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A B S T R A C T

The physical, mechanical and fracture properties at Stromboli volcano have been integrated at multiple scales to 
understand whether the interplay between a presumed NE/SW rift zone and the Sciara del Fuoco (SDF) 
depression has resulted in a zone of weakness able to promote fracturing prone to flank instability. Multiscale 
fracture quantification by imaging via FracPaQ toolbox both fractures and sample scale fractures has been in
tegrated with rock physics and rock mechanics experiments on cm-scale samples belonging to the Paleo
stromboli, Vancori, Neostromboli, Pizzo and Present Deposit volcanic cycles that have been taken from within 
and outside the rift zone. The structural changes to the edifice have been quantitively assessed by mapping at 
different scale fracture properties such density and orientation within and outside the rift zone allowing to 
identify the potential damaged zones that could reduce the edifice strength. 

Results indicate that basalt textures, microfracture density, porosity, chemical zoning and preferential 
alignments, despite lithologically dependent, can be related to the NE/SW zone of weakness at the regional scale 
and to collapsed volumes that have been subject to continuous intrusive activity. Numerical inversion models 
have been performed to cross correlate fracture density in the basalts at multiple scales. 

A link between microfracture density and seismic velocities has been also established via numerical modelling, 
allowing to interpret in terms of degree of fracturing the results of seismic tomographies at the field scale, 
providing a novel method to image crack damage evolution within the inner structure of the volcano edifice.   

1. Introduction

Volcanoes are active geologically systems in which their volcano- 
tectonic processes can induce edifice instability resulting in their 
collapse (Acocella and Tibaldi, 2005). Monitoring and quantifying the 
effects of volcanic instability is important for understanding the 
morphological evolution of a volcanic system. Multiple studies have 
been conducted on edifices around the world to assess their structural 
vulnerability to volcano-tectonic processes such as ground motion 
initiated via earthquakes or through over loading of volcanic flanks 
(Swanson et al., 1976; Voight and Elsworth, 1997). Mass failure along a 
volcanic flank can commonly be attributed to dike intrusions disrupting 
the equilibrium of a slope (Reid et al., 2010). Over time repeated 
inflation-deflation and buttressing from subsurface magmatic activity 
can ultimately result in morphological changes to a volcanic edifice 
(Tibaldi et al., 2009). Edifice collapse may be followed by phases of 
rapid construction as well as changes in the composition of erupted lavas 

associated with decompression changes influencing magma chamber 
processes (Hildenbrand et al., 2004; Pinel and Jaupart, 2005; Hora et al., 
2007; Manconi et al., 2009). With this understanding, analysing the 
physical state of the volcanic edifice in terms of crack damage can help 
to identify and discriminate the mechanisms controlling edifice insta
bility at different scales. 

Satellite observation and field structural surveys have been per
formed to analyse the state of the volcano edifice. Through mapping and 
modelling the topological features of a volcano edifice one can gauge 
how morphological changes may evolve with respect eruptive episodes. 
High resolution satellite data has been incorporated into multiple 
studies to provide quantitative assessments on the distribution of 
volcano-tectonic structures and main lineaments on the volcano edifice. 
Remote sensing data has been used in volcano-tectonic environments 
such as at Mt Etna (Italy), Stromboli (Italy) and Shiveluch (Russia) to 
monitor the changing morphology of the edifices to determine how 
eruptive events impact on the formation surface features 
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(Palaseanu-Lovejoy et al., 2019; Di Traglia et al., 2021; Shevchenko 
et al., 2021). At Shiveluch, a combination of high-resolution images 
captured from the Pleiades and radar TanDEM-X satellites was used to 
assess the 2019 dome collapse. Satellite observation helped to quanti
tively determine structural changes to the edifice, whilst also providing 
a better understanding of the formation of lineaments and on the stress 
regime acting on the volcano (Shevchenko et al., 2021). 

