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Abstract 14 

The most common way of magma transfer toward the surface is through dyking. Dykes 15 

can generate stresses at their tips and the surrounding host rock, initiating surficial 16 

deformation, seismic activity, and graben formation. Although scientists can study 17 

active deformation and seismicity via volcano monitoring, the conditions under which 18 

dykes induce grabens during their emplacement in the shallow crust are still enigmatic. 19 

Here, we explore through FEM numerical modelling the conditions that could have 20 

been associated with dyke-induced graben formation during the 1928 fissure eruption 21 

on Mt Etna (Italy). We use stratigraphic data of the shallow host rock successions along 22 

the western and eastern sections of the fissure that became the basis for several suites 23 

of numerical models and sensitivity tests. The layers had dissimilar mechanical 24 

properties, which allowed us to investigate the studied processes more realistically. We 25 

investigated the boundary conditions using a dyke overpressure range of 1-10 MPa and 26 

a local extensional stress field of 0.5-2 MPa. We studied the effect of field-related 27 

geometrical parameters by employing a layer thickness range of 0.1-55 m and a variable 28 

layer sequence at the existing stratigraphy. We also tested how more compliant 29 

pyroclastics, such as scoria, (if present) could have affected the accumulation of stresses 30 

around the dyke. Also, we explored how inclined sheets and vertical dykes can generate 31 

grabens at the surface. We propose that the mechanical heterogeneity of the flank 32 
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succession and the local extensional stress field can largely control both the dyke path 33 

and dyke-induced graben formation regardless of increased dyke overpressure values. 34 

Similarly, soft materials in the stratigraphy can greatly suppress the shear stresses in 35 

the vicinity of a propagating dyke, encouraging narrow grabens at the surface if only 36 

the fracturing condition is satisfied, while inclined sheets tend to form semigrabens, 37 

respectively. Finally, we provide some insights related to the structural evolution of the 38 

1928 lateral dyking event. All the latter can be theoretically applied in similar case 39 

studies worldwide. 40 

 41 
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 43 

1. Introduction 44 

Dykes are Mode I extension fractures that transfer magma to the surface driven almost 45 

entirely by the magma overpressure (Rubin and Pollard, 1988; Delaney et al., 1986, 46 

1998; Gudmundsson, 2011; Tibaldi, 2015; Acocella, 2021). The propagation of a dyke 47 

is mechanically controlled by the local stress field. It occurs almost entirely 48 

perpendicular to the minimum principal compressive stress or tensile stress of the 49 

fracture (σ3) although case studies exist where different conditions are met (Rubin and 50 

Polard, 1987; Segall et al., 2001; Hooper et al., 2011; Heimisson et al., 2015). Still, if 51 

a dyke is deflected into an active fault, it advances perpendicularly to the normal stress 52 

(σn) (Gudmundsson, 2011). During their ascent, dykes change their paths following the 53 

most economical trajectories (Gudmundsson, 1984, 2020, 2022; Rivalta et al., 2019) 54 

and basically, following the principle of least energy or least resistance (Gudmundsson, 55 

1984, 2022; Dahm, 2000; Maccaferri et al., 2011; Reddy, 2013). As a result, they 56 

occasionally become arrested at mechanical discontinuities (Drymoni et al., 2020) or 57 

deflected into pre-existing fractures such as faults, other dykes or joints (Browning and 58 

Gudmundsson, 2015; Ruz et al., 2020; Clunes et al., 2021; Drymoni et al., 2021). 59 

However, dykes make their own paths most of the time, and if the conditions of 60 

mechanical arrest are not met, they feed volcanic eruptions (Gudmundsson, 2011). 61 

As a dyke rises, it breaks the host rock and induces differential stress that produces 62 

seismicity mostly at its propagating tips and surrounding host rock (e.g. Dieterich and 63 

Decker, 1975; Broek, 1982; Pollard et al., 1983; Rubin and Pollard, 1988; Rubin, 1992, 64 

1993; Dahm, 2000; Roman and Cashman, 2006; Roman et al., 2006; Grandin et al., 65 

2011; Abdelmalak et al., 2012; Passarelli et al., 2012; Ágústsdóttir et al., 2016; Koehn 66 
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et al., 2019; Gudmundsson, 2020, 2022) as well as deformation such as faulting, and 67 

extensional fracturing at the surface (e.g. Mastin and Pollard, 1988; Chadwick and 68 

Embley, 1998; Gudmundsson, 2003; Rowland et al., 2007; Biggs et al., 2009; Ebinger 69 

et al., 2010; Holland et al., 2011; Trippanera et al., 2014, 2019; Acocella and 70 

Trippanera, 2016; Ruch et al., 2016; Xu et al., 2016; Tibaldi et al., 2022). Consequently, 71 

propagating dykes can either reactivate pre-existing faults (Gudmundsson, 1984; 72 

Maccaferri et al., 2016) or generate new ones by forming grabens at the surface (Mastin 73 

and Pollard, 1988; Al Shehri and Gudmundsson, 2018; Bazargan and Gudmundsson, 74 

2019). The latter can also alter the topography (Carbotte et al., 2006; Buck et al., 2006; 75 

Ruch et al., 2016), control the geometry and propagation of faults (Manighetti et al., 76 

2004; Dumont et al., 2017) and also affect the propagation of the dyke that triggered 77 

the event itself (Mériaux and Lister, 2002; Rivalta and Dahm, 2004). Therefore, 78 

although analogue, analytical and numerical models, as mentioned above, have 79 

explored dyke-induced graben development, the mechanical and geometrical 80 

conditions that can potentially provoke or discourage the formation of a graben from a 81 

dyking event are still unclear. 82 

The 1928 fissure eruption of Mt Etna (Italy) is a field example of a dyke-induced graben 83 

event (Branca et al., 2017). The structural data derived from it have provided valuable 84 

insights into the relationship between dyking and faulting (Tibaldi et al., 2022). The 85 

episode, which destroyed the town of Mascali, started in November 1928 and resulted 86 

in the opening of three WSW-ENE-aligned eruptive fissures. According to the timing 87 

of their formation, the fissures demonstrate a dyke-induced eastward propagation 88 

(Branca et al., 2017). Dyke-induced structures that can be observed in the area range 89 

from symmetric to half-grabens, from dry to eruptive fissures and finally, volcanic 90 

vents, making it an ideal case study for joint structural and FEM (Finite Element 91 

Method) numerical modelling analyses. 92 

This work is a compound numerical study of the Tibaldi et al. (2022) volcanotectonic 93 

survey. Here, we jointly use the structural data collected by Tibaldi et al. (2022) in 94 

conjunction with the stratigraphic interpretations of Branca et al., (2011a), as input data 95 

to FEM numerical models. The primary aim is to explore the geometrical and 96 

mechanical conditions that could have been associated with the dyke-induced graben 97 

formation process during the 1928 fissure eruption event of Mt Etna. Specifically, we 98 

use two sets of stratigraphic data that expand on the western and eastern part of the 99 

fissure, respectively, to realistically assess the lateral propagation of the dyke that 100 
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formed the dyke-induced grabens. In the first part, we attempt to gain insights into the 101 

dyking scenarios (propagation/arrest) based on the heterogeneous crustal segments of 102 

the studied sites. Then, we explore the mechanical conditions that could have triggered 103 

the dyke-induced grabens. In the second part of the numerical study, we use the eastern 104 

stratigraphic sequence to design suites of sensitivity tests and investigate how changes 105 

in the local stratigraphy and dyke geometry such as the dyke dip, the sequence of the 106 

layers, the thickness of the layers and combinations of those parameters can encourage 107 

graben formation in similar volcanotectonic settings. Finally, our work enables gaining 108 

insights into the following issues:  i) Which parameters could have generated stress 109 

barriers and changed the path of the 1928 fissure eruption? ii) Which parameters 110 

possibly affected the tensile and shear stress concentration at the dyke tip and 111 

encouraged the formation of a graben or a semigraben during the lateral propagation of 112 

the 1928 fissure? iii) What was the mechanical and geological evolution of the 1928 113 

fissure while the latter was propagating vertically but also laterally? Our models 114 

provide a robust field-numerical methodology that can be applied to different 115 

geotectonic settings. 116 

 117 

2. Geological background 118 

2.1 Regional settings 119 

Mt. Etna, eastern Sicily, is one of the most active volcanoes on Earth, consisting of a 120 

large basaltic composite stratovolcano formed during the last 500 ka. Its geological 121 

evolution is divided into four main evolutionary phases of eruptive activity: the Basal 122 

Tholeiitic (500-330 ka), Timpe (220-110 ka), Valle del Bove (110-60 ka) and 123 

Stratovolcano (60 ka-Present) phases (Branca et al., 2011a, b). These phases are 124 

separated either by erosive periods or volcanotectonic events, such as the development 125 

of a summit caldera or its lateral failure, which produced an amphitheatre depression, 126 

open to the east, known as “Valle del Bove”.  127 

Mt Etna is located in a compressional setting at the border between the African and 128 

European plates (Fig. 1a) (Lanzafame et al., 1997; Cocina et al., 1997, 1998). Regional 129 

compression is expressed by a horizontal N-S to NNW-SSE maximum principal stress 130 

(σ1) vector that produces fault slip along WSW-ENE reverse faults and NW-SE strike-131 

slip faults (Villani et al., 2020). Towards the east, offshore suites of transtensional and 132 

reverse faults exist, linked to the interaction with the Ionian microplate (Gambino et al., 133 

