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Abstract 17 

The 1928 AD volcanic activity on eastern Etna, Italy, produced wide surface 18 

deformation and high effusion rates along fissures, with excess volumes of about 50 19 

million m3 of lavas. This, in conjunction with the low elevation of the main eruptive 20 

vents (1150 m a.s.l.), caused the destruction of the Mascali town. Our research 21 

focuses on a multidisciplinary study from field observations and Finite Element 22 

Method modelling through COMSOL Multiphysics®, with the aim of reconstructing 23 

the geometry, kinematics and origin of the system of faults and fissures formed 24 

during the 1928 event. We collected quantitative measurements from 438 sites of 25 

azimuth values, opening direction and aperture amount of dry fissures, and attitude 26 

and vertical offsets of faults. From west to east, four volcanotectonic settings have 27 

been identified, related to dike propagation in the same direction: 1) a sequence of 28 

8 eruptive vents, surrounded by a 385-m wide graben, 2) a 2.5-km long single 29 

eruptive fissure, 3) a half-graben as wide as 74 m and a symmetric, 39-m-wide 30 

graben without evidence of eruption, 4) alignment of lower vents along the pre-31 

existing Ripe della Naca faults. Field data, along with historical aerial photos, 32 

became inputs to FEM numerical models. The  latter allowed us to investigate the 33 

connection between diking and surface deformation during the 1928 event, subject 34 

to a range of overpressure values (1-20 MPa), host rock properties (1-30 GPa) and 35 

geometrical complexity (stratigraphic sequence, layer thickness). In addition, we 36 
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studied the distribution of tensile and shear stresses above the dike tip and gained 37 

insights into dike-induced graben scenarios. Our multidisciplinary study reports that 38 

soft (e.g. tuff) layers can act as temporary stress barriers and control the surface 39 

deformation scenarios (dike-induced graben, single fracture or eruptive fissures) 40 

above a propagating dike by suppressing the distribution of shear stresses towards 41 

the surface.  42 

 43 
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1. Introduction 46 

Magma ascent in the shallow crust occurs in the form of vertical to subvertical tabular 47 

bodies, i.e. dikes or inclined sheets (Bates and Jackson, 1987; Ferrari et al., 1991; 48 

Acocella and Neri, 2009; Acocella et al., 2009; Geshi and Neri, 2014; Falsaperla and 49 

Neri, 2015; Tibaldi, 2015; Acocella 2021). Dikes/sheets rupture the host rock ahead 50 

of their tips and form Mode I fractures (Anderson, 1951; Rubin and Pollard, 1987; 51 

Rubin, 1993) driven mainly by the internal magma overpressure towards the surface 52 

(Gudmundsson, 2011). The dike/sheet ascending path generally lies on a plane 53 

parallel to the maximum principal compressive stress (σ1) and perpendicular to the 54 

minimum principal compressive stress (σ3) (Anderson, 1951; Rubin, 1993) ahead of 55 

the dike tip. However, subject to stress rotations, magma can stall and store along 56 

horizontal to sub-horizontal planes, forming sills (Pollard and Johnson, 1973; 57 

Maccaferri et al., 2011; Craig et al., 2016; Sili et al., 2019). Sills can then evolve to 58 

shallow magma chambers (Barnett and Gudmundsson, 2014; Gudmundsson, 59 

2020), or can deviate along pre-existing fractures (faults or dikes) (Bahat, 1980; 60 

Gautneb et al., 1989; Ferrari et al., 1991; Garduño et al., 1996; Gudmundsson et al., 61 

2001; Acocella et al., 2006a; Neri et al., 2008, 2011; Tibaldi et al., 2008; Ruch et al., 62 

2016; Gudmundsson, 2020; Acocella, 2021; Thiele et al., 2021; Drymoni et al., 63 

2021). 64 

Fracture formation relies on the Griffith’s theory, where several minor pre-existing 65 

cracks in an interface can unify to form larger cracks and eventually fractures 66 

(Griffith, 1924; Broek, 1982; Gudmundsson, 2011). In magma-driven fractures, 67 
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magma overpressure induces stress concentration at the dike tip that, in turn, can 68 

initiate and allow a fracture to propagate if: 1) the tensile stress is equal (or exceeds) 69 

the tensile strength (To) of the host rock, and 2) the elastic energy release rate (GI) 70 

is equal (or exceeds) the material toughness (GIC) of the host rock. If both conditions 71 

are satisfied, a fracture initiates and then propagates in advance of the magma front. 72 

Sometimes a dry segment may form at the surface (Warpinski, 1985; Bonafede and 73 

Olivieri, 1995; Garagash and Detournay, 2000; Billi et al., 2003; Tibaldi, 2015). 74 

Similarly, for a shear fracture, uniform shear (Mode II) loading conditions can also 75 

generate slip on the crack surface and promote displacement orthogonal to the crack 76 

front but parallel to the crack plane. In this case, crack generation occurs when the 77 

stress intensity factor (KII), or fracture toughness of the host rock, becomes critical 78 

(KIIC) (Backers and Stephansson, 2012). 79 

In shallow settings, the stress concentration (tensile loading) above the propagating 80 

dike tip induces tensile stress (σ) and shear stress (τ) concentration in the 81 

conterminous host rock (Gudmundsson, 2011). As a result, at a short distance from 82 

the tip’s side there is a great concentration of tensile stress which is thus subject to 83 

shear stress. This may produce deformation of the topographic surface and can be 84 

expressed by the formation and development of extension fractures, faulting, 85 

upwarping, and graben development (Rubin and Pollard, 1988; Billi et al., 2003). The 86 

dike-induced surface deformations can be further convoluted owing to the different 87 

geometries of the intrusion plane, the dissimilar mechanical layering of the host rock, 88 

and topographic effects (e.g.: Acocella et al., 2006b, 2009; Neri et al., 2008; Bonforte 89 

et al., 2009; Battaglia et al., 2011; Trippanera et al., 2014, 2015; Galland et al., 2015; 90 

Guldstrand et al., 2017; Fittipaldi et al., 2019; Gudmundsson, 2020; Tibaldi et al., 91 

2020; Drymoni et al., 2021). Although these topics have already been studied, more 92 

field observations and analyses are needed to better understand the complex 93 

relationships between them. 94 

With this paper, we intend to contribute to a better understanding of dike-induced 95 

surface deformations in central stratovolcanoes, taking as a field-based example the 96 

structures associated with the eruptive fissuring of 1928 AD at Mt Etna, Italy (Duncan 97 

et al., 1996; Branca et al., 2017). This volcano is subject to both tectonic, magmatic 98 
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and gravity stresses, which interact triggering eruptions. The eruption here studied 99 

started in November 1928 with the opening of three eruptive fissures (UF, MF, LF in 100 

Fig. 1), aligned in a WSW-ENE direction. These three fissures opened in time 101 

progression on the 2nd, 3rd, and 4th-19th November, and thus propagated eastward 102 

(Branca et al., 2017), coherently with the presence of a dike that intruded in the same 103 

direction. They started in the summit area of the volcano, but quickly, in a few days, 104 

propagated down to 1150 m a.s.l. (Duncan et al., 1996; Branca et al., 2017). From 105 

this site, a long lava flow expanded downward and covered an area of 4.38 km2, 106 

destroying the village of Mascali and sterilising wide swaths of productive agricultural 107 

land.  108 

The structures associated with the 1928 fissure eruption of Mt Etna provide an 109 

excellent case study, because they show a plethora of possible dike-induced 110 

structures, such as symmetric to half-grabens, dry fissures, volcanic vents and 111 

eruptive fissures. The integration of field observations with aerial remote-sensing 112 

analysis allowed us to precisely map and quantify the structures: these data, 113 

together with lithostratigraphic observations, became inputs to FEM models to 114 

investigate the scenarios that lead to the observed dike-induced surface features. 115 

Further sensitivity analysis allowed us to investigate the parameters that control the 116 

surface deformation subject to a range of overpressure values (1-20 MPa), host rock 117 

properties (1-30 GPa) and geometrical complexity (stratigraphic sequence, layer 118 

thickness). The results of our study have a wide impact and interest as they provide 119 

a crucial contribution to the understanding of dike-induced deformation in active 120 

volcanic areas and could be broadly applied in similar volcanotectonic settings 121 

elsewhere. 122 

                              123 

 124 



 5 

 125 

Figure 1. Geological map of the studied area overlapped on a shaded relief 126 

(http://geodb.ct.ingv.it/geoportale/; Branca et al., 2011). The two insets show the 127 

location of Mt Etna and the studied area. The white dashed lines delimit the NE Rift 128 

and the ENE Rift. The numbers specify the age of flank eruptions. Black lines 129 

indicate the main faults (after Azzaro et al., 2012).  UF= Upper Fracture, MF=Middle 130 