Experimental Rock Deformation can provide physical support into 
the coupled relationship between physical, mechanical and micro
structural properties of rocks involved in the deforming edifice. The 
behaviour of volcanic rock under varying effective pressure has been 
explored by multiple authors, whom have directly linked the effect of 
varying porosity and micro fracturing to the mechanical behaviour 
(Apuani et al., 2005a, 2005b; Heap et al., 2014; Zhu et al., 2016; Heap 
and Violay, 2021). The increase in porosity has a direct influence of the 
decrease of strength and Young’s Modulus, although Poisson’s Ratio for 
volcanic rocks do not evolve systematically as a function of porosity 
(Heap et al., 2020b). Heap and Violay (2021) have presented a 
comprehensive review of how porosity influences the uniaxial 
compressive strength (UCS) of volcanic rocks and have further explored 
how other microstructural parameters such as pore size and shape have 
a direct impact on the failure characteristics of rocks under pressure. 
Mineral and textural alteration has also been known to influence the 
formation of additional fracturing in volcanic rocks (del Potro and 
Hürlimann, 2009; Pola et al., 2014; Heap et al., 2021a). Evidence has 
been presented suggesting that compressive strength of hydrothermally 
altered volcanic rocks can vary with degrees of alteration and decreasing 
or increasing the strength of volcanic rock, because of the change of 
microfracture interconnectivity and pore space distribution (Heap et al., 
2021b). Fracture and void characterization within rocks are important 
for understanding how stress is distributed throughout a sample and 
what effect this could have on the failure strength of a rock and thus for 
the modelling of edifice collapse mechanisms. 

Assessing the physical and mechanical properties of rock samples are 
thus key for quantifying the failure mechanisms that can drive flank 
instability and are important for understanding the continuous evolu
tion of an edifice. Here we present a multiscale interpretation of fracture 
and microfracture properties of Stromboli basalts to quantify crack 
damage and identify potential weaknesses that can promote edifice 
instability. 

1.1. Stromboli volcanic edifice, fracture analysis and sample selection 

A stratigraphic framework for the volcano has been established by 
connecting units that have been bounded by unconformities with Epochs 
defined by volcanic activity (Francalanci et al., 2013; Lucchi, 2019). The 
six successive eruptive Epochs, Paleostromboli I – III (Epoch 1–3), Lower 
and Upper Vancori (Epoch 4), Neostromboli (Epoch 5); Recent Sciara, 
Pizzo and Present Deposits (Epoch 6) have been described thoroughly in 
(Francalanci et al., 2013). The Epochs have been characterised by the 
location of their volcanic centres as well as their chemical composition. 
The Epochs have been separated by periods of major erosional stages 
such as caldera collapses and lateral failures that have shaped the 
edifice. Subdivisions within the Epochs have been arranged into erup
tive phases and pulses defined by the volcanic material produced from 
lava flows, lahars and pyroclastic density currents as well as hydro
magmatic activity (Fisher and Schmincke, 1984). 

Structural field data collected on Stromboli has revealed a detailed 
reconstruction of intrusive activity that has taken place during the last 
100 ka (Tibaldi, 1996; Corazzato et al., 2008; Tibaldi et al., 2009). The 
dating of intrusive sheets has revealed the influence of a regional tec
tonic stress with a northwest southeast σ3 that has governed the location 
and direction of magma pathways. A NE–SW trending rift zone has 
developed passing across the centre of the summit consequently 
resulting in preferential orientation N-NE strike of intrusive events that 
have become more vertical and abundant toward the rift axis (Tibaldi, 

1996, 2003; Corazzato et al., 2008; Tibaldi et al., 2014; Patanè et al., 
2017). Furthermore, structural data has revealed that in the last 13 ka 
magma sheets have intruded in horseshoe shape along the NW of the 
edifice where 4 major flank collapses have taken place leading to the 
formation of the Sciara del Fuoco (SDF) (Apuani et al., 2005a, 2005b; 
Apuani and Corazzato, 2009; Francalanci et al., 2013). The SDF has 
remained unstable due to the influence of lateral creep which as pro
vided space along the slope boundary for the thinner intrusions to be 
emplaced. The consequence of the seaward displacement of the SDF is 
an eventual sector collapse at the shoulders of the slope (Apuani et al., 
2005a; Apuani and Corazzato, 2009; Francalanci et al., 2013). 