2022).  134 
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This regional stress field is replaced within Mt Etna by a more locally active stress field 135 

related to magmatic and gravity forces. Due, in particular, to gravity effects, the whole 136 

eastern flank of the volcano is subject to an E-W to WNW-ESE horizontal σ3 local 137 

stress field. The eastward lateral instability of the area produces sliding of the cone 138 

flank towards the sea and several faults that affect the northeast, east and southeast 139 

sectors of the volcano (Fig. 1b) (Kieffer, 1985; Neri et al., 1991; Borgia et al., 1992; 140 

McGuire and Saunders, 1993). The sliding occurs at rates of 2 cm/yr and even higher 141 

during periods of flank slip acceleration (Groppelli and Tibaldi, 1999; Tibaldi and 142 

Groppelli, 2002; Palano et al., 2009) and this motion of the eastern flank is accompanied 143 

by active faulting along its margins and complex internal deformation. 144 

Focusing on our research area, the previous geotectonic interactions led to the 145 

development of the ENE Rift (Fig. 1b) (McGuire and Pullen, 1989; Azzaro et al., 2012; 146 

Cappello et al., 2012) where the 1928 fissure eruption occurred. The latter is composed 147 

of a swarm of ENE-striking normal faults, dry and eruptive fissures and aligned 148 

pyroclastic cones, described more in detail in the following chapter. 149 

 150 

Figure 1. (a) Geological map showing the geodynamic setting of Mt Etna, (b) main 151 

structures of Mt Etna; the white dashed box marks the location of the studied eruptive 152 

fissure (a and b are modified after Villani et al., 2020 and Gambino et al., 2022 for the 153 

offshore faults) as shown in Fig.2.  154 

 155 

2.2 The ENE Rift and 1928 Fissure 156 
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The study area includes a segment of the ENE rift (Fig. 1b), one of the main weakness 157 

zones of Mt Etna, which represents an ideal path for magma ascent. This area gives rise 158 

to flank eruptions, which are usually fed by shallow (1–3 km) dykes propagating 159 

laterally from the central conduit (Acocella and Neri, 2009).  160 

The shallowest volcanic succession in the area belongs to the Mongibello Volcano (last 161 

15 ka), which follows the older Ellittico Volcano (60 - 15 ka) (Branca et al., 2011a, b). 162 

The Mongibello sequence consists of basaltic lava flows, generated by central and flank 163 

eruptions, interlayered with pyroclastic fall deposits and breccias. The 1928 lateral 164 

eruption formed an ENE-WSW-trending system of 7.7-km-long, dry and eruptive 165 

fissures and faults (Branca et al., 2011b; Tibaldi et al., 2022).  166 

The 1928 fissure swarm is of great geological-structural importance, as it consists of 167 

four settings with different deformation styles that are associated with dyke propagation 168 

processes: i) a sequence of eight eruptive vents in the uppermost part (about 2050 - 169 

2350 m a.s.l.), ii) a 2.5-km-long single eruptive fissure in the intermediate part (about 170 

1600 – 2050 m a.s.l.), iii) an area of dry and extension fractures, normal faults and a 171 

graben structure (about 1500 - 1600 m a.s.l.), and iv) an alignment of vents along the 172 

pre-existing Ripe della Naca fault system (about 1170 - 1230 m a.s.l.) (Tibaldi et al., 173 

2022) (Fig. 2a). 174 

Field structural data (Groppelli and Tibaldi, 1999; Tibaldi and Groppelli, 2002) and 175 

GPS data (Palano et al., 2009) indicate that the seaward motions along the northern 176 

border (Pernicana Fault, Fig. 1b) of the unstable volcano flank, which lies close to the 177 

easternmost section of the 1928 fissure, is in the order of 2 cm/yr. Towards the western 178 

section of the 1928 fissure, the eastward flank motion tends to decrease, as indicated by 179 

GPS data of different periods (Bonforte et al., 2007; Palano et al., 2009; Palano, 2016). 180 

These critical observations have been used to quantify the range of extension used in 181 

the numerical models, as described in detail below. 182 
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 183 

Figure 2. The location of the 1928 fissure showing the field structures. Reference 184 

System: WGS 84-UTM 33N (modified from Tibaldi et al., 2022). The black dot 185 

represents the location of the stratigraphic column detailed in Fig. 3  186 

 187 

 188 

3. Input data and methods 189 

3.1 Field Data 190 

Tibaldi et al. (2022) reconstructed the geometry and kinematics of the extension 191 

fractures and normal faults resulting from the ENE propagation of the 1928 related 192 

dyke. In the present study, we focus on two sites that lie: i) in the western part (Fig. 2b) 193 

and ii) in the eastern part (Fig. 2c) of the fissure, respectively. In the first one, the dyke 194 

generated a graben accompanied by an eruption. This is testified to the fact that, in the 195 

middle of the graben, there is a series of ENE-elongated and aligned craters emplaced 196 

in 1928 (Branca et al., 2011b). In the second case, the fracture propagated shallower, 197 

inducing a semigraben that laterally passes to a graben; it is worth noting that here the 198 

dyke did not reach the surface. Further geological details about the two studied sites are 199 

provided below. 200 

 201 

Western site 202 

The western site (Fig. 2b) is characterised by eight eruptive vents, with an ENE-WSW 203 

alignment, surrounded by a 385-m-wide graben. This graben keeps the same width 204 

moving to the ENE with a decreasing elevation from 2590 to 2220 m a.s.l. for the 205 

northern fault and from 2300 to 2160 m a.s.l. for the southern fault, respectively. 206 

Moving further towards ENE, from 2160 to 2100 m a.s.l., there is only a minor fault 207 
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with a 0.5-m offset, close to the 1928 eruptive vents. Beyond that, no normal faults are 208 

visible at lower elevations.  209 

The architecture of the western dyke-induced graben is made up of normal faults 210 

striking E-W to ENE-WSW (Figs. 2b). Only one major fault is present along the 211 

northern side of the graben, with normal offsets ranging from 1 to 3 m. On the contrary, 212 

along the southern side of the graben, one main fault with vertical offset up to 10 m can 213 

be found. The latter is accompanied by minor, shorter faults with an offset in the order 214 

of 0.5 m. 215 

Along the northern escarpment of the Valle del Bove, in correspondence with the 1928 216 

eruptive vents, we report the location of a known stratigraphic log (Branca et al., 2011a) 217 

(Fig. 2a). The stratigraphic column (Fig. 3) comprises two main formations, subdivided 218 

into a series of volcanic units (A-L) with different characteristics. From bottom to top, 219 

we observe the Serra delle Concazze sequence, which dips 15-20° towards the NE and 220 

is composed of volcanic products of the Ellittico volcano (60-15 ka, Branca et al., 221 

2011a), as seen below: 222 

A) Porphyritic lava flows. Thickness = 10 m; 223 

B)  Thick sequence of brecciated layers, crossed by the 1971 and the 1986/87 eruptive 224 

fissures. Thickness = 40 m; 225 

C)  Subaphyric lava flows. Thickness = 55 m; 226 

D)  Scoriaceous breccia deposits. Thickness = 20 m; 227 

E)   Compact subaphyric lava flows. Thickness = 5 m; 228 

F)   Scoriaceous breccia deposits. Thickness = 19 m; 229 

G)  Sequence of lavas and breccias. Thickness = 6 m; 230 

H)  Sequence of thin lava flows intercalated with scoriae deposits. Thickness = 5 m; 231 

I)   Sequence of epiclastic and scoriaceous breccia deposits with lava units. Thickness 232 

= 40 m. 233 

 234 

Due to local-scale erosional processes, an angular unconformity separates the Serra 235 

delle Concazze sequence from the above Pietracannone deposit (Branca et al., 2011a). 236 

The latter is related to the Mongibello volcano (last 15 ka, Branca et al., 2011a), and is 237 

composed of the L unit, which corresponds to 30-m thick lava flows (Fig. 3).  238 

 239 
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 240 

Figure 3. Detailed stratigraphic column of the western site, located along the northern 241 

escarpment of the Valle del Bove area (exact location shown in Fig. 2). Units A-I 242 

represent subunits of the Serra delle Concazze formation of the Ellittico Volcano (60 – 243 

15 ka). Unit L belongs to the Pietracannone formation of the Mongibello Volcano (last 244 

15 ka) (modified from Branca et al., 2011a). 245 

 246 

Eastern site 247 

Moving from the west to the east, our eastern site (Fig. 2) is composed of a half-graben 248 

followed by a symmetric graben, with widths of 74 m and 68 m, respectively. However, 249 

from the north to the south the faults show some dissimilarities. In specific, the northern 250 

half-graben side is formed by SE-dipping normal faults, with offsets ranging from 0.3 251 

to 1.2 m. In contrast, the southern side is characterised by dry extension fractures 252 

without any evidence of vertical offset.  253 

Similarly, the symmetric graben has NNW-dipping and SSE-dipping faults with a range 254 

of vertical offsets between 0.3 m and 3.5 m, with a maximum value measured along the 255 

northern graben side. Furthermore, extension fractures show, on average, a minor right-256 

lateral component of motion. Tibaldi et al. (2022) have detected extension fractures in 257 

its central part with average aperture values less than 1 m and a maximum of 2.7 m.  258 