Fracture, and LF = Lower Fracture are the segments of the 1928 fracture swarm. 131 

Contour lines every 500 m were extracted from the 2005 DEM by Gwinner at al. 132 

(2006). VDB = Valle Del Bove, SEC = SouthEast Crater, NEC = NorthEast Crater.  133 

 134 

2. Geological background 135 

Mt Etna  is a large basaltic composite stratovolcano formed during the last 500 ka in 136 

eastern Sicily. Its geological evolution is divided in four main evolutionary phases of 137 

eruptive activity: the Basal Tholeiitic (500-330 ka), Timpe (220-110 ka), Valle del 138 

Bove (110-60 ka) and Stratovolcano (60 ka-Present) phases (Branca et al., 2011a, 139 

b). The eastern flank of the volcano is distinguished by the presence of a wide 140 
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depression with an amphitheater shape, known as Valle del Bove; our study area is 141 

located immediately NE of the northern escarpment of the Valle del Bove, which is 142 

formed by volcanic deposits of the Valle del Bove phase related to the eruptive 143 

activity of Rocche and Mt Cerasa volcanoes (Fig. 1). These deposits are covered by 144 

the thick succession of Ellittico volcano, consisting of alternating lava flows and 145 

pyroclastic deposits emplaced between about 60 and 15 ka ago. Eruptive activity in 146 

the last 15 ka, belonging to Mongibello volcano, covered the main portion of the 147 

investigated area generating the present morphological setting of the Etna edifice. 148 

The Mongibello volcanic succession mainly consists of lava flows, generated by both 149 

summit and flank eruptions, and subsequently by pyroclastic fall deposits (Branca et 150 

al., 2011a, b).  151 

The eruptive fissures of Mongibello volcano are spatially clustered according to two 152 

main weakness zones, named North-East Rift and ENE Rift (Fig. 1) (Kieffer, 153 

1975, 1985; Lo Giudice et al., 1982; McGuire and Pullen, 1989; Patanè et al., 2011; 154 

Cappello et al., 2012; Azzaro et al., 2012), which represent ideal locations for magma 155 

rising, giving place to flank (or lateral) eruptions, that are usually fed by shallow (1–156 

3 km in depth) dikes propagating laterally from the central conduit (Acocella and 157 

Neri, 2009). The North-East Rift, located on the upper northeastern flank of the 158 

volcano, is represented by a swarm of eruptive and dry fissures striking in NNE- to 159 

NE direction, pit craters and pyroclastic cones, 0.5 km wide and about 7 km long, 160 

which stretches from 2500 to 1700 m a.s.l. More in detail, eruptive fissures strike 161 

from N15°E to N50°E, showing a gradual clockwise rotation along the rift towards 162 

NE (Tibaldi and Groppelli, 2002). Along the northern shoulder of the Valle del Bove, 163 

the ENE Rift is composed of another smaller swarm of dry and eruptive fissures and 164 

cones, at about 2300-1600 m a.s.l. of elevation; fissures strike from N70°E to N90°E 165 

(Azzaro et al., 2012). The eruptive fissures of the ENE Rift formed during flank 166 

eruptions that took place between 15 ka and 3.9 ka BP (Branca et al., 2011a): some 167 

of these fissures propagated from the northern escarpment of the Valle del Bove 168 

down to the fault scarps of the Ripe della Naca (Fig. 1). In historical times, during 169 

the past 2500 years, several eruptive fissures intruded along the ENE Rift and they 170 

are related to the eruptions of Mt Rinatu, dated 1000 ± 50 AD, and Scorciavacca, 171 
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dated 1020 ± 40, 1865, 1928, 1971 and 1979 AD (Branca et al., 2011a). The topic 172 

of our study, which is the 1928 fissure eruption, is characterised by a swarm of 173 

fractures and eruptive vents extending from the northern bottom of the Valle del Bove 174 

to the west, to the intersection with the Ripe della Naca faults to the east (Fig. 1).  175 

The 1928 eruption is the only event, following that of 1669, to have caused the 176 

destruction of a town in the Etna region. This eruption involved the north-eastern 177 

flank, and the opening of the fissure system, which started on November 2nd, and 178 

was preceded and accompanied by intense explosive activity at the NE crater 179 

(Branca et al., 2017). On that day, the first segment of the fissure formed at 2600 m 180 

a.s.l. and extended for 450 m, with activity lasting less than 1 hour that produced a 181 

short, 0.45 km-long lava flow. The second segment of the fissure opened on 182 

November 3rd more to the east, at Serra delle Concazze, between 2300 m and 1560 183 

m a.s.l., extending for 3.2 km. This fissure emitted a lava flow for about 18 hours, 184 

that destroyed conterminous woods, reaching 3.8 km in length. The third segment 185 

of the fissure, 100 m-long, formed further east during the night of November 4th at 186 

1200 m a.s.l. at Ripe della Naca. The development of this dry and eruptive fracture 187 

swarm from west to east clearly mirrors a propagation in the same direction of the 188 

feeder dike. A lava flow was issued from the third fissure and advanced rapidly (0.46 189 

km/h) along the Pietrafucile-Vallonazzo stream gully, reaching, on the morning of 190 

November 6th, the town of Mascali, which was destroyed the following day, with the 191 

exception of the small neighborhood of Sant'Antonino. Between November 6th and 192 

10th, the advance of the lava flow interrupted all communication routes between the 193 

cities of Catania and Messina, resulting in about 5000 homeless people and causing 194 

the destruction of 716 hectares of productive land and 8 industrial plants for the 195 

processing of citrus fruits. During the night of November 19th, the emission of lava 196 

ended, generating overall a flow 9.4 km in length that reached an elevation of 25 m 197 

a.s.l. and destroyed a few houses in the village of Carrabba. After 17 days of activity, 198 

a total lava volume of 52.9 ± 5.2 × 106 m3 had been erupted, with an average effusion 199 

rate of 38.5 m3/s (Branca et al., 2017). 200 

 201 

3. Methodology 202 
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   3.1 Field and historical aerial photo analysis 203 

 204 

In order to map and classify all the structures of the area in detail, we carried out a 205 

remote-sensing analysis by means of historical aerial photos. We used aerial photos 206 

collected in 1932, 1954 and 1955 by the Istituto Geografico Militare (I.G.M., 207 

https://www.igmi.org/). Their comparison allowed us to distinguish the 1928 208 

associated structures with the ones generated by later eruptive activity in the same 209 

area (1971 and 1979 AD). 210 

Then, we performed a detailed field survey along the entire length (14 km) of the 211 

1928 fissure, by collecting quantitative and qualitative structural measurements, and 212 

to validate the classification made through the remote sensing analysis. We 213 

classified the observed fractures as normal faults when they presented a vertical 214 

offset (Fig. 2A), or as extension fractures when there is no vertical displacement (Fig. 215 

2B). In some cases, sediments covered the fractures, not allowing the observation 216 

of a continuous scarp; in this case, the classification was made considering the 217 

change in the topography, when it showed a vertical offset. The surface fractures 218 

were classified either as dry fractures when they did not present eruption signs, or 219 

as eruptive fissures (Fig. 2C) when they were accompanied by spatter lavas, lava 220 

flows or scoriae deposits.  221 

In view of the above, we performed field surveys to collect structural data at 438 sites 222 

along the 1928 fracture; each measurement was referred to the WGS84 datum using 223 

RTK GPS with 2-cm of accuracy. We made precise measurements of the strike, 224 

opening direction and aperture amount of dry fractures, and collected data regarding 225 

the attitude and offset of the mapped normal faults. To measure the vertical offset in 226 

the field, we used a measuring tape for offsets < 2 m, and a laser rangefinder for 227 

offsets > 2 m, obtaining results with an uncertainty of 0.10 m and 0.20 m, 228 

respectively. The opening direction was measured only when piercing points were 229 

clearly visible on both sides of the fracture. 230 

We paid special attention to distinguish among structures formed during the 1928 231 

event and those produced by earlier events. First of all, we examined the 232 

stratigraphic relationships between the various structures and the 1928 depositional 233 



 9 

units, ascribing to pre-1928 events the structures that are clearly covered by the 234 