Previous studies have also identified evidence of alteration of 
basaltic rocks that has taken place at Stromboli (del Moro et al., 2011; 
Finizola et al., 2003; Francalanci et al., 2013). At a mesoscale, Finizola 
et al. (2003) have examined the shallow hydrothermal activity at 
Stromboli in order to determine the structural framework of the summit 
area. Their work assessed the rise of hot fluid by monitoring soil 
self-potential, temperature and gas anomalies. The results of the study 
highlighted that the shallow fluid circulation has utilized fault and 
fracture networks beneath the surface then accumulated beneath the 
summit to form a hydrothermal zone. Hydrothermal alteration of ma
terial has been studied by del Moro et al. (2011), at a microscale to 
determine the mineralogical features of ejecta emitted during parox
ysmal explosions at Stromboli volcano. They have identified that the 
circulation of acidic fluids has led to Stromboli rocks exhibiting argillic 
and silicic alteration. The authors have identified that phenocrysts of 
plagioclase and clinopyroxene have not experienced a high degree of 
alteration however, olivine was observed to have oxidised to hematite. 
Compositional changes, as a result of magma mixing and mush canni
balism, are reflected in geochemical and textural analysis. Studies have 
found that at Stromboli volcano, plagioclase, olivine, pyroxenes crystals 
have been subjected to reabsorption as well as feature chemical zoning 
and oxidation (Petrone et al., 2006, 2022; Rossi et al., 2019; Di Stefano 
et al., 2020). 

2. Methodology 

2.1. Satellite fracture analysis and sample selection 

A 0.5 m Pleiades tri stereo satellite image was used to generate a 
digital elevation model (DEM) of the island to assess the distribution of 
fracture networks across the island. Structural features associated with 
episodes of intrusions and tectonic lineaments were recorded and clas
sified using both aerial and field photographs as well as previous 
structural surveys (Tibaldi et al., 2003; Tibaldi and Corazzato, 2009). 
Fracture maps of the island were manually drawn and subsequently 
processed using the fracture mapping MatLab toolbox FracPaQ (Healy 
et al., 2017). This toolbox was used to quantify the fracture density and 
preferential orientations from the satellite data, allowing these to be 
linked to the rift processes that have taken place during the life span of 
the volcano. The code employs the Mauldon method to determine the 
length of fracture segments, their strike and density within a selected 
area (Mauldon et al., 2001). Fracture density, defined as the number 
fractures per unit area, was determined by calculating the number of 
intersections between fracture outlines in a circular radius, and the 
number of trace endpoints in a circular window respectively. Fracture 
trace lengths, defined as the average length of fractures from each cir
cular window, were also calculated in each image analysis area. FracPaQ 
was used to create a comparative study of fracture segments from 
extrusive locations and overlay these onto the structural features in and 
around the SDF and NE-SW trending rift zone. These 3 areas were of 
particular interest due to their influence on the structural and 
morphological history of the edifice. Previous structural investigations, 
such as have identified areas where extrusive activity has taken place 
and have defined the outlines of the SDF and the NE/SW trending rift 
zone the width of which has been defined by the Nel Cannestra and 
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Vallonazzo extrusive fissures (Tibaldi, 2003; Tibaldi et al., 2003, 2009). 
By examining these areas, a comparative study can be performed to 
quantify and cross examine volcano-tectonic fracturing across the 
volcano. 

During fieldwork, careful consideration was taken to ensure that the 
samples taken from the edifice were representative of temporal evolu
tion that has taken place on the island as described in Francalanci et al., 
(2013). One block sample was taken from each sample site (Fig. 1) 
around the edifice to gauge an understanding of the different physical 
properties of lithological units with respect to their age (Table 1) and 
location with respect to the Sciara Del Fuoco and the inferred Rift Zone. 
Vallone del Monaco and Malpasso (Paleostromboli I) basalts are mem
bers of the oldest eruptive phase (Epoch 1) and were taken from outside 
of the proposed rift zone. In contrast to the Vancori, Le Roccette, Filo di 
Fuoco taken close to the summit of the caldera, in the centre of the rift 
zone, yet belonged to Epoch 4, 5 and 6 respectively (Vancori, Neo
stromboli and Present Deposits). Basalts were selected from the edge of 
the rift zone. San Vincenzo (Neostromboli, Epoch 5) and San Bartolo 
(Pizzo, Epoch 6) basalts were taken from North and North Eastern edges 
of the rift zone respectively, whereas Vigna Vecchia (Neostromboli, 
Epoch 5) basalt was taken from the southern centre of the rift zone. Serro 
Adorno, Semaforo Labronzo and Ginostra basalts (Neostromboli, Epoch 
5) were selected due to their northern and western positions outside of 
the rift zone. 