Finally, based on the field observations from the same study, a typical shallow 259 

stratigraphic sequence is composed of two lava units intercalated with a tuff deposit. 260 
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The thickness of the lavas is 1 m for the bottom layer and 0.2 m for the top layer. The 261 

thickness of the intermediate tuff layer is also 1 m. 262 

 263 

3.2 Numerical modelling method 264 

3.2.1 Material properties 265 

The shallow crust where the 1928 fissure eruption occurred, as shown by previous field 266 

studies (Branca et al., 2011a; Tibaldi et al., 2022), is highly heterogeneous. In this study, 267 

we used realistic values (cf. Gudmundsson, 2011; Heap et al., 2020) for the stiffness of 268 

the seven dissimilar layers based on in situ measurements (Bell, 2000), since laboratory 269 

values are usually greater (Gudmundsson, 2011). 270 

The host rock material represents the bottom layer of the stratigraphic columns (Fig. 4). 271 

In numerical applications, the latter usually takes values between 10-40 GPa 272 

(Gudmundsson, 2020) or 1-15 GPa for shallow segments (Becerril et al., 2013). In our 273 

models, we tested a range of host rock values of 5-40 GPa. The tests have shown that 274 

this range did not alter the trajectories of σ1 hence the host rock stiffness could not affect 275 

the dyke path. In addition to the above, as the stratigraphic analyses introduced many 276 

lava layers, we used a constant host rock value of 30 GPa in all the models to allow the 277 

software to recognise the basement deposits. For stiff materials such as lavas and lavas 278 

with breccia intercalations, we used values of 10 GPa and 7 GPa. For compliant (soft) 279 

materials such as tuffs, basaltic breccia with minor lava intercalations, breccia and 280 

scoria, we used the values of 5 GPa, 3 GPa, 1 GPa and 0.5 GPa, respectively. All the 281 

deposits were given a constant Poisson’s ratio of 0.25 and density values of ρS=2600 282 

kg/m3 for the stiff lava deposits and ρC=2300 kg/m3 for the compliant pyroclastic 283 

deposits (Babiker and Gudmundsson, 2004; Gudmundsson, 2012).  284 

For our mechanical interpretations, we used the stiffness ratio contrast of the contacts 285 

for both the western (Cw1 - Cw6, Fig. 4a) and eastern (CE1 - CE3, Fig. 4b) sites and 286 

especially a dimensional ratio (r=EU/EL) which is the Young’s modulus of the upper 287 

layer divided by the Young’s modulus of the lower layer (Kavanagh et al., 2006; 288 

Drymoni et al., 2020). The dyke has been modeled at each contact as shown in Fig. 289 

4a,b. For the western site (Fig. 4a), we tested six contacts from the bottom to the top, 290 

as follows: 291 

r(CW1)=L/HR= 10/30=0.3 292 

r(CW2)=B/L=1/10=0.1 293 

r(CW3)=L/B= 10/1=10 294 
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r(CW4)=MB/L= 3/10=0.3 295 

r(CW5)=ML/MB= 7/3=2.3 296 

r(CW6)=L/ML= 10/7=1.42 297 

Similarly, for the eastern site (Fig. 4b) we tested the following mechanical contacts 298 

from the bottom to the top as follows: 299 

r(CE1)=L/HR= 10/30=0.3 300 

r(CE2)=T/L= 5/10=0.5 301 

r(CE3)=L/T= 10/5=2 302 

It is worth mentioning here that the western site is an order of magnitude larger in layer 303 

thickness than the eastern site; so, although the layers have the same Young’s modulus 304 

values, the ratios represent the mechanical contrast of the contacts at different scales. 305 

 306 
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 307 

 308 

Figure 4. Combined schematic stratigraphic logs showing the field-based stratigraphic 309 

sequence and thickness of the layers with the realistic material properties based on 310 

Gudmundsson (2011). The logs also visualise the numerical modelling concept 311 

followed here. While the dyke propagated in the crustal segments, snapshots were taken 312 

along its way on the mechanical dissimilar contacts (CW1 - CW6 for the western and CE1 313 
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- CE3 for the eastern site, respectively). (a) The stratigraphic column of the western site 314 

is from Branca et al. (2011a), also shown in Fig. 2. (b) The stratigraphic column of the 315 

eastern site is from Tibaldi et al. (2022). (c) Schematic illustration of the eastern 316 

stratigraphic log showing the parameters studied in the sensitivity tests where W is the 317 

thickness of the layers and θ is the dip of the dyke. All of them are conceptualised in a 318 

direction orthogonal to the 1928 fracture system. 319 

 320 

3.2.2 Field-based model setups 321 

In the present study, we designed numerical models through COMSOL Multiphysics 322 

(v5.6) (www.comsol.com). COMSOL is a Finite-Element-Method (FEM) software that 323 

investigates in 2D the distribution of dyke-induced local stresses and strains subject to 324 

user-defined dynamic boundary loads in a layered elastic medium. In our case study, 325 

we use the Structural Mechanics module to analyse the local stresses, such as the tensile 326 

(σ3) and shear stress (τ), induced by a dyke in two mechanically heterogeneous crustal 327 

segments on Etna volcano. Through the software, we can discretise the area and divide 328 

the solutions into several elements that are then combined to give results that address 329 

the whole research question. The results approximate the differential equations posed 330 

initially (Deb, 2006; Masterlark and Tung, 2018). Here, we assess the concepts of Mode 331 

I, II fracturing and faulting (Broek, 1982; Gudmundsson, 2011) and the likelihood of 332 

the 1928 dyke propagation path. 333 

We designed two heterogeneous computational domains, which were 2330 x 2330 m, 334 

50 x 50 m and represented the western site and eastern and the sensitivity analyses’ 335 

model setups, respectively (Fig. 5). This is because our layers on the western site are in 336 

the order of some meters (maximum 55 m), and the layers in the eastern site are in the 337 

order of some decimeters and meters (maximum 1 m). For the western part we used a 338 

size that refers to the absolute elevation of the stratigraphic sections, whereas the 339 

eastern size was selected arbitrarily after several tests so as to be most suitable for the 340 

models. The domains have been discretised by an extremely fine triangular meshing, 341 

with a minimum element size of 0.0466 m for the western site, and a minimum element 342 

size of 0.001 m for the eastern part and the sensitivity tests.  343 

The dyke is modelled as an elliptical cavity with an internal overpressure (or driving 344 

pressure in excess of the normal stress σn on the rupture plane, for a dyke σ3) range of 345 

Po = 1-10 MPa. We use this range of overpressure values for four reasons. First, it is 346 

known from previous studies (Gudmundsson, 2012) that dykes in stratovolcanoes are 347 

http://www.comsol.com/
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injected from various depths and sometimes even from deep-seated reservoirs where 348 

the buoyancy term is positive because the density of the crust is higher than that of the 349 

basaltic magma. Therefore, to simulate those high overpressure conditions, we assigned 350 

a driving pressure of 10 MPa to the models. Also, based on analytical equations 351 

(Gudmundsson 2011), the dyke overpressure is proportional to the dyke thickness. 352 

Previous studies in dyke swarms emplaced at shallow depths at composite volcanoes 353 

have shown that the 90% of the overpressures typically range between 1-6 MPa 354 

(Drymoni et al., 2020). For this reason, we used the values of 1 MPa and 5 MPa for a 355 

constant shallow crust stiffness of the order of 5 GPa. Furthermore, the overpressure of 356 

a dyke is also related to the strike dimension (length) (Gudmundsson, 2011). Scudero 357 

et al. (2019) calculated the excess pressure of the magma chamber based on the lengths 358 

of the eruptive fissures and fractures and the thickness of the exposed dykes in the Valle 359 

del Bove. Their results proposed an averaged value of Pe=4 MPa, which is similar to 360 

the in-situ tensile strength (To) of the magma chamber roof at the time of the rupture 361 

(Barabási and Albert, 1999; Gudmundsson, 2020). Analytical studies (Gudmundsson, 362 

2011) have shown that the overpressure is usually higher but close to the excess 363 

pressure values; hence an overpressure value of 5 MPa is realistic. Last but not least, 364 

some eruptive style changes (effusive to phreatomagmatic) are reported in other similar 365 

fissure events at Mt. Etna, close to our case study, such as the 1809 lateral feeder dyke 366 

(Geshi and Neri, 2014) and the Montagnola 1763, 1910 and 1983 eruptions (Kieffer, 367 

1983; Tanguy, 1981). At very shallow levels, such eruptive interchanges can relate to 368 

gas exsolution mechanisms in basaltic magmas (Greenland et al., 1985) and can 369 

produce gas-rich flank eruptions. Thus, it can be attributed to rapid decompression in 370 

the conduit (Geshi and Neri, 2014), variable conduit geometry (diameter) or temporary 371 

conduit blocking (Murray and Pullen, 1984). For the fragmentation concept, we do not 372 

know if these dynamic changes could affect the overpressure of the dyke at that depth 373 

and scale. Still, we hypothesise that our studied range (Po=1-10 MPa) can satisfy all 374 

four concepts mentioned above. At this point, we need to highlight that the results show 375 

similarities for the three different dyke overpressures in terms of the interpretation of 376 

the stress trajectories but, gradually, the magnitude and distribution of stresses are rising 377 

proportionally to the overpressure value for constant host rock mechanical properties 378 

and dyke length since the program uses equations of linear elastic materials. The same 379 

applies to the distribution of the stresses if we modify the size of the dyke; hence, we 380 
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always keep a constant length value, which is up to half of the modelling domain, to 381 

eliminate this effect between the models. 382 

Similarly, we chose a local extensional stress field range of Fext = 0.5 - 2 MPa. This 383 

reflects the existence of active faults with strong deformation patterns in the close 384 

vicinity of the studied area. Specifically, the 11-km-long Pernicana Fault (Fig. 1b) is 385 

located at the NE tip of the rift and is very close to the studied eastern site (about 2 km). 386 