1928 lava flows. Although we recognize that some uncertainty here can be present, 235 

because some faults or fissures can have formed as the dike propagated upwards 236 

or laterally prior to erupting, we used this stratigraphic criteria in conjuction to further 237 

observations. The 1928 fractures are all characterised by a very low degree of 238 

sediment infilling and young vegetation, whereas the pre-1928 structures are filled 239 

and have large trees. We also examined the fault scarps to see if there are 240 

indications of reactivation (such as different degrees of erosion of parts of the fault 241 

scarp, or different lichen colonization), without finding any evidence. Finally, there 242 

are some historical papers that describe that during the 1928 event the new swarm 243 

of fractures formed (Friedlander, 1929; Ponte, 1928, 1929; Imbò, 1932). 244 

 245 

 246 

Figure 2. View of a SE-dipping normal fault (A), a dry extension fracture (B) and an 247 

eruptive fissure with signs of spatter lava deposits (C) as surveyed in the field. 248 

 249 

3.2 Numerical modelling 250 

     3.2.1 Material properties 251 

In the present research, we use a layered domain that corresponds to dissimilar 252 

Young’s modulus (E) values since the upper crust is mainly highly anisotropic and 253 

heterogeneous (Gudmundsson, 2011, 2020; Drymoni et al., 2020). In detail, stiffness 254 

properties reflect values that have been proposed as common crustal deposit values 255 

(Gudmundsson, 2011). Basement values are between 10-40 GPa, shallow crust 256 
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deposits typically range between 1-15 GPa (Ray et al., 2006; Becerril et al., 2013), 257 

while pyroclastics and sediments may be very compliant, as much as 0.001 GPa 258 

(Heap et al., 2019). Furthermore, we assume that the examined crustal segment 259 

(and its associated layers) is characterised by a linear elastic behaviour, based on 260 

previous studies (e.g. Gudmundsson, 2011). 261 

Consistently with field lithostratigraphic observations, here we consider a 262 

heterogeneous host rock, made up of an approximation of four layers, with the 263 

following characteristics: i) comparatively stiff  lava flows with ECS, CS2=7-10 GPa, ii) 264 

stiff host rock lava flows with ES=7-30 GPa, and iii) a compliant tuff layer with ET=1 265 

GPa. All deposits have a constant Poisson’s ratio value of 0.25 (Babiker and 266 

Gudmundsson, 2004) and density values of ρCS=ρS=2600 kg m-3 that correspond to 267 

stiff lava deposits, and ρT=2000 kg m-3 for compliant deposits. 268 

 269 

    3.2.2 FEM Methods  270 

We used the Structural Mechanics module of the Finite-Element-Method (FEM) 271 

software COMSOL Multiphysics (v5.6), to explore the distribution of dike-induced 272 

local tensile stresses while the fracture propagates to the surface through a layered 273 

elastic medium. The program has the ability to analyse in 2D the stresses and strains 274 

at a dike tip subject to user-defined boundary conditions (dynamic boundary loads) 275 

and simulate the distribution of stresses around the tip to enable assessing both the 276 

modes of fracturing (Broek, 1982; Gudmundsson, 2011; Bazargan and 277 

Gudmundsson, 2019, 2020) as well as the likelihood of the dike propagation path 278 

(Drymoni et al., 2020). According to Amadei and Stephansson (1997), the tensile 279 

stress should be almost equal to the in-situ tensile strength (To) of the host rock for 280 

a fracture to occur (between 0.5-9 MPa); hence, in all our models we design primarly 281 

a tensile stress surface. Secondly, we explore the possibility of pre-existing fractures 282 

to slip; hence, we model also a shear stress surface (Melin, 1986; Lawn, 1993). The 283 

shear stress concentration has been proposed to be usually two times the tensile 284 

stress (τ≥2σ), thus between 1-12 MPa (Haimson and Rummel, 1982; Schultz, 1995) 285 

to generate slip in pre-existing fractures. In the static models, we change the depth 286 

of the dike to allow it to propagate gradually to the surface. While it ascends, we take 287 
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snapshots of the latter on dissimilar stratigraphic contacts where a mechanical 288 

contrast can be produced (Gudmundsson and Brenner, 2001). The models assume 289 

that pre-existing fractures exist in the near-surface domain generating individually 290 

either Mode I or II fracturing scenarios (Backers and Stephansson, 2012) and that 291 

the host rock behaves in a linear elastic way (Farmer, 1983; Bell, 2000). 292 

 293 

    3.2.3 Model setups and baseline models 294 

We designed 2D models of a dike propagating through a layered host rock subject 295 

to the following steps. First we designed the geometry of the squared layered host 296 

rock domain, which replicated the field observations, and then that of the dike (Fig. 297 

3). The latter has been modelled as an elliptical cavity with internal overpressure of 298 

Po=1-20 MPa for a basaltic dike, as defined by Becerril et al. (2013). We then 299 

assigned material properties (stiffness, Poisson’s ratio, density) to each deposit as 300 

described above. Before running the models, we discretised the computational 301 

domain by using very fine triangular meshing, characterized by a minimum element 302 

quality of 0.4534 m and 1100 boundary triangular elements. All models are fastened 303 

in the two bottom corners to avoid rigid-body rotation and translation. Finally, the 304 

upper surface, which is considered to be flat, is free, hence simulating Earth’s 305 

surface (Fig. 3). Our models are finally moved in the centre, close to the central part 306 

of the domain, to ensure that the modelled area of interest is sufficiently far from the 307 

model edges so as not to be contaminated by edge effects. 308 

We designed a suite of baseline models with gradual complexity to simulate as much 309 

as possible the field observations and the in situ conditions during dike 310 

emplacement. We originally started from homogeneous domains and then gradually 311 

improved the host rock geometry by adding the stratigraphic sequence typically 312 

found on Mount Etna. The latter was comprised by: 1) two comparatively stiff (ECS=7-313 

10 GPa) lava layers with a measured field thickness of 1 m and 0.2m respectively, 314 

2) a compliant tuff (ET=1 GPa) layer with a measured field thickness of 1 m, and 3) 315 

a stiff lava layer (ES= 7-30 GPa) which simulates the surrounding host rock in the 316 

model setups (inset in Fig. 3). 317 
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 318 

 319 

Figure 3. Numerical model setup. The computational domain is 50 m x 50 m and the 320 

dike is located at 12 meters depth with a 0.5 m thickness, and a maximum inclination 321 

of 10°. The crosses at the two bottom corners represent fastened conditions. Host 322 

rock layering and dissimilar properties are represented by colour coding: green 323 

corresponds to tuff, red to comparatively stiff lava flows, orange to very stiff lava 324 

flows. The sensitivity analyses include changes in the sequence of the layers, the 325 

stiffness of the layers (ECS, ET, ES), their thickness (W1, W2), their overpressure 326 

range (Po=1-20 MPa) and the inclination of the propagating dike (0-10°). 327 

 328 

We initially plot the magnitudes (distribution) of σ3 to examine the stress 329 

concentration around the dike tip and the location of their highest concentrations. 330 

Then, we plot a second contour (line) surface to examine similarly the shear stress 331 

concentration. Finally, we design two arrow surfaces corresponding to σ1 and σ3 332 

principal compressive stresses  ahead of the dike tip.  333 

 334 

    3.2.4 Sensitivity tests 335 

We performed several sensitivity tests to investigate which are the stress conditions 336 

and the geometrical or mechanical parameters that could, individually or coupled, 337 

produce temporary stress barriers in Etna’s shallow crust. For that reason, we initially 338 
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examined the effects of the dike’s overpressure (Po) in two different orders of 339 

magnitude (1 MPa and 10 MPa) within a range of 1-20 MPa,  the layer thickness (W) 340 

in two different orders of magnitude (0.1 m and 1m) and within the range of 0.1-1 m. 341 

Finally we explored the stiffness (ECS, ET, ES) of the layers in two different orders of 342 

magnitude (1 GPa and 10 GPa) and within a range of 1-30 GPa. In a second stage, 343 

we tested some further geometrical properties of the host rock, such as the 344 

stratigraphic sequence, and the dike inclination (0-10°). The detailed analysis, 345 

results and interpretations are to be presented in a numerically-focused follow up 346 

study, due to the length of the current work. Here, we provide some initial insights 347 

which could better interpret the field observations, which are the main focus of this 348 

case-study. 349 

4. Results 350 

   4.1 Surface deformation 351 

In the field, we  recognized all the fractures and eruptive vents present along the 352 

1928 fissure, for a total of 159, classified as: I) 11 eruptive vents formed during 1928 353 

