Figure 10. FEM models show the distribution of tensile (o), and shear stresses (1)
(contours) around a propagating dike tip. The models include the trajectories of the
maximum principal compressive stress (01, white arrows) and the minimum principal
compressive stress (03, black arrows) in different concepts of layered media as
denoted in the inset model maps. The colour scale of tensile and shear stresses
ranges from 0-10 MPa and 0-12 MPa, respectively. (A, D) A vertical dike emplaced
in the shallow crust with an overpressure of 1 MPa, (B, E) A vertical dike emplaced
in the shallow crust with an overpressure of 10 MPa, (C, F) a vertical dike emplaced

in the shallow crust with an overpressure of 20 MPa

In the last model runs, we repeated the exact same configuration similar to Figures
10A-F, assuming now an inclined dike (10° inclination) propagating towards the
surface through a layered sequence. Now the concentration of tensile and shear
stresses is asymmetrical and only the right part of the distribution (and shear stress
lobe) reaches the surface. In the first model runs (Po=1 MPa) (Fig. 11A,D) the tensile
stress concentration patterns are consistent with the previous models (Figs. 9 and
10). The shear stresses are assymetrical at the tip with the right and left sides to
reach theoretical values of 3.5 and 3.1 MPa, respectively, when the tuff layer is very
thin (Figs. 11A and S3A Suppl.). In case the tuff layer is totally missing from the
stratigraphy (Figs. 11D and S3G Suppl.) then the difference is even higher with 3.5
MPa for the right side and only 2.7 MPa for the left one. The trajectories of o4 and
o3 arrow surfaces show stress rotations (0-45°) at the close vicinity of the tips but
almost 90° rotations at the thin lava layers atop providing further insights in the
conditions where stiff layers can be temporary stress barriers too.

Similarly, when the overpressure is Po,=10 MPa (Fig. 11B) the contours are
concentrated at the top lava layer in a range between 1-8 MPa for the thin tuff layer
scenario and between 1-4 MPa for the no tuff scenario. In both cases, they are
distributed closer to the surface. The tensile stresses are high (8-10 MPa) and the
theoritical shear stresses at the tips reach assymetrically a maximum of 34 MPa for
both scenarios. Closer to the surface those values reach a maximum of 10.5 MPa at
the right side of the models. The trajectories of o1 and o3 arrow surfaces show minor
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stress rotations (0-45°) (Fig. 11B) and up to 80° on the comparatively stiff lava layer
(Fig. 11E) so stress barriers are quite unlikely to form. In case the overpressure is
higher (P,=20 MPa) (Fig. 11C,F) the shear stress contours are denser in the lava
layer with a range of 1-12 MPa. The tensile stresses are very high (9-10 MPa) at the
top layer while the theoretical shear stress values peak in both stratigraphic
scenarios at approximately 70 MPa at the dike tip and between 17-20 MPa close to
the surface. The stress rotations are similar to Figs. 11B and 11E.The results could
imply a successful shear fracturing mode at the right side and individually the
formation of pure Mode | fractures at the left side of the dike tip.
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Figure 11. FEM models show the distribution of tensile (o), and shear stresses (1)
(contours) around a propagating dike tip. The models include the trajectories of the
maximum principal compressive stress (01, white arrows) and the minimum principal
compressive stress (03, black arrows) in different concepts of layered media as
denoted in the inset model map. The Colour scale of tensile and shear stresses
ranges from 0-10 MPa and 0-12 MPa, respectively. (A, D) An inclined dike (10°)
emplaced in the shallow crust with an overpressure of 1MPa (B, E) An inclined dike
(10°) emplaced in the shallow crust with an overpressure of 10 MPa, (C, F) an
inclined dike (10°) emplaced in the shallow crust with an overpressure of 20 MPa.
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5. Discussion

The relation between surface deformation (width and displacement) and dike
geometry is a crucial topic in volcanotectonics: several studies have been carried
out both along slow and fast divergent plate boundaries, using field observations
associated with geophysical data, such as GPS, InSAR, seismicity and analogue
and numerical models (Tryggvason, 1984; Stein et al., 1991; Rubin, 1992; Chadwick
and Embley, 1998; Wright et al., 2006; Calais et al., 2008; Ebinger et al., 2008;
Pallister et al., 2010; Nobile et al., 2012; Sigmundsson et al., 2015; Agustdottir et al.,
2016; Hjartardottir et al., 2016; Ruch et al., 2016; Xu et al., 2016; Al Shehri and
Gudmundsson, 2018; Trippanera et al., 2019; Acocella 2021).