2.2. Laboratory experimental procedure 

The outcrops were oriented considering the field strike and dip. The 
blocks were unoriented and the coring directions were chosen on the 

shape of the block. Blocks were cored into 20 × 60 mm cylindrical 
samples and then characterised by porosity and P-wave velocity in dry 
and wet conditions on five to six core samples. In order to determine the 
density and porosity, the cores were weighed prior to being placed in a 
bath to determine the dry mass (Md). Following this the cores were 
placed in a bath for 24hrs to allow water to infiltrate into pore spaces. 
On removal from the bath the cores were reweighed to determine the 
saturated mass (Ms), then using Eq. (1) the density (ρs) of the cores could 
be calculated. 

ρs =
Ms

V
(1)  

Where V, is the volume of the core samples. Then using Eq. (2), the 
porosity (φ), of the cores could be determined. 

Fig. 1. Geological map of Stromboli highlighting sampling locations.  

Table 1 
Samples collected from Stromboli.  

Location Sample Lithosome Epoch Age (Ka) 

1 Vallone del Monaco Paleostromboli 1 1 77 
2 Malpasso Paleostromboli 1 1 83 
3i Serro Adorno Neostromboli 5 4 
3ii Semaforo Labronzo Neostromboli 5 4 
4 San Vincenzo Neostromboli 5 12.5 
5 Ginostra Neostromboli 5 13.8 
6 Vigna Vecchia Neostromboli 5 7 
7 Le Roccette Present Day 6 0.8 
8 Filo di Fuoco Neostromboli 5 12.5 
9 San Bartolo Pizzo 6 2.3 
10 Vancori Vancori 4 13  
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φ=
Ms − Md

ρs
∗ 100 (2) 

Using a Wavesurfer 3022 oscilloscope (Fig. 2a) up to six cores for 
each sample location were measured via the time-of flight method 
(Simmons and Brace, 1965). The P-wave velocity (Vp) was then calcu
lated (Eq. (3)) using the known distance between the two sensors (d) as 
well as the average arrival time (t). 

Vp=
d
t

(3) 

UCS tests were performed on five to six cores from each sample 
location in dry conditions using a 600 kN Instron hydraulic load cell 
(Fig. 2b) with an internal 200 mm LVDT and a strain gauge used to 
determine the mechanical characteristics of the basalts such as Young’s 
Modulus and Poisson’s ratio from the elastic portion of the experiments. 
The core samples were put under compression with a strain rate of 1.61 
× 10− 5 s− 1 applied in all tests so that an average UCS could be deter
mined for each sample (Fig. 2b). Force and displacement of the hy
draulic press were measured internally while a strain gauge was 
wrapped around the circumference of the core to monitor the outward 
expansion in order to calculate the Poisson’s ratio. 

A detailed characterisation of the basalts was done by examining thin 
section photomicrographs to be then subsequently analysed via the 
FracPaQ toolbox (Healy et al., 2017). Optical images were taken at 4x on 
an Olympus microscope to give 5 mm window for analysis. This pro
vided a good resolution to observe fractures and voids within the thin 
sections. Fracture density and trace length analysis were focused around 
crystal boundaries, within the groundmass and along pre-existing planes 
of weakness such as cleavage planes. Fractures were manually drawn 
taking into consideration their geometry and aspect ratio. 

Finally, AMS (anisotropy of magnetic susceptibility) tests were per
formed to determine the orientation of the magnetic fabric and assess if 
fracture orientation is influenced from the textural alignment controlled 

by the lava flow. The dip and strike of selected lava beds were marked on 
sample blocks that were then cored into 25 mm × 25 mm core samples. 
AMS was measured along 3 axes using a kappabridge (Fig. 2c) to 
determine the principal directions of magnetic fabric lineation (Kmax) 
and foliation (Kmin). These values were then cross referenced against 
mean fracture strikes from island scale observations from the selected 
samples. 