(7% of structures), II) 8 pre-1928 eruptive vents (5%), III) 33 eruptive fissures (21%), 354 

IV) 29 normal faults (18%), V) 38 dry extension fractures associated with the 1928 355 

event (24%), VI) 36 older fractures (faults and extension fractures) (23%), and VII) 356 

4 pit craters (2%), as can be seen in Fig. 4F. Furthermore, we collected structural 357 

measurements in 438 sites (Fig. 4G), as explained in the previous chapter, and we 358 

collected the strike of all fractures: the predominant direction is ENE-WSW, with the 359 

majority striking N60-70°E (Fig. 4A) (Table 1).  360 

 361 

Table 1: Collected strike data and statistical analysis (N=136). 362 

Classified trend Peak strike Average strike Standard deviation 
III) eruptive 

fissures                                                                                                                                                                      

N60-70°E N65.8°E 7.1° 

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

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

VI) older 

structures 

N60-70°E N67.6°E 8.4° 



 14 

Total N60-70°E N69.1°E 8.3° 

 363 

Our observations have revealed four settings of surface deformation (Fig. 4F) along 364 

the studied profile, from west to east. In detail, we report: 365 

1) Sector one (Fig. 5): A sequence of 8 eruptive vents, with an ENE-WSW 366 

alignment, surrounded by a 385-m wide graben with offset values ranging up 367 

to 10 m, an average offset of 1.8 m and a standard deviation (SD) of 2.1 m. 368 

2) Sector two (Fig. 6): A single eruptive fissure, no graben formation.  369 

3) Sector three (Figs. 7-8): A 74-m wide half-graben with offset values up to 1.2 370 

m, an average offset of 0.8 m and a SD of 0.7 m, followed to the east by a 39-371 

m-wide graben with offset values ranging from 0.9 to 1.3 m, an average offset 372 

of 1 m and a SD of 0.8 m. No evidence of eruption.  373 

4) Sector four: Alignment of lower vents along the pre-existing Ripe della Naca 374 

Fault.  375 

 376 

 377 
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 378 

Figure 4. Rose diagrams showing the strike of all fractures (A), eruptive fissures (B), 379 

normal faults (C), dry extension fractures (D) and older fractures (E). The structural 380 

map with the location of the different surficial deformation settings, represented more 381 

in detail in Figures 5-6-7-8, is shown in (F). The map with the location of all the sites 382 

of structural observations is shown in (G). Coordinate Reference System: WGS 84-383 

UTM 33N. 384 

 385 

   4.1.1 Sector 1: volcanic vents and graben 386 

The westernmost and most elevated sector of the 1928 fissure is characterized by 387 

the alignment of 8 volcanic vents, with an average direction of crater elongation of 388 
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N67°E, in agreement with the general trend of the 1928 structure according to the 389 

statistical  analysis. The vents are surrounded by normal faults with converging dips 390 

which form a 385-m wide and 10-m deep graben (Fig. 5A): faults strike E-W to ENE-391 

WSW and multiple planes can be found along the southern side of the graben, with 392 

vertical normal offsets up to 10 m. However, the fault scarps are partially covered by 393 

younger volcanic deposits so the measured displacement is estimated. Instead, 394 

along the northern side of the graben, only one fault is present, with normal offsets 395 

ranging 1 to 3 m. The presence of all these structures in the historical aerial photos 396 

of 1932, collected by I.G.M., confirm they are linked to the 1928 event. 397 

  398 

 399 

 400 

Figure 5. (A) Map showing in detail Sector 1, where volcanic vents and the presence 401 

of a graben can be observed. Legend of the structures and location of this figure are 402 

in Figure 4F. Coordinate Reference System: WGS 84-UTM 33N. (B) and (C) show 403 
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the S-dipping normal fault and WSW-ENE-aligned volcanic vents, respectively. The 404 

yellow arrow in (B) indicates the vertical normal offset. 405 

 406 

    4.1.2 Sector 2: single eruptive fissure 407 

Towards the east, at an altitude of ~2080 m a.s.l., the surface expression of the 1928 408 

structure changes abruptly: here, volcanic vents are not visible anymore, whereas a 409 

single eruptive fissure can be clearly observed. This setting appears continuously 410 

for 2.5 km moving eastward, up to an altitude of ~1600 m a.s.l. There, the fissure 411 

suddenly disappears, and finally emerges again at the surface in correspondence of 412 

the lower vents (~1150 m a.s.l.), almost 3 km to the east. In this sector, there is no 413 

clear evidence of graben formation, apart from a few scattered short scarps with low 414 

offsets. Like in Sector 1, both north and south of the 1928 fractures, pre-1928 415 

fractures have been recognized, that do not show a continuous vertical offset or 416 

evidence of graben formation, and, of course, have been excluded by the present 417 

analysis (green lines in Fig. 6A). Moreover, in the NE part of this sector, the uprise 418 

of the dike to the surface caused several collapses, forming a series of sinkholes, 419 

aligned and elongated as the fractures (Figs. 6B-C). 420 

 421 

 422 

Figure 6. (A) Map showing in detail Sector 2, where surface deformation is 423 

characterized by a single eruptive fissure without evidence of clear vertical 424 

displacement at its sides. Legend and location of this figure are in Figure 4F. 425 
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Coordinate Reference System: WGS 84-UTM 33N. Examples of the eruptive fissure 426 

and a sinkhole are shown in (B) and (C).  427 

 428 

   4.1.3 Sector 3: half-graben and symmetric graben without eruption 429 

In this sector, located at ~1600 m a.s.l., there are no signs of eruption. The western 430 

part of the sector is characterized by the presence of a 74-m wide half-graben, as 431 

shown in detail in Figure 7A. The northern half-graben side is formed by SE-dipping 432 

normal faults (Fig. 7D), with offsets ranging from 0.3 to 1.2 m. Instead, only dry 433 

extension fractures are present along the southern side, without any evidence of 434 

vertical offset (Fig. 7E). The structural analysis of the extension fractures has shown 435 

that the maximum amount of aperture is 3 m, with an average of 1.1 m, and the 436 

standard deviation (SD) is 0.8 m. We report results from 12 sites where the opening 437 

direction has an average value of N161.2° E, and a SD of 12.4°, with a peak between 438 

N160-180°E. Considering the local strike measured in the same sites, we obtained 439 

an average of N68.9°E, and a SD of 6.3°, with a peak in the interval N60-70°E, 440 

indicating a small right-lateral component of movement of 2.3° (Fig. 7B). In detail, 6 441 

sites show signs of pure extension (lateral component < 5°), 5 sites of right-lateral 442 

and only 1 of a left-lateral component of displacement, respectively. The opening 443 

direction values in Figure 7C are related to the local strike, since a clockwise rotation 444 

of the former corresponds also to a clockwise rotation of the latter. Finally, we report 445 

a few sinkholes in the middle part of the sector (Fig. 7A). 446 

 447 
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 448 

Figure 7. (A) Map showing the western part of Sector 3. The black arrows represent 449 

the opening direction of fractures, while numbers correspond to the vertical offset (in 450 

meters) measured at the sites of structural measurements. Coordinate Reference 451 

System: WGS 84-UTM 33N. Location in Figure 4F. (B) Rose diagram showing the 452 

local strike (in grey) and the opening direction (in blue) at 12 sites, respectively. (C) 453 

Graph showing the relation between the local strike and the opening direction. (D) 454 

Field example of a SE-dipping normal fault. The yellow arrow highlights the vertical 455 

offset. (E) A dry extension fracture observed in the field. 456 

 457 

The eastern part of Sector 3 is characterised by a symmetric graben: the southern 458 

side is formed of NNW-dipping faults, whereas the northern side by SSE-dipping 459 

normal faults (Fig. 8A). The range of vertical offsets is between 0.3 and 3.5 m, with 460 

a maximum cumulated value of offset of 4 m along part of the northern graben side. 461 

In the middle of the graben, extension fractures were noticed, but opening directions 462 

could not be measured because piercing points were not visible. Finally, average 463 

aperture values were lower than 1 m with a maximum of 2.7 m (Fig. 8A). 464 
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 465 

 466 

Figure 8. (A) Map showing the eastern part of Sector 3. The numbers indicate the 467 

vertical offset (in meters) at the structural stations, while the red and white dots report 468 

the vertical offset and aperture values, respectively. Coordinate Reference System: 469 