From a mechanical perspective, theoretical and analogue models by Pollard et al.
(1983) and Mastin and Pollard (1988), with examples from Kilauea and the Inyo
Craters, respectively, have provided major insights into the formation of dike-induced
grabens in volcanic edifices. In detail, the experimental analyses of shallow dike
intrusion processes have shown that new fractures are initially generating at the
interior parts of pre-existing fractures and in the opposite sides of the dike plane very
close to the surface. In layered domains, stiffer materials (e.g. lavas) tend to
concentrate the extensional fractures and softer materials (e.g. tuffs) the shearing.
Two scenarios of dike-induced surface deformation have been explored: i) Rise of
overpressure at a static dike tip due to the presence of pore pressure (water and gas
flow) and hydraulic fracturing pressure. The tip becomes locally compressed and
more fracture growth occurs. Additionaly, subject to the material’s resistance to
compression, thrust faults can also be formed; ii) A dike propagates upward. The
probability of extensional fracture growth at the surface is even higher. At the same
time, the lower parts of pre-existing faults can become locked (Rubin and Pollard,
1988) and new normal faults can grow.

In both scenarios, during the inelastic deformation stage, the strain, instead of
forming new extensional fractures, shifts on becoming accommodated in shear ones.
The fractures can then coalesce and form graben structures. However, although
these models consider a dike intruding in an elastic and homogeneous half-space
medium, the influence of anelastic deformation, as well as the heterogeneity of the
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crust are not considered. Similarly, the large width of a graben according to analogue
models (Acocella and Trippanera, 2016) suggests that it could have been developed
during dike ascent in depth. Field studies, though, document that dike-induced
grabens can only occur in/close to the surface and they are highly associated with
the combination of tectonic and dike-induced processes (Gudmundsson, 2020).
From a numerical perspective, dike-induced grabens are complex scenarios.
Previous numerical studies (Al Shehri and Gudmundsson, 2019) showed that the
majority of dikes are getting arrested due to layering of the shallow crust and that
only in the very shallow parts of it graben formation will occur. For this scenario, a
dike should be sufficient to mechanically break the host rock (tensile stress between
0.5-6 MPa) and propagate towards the surface. Then the shear stress (71)
concentration will be sufficient to cause pre-existing fractures to slip. The range of
shear stress failure in brittle rocks is from 1-12 MPa, and usually two times the tensile
stress (1 = 20) making a reactivation scenario quite possible. In addition, the
conditions under which Mode | and Il fracturing occurs are diverse. Last but not least,
the actual mechanism for fracture initiation imply mixed modes and not purely Mode
| or Il fracturing (Backers and Stephansson, 2012). Hence combining FEM modelling
with other techniques such as dislocation modelling (e.g. Rivalta et al., 2002;
Maccaferri et al., 2010) can give further and broader insights on faulting and fissuring
from dike intrusion.

On Mt Etna especially, Murray and Pullen (1984) carried out a study about magma
propagation during the 1983 eruption, using levelling data by modelling dike
propagation in an elastic half-space. During the 2001 eruption, Acocella and Neri
(2003) reported the formation of several grabens and fractures at the surface, and
assumed the depth of the dike using the relation suggested by Pollard et al. (1983)
and Mastin and Pollard (1988). Furthermore, the formation of an asymmetric graben
was observed during both the 2008 and 2013 events; the depth of the dike was
assumed from the width of the graben with the above-described relation, without
further investigation (Bonaccorso et al., 2011; Falsaperla and Neri, 2015).