The fault has had very high slip rates, which reached 2.7 cm/yr during the Late 387 

Pleistocene-Holocene (Tibaldi and Groppelli, 2002). Similar values have been found at 388 

present by GPS measurements (Palano et al., 2009). For this reason, we applied a local 389 

2 MPa horizontal extension to our models on the eastern site to replicate the effect of a 390 

strong local extensional stress field due to the fast eastward motions along the Pernicana 391 

Fault. However, since the western part of the 1928 fissure is further away from the fault 392 

and is practically only affected by the extension internal to the sliding block of the 393 

eastern volcano flank, we chose to use the value of 0.5 MPa. The selected values are 394 

based on empirical comparisons with other case studies (e.g., Feuillet 2013). This is 395 

consistent with the GPS vectors that report a decrease from NE to SW and indicate a 396 

decrement in the volcano flank slipping towards the same direction (Bonforte et al., 397 

2007; Palano et al., 2009; Palano, 2016). Since the dyke intrusion propagated 398 

practically instantly in contrast to the annual deformation rate based on the active fault 399 

slip, in the sensitivity analysis, we used both values to simulate the different active 400 

stress fields at different timescales. 401 

The dyke in our models is located in the central part of the domains (Fig. 5). This is 402 

because we intended to ensure an adequate distance from the model edges and exclude 403 

edge effects from our interpretations but also make sure that the stress field variations 404 

due to the dyke could be neglected. Although the dimensions of the domains were 405 

chosen to reproduce the realistic depths of the stratigraphic columns, we took one more 406 

precaution to ensure that the models are not affected by the boundary conditions of the 407 

models locked at the corners of the box. Specifically, we fastened only the models' 408 

bottom corners, leaving the top corners free to ensure that the upper part where the dyke 409 

is located can move freely and cannot be affected by the edge effects (Browning et al., 410 

2021; Geyer and Gottsmann, 2010).  411 

The layers within the rock domain have been modelled to behave elastically since 412 

experimental analyses have proven that solid rocks exposed on the crust at low strain 413 

conditions behave accordingly (Gudmundsson, 2011, 2020). In our models, we plotted 414 
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the minimum principal compressive or maximum tensile stress (σ3) as a colour scale 415 

and the absolute (von Mises) shear stress (maximum shear stress at the xy plane) as line 416 

contours to explore the distribution around the tip and the location of the highest 417 

concentrations, respectively. We also designed two arrow surfaces corresponding to the 418 

σ1 and σ3 principal compressive stress trajectories. To estimate the fracturing condition 419 

and the possibility of pre-existing fractures to slip we used fracture criteria based on 420 

Linear Elastic Fracture Mechanics (LEFM) (Broek, 1982). In particular, for Mode I and 421 

II fractures to be formed, the local stresses reach specific values. Tension fractures can 422 

be formed if the local absolute tensile stress (σ3) gains a minimum of 2-5 MPa, which 423 

are the typical tensile strength (To) rock values (Amadei and Stephansson, 1997; 424 

Gudmundsson, 2011). Faults, however, can be formed when the shear strength is two 425 

times the tensile strength (τ>2σ3), namely, 4-8 MPa (Kanamori and Anderson, 1975; 426 

Haimson and Rummel, 1982; Schultz, 1995). 427 

 428 

Figure 5. COMSOL model setups. (a) The domain of the western site has dimensions 429 

of 2330 x 2330 m and the vertical dyke (black line) is 800 m; (b) the domain of the 430 

eastern site has dimensions of 50 x 50 m and the vertical dyke is 20 m; (c) The domain 431 

of the sensitivity tests has dimensions of 50 x 50 m and the vertical dyke is 20 m..  432 

 433 

 3.2.3 Sensitivity tests 434 

We performed several sensitivity tests by varying the layer thickness (W), the layer 435 

sequence, and the dyke dip to investigate how the influence of these parameters or their 436 

combinations might affect graben formation (Fig. 4c). In detail, the latter gave us 437 

insights into how the layers’ stratigraphy, the dyke, and layers’ geometrical parameters 438 

can affect the dyke-induced graben formation. We made the following tests for the same 439 

two overpressure concepts, namely 1 MPa and 5 MPa, to explore the effect of specific 440 

parameters based on field observations (Tibaldi et al., 2022) and previous studies 441 

(Tibaldi and Groppelli, 2002). For the parametrisation, we reduced the thickness of the 442 

upper lava from 0.2 m to 0.1 m to allow our modelling method to explore the parameters 443 
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at different orders of magnitude (0.1 m and 1m). Evidence of scoria deposits has been 444 

proposed near the eastern site; thus, our sensitivity analysis explored the effect of very 445 

soft pyroclastics on the stratigraphy. Finally, we tested the effect of an inclined sheet 446 

by dipping the vertical dyke and changing the stratigraphic sequence simultaneously. 447 

The final studied concepts are shown below: 448 

1. Increasing the thickness of the top lava layer by one order of magnitude (from 449 

0.1 to 1 m). 450 

2. Changing the stratigraphic sequence by moving the tuff deposit at the bottom 451 

of the succession. 452 

3. Adding a 1 m scoria layer atop the original stratigraphic sequence. 453 

4. Adding a 0.1 m scoria layer atop the original stratigraphic sequence. 454 

5. Adding a 1 m scoria layer at the bottom of the original stratigraphic sequence. 455 

6. Adding a 0.1 m scoria layer at the bottom of the original stratigraphic sequence. 456 

7. Adding a 1 m scoria layer atop the original stratigraphic sequence and changing 457 

the dip of the dyke from 45° to 90°.  458 

8. Adding a 0.1 m scoria layer atop the original stratigraphic sequence and 459 

changing the dip of the dyke from 45° to 90°. 460 

Finally, we arbitrarily assessed the accumulation and distribution of stresses around the 461 

dyke tip and the layers according to the following criteria. For the minimum principal 462 

compressive or maximum tensile stress (σ3) values:  463 

● Low concentration:1-2 MPa;   464 

● Moderate concentration: 3-7 MPa; 465 

● High concentration: 8-10 MPa. 466 

 467 

For the von Mises shear stress (τ) values: 468 

● Low concentration: 1-3 MPa;   469 

● Moderate concentration: 4-8 MPa; 470 

● High concentration: 9-12 MPa. 471 

 472 

For the absolute shear stress (τ) distribution: 473 

● Low: the contours are generally concentrating below the tip and at the studied 474 

contact; 475 
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● Moderate: the contours are generally concentrating symmetrically around the 476 

tip and at the studied contact; 477 

● High: the contours are generally concentrating symmetrically around the tip and 478 

above the studied contact. 479 

 480 

4. Numerical modelling results 481 

We designed models in heterogeneous shallow crustal segments, namely the western 482 

and eastern sites, to explore the mechanical conditions needed for the dyke to form 483 

tension fractures and/or faults at the surface. Specifically, we modelled how the dyke 484 

propagated to the surface by studying the sequence of the realistic mechanically 485 

contrasting contacts from depth to the surface. We aimed to explore: 1) the 486 

concentration of tensile stress at the propagating dyke tip, its distribution and range; 2) 487 

the spatial distribution of the shear stress around the propagating dyke tip, as well as its 488 

quantitative build-up towards the surface; 3) the possible propagation path of the dyke, 489 

as shown by σ1 and σ3 trajectories ahead of the ascending tip, based on the studied 490 

boundary conditions. 491 

As a first step, we qualitatively compared the models in terms of tensile stress 492 

concentration ahead of the tip and inside the dissimilar layers. Secondly, we compared 493 

the models' shear stress spatial distribution contours near the tip and traced the probable 494 

location of fault slip ahead of the dyke tip and closer to the upper part of the domain. 495 

This condition assumes that in our models, dyke-induce faulting nucleates at the surface 496 

(Al Shehri and Gudmundsson, 2018; Bazargan and Gudmundsson, 2019; von Hagke et 497 

al., 2019). Also, we compared the rising values of shear stress towards the surface and 498 

denoted the parameters that increase them in our models. Finally, we investigated the 499 

mechanical conditions (and contacts) that could have encouraged stress barriers in the 500 

layered domains. 501 

 502 

4.1 Western site with Po=1-10 MPa and Fext= 0.5 MPa 503 

In the first three models (A-C) (Fig. 6), the dyke was at the lowest contact of the 504 

stratigraphic sequence (CW1). We gradually increased the overpressure of the dyke from 505 

1 MPa, then to 5 MPa and finally to 10 MPa while we kept constant the horizontal 506 

extension (Fext= 0.5 MPa). In model A, the tensile stress accumulated mainly at the tip 507 

of the dyke and the thin lava layer above it. Low tensile stress concentration was 508 

observed in the upper lava layer but not in the soft pyroclastic layers. This is a common 509 
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outcome in layered sequences because stiff layers in nature tend to concentrate stresses 510 

more than compliant ones, which instead they tend to suppress them (Gudmundsson, 511 