WGS 84-UTM 33N. Location in Figure 4F. (B) A NNW-dipping and (C) a SSE-dipping 470 

normal fault are shown, along with their vertical offset, highlighted by the yellow 471 

arrow. 472 

 473 

   4.1.4 Sector 4: lower vents and Ripe della Naca faults 474 

This is the easternmost part of the 1928 fissure (Fig. 4), connected to Sector 3 by a 475 

number of right-stepping, dry fractures. Sector 4 is distinguished by the presence of 476 

some aligned sinkholes and a series of vents in the form of small pyroclastic cones. 477 

The craters of the cones are aligned ENE-WSW and elongated with a trend between 478 

N65°E and N74°E. These are the vents from which the long lava flow was outpoured 479 

and reached the town of Mascali, destroying it. The vents are located at the foot of 480 

the upper escarpment of the Ripe della Naca faults, in an area coinciding with the 481 

intersection between the 1928 fracture and the trace of the upper Ripe della Naca 482 

faults. Here, in fact, the Ripe della Naca faults are composed of two main normal 483 

faults striking about N70°E and dipping towards SSE. They form two escarpments: 484 

the upper one is about 90-130 m high, the lower one is about 110-125 m high. 485 

 486 

4.2 Numerical modelling 487 
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Our main aim was to reproduce the field observations through numerical modelling 488 

and to gain insights into the connection between in depth and surface deformation 489 

processes, induced by diking. Firstly, we modelled a basaltic dike propagating 490 

towards the surface through a layered media and studied the conditions of Mode I 491 

fracturing close to the dike tip. Secondly, we explored the Mode II fracturing scenario 492 

in the vicinity of the dike tip but we also expanded our interpretations by studying the 493 

distribution of shear stress towards the surface. Finally, in both scenarios, we 494 

explored the propagation path of the dike as designated by the local stress field (σ1 495 

and σ3). 496 

In Figures 9-11, we show the results from a suite of models that simulated the 497 

observed stratigraphy. The vertical dike was modelled in a variety of setups (layering 498 

scenarios and dike inclination) with an assigned overpressure of 1 MPa (e.g. Fig. 499 

9A), 10 MPa (e.g. Fig. 9B) and finally 20 MPa (e.g. Fig. 9C). The host rock in all 500 

models had a stiffness range of 1-30 GPa. In Figures S1-S3 (Supplementary 501 

material) we report the theoretical shear stress values calculated with COMSOL 502 

multiphysics both at the very close vicinity of the dike tip and 2 m below the surface 503 

(Fig. 4 Suppl.). The model results are summarized as follows: 504 

Figure 9 shows the results assuming a vertical dike propagating towards the surface 505 

through a layered sequence as observed in the field.The dike is modelled at the first 506 

(and deepest) soft/stiff contact (ET/ECS), which reflects the location of the highest 507 

mechanical contrast in the layered sequence. According to the models, the tensile 508 

stresses formed by performing an overpressure boundary condition are 509 

concentrating symmetrically at the stiff lava layers and more especially at the stiffer 510 

lavas (ES=30 GPa). In Figure 9A (Po = 1 MPa), low to moderate tensile stress values 511 

(0.5 – 5 MPa) are concentrated in the stiff layers (lava). Also very low shear stress 512 

values (up to 2 MPa) are distributed around the dike tip, but not above it and towards 513 

the surface. The shear stress concentration at the dike tip (Figs. S1A-D Suppl.) is 514 

0.8 to 1.4 MPa and decreases towards the surface (around 0.82 MPa at 2 m below 515 

the surface). The σ3 trajectories at the dike tip show up to 90° rotations just above it 516 

and close to the contact between the tuff and the lava layer indicating the presence 517 

of a stress barrier. In the next model, in Figure 9B, we increased the overpressure 518 
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by one order of magnitude (Po = 10 MPa). We observed moderate (3-5 MPa) to high 519 

(6-10 MPa) tensile stress concentration at the lava layers. At the dike tip, the σ3 520 

trajectories show minor rotations (up to 45°), but at the close vicinity of the tip with 521 

the comparatively stiff lava/tuff contact we observe a 90° σ3 stress rotation, which 522 

could imply again that the tuff layer can act as a temporary stress barrier. The 523 

shearing fracturing mode distribution is also observed with the contours surface. In 524 

detail, low shear stress values (1-4 MPa) are distributed at the top lava layer, 525 

whereas the rest (5-12 MPa) are concentrated at deeper levels and mostly at the tuff 526 

(1-4 MPa) and comparatively stiff lava deposits (5-12 GPa). The theoretical shear 527 

stresses now subject to a higher overpressure show equally an order of magnitude 528 

higher values (Figs. S1B-E Suppl.) both at the dike tip (τ = 14 MPa) and close to the 529 

surface (τ = 8.2 MPa). It is clear that in Figure 9B (Po = 10 MPa), the presence of the 530 

tuff layer suppresses the distribution of shear stresses towards the surface. Although 531 

the tensile stress is very high at the top layer, the shear stress is not sufficient to 532 

initiate slip above the dike tip and close to the surface (τ < 2σ3).  533 

However, when we rise even more the dike’s overpressure (Po = 20 MPa, e.g. Fig. 534 

9C), the tensile and shear stress distribution show another pattern. In detail, the 535 

shear stress contours are now closer to the surface and two symmetrical lobes are 536 

formed at the dike’s surroundings. The top layer now bears a higher range of 537 

shearing (1-8 MPa), while the tuff layer has a range of 2-12 MPa. The theoretical 538 

shear stresses at the dike tip reach even higher values up to 28 MPa at the tip and 539 

16.8 MPa close to the surface (Figs. S1C-F Suppl). The tensile stress is highly 540 

concentrated at the stiff lava layers and especially at the top lava layer (σ3 = 10 MPa). 541 

A stress barrier condition still exists at the comparatively stiff lava/tuff contact above 542 

the dike tip. The comparative study of Figures 9A-C proposes that higher 543 

overpressure values result in higher tensile stress concentration at the top lava layer 544 

and eventually a higher probability of Mode I fracturing. However, our models show 545 

that the distribution of shear stress towards the surface is not only subject to the 546 

overpressure value of the dike but also to the presence of soft layers in the host rock.  547 

To identify how the stiffness of the top layer controls the concentration of tensile and 548 

shear stress regardless of the boundary conditions, we have rerun all the previous 549 



 23 

models with a lower Young’s modulus value, equal to the comparatively stiff lava 550 

(ECS = ES = 7 GPa). The results are presented in Figures 9D-F and S1G-L (Suppl.) 551 

and show that even if the top layer is softer (but still comparatively stiff), the stress 552 

concentrations are quite similar to Figures 9A-C and S1 (Suppl.). In detail, the 553 

theoretical shear stress at the tips rises from 1.4 MPa to 2 MPa for Po=1 MPa, from 554 

14 to 19 MPa for Po=10 MPa and from 28 to 38 MPa for Po=20 MPa. However, the 555 

shear stress close to the surface shows a 15% reduction from 0.82 to 0.69 MPa for 556 

Po=1 MPa, 8.2 to 6.9 MPa for 10 MPa and finally 16.4 to 13.8 for Po=20 MPa. This 557 

implies that Mode I and II fractures can occur very close to the tip, but it is hardly 558 

possible for a pre-existing fault to slip comparatively to the rest of the models (Figs. 559 

10 and 11). However, the orientation of the stress field is now critically affected and 560 

all models imply conditions of dike propagation.  561 

  562 

 563 

 564 

Figure 9. FEM models show the distribution of tensile (σ) and shear stresses (τ) 565 