3. Petrographic and microfracturing characterisation 

Stromboli basalts displayed a porphyritic texture with glomer
ocrystic aggregates (0.5 mm–3 mm) comprised of plagioclase, olivine 
and amphibole present in all samples (Fig. 3a–v). Evidence of hydro
thermal alteration has been observed in several samples with the pres
ence of microscopic hematite (less than 0.1 mm; Fig. 3e–g & l) 
concentric zoning (Fig. 3a) and oscillatory zoning (Fig. 3c–g & q) was 
present in plagioclase feldspars, as well as oxidation (Fig. 3u) observed 
in augite and biotite around the margins of large elongate to subhedral 
vesicles (1–2 mm). Microfracturing was also observed along cleavages 
traces and crystal boundaries of plagioclase, olivine and amphibole 
crystals in the basalts and emanated outward into the groundmass. 
Hereafter in detail features for all rock samples investigated are quali
tatively described. 

3.1. Vallone del Monaco 

The Paleostromboli basalt (Fig. 3a, location 1) was highly porphy
ritic with a fine-crystal to glassy groundmass and a well-defined flow 
texture displayed by 2 mm in size phenocrysts. The basalt exhibited 
concentric zoning in plagioclase crystals, Fe-oxides featured along 
fractures in augite and microfractures were present along plagioclase 
twinning. 

Fig. 2. Example of P-wave velocity measurement using Wavesurfer (a). Example of UCS test using Instron hydraulic press and radial strain gauge to measure 
elasticity of the basalts (b). Diagram of AMS core and magnetic anisotropy assessment (c) along 3 axes (X, Y, Z) to measure magnetic lineation (Kmax) and folia
tion (Kmin). 
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3.2. Malpasso 

The Paleostromboli basalt was highly porphyritic with larger elon
gate vesicles (1 mm) (Fig. 3c, location 2). Fine groundmass pyroxenes 
had abundant, randomly distributed red oxidised margins. The 
groundmass was crystalline, with variable crystal size (less than 0.5 
mm). Microfractures were randomly orientated in pyroxenes however in 
plagioclase microfractures mimicked cleavage/twinning in large glom
erocrysts, passing from one mineral to another in plagioclase and py
roxene while others terminate or travel along crystal boundaries or 
propagate to oscillatory zoning patterns that are present in larger 
plagioclase crystals (1–2 mm). 

3.3. Serro Adorno 

The Neostromboli basalt was porphyritic with crystals less than 2 
mm in size (Fig. 3e, location 3i). Euhedral to subhedral augite crystals 
occasionally 2.5–3 mm long and fractured along and across cleavage 
planes. Olivine crystals were smaller (0.75 mm) with irregular fractures 
that were stained by hematite around the crystal margins. Plagioclase 
appeared cloudy from abundant groundmass inclusions as well as 
fragmented and rounded in places. Microfractures in plagioclase 

mimicked cleavage planes. The groundmass was comprised of fine 
crystals on a micron scale, including magnetite. The basalt was highly 
vesicular with sub rounded to rounded 1.4 mm sized vesicles. 

3.4. Semaforo Labronzo 

The Neostromboli basalt was porphyritic and vesicular with crystals 
less than 2 mm in size and 1 mm diameter vesicles (Fig. 3g, location 3ii). 
Olivine crystals were euhedral to subhedral and less than 0.3 mm 
whereas subhedral augite and plagioclase phenocrysts occurred in 
similar sizes (2 mm). Plagioclase occurred as blocky laths often well 
formed with obvious oscillatory zoning. Some were clear while others 
were cloudy from microscopic groundmass inclusions including hema
tite and oxidised magnetite. The fine groundmass was dark due to an 
abundance of microscopic crystals of magnetite, biotite, amphibole as 
well as oxidation patches. Microfractures in the basalt mimicked and 
cross cut cleavages in pyroxenes. 