2011). The shear stress was low since the contours were concentrated at the studied 512 

contact and below it. Stress rotations occurred in the soft breccia layer, which could 513 

implement dyke-arrest. In model B, the tensile and shear stress increased proportionally 514 

to the overpressure compared to model A. However, neither the tensile stress nor the 515 

shear stress concentrated at the top of the succession; instead, the shear stress contours 516 

became wider. We still observed stress rotations in the breccia layer. Finally, model C 517 

showed high tensile and shear stress concentrations close to the tip, and the breccia 518 

layer kept acting as a temporary stress barrier in the stratigraphy. The shear stress 519 

contours in this scenario did not approach the top layers keeping a similar but wider 520 

distribution.  521 

The dyke was now moved to the next contact between the breccia and the lava layers 522 

(CW2). Similarly, to model A, the breccia layer in model D suppressed the tensile and 523 

shear stresses at the tip. Stress rotations were observed only at the stiff/soft 524 

(lava/breccia) contact above but not inside the breccia layer. Hence, an arresting 525 

concept at the contact was still possible. The tensile and shear stress concentration 526 

increased when we raised the overpressure (model E) while the stress rotations at the 527 

contact above remained the same. Finally, in model F we observed similar results with 528 

the previous models (D and E). The shear stress contours, however, intersected the 529 

breccia and lava layers but could not move upper in the succession.  530 

As a next step, we moved the dyke to the third contact (CW3), which practically 531 

represented the highest mechanical contrast of the succession. In model G, both the 532 

tensile stress is concentrated mainly at the lava layer above the tip, but also the shear 533 

stress was greatly suppressed. In this case, no stress rotations were observed at the soft 534 

layers. In models H and I, we observed an accumulation of high tensile stress in the 535 

lava layer. When we increased the overpressure, the shear stress contours were 536 

distributed higher and wider inside the lava layer, similar to model F. 537 
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 538 

Figure 6. COMSOL models based on the stratigraphy of the western site. In all models, 539 

we applied the same boundary conditions, which are three overpressure values, namely 540 

1 MPa (A,D,G), 5 MPa (B,E,H) and 10 MPa (C,F,I) and a local extensional stress field 541 

of 0.5 MPa. The graphical conditions for arrest/propagation are shown in the key inset. 542 

A-C are Models of the Cw1 contact, D-F are Models of the Cw2 contact, G-I are Models 543 

of the Cw3 contact. The distribution of the minimum principal compressive or maximum 544 

tensile stress (σ3) is shown with the colour scale bar, while the spatial and quantitative 545 

distribution of absolute shear stress (τ) (von Mises in xy plane) is shown with the 546 

contour lines. σ1 trajectories are shown with orange arrows and σ3 trajectories are 547 

shown with yellow arrows.  548 

 549 

Moving to the next contact (CW4) (Fig. 7) in model A, where the overpressure is 1 MPa, 550 

the tensile and shear stress concentration was low. The shear stress contours were 551 

distributed below the studied contact. In this model, stress rotations also formed in the 552 

layer atop, but they were insufficient (≤90°) to satisfy an arrest condition. Models B 553 

and C showed higher shear and tensile stress accumulation. Especially in C, the shear 554 
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stress distribution is wider. We consider that rocks usually break between 0.5 and 9 555 

MPa (Amadei and Stephansson, 1997), which are the tensile strength values in the crust. 556 

In that case, this condition could imply that tension fractures were likely to form at the 557 

surface. Still, no 90° stress rotations occured in the soft layers ahead so the dyke was 558 

likely to propagate to the surface. In the next contact (CW5), when the overpressure was 559 

low (model D) and the mechanical contrast was high (stiff/soft), the shear and tensile 560 

stresses were significantly suppressed and low, respectively. Once the overpressure 561 

(models E and F) increased, the tensile stress was concentrated on the stiff lavas atop 562 

the dyke tip. No stress rotations occurred at the contacts or layers. The shear stress 563 

distribution in model E was similar to model B. In models C, E, F, and H the shear 564 

stress distribution reached the top of the succession, so tension fracture conditions were 565 

met. Finally, at the top contact (CW6), all models (G-I) showed significant similarities 566 

with the models D-F. Still, when the overpressure was 10 MPa (model I), the shear 567 

stress contours had a wider distribution towards the surface and a graben could be 568 

formed. 569 

 570 
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Figure 7. COMSOL models based on the stratigraphy of the western site. In all models, 571 

we applied the same boundary conditions, which are three overpressure values, namely 572 

1 MPa (A,D,G), 5 MPa (B,E,H) and 10 MPa (C,F,I) and a local extensional stress field 573 

of 0.5 MPa. The graphical conditions for arrest/propagation are shown in the key inset. 574 

A-C Models of the Cw4 contact, D-F Models of the Cw5 contact, G-I Models of the Cw6 575 

contact.  The distribution of the minimum principal compressive or maximum tensile 576 

stress (σ3) is shown with the colour scale bar, while the spatial and quantitative 577 

distribution of absolute shear stress (τ) (von Mises in xy plane) is shown with the 578 

contour lines. Σ1 trajectories are shown with orange arrows and σ3 trajectories are 579 

shown with yellow arrows.  580 

 581 

We have calculated, separately, the von Mises shear stress (τ) (Fig. 8) and the tensile 582 

stress (σ3) concentration (Supplementary 1) at the different contacts as the dyke 583 

propagates towards the surface. In Figure 8 we present the results for 5 MPa 584 

overpressure (models a-f) and an extra 0.5 MPa extension (models d-f). The models 585 

show a gradual shear stress increase towards the surface which satisfy the condition for 586 

graben formation (τ>2σ3). The stress curves show two shear stress maximums around 587 

the dyke tip which gradually get higher and their stress peaks narrower as the dyke 588 

propagates towards the surface. This is associated with the proximity to the surface and 589 

the dissimilar mechanical properties of the layers (Bazargan and Gudmundsson, 2019).  590 

 591 

Here, we have also examined how layers with variable thickness values and the local 592 

extension affect the tensile and shear stress distribution of a propagating dyke. The 593 

stress curves show that the surface stresses increase as the dyke gets shallower and their 594 

peaks are related to the depth of the dyke as previous studies have shown (Al Shehri 595 

and Gudmundsson, 2018). Finally, the extensional stress field increases the tensile and 596 

shear stress accumulation at the tip and at the surface, respectively (models 9c and 9f). 597 

Similar results we observe for the tensile stress distribution as well (Supplementary 1). 598 
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 599 

Figure 8: COMSOL 1D line plots showing the von Mises shear stress (τ) concentration 600 

at the different contacts while the dyke propagates towards the surface (western 601 

graben). All the models (a-f) have 5 MPa overpressure (Po). In models d-f an extra 602 

extensional boundary load (Fext=0.5 MPa) is applied. Surface denotes the contact 603 

between the top layer and the atmosphere. 604 

 605 

 606 

4.2 Eastern site with Po=1-10 MPa and Fext= 2 MPa 607 

We modelled the first contact CE1 in the first model runs, with rising overpressure 608 

values and constant local horizontal extension (Fext=2 MPa). All models’ results are 609 

shown in Figure 9. In Model A, we observed a high tensile stress concentration ahead 610 

of the tip and in the stiff lava contacts. We gradually increased the overpressure from 1 611 

MPa to 5 MPa and finally (one order of magnitude) to 10 MPa. In that case, the tensile 612 

stress was proportionally increased around the tip and towards the top of the succession. 613 

The σ1 and σ3 trajectories showed no stress rotations in the soft layer. The shear stress 614 

built up spatially and quantitatively, proposing tension fractures at the surface in models 615 

B and C. 616 

We moved to the following contact (models D-F) between the tuff and the lava (CE2). 617 

Here we observed similar results as in the bottom (CE1) contact. The only difference 618 

was that higher tensile stress accumulation inside the tuff layer. The shear stress 619 

contours had a similar distribution but were higher in the succession. No stress rotations 620 

occurred in any of the models. 621 
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Finally, we tested the dyke at the top contact CE3 (models G-I), which corresponded to 622 

the top contact between the lava and the tuff. The models showed similarities with the 623 

previous models (A-C and D-F) regarding the accumulation and distribution of the 624 

tensile and shear stresses, respectively. Here, in the first model triplet, we assigned to 625 

the host rock the same value used in all models (Ehost rock=30 GPa). However, in these 626 

model runs, no stress rotations were formed. In the last triplet, we assigned to the host 627 

rock a low Young’s modulus value (Ehost rock=1 GPa) to simulate a very soft host 628 

rock segment. The models showed that when the overpressure was low (Po= 1 MPa), 629 

the tensile stress concentration was lower, and the shear stress distribution reached the 630 

surface. The results in models K and L were similar to models H and I. No stress 631 

rotations occured in any of the models (J-L). 632 

 633 



25 
 

Figure 9. COMSOL models based on the stratigraphy of the eastern site. In all models 634 

we applied the same boundary conditions which are three overpressure values, namely 635 

1 MPa (A,D,G,J), 5 MPa (B,E,H,K) and 10 MPa (C,F,I,L) and a local extensional stress 636 

field of 2 MPa. The graphical conditions for arrest/propagation are shown in the key 637 

inset. A-C Models of the CE1 contact, D-F Models of the CE2 contact, G-I Models of the 638 