(contours) around a propagating dike tip. The models include the trajectories of the 566 

maximum principal compressive stress (σ1, white arrows) and minimum principal 567 

compressive stress (σ3, black arrows) in different concepts of layered media as 568 

denoted in the inset model maps. The colour scale of tensile and shear stresses 569 

ranges from 0-10 MPa and 0-12 MPa, respectively. (A, D) a vertical dike emplaced 570 
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in the shallow crust with an overpressure of 1 MPa., (B, E) a vertical dike emplaced 571 

in the shallow crust with an overpressure of 10 MPa, (C, F) a vertical dike emplaced 572 

in the shallow crust with an overpressure of 20 MPa. 573 

 574 

In the next stage, we altered the geometrical properties of the host rock (sequence 575 

of the stratigraphy and thickness of the layers) to identify discrepancies which could 576 

propose different surface deformation scenarios. Here, we present the model suites 577 

that have provided the most relevant insights (Figs. 10 and Fig. S2 Suppl.). In this 578 

model run, we have changed the thickness of the tuff layer by making it an order of 579 

magnitude thinner (WT=0.1 m) (Figs. 10A-C) and decreased the heterogeneity of the 580 

host rock by omitting the tuff layer from the sequence (Figs. 10D-F). We have rerun 581 

the models with the same boundary loading conditions (Po=1-20 MPa) and the same 582 

stiffness values (1-30 GPa). The results of the suites where Po=1 MPa (Figs. 10D 583 

and Fig. S2 Suppl.) show similarities with Figs. 9A and Fig. S1 (Suppl.) implying 90°  584 

stress rotations and satisfied dike arrest conditions, while Fig. 10A shows rotations 585 

up to 80° only. However, if Po=10 MPa (Figs. 10B and 10E) and the tuff layer is 586 

thinner by an order of magnitude (Fig. 10B), the shear stress distribution is again 587 

symmetrical to the dike tip, but appears to rise closer to the surface and to 588 

concentrate above it. The contours in the top lava layer range between 1-7 MPa 589 

while in the tuff layer they are between 2-6 MPa. Similarly, the theoretical shear 590 

stresses at the dike tip reach a maximum of 32 MPa and 9 MPa close to the surface 591 

that imply a higher probability of dike-induced faulting since the shear stress values 592 

are now 2.3 times higher (from 14 to 32 MPa) subject to the model results in Fig. 9. 593 

However, if the tuff layer lacks from the sequence (Fig. 10E), the distribution of shear 594 

stresses is again symmetrical but it is distributed higher and wider above the tip. The 595 

range of shear stress also differs from the previous runs with the amount to be 1-4 596 

MPa in the lava layer and 1-5 MPa in the tuff layer (Fig. 10E) and the theoretical 597 

stresses to be two times higher than the results related to the models in Fig. 9 but 598 

lower than the results shown in Figs. 10A,D. In both models in Figs. 10B,E, the 599 

tensile stress distribution is sufficient (over 0.5 MPa) to make a fracture at the dike 600 

tip and it is concentrated similarly at the stiffer materials (lavas). In Figure 10B, the 601 
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trajectories of σ1 and σ3 arrow surfaces show no stress rotations at the vicinity of the 602 

tips but in Figure 10 E an 80° stress rotation is evident. Thus, in both case scenarios 603 

the dike cannot probably stall in the shallow crust. 604 

In the next models (Figs. 10C and 10F), we increased the amount of overpressure 605 

(Po=20 MPa) while keeping the same stiffness values (1-30 GPa). We observed no 606 

stress  rotations at Fig. 10C and almost 90° rotations at Fig. 10F. The tensile stress 607 

concentration is also very high at the vicinity of the dike and closer to the surface. 608 

Especially in Figure 10F we observe a wider distribution of Mode I fractures to the 609 

surface. Finally, the shear stress contours in Figure 10C have shown a very high 610 

distribution in the top lava layer (1-12 MPa) and just 1-7 MPa in the following run in 611 

Figure 10F, where the tuff layer is omitted. The theoretical shear stresses (Figs. S2A-612 

L Suppl.) at the dike tip rise up to 64 MPa if the tuff layer is thin (Fig. 10C) and up to 613 

54 MPa if the tuff layer is omitted from the stratigraphy. Close to the surface, the 614 

shear stresses can reach a maximum value of approximately 18 MPa when the thin 615 

tuff is present and 13.2 MPa when the tuff is absent. Those results could imply two 616 

possible volcanotectonic events. Mode I conditions suggest that a dike arrest 617 

scenario of a propagating dike could be likely. However, Mode II conditions, 618 

individually, can also imply that a dike-induced scenario is highly possible. 619 

 620 

 621 
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 Figure 10. FEM models show the distribution of tensile (σ), and shear stresses (τ) 622 

(contours) around a propagating dike tip. The models include the trajectories of the 623 

maximum principal compressive stress (σ1, white arrows) and the minimum principal 624 

compressive stress (σ3, black arrows) in different concepts of layered media as 625 

denoted in the inset model maps. The colour scale of tensile and shear stresses 626 

ranges from 0-10 MPa and 0-12 MPa, respectively.  (A, D) A vertical dike emplaced 627 

in the shallow crust with an overpressure of 1 MPa, (B, E) A vertical dike emplaced 628 

in the shallow crust with an overpressure of 10 MPa, (C, F) a vertical dike emplaced 629 

in the shallow crust with an overpressure of 20 MPa  630 

 631 

In the last model runs, we repeated the exact same configuration similar to Figures 632 

10A-F, assuming now an inclined dike (10° inclination) propagating towards the 633 

surface through a layered sequence. Now the concentration of tensile and shear 634 

stresses is asymmetrical and only the right part of the distribution (and shear stress 635 

lobe) reaches the surface. In the first model runs (Po=1 MPa) (Fig. 11A,D) the tensile 636 

stress concentration patterns are consistent with the previous models (Figs. 9 and 637 

10). The shear stresses are assymetrical at the tip with the right and left sides to 638 

reach theoretical values of 3.5 and 3.1 MPa, respectively, when the tuff layer is very 639 

thin (Figs. 11A and S3A Suppl.). In case the tuff layer is totally missing from the 640 

stratigraphy (Figs. 11D and S3G Suppl.) then the difference is even higher with 3.5 641 

MPa for the right side and only 2.7 MPa for the left one. The trajectories of σ1 and 642 

σ3 arrow surfaces show stress rotations (0-45°) at the close vicinity of the tips but 643 

almost 90° rotations at the thin lava layers atop providing further insights in the 644 

conditions where stiff layers can be temporary stress barriers too.  645 

Similarly, when the overpressure is Po=10 MPa (Fig. 11B) the contours are 646 

concentrated at the top lava layer in a range between 1-8 MPa for the thin tuff layer 647 

scenario and between 1-4 MPa for the no tuff scenario. In both cases, they are 648 

distributed closer to the surface. The tensile stresses are high (8-10 MPa) and the 649 

theoritical shear stresses at the tips reach assymetrically a maximum of 34 MPa for 650 

both scenarios. Closer to the surface those values reach a maximum of 10.5 MPa at 651 

the right side of the models. The trajectories of σ1 and σ3 arrow surfaces show minor 652 
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stress rotations (0-45°) (Fig. 11B) and up to 80° on the comparatively stiff lava layer 653 

(Fig. 11E) so stress barriers are quite unlikely to form. In case the overpressure is 654 

higher (Po=20 MPa) (Fig. 11C,F) the shear stress contours are denser in the lava 655 

layer with a range of 1-12 MPa. The tensile stresses are very high (9-10 MPa) at the 656 

top layer while the theoretical shear stress values peak in both stratigraphic 657 

scenarios at approximately 70 MPa at the dike tip and between 17-20 MPa close to 658 

the surface. The stress rotations are similar to Figs. 11B and 11E.The results could 659 

imply a successful shear fracturing mode at the right side and individually the 660 

formation of pure Mode I fractures at the left side of the dike tip.  661 

  662 

 663 

 Figure 11. FEM models show the distribution of tensile (σ), and shear stresses (τ) 664 

(contours) around a propagating dike tip. The models include the trajectories of the 665 

maximum principal compressive stress (σ1, white arrows) and the minimum principal 666 

compressive stress (σ3, black arrows) in different concepts of layered media as 667 

denoted in the inset model map. The Colour scale of tensile and shear stresses 668 

ranges from 0-10 MPa and 0-12 MPa, respectively.  (A, D) An inclined dike (10°) 669 

emplaced in the shallow crust with an overpressure of 1MPa (B, E) An inclined dike 670 

(10°) emplaced in the shallow crust with an overpressure of 10 MPa, (C, F) an 671 

inclined dike (10°) emplaced in the shallow crust with an overpressure of 20 MPa.  672 

 673 

 674 
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5. Discussion 675 

The relation between surface deformation (width and displacement) and dike 676 

geometry is a crucial topic in volcanotectonics: several studies have been carried 677 

out both along slow and fast divergent plate boundaries, using field observations 678 

associated with geophysical data, such as GPS, InSAR, seismicity and analogue 679 

and numerical models (Tryggvason, 1984; Stein et al., 1991; Rubin, 1992; Chadwick 680 

and Embley, 1998; Wright et al., 2006; Calais et al., 2008; Ebinger et al., 2008; 681 

Pallister et al., 2010; Nobile et al., 2012; Sigmundsson et al., 2015; Agustdottir et al., 682 

2016; Hjartardottir et al., 2016; Ruch et al., 2016; Xu et al., 2016; Al Shehri and 683 

Gudmundsson, 2018; Trippanera et al., 2019; Acocella 2021).  684 

From a mechanical perspective, theoretical and analogue models by Pollard et al. 685 