3.5. San Vincenzo 

The Neostromboli basalt (Fig. 3l, location 4) was porphyritic and 
comprised of olivine, augite, plagioclase and magnetite phenocrysts. 

Fig. 3. Thin section (left) and post UCS images of 20 mm diameter cores (right) of sampled basalts: Vallone del Monaco (a & b), Malpasso (c & d), Semaforo Labronzo 
(e & f), Serro Adorno (g & h), San Vincenzo (i & j), Ginostra (k & l), Vigna Vecchia (m & n), Le Rochette (o & p), Filo de Fuoco (q & r), San Bartolo (s & t) & Vancori (u 
& v). The thin section images have been captured in cross polarised light with the light modified to examine features within the basalts such as fractures (red), void 
spaces (green outlines), concentric zoning (cz), oscillatory zoning (oz), oxidation (ox), olivine (Olv), augite (Aug), amphibole (Amp) and plagioclase feldspar (Plg). 
The thin section image of the Serro Adorno has been captured in plane polarised light in order to better highlight the large void spaces (white). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Olivine phenocrysts were subhedral 1 mm in size with hematite and 
small plagioclase crystals occurred along fractures and phenocryst 
margins. Microfractures in olivine phenocrysts mimicked cleavage. 
Euhedral to subhedral 3 mm long augite phenocrysts were also glom
erocrystic and highly fractured along and across with hematite along 
cleavage planes. Plagioclase was often glomerocrystic, subhedral, oc
casionally rounded. Plagioclase microfractures occurred along and 
across cleavage planes. Vesicles in the groundmass varied in size (less 
than 0.5 mm), roundness and sphericity. Furthermore, the groundmass 
was abundant in microscopic biotite and hematite and was also 
composed of plagioclase needles as well as granular magnetite. 

3.6. Ginostra 

The Neostromboli basalt (Fig. 3k, location 5) was porphyritic with 
phenocrysts of augite, olivine and plagioclase (from less than 0.5–3 mm) 
in a fine crystalline groundmass of the same mineral assemblage. The 
basalt had a well-defined flow texture in various directions. Olivine was 
colourless and displayed usual irregular microfractures that mimicked 
cleavage. Augite was glomerocrystic and fractured along and across 
cleavages. Plagioclase occurred as fresh blocky laths from phenocrysts 
down to groundmass needles with microfractures that mimicked twin
ning. Vesicles were subrounded measuring 0.5–1.5 mm. The ground
mass varied in crystal size with patches of black, ultra-fine crystalline 
material (less than 0.1 mm) and abundant in micron-scale brown 
oxidation patches that occurred around vesicles. 

3.7. Vigna Vecchia 

The Neostromboli basalt was a porphyritic and glomerocrystic ve
sicular (Fig. 3m, location 6). Augite, olivine and plagioclase occurred as 
abundant phenocrysts in the size range less than 0.5–3 mm. Olivine 
crystals were euhedral with microfractures that crosscut cleavages. 
Augite and plagioclase occurred as generally euhedral blocky crystals 
with well-developed microfractures that were developed along cleav
ages and twins respectively. The groundmass was comprised of very fine 
crystals; there were sharp and diffuse boundaries with ultra-fine- crys
tallised to glassy black patches. Vesicles varied in shape and size, from 
near circular to highly irregular and from less than 0.5 mm–1 mm across. 

3.8. Filo di fuoco 

The Neostromboli basalt was porphyritic, glomerocrystic and vesic
ular (Fig. 3o, location 7). The basalt was comprised of less than 0.5 
mm–3.5 mm olivine and augite phenocrysts that were fractured along 
cleavage traces. Fractures within 1 mm plagioclase phenocrysts also 
occurred along cleavages as well as around concentric zoning. Fractures 
passed from one crystal to another via the groundmass and between 
different minerals. Biotite crystals was also observed around the margins 
of some Fe-stained vesicles. 

3.9. Le Roccette 

The Neostromboli basalt was a vesicular, highly porphyritic and 
glomerocrystic with a variably fine crystalline groundmass and flow 
texture (Fig. 3q, location 8). The basalt was composed of less than 1 mm 
euhedral olivine crystals as well as augite and plagioclase between 0.5 
and 2 mm in size. Microfractures were abundant within the sample and 
mimic cleavages in augite and oscillatory zoning in plagioclase crystals 
however were also randomly orientated in pyroxenes. 