The structural analysis along with the numerical study of the 1928 fissure of Mt Etna
presented here, provide insights into the distribution of surface deformation related
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to dike-induced processes. Initially, our volcanotectonics study reports the type of
deformation related to the formation of four different sectors as classified from field
observations. In a second stage, our numerical models, in conjunction with the
existing theoretical and experimental knowledge in dike intrusion processes, tries to
answer the question related to how those deformation events occurred. In specific,
in our stationary numerical model setups, we explored mainly the effects of: 1)
layering above a propagating dike tip (E=1-30 GPa), and 2) different overpressure
values of a basaltic dike (P,=1-20 MPa). These conditions were specifically chosen
since they reflect the heterogeneity of Etna’s crustal segments and the shallow
degassing processes that occur during Strombolian eruptions. In the following

synthesis we provide a more detailed analysis of the distinct scenarios.

5.1 Volcanic vents and symmetric graben

Near the rim of the Valle del Bove, the 1928 fissure was characterized by important
Strombolian activity with the emplacement of a series of volcanic vents with
explosive crater-like morphopolgy and surrounded by small spatter and scoria
ramparts (Sector 1). The vents are aligned ENE; each one is elongated in the same
direction, and the ramparts are also elongated ENE, parallel to the trend of the 1928
fracture zone: these three features (Tibaldi, 1995; Tibaldi et al., 2013) clearly indicate
that the pyroclastic emplacement was controlled by a dike striking ENE.

We suggest that in this segment, the dike produced the formation of a wide graben,
as indicated by the presence of the two normal fault sets dipping inward and striking
subparallel to the alignment of the vents. As is well known, the 1928 fracture
propagated eastward (Branca et al., 2017); the vents’ size decreases eastward, until
they reach the fracture segment where only lavas and spatter were outpoured.

In our models, graben formation towards the surface occurs when two conditions are
met: i) the shear stress concentration needs to become higher than the tensile stress
(T 2 20), and ii) the shear stress distribution, as shown by the contours surface and
the theoretical shear stresses, needs to be expanded towards the surface. The
previous conditions imply that dike-induced scenarios are more possible in layered
domains with high stiffness contrasts (e.g. the existence of stiff, comparatively stiff
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and soft materials) subject to high overpressure values (10-20 MPa) such as in the
models of Figure 10. The latter could possibly imply the conditions of narrow or wide
graben formation. As a consequence of the extra geometrical heterogeneity we
modelled here, in case the soft layer is thin, the possible graben will be narrower
than when the soft layer totally lacks from the stratigraphy. In the latter conditions, a
wider graben can be formed. All those are subject to the mechanical state that a
temporary stress barrier will not arrest the dike towards the surface, a condition that
is, however, highly possible as shown in the models.

5.2 Single fracture vs. half-graben

East of Sector 1 is the area characterised by a single extension fracture with a length
of 2 km. Here, there is also evidence of minor Strombolian activity, with ramparts of
limited height. No graben developed along Sector 2. Further east is Sector 3, marked
by the occurrence of the half-graben.

Actually, field data indicate the presence of both normal faults and extension
fractures to the east, in line with the fact that natural rocks are neither purely
Coulomb solids nor purely elastic, but instead behave like elasto-plastic materials
(Jaeger et al.,, 2009; Gudmundsson, 2011): this means that both deformation
mechanisms can occur during magma propagation and emplacement. In particular,
field and geophysical data are demonstrating that shear failure is a fundamental
process of magma propagation at the sheet tip (Gudmundsson et al., 2008; White et
al., 2011; Agustsdaéttir et al., 2016; Spacapan et al., 2017). The segments of the 1928
structure represented by the single extension fracture and by the half-graben are
located in a plain formed by a series of wide horizontal lava flows; thus, the host
rocks around the dike have very similar characteristics in the two segments.
Moreover, dike propagation occurred in a few days and thus variations in magma
composition are not expected in a very short time and at close distance. Based on
these observations, we cannot consider that the change from single fracture
development to graben formation was imputable to a change in the lithological
characteristics of the host rock, as proposed for other areas by Vachon and
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Hieronymus (2016), or to the intrusion of new magma with high viscosity (Spacapan
et al., 2017).