(1983) and Mastin and Pollard (1988), with examples from Kilauea and the Inyo 686 

Craters, respectively, have provided major insights into the formation of dike-induced 687 

grabens in volcanic edifices. In detail, the experimental analyses of shallow dike 688 

intrusion processes have shown that new fractures are initially generating at the 689 

interior parts of pre-existing fractures and in the opposite sides of the dike plane very 690 

close to the surface. In layered domains, stiffer materials (e.g. lavas) tend to 691 

concentrate the extensional fractures and softer materials (e.g. tuffs) the shearing. 692 

Two scenarios of dike-induced surface deformation have been explored: i) Rise of 693 

overpressure at a static dike tip due to the presence of pore pressure (water and gas 694 

flow) and hydraulic fracturing pressure. The tip becomes locally compressed and 695 

more fracture growth occurs. Additionaly, subject to the material’s resistance to 696 

compression, thrust faults can also be formed; ii) A dike propagates upward. The 697 

probability of extensional fracture growth at the surface is even higher. At the same 698 

time, the lower parts of pre-existing faults can become locked (Rubin and Pollard, 699 

1988) and new normal faults can grow.  700 

In both scenarios, during the inelastic deformation stage, the strain, instead of 701 

forming new extensional fractures, shifts on becoming accommodated in shear ones. 702 

The fractures can then coalesce and form graben structures. However, although 703 

these models consider a dike intruding in an elastic and homogeneous half-space 704 

medium, the influence of anelastic deformation, as well as the heterogeneity of the 705 
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crust are not considered. Similarly, the large width of a graben according to analogue 706 

models (Acocella and Trippanera, 2016) suggests that it could have been developed 707 

during dike ascent in depth. Field studies, though, document that dike-induced 708 

grabens can only occur in/close to the surface and they are highly associated with 709 

the combination of tectonic and dike-induced processes (Gudmundsson, 2020). 710 

From a numerical perspective, dike-induced grabens are complex scenarios. 711 

Previous numerical studies (Al Shehri and Gudmundsson, 2019) showed that the 712 

majority of dikes are getting arrested due to layering of the shallow crust and that 713 

only in the very shallow parts of it graben formation will occur. For this scenario, a 714 

dike should be sufficient to mechanically break the host rock (tensile stress between 715 

0.5-6 MPa) and propagate towards the surface. Then the shear stress (τ) 716 

concentration will be sufficient to cause pre-existing fractures to slip. The range of 717 

shear stress failure in brittle rocks is from 1-12 MPa, and usually two times the tensile 718 

stress (τ ≥ 2σ) making a reactivation scenario quite possible. In addition, the 719 

conditions under which Mode I and II fracturing occurs are diverse. Last but not least, 720 

the actual mechanism for fracture initiation imply mixed modes and not purely Mode 721 

I or II fracturing (Backers and Stephansson, 2012). Hence combining FEM modelling 722 

with other techniques such as dislocation modelling (e.g. Rivalta et al., 2002; 723 

Maccaferri et al., 2010) can give further and broader insights on faulting and fissuring 724 

from dike intrusion. 725 

On Mt Etna especially, Murray and Pullen (1984) carried out a study about magma 726 

propagation during the 1983 eruption, using levelling data by modelling dike 727 

propagation in an elastic half-space. During the 2001 eruption, Acocella and Neri 728 

(2003) reported the formation of several grabens and fractures at the surface, and 729 

assumed the depth of the dike using the relation suggested by Pollard et al. (1983) 730 

and Mastin and Pollard (1988). Furthermore, the formation of an asymmetric graben 731 

was observed during both the 2008 and 2013 events; the depth of the dike was 732 

assumed from the width of the graben with the above-described relation, without 733 

further investigation (Bonaccorso et al., 2011; Falsaperla and Neri, 2015).  734 

The structural analysis along with the numerical study of the 1928 fissure of Mt Etna 735 

presented here, provide insights into the distribution of surface deformation related 736 
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to dike-induced processes. Initially, our volcanotectonics study reports the type of 737 

deformation related to the formation of four different sectors as classified from field 738 

observations. In a second stage, our numerical models, in conjunction with the 739 

existing theoretical and experimental knowledge in dike intrusion processes, tries to 740 

answer the question related to how those deformation events occurred. In specific, 741 

in our stationary numerical model setups, we explored mainly the effects of: 1) 742 

layering above a propagating dike tip (E=1-30 GPa), and 2) different overpressure 743 

values of a basaltic dike (Po=1-20 MPa). These conditions were specifically chosen 744 

since they reflect the heterogeneity of Etna’s crustal segments and the shallow 745 

degassing processes that occur during Strombolian eruptions. In the following 746 

synthesis we provide a more detailed analysis of the distinct scenarios. 747 

 748 

5.1 Volcanic vents and symmetric graben 749 

Near the rim of the Valle del Bove, the 1928 fissure was characterized by important 750 

Strombolian activity with the emplacement of a series of volcanic vents with 751 

explosive crater-like morphopolgy and surrounded by small spatter and scoria 752 

ramparts (Sector 1). The vents are aligned ENE; each one is elongated in the same 753 

direction, and the ramparts are also elongated ENE, parallel to the trend of the 1928 754 

fracture zone: these three features (Tibaldi, 1995; Tibaldi et al., 2013) clearly indicate 755 

that the pyroclastic emplacement was controlled by a dike striking ENE.  756 

We suggest that in this segment, the dike produced the formation of a wide graben, 757 

as indicated by the presence of the two normal fault sets dipping inward and striking 758 

subparallel to the alignment of the vents. As is well known, the 1928 fracture 759 

propagated eastward (Branca et al., 2017); the vents’ size decreases eastward, until 760 

they reach the fracture segment where only lavas and spatter were outpoured.  761 

In our models, graben formation towards the surface occurs when two conditions are 762 

met: i) the shear stress concentration needs to become higher than the tensile stress 763 

(τ ≥ 2σ), and ii) the shear stress distribution, as shown by the contours surface and 764 

the theoretical shear stresses, needs to be expanded towards the surface. The 765 

previous conditions imply that dike-induced scenarios are more possible in layered 766 

domains with high stiffness contrasts (e.g. the existence of stiff, comparatively stiff 767 
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and soft materials) subject to high overpressure values (10-20 MPa) such as in the 768 

models of Figure 10. The latter could possibly imply the conditions of narrow or wide 769 

graben formation. As a consequence of the extra geometrical heterogeneity we 770 

modelled here, in case the soft layer is thin, the possible graben will be narrower 771 

than when the soft layer totally lacks from the stratigraphy. In the latter conditions, a 772 

wider graben can be formed. All those are subject to the mechanical state that a 773 

temporary stress barrier will not arrest the dike towards the surface, a condition that 774 

is, however, highly possible as shown in the models. 775 

 776 

5.2 Single fracture vs. half-graben 777 

East of Sector 1 is the area characterised by a single extension fracture with a length 778 

of 2 km. Here, there is also evidence of minor Strombolian activity, with ramparts of 779 

limited height. No graben developed along Sector 2. Further east is Sector 3, marked 780 

by the occurrence of the half-graben.  781 

Actually, field data indicate the presence of both normal faults and extension 782 

fractures to the east, in line with the fact that natural rocks are neither purely 783 

Coulomb solids nor purely elastic, but instead behave like elasto-plastic materials 784 

(Jaeger et al., 2009; Gudmundsson, 2011): this means that both deformation 785 

mechanisms can occur during magma propagation and emplacement. In particular, 786 

field and geophysical data are demonstrating that shear failure is a fundamental 787 

process of magma propagation at the sheet tip (Gudmundsson et al., 2008; White et 788 

al., 2011; Ágústsdóttir et al., 2016; Spacapan et al., 2017). The segments of the 1928 789 

structure represented by the single extension fracture and by the half-graben are 790 

located in a plain formed by a series of wide horizontal lava flows; thus, the host 791 

rocks around the dike have very similar characteristics in the two segments. 792 

Moreover, dike propagation occurred in a few days and thus variations in magma 793 

composition are not expected in a very short time and at close distance. Based on 794 

these observations, we cannot consider that the change from single fracture 795 

development to graben formation was imputable to a change in the lithological 796 

characteristics of the host rock, as proposed for other areas by Vachon and 797 
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Hieronymus (2016), or to the intrusion of new magma with high viscosity (Spacapan 798 

et al., 2017). 799 

Our numerical study provides further insights into the field observations. A scenario 800 

as seen in the field can be replicated by the numerical models shown in Figure 11. 801 