CE3 contact J-L Models of the CE3 contact with host rock stiffness of 1 GPa.  The 639 

distribution of the minimum principal compressive or maximum tensile stress (σ3) is 640 

shown with the colour scale bar, while the spatial and quantitative distribution of 641 

absolute shear stress (τ) (von Mises in xy plane) is shown with the contour lines. Σ1 642 

trajectories are shown with white arrows while σ3 trajectories are shown with black 643 

arrows.  644 

 645 

We have similarly plotted the shear stress (Fig. 10) and tensile stress (Supplementary 646 

2) curves at the different contacts as the dyke propagates towards the surface. Here, 647 

since the dyke is almost reaching the surface, the tensile and shear stress values of our 648 

models are very high. Such values are not realistic since rocks can break as soon as they 649 

reach the in-situ tensile strength (To) threshold (Gudmundsson, 2011). The graphs serve 650 

mostly as a theoretical investigation. We observe again the two maximum peaks that 651 

surround the tip to get narrower. Also, contacts with higher stiffness ratios concentrate 652 

higher stresses while the dyke approaches them.  653 

 654 

Figure 10: COMSOL 1D line plots showing the von Mises shear stress (τ) concentration 655 

at the different contacts while the dyke propagates towards the surface (eastern 656 

graben). All the models (a-f) have 5 MPa overpressure (Po). In models d-f an extra 657 
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extensional boundary load (Fext=0.5 MPa) is applied. Surface denotes the contact 658 

between the top layer and the atmosphere. 659 

4.3 Sensitivity tests with Po=1 MPa and Fext= 2 MPa 660 

For the sensitivity analyses, we modelled a vertical dyke with an assigned overpressure 661 

of 1 MPa in a heterogeneous crustal segment and a stiffness range of 0.5-30 GPa. The 662 

model outcomes are seen in Figures 11 and 12, and their interpretation is as follows. 663 

The first model runs showed the studied concepts reported in 3.2.3 with constant 664 

boundary conditions, namely Po=1 MPa and Fext= 2 MPa. In model A, we kept the same 665 

stratigraphic sequence but, instead, we increased the thickness of the top lava layer by 666 

one order of magnitude (from 0.1 to 1 m). In the model, we observed 90° stress rotations 667 

at the tuff layer and almost up to 45° at the lava layer. The accumulation of tensile stress 668 

was high at the dyke tip and the stiff lava layers and moderate at the tuff. The shear 669 

stress distribution was low to moderate ahead of the tip. In model B, we moved the tuff 670 

layer at the bottom of the stratigraphy. Both the tuff and the top lava layer had around 671 

45° stress rotations, the tensile stress increased in all the layers, and the shear stress 672 

distribution remained low to moderate. In models C and D, we explored the effect of a 673 

very soft pyroclastic layer at the top of the succession, such as scoria. In the first case, 674 

the thickness of the scoria was 1 m, while in the second case it was thinner by one order 675 

of magnitude (0.1 m). The models showed that the tensile concentration is high around 676 

the tips in both cases. However, we observed 90° stress rotations in the thick scoria 677 

layer in model C. The thin scoria and lava layers and the lava/tuff contact had similar 678 

stress rotations in model D. The thick scoria layer suppressed the tensile and shear stress 679 

from lower to moderate values without being distributed higher. Instead, the thin scoria 680 

layer could not suppress the tensile stress similarly.   681 

We tested the existence of a thick and thin scoria layer at the bottom of the column. The 682 

thick scoria layer (model E) could promote stress rotations at the tuff/scoria contact, 683 

whereas no stress rotations occurred in the second case (model F). We finally observed 684 

low tensile stress concentration at the scoria layers. The shear stress was moderate to 685 

high in both models. We changed the dip of the dyke for the last sensitivity concept 686 

while keeping a thick (model G) and a thin (H) scoria layer at the top of the stratigraphy. 687 

Our models have shown that the shear stress is low when the scoria is thick, instead, in 688 

thin scoria model runs, the shear stress values around the tip are higher and 689 

asymmetrically in both cases. That could imply the formation of semigraben at the 690 
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surface. In both models (G and H), we observed no 90° stress rotations at the scoria 691 

layers so the dyke could not arrest on its way. 692 

 693 

Figure 11. Sensitivity tests based on the stratigraphy of the eastern site. In all models, 694 

we applied the same boundary conditions, which is an overpressure value of 1 MPa 695 

and a local extensional stress field of 2 MPa. The distribution of the minimum principal 696 

compressive or maximum tensile stress (σ3) is shown with the colour scale bar, while 697 

the spatial and quantitative distribution of the absolute shear stress (τ) (von Mises in 698 

xy plane) is shown with the contour lines. Σ1 trajectories are shown with orange arrows 699 

while σ3 trajectories are shown with yellow arrows. The graphical conditions for 700 

arrest/propagation are shown in the key inset. A – H are the concepts as illustrated in 701 

the index box. 702 

 703 

4.4 Sensitivity tests with Po=5 MPa and Fext= 0.5 MPa 704 

We reran the suites of the sensitivity concepts by changing the boundary conditions to 705 

Po=5 MPa and Fext= 0.5 MPa to simulate a dyke with higher overpressure but during a 706 

period where the local extensional stress field is lower (Fig. 12). 707 

In model A, both tensile and shear stress were high in the vicinity of the dyke tip. We 708 

also observed 90° stress rotations at the tuff, hence suggesting the scenario of a dyke 709 

that gets arrested in-depth but still could satisfy the fracturing (and possibly faulting) 710 

concepts at the surface, in a similar way to dyke-induced graben formation. In model 711 

B, the stress rotations were also 90°, and the tensile and shear stresses were high. 712 

Moving to model C, the thick scoria layer had 90° stress rotations. Similarly, when the 713 

scoria layer was thin, there was a higher accumulation of shear and tensile stress at the 714 

top of the succession. Finally, stress rotations occurred at the tuff and scoria layers 715 
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(model D). In models, E and F, where the thick and thin scoria layers were at the bottom 716 

of the stratigraphic sequence, tensile and shear stresses were high. The dyke is likely to 717 

be arrested in model E while it dissects the contact in model F. In the final models, we 718 

explored how inclined sheets would propagate in similar scenarios with higher 719 

overpressures than before (Fig. 12g, h). In model G, tensile and shear stress were 720 

asymmetrically high, and stress rotations occurred. Finally, in model H we observed 721 

again stress rotations in the tuff layer while the tensile and shear stresses were high and 722 

asymmetrical.  723 

 724 

Figure 12. Sensitivity tests based on the stratigraphy of the eastern site. In all models, 725 

we applied the same boundary conditions, which is an overpressure value of 5 MPa 726 

and a local extensional stress field of 0.5 MPa. The distribution of the minimum 727 

principal compressive or maximum tensile stress (σ3) is shown with the colour scale 728 

bar, while the spatial and quantitative distribution of the absolute shear stress (τ) (von 729 

Mises in xy plane) is shown with the contour lines. Σ1 trajectories are shown with 730 

orange arrows while σ3 trajectories are shown with yellow arrows. The graphical 731 

conditions for arrest/propagation are shown in the key inset. A – H are the concepts as 732 

explained in the index box. 733 

 734 

4.5 Synthesis on dyke arrest / propagation and dyke-induced graben formation  735 

In this section, we summarise the dyke propagation paths resulting from modelling the 736 

western and eastern sites. We present two graphic illustrations (Fig. 13) representing 737 

the probability of arrest/propagation and dyke-induced graben formation in the two 738 

heterogeneous successions.  739 
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Specifically, in Figure 13a, we assess the likelihood of propagation or arrest at the 740 

western site. On the X-axis, we present the ratio (lowest to highest) of the mechanical 741 

contrast of the layers subject to rising overpressure values (Y-axis) based on Figures 6 742 

and 7. We observe that the contacts with low mechanical contrast (r = 0.1 - 0.3) are 743 

more likely to promote dyke arrest scenarios than those with higher mechanical contrast 744 

(r = 1.42 - 10). We report that the contact CW1 (lava/host rock) and the contact CW4 745 

(breccia/lava) have similar mechanical ratios but different dyke paths. Similarly, in 746 

Figure 13b, we highlight the modelling results of the eastern site. The latter shows that 747 

all contacts promote dyke propagation, mainly because the stratigraphy is very shallow. 748 

We rerun the same models with the stratigraphy in the middle of the domain and the 749 

tuff layer had stress rotations. Similarly, the contacts with low mechanical contrasts (r 750 

= 0.3 - 0.5) promote mostly arrest. 751 

We also assessed the probability of graben formation ahead of the dyke tip based on 752 

the qualitative modelling results of the shear stress (τ) distribution. In the western site, 753 

we observe that if dyke-induced graben formation occurs when the shear stress 754 

concentration is high ahead of the tip (Tibaldi et al., 2022), then this concept is satisfied 755 

when the mechanical contrast of contact is over r = 0.3 and the dyke overpressure is 756 

high (Po = 5-10 MPa). We point out that, although the contacts CW4-6 are the ones found 757 

higher in succession, they are not close to the side edges, so the models are not affected 758 

by edge effects, however, they are close to the upper host rock domain.  759 

 760 

Figure 13. (a) Schematic illustration of the dyke propagation paths and the 761 

concentration of shear stress around the tip on the western site based on the models of 762 

Figures 6 and 7. X-axis the contact in increasing mechanical contrast, Y-axis the 763 

overpressure value. (b) The same results from the eastern site based on the models of 764 