3.10. San Bartolo 

The Neostromboli basalt (Fig. 3s, location 9) was a minimally altered 
vesicular, highly porphyritic and glomerocrystic olivine basalt with a 
variably fine, crystalline to glassy groundmass with variable flow 

texture. The basalt was composed of 1 mm in size subhedral to euhedral 
olivine and augite crystals as well as 2 mm plagioclase laths. Plagioclase 
crystals occurred as 2 mm laths with well-developed twins and 
concentric zoning. Microfracturing in the sample was both random and 
mimicked cleavages in plagioclase and augite. 

3.11. Vancori 

The Vancori basalt (Fig. 3u, location 10) was a glomerocrystic basalt 
with phenocrysts and micro phenocrysts of less than 1 mm–4 mm augite, 
plagioclase and minor olivine and biotite in a fine crystalline ground
mass with a variably orientated flow texture. The sample was defined by 
its red-brown colour due to the oxidation of fine crystalline groundmass 
comprised of plagioclase, augite and biotite. Twinning and concentric 
zoning were well developed in plagioclase whereas olivine phenocrysts 
were irregular shaped and partially oxidised. Irregular microfractures 
were present in the basalt but mimicked cleavage and twinning 
plagioclase and olivine crystals. Microfractures did also emanate from 
inclusions and others were brown Fe-oxide stained while intergranular 
fractures occurred along crystal boundaries between crystals. 

4. Results 

4.1. Island scale fracture analysis 

In total, 9503 fractures were related to areas of extrusive activity 
with an average fracture length of 32 m (Fig. 4). In contrast to the rift 
zone where 5547 fracture segments were recorded with the average 
length of fractures being 65 m (Fig. 5a). Similarly, 5551 fracture seg
ments were recorded around the SDF with an average segment length of 
20 m (Figs. 5b and 6). 

Fracture density was also assessed for each lithosome on the island 
(Table 2, Fig. 7) showing a linear increase with fracture density and the 
number of fractures. The Neostromboli lithosome had the greatest 
number of fractures (7109) and fracture density (1.24E-05 m− 2). In 
contrast to the Pre Sciara lithosome which had the least number of 
fractures (105) and lowest fracture density (1.81E-07 m− 2). Mean 
fracture strike for all lithosomes was between 024 and 080 (NE/SW). 

4.2. Physical and mechanical rock properties 

A decrease in the average P-wave velocity in both dry (4.23–3.11 
km/s) and saturated conditions (4.88–3.41 km/s) overall is observed 
(Fig. 8, Table 3). The saturated P-wave velocity is higher in all samples 
except for Serro Adorno. In dry conditions the highest P-wave velocity 
values occurred in the older Paleostromboli basalts (4.23 km/s). Neo
stromboli basalts showed variability in P-wave velocity ranging from 
3.02 km/s (San Vincenzo) to 4.18 km/s (Vigna Vecchia). Vancori basalt 
and Le Roccette basalt (Present Deposits) had a dry P-wave velocity 
values of 3.70 km/s while San Bartolo from the Pizzo sample had a P- 
wave velocity of 3.11 Km/s. In saturated conditions, the highest P-wave 
velocity occurred in Paleostromboli basalts (4.88 and 4.78 km/s). P- 
wave velocity in saturated Neostromboli basalts ranged from 4.78 km/s 
(Vigna Vecchia) to 3.41 km/s (Serro Adorno). Vancori, San Bartolo and 
Le Rochette P-wave velocity values were 4.12 km/s, 3.45 km/s and 3.88 
km/s respectively. 

A decrease in the average UCS of Stromboli basalts from 92 to 24 
MPa with increasing porosity from 2% to 24% is observed as a general 
pattern (Table 4; Fig. 9). The strongest rocks measured were the older 
Paleostromboli basalts Vallone del Monaco and Malpasso (92.33 and 
81.48 MPa). Neostromboli basalts showed variation with UCS and 
porosity with the strongest being Filo di Fuoco (69.07 MPa) and the 
weakest being the Serro Adorno (23.69 MPa). Vancori basalt had a UCS 
of 32 MPa while basalts from Pizzo and Present Deposits (San Bartolo 
and Le Rochette) had a UCS of 52.81 MPa and 35.99 MPa respectively. 