Our numerical study provides further insights into the field observations. A scenario
as seen in the field can be replicated by the numerical models shown in Figure 11.
An inclined dike can produce assymetrical stresses which can result in different
fracturing conditions around the dike and the formation of a half-graben; scenarios
which can occur individually as possibilities. The change in plan view of the surface
structures from a rectilinear geometry to the west, to a right-stepping geometry to
the east, can be linked to an en-échelon arrangement of the dike. We suggest that
the change in the style of deformation has occurred not only because of the dike
inclination or the specific geometrical and mechanical conditions studied here but
possibly also due to dike depth and tip shape variations. This hypothesis is based
on the analogue models of Guldstrand et al. (2017), who proposed that the possible
change in shape of the dike tip from a sharp one to a narrow one is in
correspondence with a single extension fracture, while to a blunt or rectangular
shape in correspondence with a half-graben. Finally, from a mechanical perspective,
our numerical models propose that the formation of a single fracture possibly
overlaps with the concept of a successful Mode | fracture scenario where a Mode I
one is not satisfied. Conversely, a semi graben shall be formed when both scenarios
are satisfied, but the shear stress is distributed asymmetrically above a propagating
inclined tip.

5.3 1928 fracture and Ripe della Naca Faults

At the eastern termination of the 1928 fracture, the dike encountered the upper fault
of the Ripe della Naca faults that worked as plane of weakness, steering the magma
towards the surface. Dike deflection as such, through pre-existing fractures, is a
challenging concept not only due to the mechanical complexity of the process but
mostly due to the limited field examples where those processes can be observed in
situ. Previous numerical analyses by Drymoni et al. (2021) provided insights into the
encounter between vertical dikes and inclined faults at the Santorini caldera, Greece.
The numerical study proposed that deflection occurs when the pre-existing pathway
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is economical for the dike. Such a scenario is mainly associated with active
heterogeneous or homogeneous fault cores, and steeply dipping dike-fault angles
as well as low values of tensile strength (T,) which can even be close to zero
(Gudmundsson, 2020). Similarly, Browning and Gudmundsson (2015) have
explored several scenarios subject to dissimilar intrusion properties and boundary
conditions. In their models, caldera ring faults channelled and deflected inclined
sheets forming circumferential ring dikes in the Hafnarfjall extinct volcano, west
Iceland. Further, analytical and numerical studies of dike-fault capture related to
high-angle faults at small depths in Nevada, USA, have been also reported (Gaffney
et al., 2007). Finally, other studies have explored reactivated magma pathways at
the Tamburiente caldera, Spain (Thiele et al., 2021), proposing that the dissimilar
elastic properties of the magma-filled fractures combined with those of the host rock
can arrest and divert dikes and form multiple dikes.

Numerically, in our case study, a chanelling scenario is satisfied if only Mode |
conditions are prone to occur in the models but the Mode Il fracturing type is not
satisfied. This is explicitly showed in the models of Figure 9, where we observe that
although the shear stresses are rising above the dike tip, they are not sufficient to
generate high stresses which can consequently reactivate pre-existing fractures in
the vicinity of the dike. This is mainly due to the existence of the thick tuff layer that
suppresses the distribution of the stresses towards the surface.

5.4 Upwarping and regional considerations

In regard to topographic upwarping, we noticed that this process occurred at very
local sites. Thus, the translation of the host rock in the direction of upward
propagation of the dike was a very minor process. Our data are more in line with the
model that predicts that the propagation of a dike occurs essentialy through the
gradual lateral expansion of the dike sides (Trippanera et al., 2015).