Figure 9. 765 
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 766 

5. Discussion 767 

Our models attempt to gain insights into the processes that controlled the surface 768 

deformation during the 1928 fissure eruption. In particular, we aim to understand the 769 

parameters that could have promoted the dyke-induced graben and fissure eruption in 770 

the western site and the semigraben and graben in the eastern one. To achieve this goal, 771 

we designed suites of sensitivity tests to explore key geometrical parameters. 772 

In detail, we modelled the effect of layer thickness, the presence of soft layers in the 773 

stratigraphy at the top and bottom of the column (varied sequence), the dyke tip, and 774 

their combination. Below are the results for each suite. 775 

 776 

Stratigraphic sequence 777 

The sensitivity suites show how efficiently the Young’s modulus of the dissimilar 778 

layers and the stratigraphy can control the propagation path of a dyke. Our models have 779 

enabled to observe stress rotations in contacts with low stiffness contrast, particularly 780 

in the soft layers (breccia, scoria). 781 

 782 

Layer thickness 783 

The models suggest that changes of an order of magnitude (from 0.1 m to 1 m) in layer 784 

thickness could promote stress rotations. However, in the models the most crucial 785 

parameter remains the stiffness of the layers. 786 

 787 

Dyke dip 788 

Our results have shown that temporary stress barriers can be formed in soft layers (e.g., 789 

scoria, breccia) if inclined sheets (≤ 75° dip) are increasing their dip. 790 

 791 

5.1 Surficial deformation concepts 792 

We performed a final synthesis of the sensitivity models shown in Figures 11 and 12, 793 

and we reported the likelihood of each studied concept. Specifically, we interpret the 794 

possible surficial deformation structures based on the physics-based in-depth models. 795 

Those are developed according to three studied indications: i) the concentration of 796 

tensile stress that has to be at least equal to the tensile strength of the crustal rocks (1-9 797 

MPa) for fracturing (Amadei and Stephansson, 1997; Gudmundsson, 2011), ii) the 798 

concentration of shear stress that has to be usually two times the tensile strength of the 799 
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rocks (normally 4-8 MPa) for fault slip (Kanamori and Anderson, 1975; Haimson and 800 

Rummel, 1982; Schultz, 1995), and iii) the formation of stress barriers for dyke arrest 801 

or for hampered dyke propagation. All of them are assessed at the top contact. 802 

The analyses have shown that dyke-induced graben formation is associated with high 803 

tensile and shear stress concentration (> 4 MPa) (need not coincide e.g., Bazargan and 804 

Gudmundsson, 2019) at the surface and in the vicinity of the tip. The dyke in this 805 

concept should arrest (stress barriers) during ascent. A dyke-induced graben can be 806 

accompanied by a fissure eruption if, in the last case scenario, the dyke overcomes the 807 

temporary stress barriers or finds none of those on its way to the surface. Thus, the dyke 808 

can also feed an eruption. Similarly, a semigraben can be formed when an inclined sheet 809 

propagates towards the surface following the above stress concepts. Finally, according 810 

to our FEM model interpretations, narrow grabens can be encouraged if the stratigraphy 811 

includes soft layers such as scoria, breccia, or tuffs and the dyke overpressure is high 812 

(Po = 10 MPa). Wider grabens are formed when the stratigraphy is composed mainly 813 

by stiffer materials such as lavas and the dyke overpressure is moderate (Po = 5 MPa). 814 

Tension fractures can possibly form at the surface when only the fracturing (tensile 815 

stress) concept is satisfied, and the tensile stress distribution is reaching the surface. 816 

Fault slip (here, we only hypothesise that it relates to pre-existing fractures, not the 817 

generation of new ones since their location and energy conditions are still challenging 818 

to be forecast, Backers and Stephansson, 2012) could occur if only the shear stress 819 

concept is satisfied. Again, the stress distribution has to reach the surface (but for our 820 

physics-based models the top contact in particular). Based on the above concepts, we 821 

hereunder provide qualitative interpretations of the sensitivity models, which are shown 822 

in the following table.  823 

 824 

Table 1. Qualitative analysis of the sensitivity models from Figures 11 and 12 showing 825 

the possible projected outcomes if the tensile and shear stress concentration can reach 826 

the surface (here the topmost contact). The tensile and shear stress curves are found in 827 

Supplementary material 3 and 4. 828 

 Po = 1 MPa and Fext = 2 MPa 

 

Po = 5 MPa and Fext = 0.5 MPa 
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Concept A Dyke arrest/ tension 

fractures 

Dyke arrest / dyke-induced graben  

Concept B Dyke arrest/ tension 

fractures 

Dyke arrest / dyke-induced graben 

Concept C Dyke arrest/ tension 

fractures 

Dyke arrest/ tension fractures 

Concept D Dyke arrest/ tension 

fractures 

Dyke arrest/ tension fractures 

Concept E Dyke arrest/ tension 

fractures 

Dyke arrest/ tension fractures 

Concept F Dyke arrest/ tension 

fractures 

Dyke arrest / dyke-induced graben 

Concept G Fissure eruption/ tension 

fractures 

Dyke arrest/ tension fractures 

Concept H Fissure eruption/ tension 

fractures 

Dyke arrest / dyke-induced 

semigraben 

 829 

The statistical analysis of the above numerical concepts suggests that dyke arrest in the 830 

eastern site is the most likely concept (14/16= 87.5%), followed by dyke arrest 831 

accompanied by tension fractures (10/16=62.5%), dyke arrest and dyke-induced graben 832 

formation (3/16=18.8%). The least possible concepts are represented by fissure 833 

eruption and tension fractures (2/16=12.5%), and dyke arrest and semigraben formation 834 

(1/16=6.25%) 835 

In the field, we observed two deformation settings related to dyke arrest and dyke-836 

induced graben /semigraben. Statistically, these two concepts individually are highly 837 

probable according to our FEM models. However, their combination is less likely. Dyke 838 

arrest and semigraben formation could be satisfied in a scenario similar to concept H. 839 

Finally, dyke arrest and dyke-induced graben formation could be satisfied by concepts 840 

A, B, F. 841 

 842 
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5.2 Dyke-induced graben conditions in heterogeneous volcanic successions 843 

In nature, most dykes that successfully propagate to the surface commonly form tension 844 

fractures but not grabens (Al Shehri and Gudmundsson, 2018; Bazargan and 845 

Gudmundsson, 2019). This is because studies of arrested dykes in composite volcanoes 846 

have shown that the dykes that stall tend to thin out without generating tension cracks, 847 

faults or surface fractures around their tips (Gudmundsson, 2012; Geshi and Neri, 2014; 848 

Drymoni et al., 2020). Instead, feeder dykes can make it to the surface and form tension 849 

fractures if they meet stiff layers very close to the surface (Al Shehri and Gudmundsson, 850 

2018). 851 

Although both dykes and grabens are associated with extensional stress regimes, 852 

interdisciplinary studies have shown that dykes can either induce graben formation in 853 

the same volcanotectonic event or not (Opheim and Gudmundsson, 1989; Koehn et al., 854 

2019). However, in the case of a synchronous propagation of a dyke and the generation 855 

of a graben, their co-existence does not necessarily mean that the graben was formed 856 

due to the interaction with the dyke because the graben may be entirely due to purely 857 

tectonic forces as occurred at Santorini volcano (Drymoni et al., 2022). This is because 858 

still, the conditions that encourage dyke-induced grabens are not yet fully understood 859 

and are occurring basically in very short (geologically instant) timescales compared to 860 

active tectonics (e.g., faults, sliding flanks, other dyke intrusions, plate movements) 861 

(Kolzenburg et al., 2022). Therefore, although dyke and graben formation overlap in 862 

timescales, their co-genetic interactions or interconnections cannot be traced when the 863 

dyke is still on the way to the surface.  864 

On the other hand, structural geology and geophysics can only efficiently study part of 865 

the process. During unrest, geophysics can partly determine from seismic data and 866 

partly from geodetic surface data, in particular, InSAR and GPS data (Biggs et al., 2009; 867 

Ebinger et al., 2010; Ágústsdóttir et al., 2016) the location and velocity of the 868 

propagating dyke and forecast its outcome only when the latter is very close to the 869 

surface and, most of the times, it leads to an eruption (Biggs et al., 2013; Giampiccolo 870 

et al., 2020). Similarly, structural geologists can study the surface deformation during 871 

a dyke-induced graben event but only retrospectively after it has already occurred 872 

(Sigurdsson, 1980; Gudmundsson, 1987; Pallister et al., 2010; Neri et al., 2011; Tibaldi 873 

et al., 2020, 2022). Still, although they can document realistic post-process 874 

observations, the data cannot shed light on the mechanisms in depth, because the actual 875 

conditions are always unknown. 876 
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A great number of theoretical, analytical and modelling studies have been focused on 877 

exploring those enigmatic conditions of dyke-induced graben formation in 878 

homogeneous domains through ‘crack opening concepts’ (Dieterich and Decker, 1975; 879 

Pollard and Holzhauser, 1979; Pollard et al., 1983; Rubin and Pollard, 1988; Mastin 880 

and Pollard, 1988; Chadwick and Embley, 1998). Here, dyke propagation triggers 881 

cracks that coalesce to fractures in layered domains and subsequently induces surficial 882 

deformation related to pressure changes towards the surface (overpressure). Surface 883 

deformation produced by faults has been extensively studied through dislocation 884 

modelling in isotropic homogeneous half-space domains (Okada, 1985; Dahm, 1996; 885 

Bonafede and Danesi, 1997; Bonafede and Rivalta, 1999; Rivalta et al., 2019). 886 