An inclined dike can produce assymetrical stresses which can result in different 802 

fracturing conditions around the dike and the formation of a half-graben; scenarios 803 

which can occur individually as possibilities. The change in plan view of the surface 804 

structures from a rectilinear geometry to the west, to a right-stepping geometry to 805 

the east, can be linked to an en-échelon arrangement of the dike. We suggest that 806 

the change in the style of deformation has occurred not only because of the dike 807 

inclination or the specific geometrical and mechanical conditions studied here but 808 

possibly also due to dike depth and tip shape variations. This hypothesis is based 809 

on the analogue models of Guldstrand et al. (2017), who proposed that the possible 810 

change in shape of the dike tip from a sharp one to a narrow one is in 811 

correspondence with a single extension fracture, while to a blunt or rectangular 812 

shape in correspondence with a half-graben. Finally, from a mechanical perspective,  813 

our numerical models propose that the formation of a single fracture possibly 814 

overlaps with the concept of a successful Mode I fracture scenario where a Mode II 815 

one is not satisfied. Conversely, a semi graben shall be formed when both scenarios 816 

are satisfied, but the shear stress is distributed asymmetrically above a propagating 817 

inclined tip. 818 

 819 

5.3 1928 fracture and Ripe della Naca Faults 820 

At the eastern termination of the 1928 fracture, the dike encountered the upper fault 821 

of the Ripe della Naca faults that worked as plane of weakness, steering the magma 822 

towards the surface. Dike deflection as such, through pre-existing fractures, is a 823 

challenging concept not only due to the mechanical complexity of the process but 824 

mostly due to the limited field examples where those processes can be observed in 825 

situ. Previous numerical analyses by Drymoni et al. (2021) provided insights into the 826 

encounter between vertical dikes and inclined faults at the Santorini caldera, Greece. 827 

The numerical study proposed that deflection occurs when the pre-existing pathway 828 
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is economical for the dike. Such a scenario is mainly associated with active 829 

heterogeneous or homogeneous fault cores, and steeply dipping dike-fault angles 830 

as well as low values of tensile strength (To) which can even be close to zero 831 

(Gudmundsson, 2020). Similarly, Browning and Gudmundsson (2015) have 832 

explored several scenarios subject to dissimilar intrusion properties and boundary 833 

conditions. In their models, caldera ring faults channelled and deflected inclined 834 

sheets forming circumferential ring dikes in the Hafnarfjall extinct volcano, west 835 

Iceland. Further, analytical and numerical studies of dike-fault capture related to 836 

high-angle faults at small depths in Nevada, USA, have been also reported (Gaffney 837 

et al., 2007). Finally, other studies have explored reactivated magma pathways at 838 

the Tamburiente caldera, Spain (Thiele et al., 2021), proposing that the dissimilar 839 

elastic properties of the magma-filled fractures combined with those of the host rock 840 

can arrest and divert dikes and form multiple dikes. 841 

Numerically, in our case study, a chanelling scenario is satisfied if only Mode I 842 

conditions are prone to occur in the models but the Mode II fracturing type is not 843 

satisfied. This is explicitly showed in the models of Figure 9, where we observe that 844 

although the shear stresses are rising above the dike tip, they are not sufficient to 845 

generate high stresses which can consequently reactivate pre-existing fractures in 846 

the vicinity of the dike. This is mainly due to the existence of the thick tuff layer that 847 

suppresses the distribution of the stresses towards the surface.  848 

 849 

5.4 Upwarping and regional considerations 850 

In regard to topographic upwarping, we noticed that this process occurred at very 851 

local sites. Thus, the translation of the host rock in the direction of upward 852 

propagation of the dike was a very minor process. Our data are more in line with the 853 

model that predicts that the propagation of a dike occurs essentialy through the 854 

gradual lateral expansion of the dike sides (Trippanera et al., 2015).  855 

At a more regional scale, we noticed that the right-stepping arrangement of the 1928 856 

surface structures occurs at two zones: the first where the 1928 fracture zone passes 857 

from the bottom of the Valle del Bove to its upper rim, thus where the 1928 dike 858 

crosscuts a major, 130-m-high topographic scarp. The second zone of right-stepping 859 



 34 

also occurs in correspondence of the crosscut with another topographic major 860 

feature, represented by the 90-130-m-high escarpment of the upper Ripe della Naca 861 

normal fault. We thus suggest that the dike was diverted southward, creating the 862 

right-stepping shallow structures, as a consequence of the gravitational 863 

unbuttressing due to the presence of these two topographic anomalies, whereas the 864 

dike maintained its straightness where the topography is characterized by an 865 

essentially constant low slope angle.  866 

Again from a regional point of view, the general orientation of the 1928 fracture zone 867 

is sub-orthogonal to the dominant sliding direction of the eastern flank of Etna 868 

volcano, and is parallel to the Ripe della Naca faults. These observations support 869 

the idea that the emplacement of the 1928 dike was assisted by a favourable 870 

regional state of stress imputable to the process acting at this volcano flank. All 871 

available data, in fact, indicate that the eastern Etna flank is slowly sliding eastward 872 

under the effect of gravity forces and forceful intrusion of dikes (Borgia et al., 1992; 873 

Groppelli and Tibaldi, 1999; Tibaldi and Groppelli, 2002; Walter et al., 2005; Neri and 874 

Acocella, 2006; Neri et al., 2004, 2007, 2009; Solaro et al, 2010; Ruch et al., 2012; 875 

Siniscalchi et al., 2012; Azzaro et al., 2013; Bonforte et al., 2013; Le Corvec et al., 876 

2014; Urlaub et al., 2018; De Novellis et al., 2019). Decompression due to flank 877 

sliding favours magma rising, which in turn further destabilizes the volcano flank and 878 

may induce acceleration in the flank slip (Acocella et al., 2003; Neri et al., 2004, 879 

2009; Pezzo et al., 2020). The favourable orientation of the 1928 fracture is 880 

consistent also with the presence of other possible dike injections that occurred in 881 

the same area with the same orientation, such as: i) the fissure eruption of 1971, 882 

located about 2 km south of the 1928 structure, ii) the swarm of parallel fractures of 883 

pre-1928 age (green lines in Fig. 2), and iii) other ENE-trending series of Holocene 884 

pyroclastic cones in the conterminous area. Extensional deformations following a s3 885 

trending about NW-SE also occurred in the past in the same location, as exemplified 886 

by the Ripe della Naca normal faults. The repeated dyke injection along this ENE 887 

Rift might also have been favoured by local focused extension induced by the 888 

development of a rollover structure, which originated in consequence of the volcano 889 

flank sliding above a listric detachment, as suggested by Ruch et al. (2010). 890 
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 891 

6. Conclusions 892 

The study of the 1928 fissure eruption is of paramount importance not only for a 893 

better understanding of this event, that posed a high hazard and risk to the local 894 

population and infrastructures, but also for a general understanding of the processes 895 

that link dike emplacement and surface deformation. This is useful for a correct 896 

interpretation of deformation data monitoring that might occur in the future under 897 

similar settings elsewhere.  898 

Our study puts forward that not only dike characteristics contribute to dictate surface 899 

deformation, but also topography and stratigraphy of the host rock are strongly 900 

influential. These variations are mirrored at the surface by changes in the style of 901 

deformation, which can occur at very short distance, in the order of a few hundred 902 

meters.  903 

In regard to topography, the possible rectilinear prolongation of an eruptive fissure 904 

can be forecast only in the case of a flat topography or a constant low slope angle. 905 

If important topographic escarpments are present in the surroundings, a deviation 906 

from straightness can be expected. 907 

As far as dike characteristics and host rock are concerned, our models have shown 908 

that the rise of tensile stress depends on the stiffness of the materials (here dissimilar 909 

layers) and the applied overpressure in the system. Similarly, the growth of shear 910 

stress above a dike tip is also related quantitatively to the overpressure of the dike. 911 

However, our study for the first time enables to gain insights into the distribution of 912 

the theoretical shear stresses from the vicinity of the tip towards the surface. These 913 

analyses in different geometrical and mechanical conditions have shown that soft 914 

materials (e.g. tuff  in our case study) tend to suppress the distribution of the shear 915 

stresses above a dike but not the stiffness of the top layer. Also, high values of 916 

overpressure are able to concentrate a greater range of tensile and shear stresses 917 

at the top layers but only the combination of specific geometric and mechanical 918 

conditions can finally define the possible fracture or dike induced graben scenario. 919 
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