At a more regional scale, we noticed that the right-stepping arrangement of the 1928
surface structures occurs at two zones: the first where the 1928 fracture zone passes
from the bottom of the Valle del Bove to its upper rim, thus where the 1928 dike
crosscuts a major, 130-m-high topographic scarp. The second zone of right-stepping
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also occurs in correspondence of the crosscut with another topographic major
feature, represented by the 90-130-m-high escarpment of the upper Ripe della Naca
normal fault. We thus suggest that the dike was diverted southward, creating the
right-stepping shallow structures, as a consequence of the gravitational
unbuttressing due to the presence of these two topographic anomalies, whereas the
dike maintained its straightness where the topography is characterized by an
essentially constant low slope angle.

Again from a regional point of view, the general orientation of the 1928 fracture zone
is sub-orthogonal to the dominant sliding direction of the eastern flank of Etna
volcano, and is parallel to the Ripe della Naca faults. These observations support
the idea that the emplacement of the 1928 dike was assisted by a favourable
regional state of stress imputable to the process acting at this volcano flank. All
available data, in fact, indicate that the eastern Etna flank is slowly sliding eastward
under the effect of gravity forces and forceful intrusion of dikes (Borgia et al., 1992;
Groppelli and Tibaldi, 1999; Tibaldi and Groppelli, 2002; Walter et al., 2005; Neri and
Acocella, 2006; Neri et al., 2004, 2007, 2009; Solaro et al, 2010; Ruch et al., 2012;
Siniscalchi et al., 2012; Azzaro et al., 2013; Bonforte et al., 2013; Le Corvec et al.,
2014; Urlaub et al., 2018; De Novellis et al., 2019). Decompression due to flank
sliding favours magma rising, which in turn further destabilizes the volcano flank and
may induce acceleration in the flank slip (Acocella et al., 2003; Neri et al., 2004,
2009; Pezzo et al.,, 2020). The favourable orientation of the 1928 fracture is
consistent also with the presence of other possible dike injections that occurred in
the same area with the same orientation, such as: i) the fissure eruption of 1971,
located about 2 km south of the 1928 structure, ii) the swarm of parallel fractures of
pre-1928 age (green lines in Fig. 2), and iii) other ENE-trending series of Holocene
pyroclastic cones in the conterminous area. Extensional deformations following a o3
trending about NW-SE also occurred in the past in the same location, as exemplified
by the Ripe della Naca normal faults. The repeated dyke injection along this ENE
Rift might also have been favoured by local focused extension induced by the
development of a rollover structure, which originated in consequence of the volcano

flank sliding above a listric detachment, as suggested by Ruch et al. (2010).
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6. Conclusions

The study of the 1928 fissure eruption is of paramount importance not only for a
better understanding of this event, that posed a high hazard and risk to the local
population and infrastructures, but also for a general understanding of the processes
that link dike emplacement and surface deformation. This is useful for a correct
interpretation of deformation data monitoring that might occur in the future under
similar settings elsewhere.

Our study puts forward that not only dike characteristics contribute to dictate surface
deformation, but also topography and stratigraphy of the host rock are strongly
influential. These variations are mirrored at the surface by changes in the style of
deformation, which can occur at very short distance, in the order of a few hundred
meters.

In regard to topography, the possible rectilinear prolongation of an eruptive fissure
can be forecast only in the case of a flat topography or a constant low slope angle.
If important topographic escarpments are present in the surroundings, a deviation
from straightness can be expected.

As far as dike characteristics and host rock are concerned, our models have shown
that the rise of tensile stress depends on the stiffness of the materials (here dissimilar
layers) and the applied overpressure in the system. Similarly, the growth of shear
stress above a dike tip is also related quantitatively to the overpressure of the dike.
However, our study for the first time enables to gain insights into the distribution of
the theoretical shear stresses from the vicinity of the tip towards the surface. These
analyses in different geometrical and mechanical conditions have shown that soft
materials (e.g. tuff in our case study) tend to suppress the distribution of the shear
stresses above a dike but not the stiffness of the top layer. Also, high values of
overpressure are able to concentrate a greater range of tensile and shear stresses
at the top layers but only the combination of specific geometric and mechanical
conditions can finally define the possible fracture or dike induced graben scenario.
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