Dislocation modelling explores the displacement related to dyking by extracting 887 

information regarding the position, depth and dyke geometry (Bonafede and Rivalta, 888 

1999). Dyke-induced deformation, here, occurs due to constant opening. From a 889 

mechanical perspective, grabens are formed at the shear/tensile stress peaks and not at 890 

the localities where the surface deformation peaks. Surficial deformation can begin 891 

appearing at the surface if the dyke is less than one km in depth. For that reason, tension 892 

fractures form at the maximum tensile/shear stress overlapped locations at the surface; 893 

thus, the co-existence of tension and shear fractures are not often found above the dyke 894 

tip at the surface. A concept which is encouraged when the top layers are stiff (e.g. 895 

lavas) (Bazargan and Gudmundsson, 2019).  896 

The graben faults in nature usually dip 60-80° or are almost vertical, whereas in 897 

numerical applications are found to dip around 40-60° (Gudmundsson, 2017). The 898 

‘graben rule’ can propose the depth of the arrested dyke that has induced the event. It 899 

relies on the notion that the depth is half the size of the graben width (Pollard et al., 900 

1983; Mastin and Pollard, 1988; Rubin, 1992; Al Shehri and Gudmundsson, 2018). 901 

Based on this rule, we can hypothesise that if the dykes that formed the grabens have 902 

been arrested, the dyke tips in our study were at 200 m depth for the western graben 903 

and at 25 m depth for the eastern graben.  904 

While a dyke propagates towards the surface, the stresses are concentrated and rise at 905 

the dyke tips, so fractures are unlikely in their vicinity (Geshi et al., 2010; Philipp et 906 

al., 2013). The thickness of the propagating dyke is affected by the overpressure, the 907 

dyke strike and the Young’s modulus of the crust (stiff layers encourage thin dykes, 908 

while soft layers encourage thicker dykes to form); thus, the volcanotectonic studies are 909 

mainly schematic (Gudmundsson, 2020).  910 
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 911 

5.3 Geological reconstruction of the 1928 fissure eruption - a field and numerical 912 

synthesis 913 

Our combined study attempted to interpret the possible scenarios that generated the 914 

current surficial deformation along the 1928 fissure eruption. In a second step we also 915 

attempted to conceptualise the possible scenarios that could have resulted in the 916 

formation of the western and eastern grabens studied here, as shown in Figure 14.  917 

 918 

Western graben  919 

According to our numerical study, a dyke-induced graben can also be accompanied by 920 

a fissure eruption. The field studies (Tibaldi et al., 2022) are unable to define whether 921 

the eruptive vents are synchronous with the graben formation during the 1928 event, or 922 

a smaller graben was pre-existing to the dyke injection. Our numerical results, however, 923 

propose two distinct solutions: A) In low overpressure conditions, dyke arrest is highly 924 

possible. The dyke could have induced the graben but not the craters, so the latter could 925 

belong to previous eruptions. However, since we know that the vents formed during the 926 

1928 event, we have to disregard this hypothesis. B) In high overpressure conditions, 927 

dyke propagation is promoted; hence, a fissure eruption could have followed up the 928 

dyke-induced graben. This seems to match the field data, since the eruptive craters are 929 

not affected by the graben faults (thus craters postdate faults). 930 

 931 

Eastern graben 932 

In this part of the fissure, the dyke has possibly induced a semigraben and a normal 933 

graben structure, but no eruption signs are reported; hence, the dyke (and, based on our 934 

numerical study, the inclined sheet) should have been arrested at shallow depths. 935 

Taking into account the width of these structures, 74 m for the semigraben and 68 m 936 

for the graben, according to the ‘graben rule’ the tip of the dyke should have been 937 

arrested at half of this length; approximately 37 m below the semigraben surface and 938 

34 m below the graben surface. However, dykes that come very close to the surface, 939 

most of the times, feed eruptions and do not stall (Gudmundsson, 2003; Drymoni, 2020; 940 

Drymoni et al., 2020) and narrow grabens imply dykes that are shallow and close to 941 

feed an eruption (Hjartardóttir et al., 2016; Trippanera et al., 2014). Instead, our field 942 

observations are challenging the following ideas; either that the dykes that propagate 943 

very close to the surface usually erupt, or that the ‘graben rule’ cannot always estimate 944 
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the tip of the arrested dyke. The efficiency of the ‘graben rule’ has been already debated 945 

by previous studies (Magee and Jackson, 2021) since the fault geometry and the 3D 946 

kinematics of the faults play a substantial role in controlling the dyke path. Also, the 947 

rate of spreading can affect the eruption scenario (Curewitz and Karson, 1998; Carbotte 948 

et al., 2006).  949 

Our hypothesis is that the uprising of a high overpressure inclined sheet and a vertical 950 

sheet, respectively, most likely triggered the formation of a semigraben and of a graben. 951 

Still, the inclined sheet and the dyke, although reached very shallow levels, they quite 952 

likely became arrested (87.5%). This is supported by the sensitivity analysis (Table 1). 953 

The process may have been favoured by gravitation instability due to the vicinity of the 954 

high scarps of the Ripe della Naca faults.  955 

  956 

 957 

Figure 14. Schematic illustration of the 1928 dyke on Etna volcano showing the vertical 958 

and lateral propagation of the dyke and the surficial deformation as recorded from 959 

numerical modelling concepts and structural analyses by Tibaldi et al. (2022). 960 

According to our numerical study, the image shows the parameters that could have 961 

controlled the propagation of the dyke. A: The dyke induced a graben and a fissure at 962 

the surface. B: An inclined finger of the dyke induced a semigraben (or halfgraben) and 963 

a graben towards the east without making it to the surface to feed a fissure eruption. 964 
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This is because a stress barrier could have occurred in the stratigraphic sequence and 965 

the extensional stress field. 966 

 967 

6. Conclusions 968 

Our joint field and numerical modelling analyses suggest the following conclusions to 969 

be drawn based on our initial research questions on the propagation of the 1928 dyke 970 

on Etna volcano, most of which can have a more general significance: 971 

(i) Regarding the stress barrier conditions: 972 

1. Dyke arrest at the contact with either stiff or soft layers depending to different 973 

mechanical conditions. Thick scoria can form temporary stress barriers even if 974 

it is at the top or the bottom of the stratigraphic succession. Still, a thin scoria 975 

layer (up to 0.1 m) can form temporary stress barriers if they are at the top of 976 

the succession. Dyke arrest can also often occur at low mechanical contrast 977 

contacts (r = 0.1-0.5). 978 

2. Inclined sheet propagation generates asymmetric tensile and shear stress 979 

concentration and dyke arrest concepts.  980 

3. High values of overpressure can raise the stress rotation in a layer but cannot 981 

make it sufficient to become a stress barrier (90° stress rotations). 982 

4. The local extensional stress field can promote stress barriers in the soft layers 983 

(low Fext values ≤ 2 MPa). 984 

 985 

            (ii) Regarding the tensile/shear stress concentration and dyke-induced graben    986 

concepts: 987 

1) The tensile and shear stress concentration at the dyke tip in a heterogeneous 988 

succession is proportional to the overpressure increase. 989 

2) Thick scoria layers suppress the tensile and shear stress concentration if they 990 

are at the top of the succession. Still, thin ones at the top or bottom of the 991 

stratigraphic column can revoke this condition, and low shear stress 992 

concentration can be distributed higher at the succession. 993 

3) At the lowest mechanical contrast contacts and low overpressure (Po = 1 MPa), 994 

shear stress is significantly suppressed compared to other contacts. 995 

4) Stiff layers can build up the shear stress concentration and form narrower 996 

grabens, while soft layers tend to disperse them and create wider ones. 997 
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5) High overpressure values (Po = 10 MPa) form narrower grabens while moderate 998 

values (Po = 5 MPa) form wider grabens. 999 

6) If the dyke has managed to propagate to higher levels in the succession, then a 1000 

narrow graben can form instead of a wide graben. 1001 

7) With moderate overpressure values (Po = 5 MPa), shear stress is concentrated 1002 

at the stiffer materials, while the soft ones distribute them to higher levels.  1003 

8) A dyke-induced graben can be formed if the mechanical contrast (r) is 0.3-2 and 1004 

the overpressure (Po) is 5-10 MPa. 1005 

9) Soft layers are needed in a heterogeneous succession for dyke-induced graben 1006 

formation concepts because they concentrate low shear stress values. Still, they 1007 

distribute it higher towards the surface, while stiff lavas concentrate a high shear 1008 

stress value and disperse their distribution laterally. 1009 

10) The tensile and shear stresses peak at the surface and progressively build up 1010 

while the dyke moves towards the surface. Still the contact that is ahead of the 1011 

dyke tip has always the highest stress values during propagation.  1012 

11) The layering, the thickness of the layers, their stiffness and local extension can 1013 

control the wide or narrow structure of a graben. 1014 

 1015 

     (iii) Regarding the mechanical and geological evolution of the 1928 fissure: 1016 

1) In the western part of the 1928 fracture zone, the dyke-induced graben 1017 

developed, followed by the further ascent of the dyke that finally intercepted the 1018 

surface. 1019 

2) In the eastern part, an inclined sheet and a vertical dyke triggered the formation 1020 

of the semigraben and the graben, respectively, and then halted at shallow depth; 1021 

here, the structure formation process may have been favoured by gravity forces 1022 

linked to local topography. 1023 
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