A decrease in the average Youngs modulus from 11.18 GPa to 4.47 
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GPa with increasing porosity (Fig. 10) is observed. The stiffest Stromboli 
basalts were the Paleostromboli basalts with Youngs Modulus of 11.18 
GPa (Vallone del Monaco) and 10.74 (Malpasso). Neostromboli basalts 
showed variation in elasticity with the most flexible being Filo de Fuoco 
(9.21 GPa) and the stiffest rock being from Serro Adorno (4.47 GPa). 
Vancori basalt had a Youngs Modulus of 7.92 GPa while San Bartolo and 
Le Rochette (Pizzo and Present Deposits) basalts had a Young’s Modulus 
of 7.48 and 7.11 GPa respectively. The average Poisson’s ratio of the 
basalts showed limited variability with porosity with nearly all basalts 

having a Poisson’s ratio near 0.1 with the exception of Ginostra and 
Vigna Vecchia basalts that had a Poisson’s ratio of 0.16 and the Vancori 
basalt that exhibited a Poisson’s Ratio of 0.06. 

4.3. Microscale fracture analysis 

The Matlab toolbox FracPaQ was used to calculate the variation in 
the microfracture density (Pc) of Stromboli basalts (Table 5; Fig. 11). 
The greatest fracture density was recorded in Ginostra basalt (0.012 

Fig. 4. (a) Fracture map of Stromboli with fractures being separated into those related to intrusions and fissure (orange). (b) Fracture density map of intrusion and 
fissures. (Right) Rose diagram showing the distribution of strike angles related from intrusion and fissures. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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μm− 2) whereas Vallone del Monaco basalt displayed the lowest fracture 
density (0.004 μm− 2). There was variation with respect to the number of 
microfractures in different age. Neostromboli basalt had the highest 
fracture densities (0.009 μm− 2 < Pc < 0.011 μm− 2) in contrast to 
Paleostromboli basalts (0.003 μm− 2 < Pc < 0.007 μm− 2), Vancori (0.007 
μm− 2), Pizzo (0.006 μm− 2) and Present Deposits (0.007 μm− 2). 

There were also variations in the mean number of microfractures 
with samples taken from different age groups. The number of Paleo
stromboli basalt (Vallone del Monaco & Malpasso) microfractures was 
9423 and 17733. The number of microfractures in Neostromboli basalts 
ranged from 21814 (Semaforo Labronzo) to 28824 (Ginostra). The 
number of microfractures in Serro Adorno, San Vincenzo, Vigna Vecchia 
and Filo de Fuoco was 24808, 23545, 23588, 22706. The number of 
microfractures in Present Day (Le Rochette), Pizzo (San Bartolo) and 
Vancori (Vancori) was 18517, 15960 and 17223 respectively. 

4.4. Anisotropy of magnetic susceptibility (AMS) 

The strike of magnetic fabric lineation’s (Kmax) and foliations 
(Kmin) (Table 6) have been assessed to determine the preferential 
orientation of structural features on the edifice (Fig. 12). Vallone del 
Monaco (Paleostromboli 1) Kmax and Kmin were 045 (NW/SE) and 063 

(NW/SE) respectively. Vancori basalt Kmax and Kmin was 013 (E/W) 
and 116 (NW/SE). Serro Adorno Kmax was 098 (N/S) whereas Kmin was 
194 (NE/SW). The strike of Neostromboli Kmax ranged from 040 (NE/ 
SW; Vigna Vecchia) to 145 (NW/SE; San Vincenzo). The Kmin strike for 
the Neostromboli lithosome ranged from 011 (N/S; San Vincenzo) to 
194 (S/N; Serro Adorno). The strike of the Kmax and Kmin of the San 
Bartolo basalt (Pizzo) was 080 (E/W) and 177 (S/N) respectively. 

The mean strike was calculated around the sample site location and 
at a microscale (Table 5, Fig. 12). Island scale fracture strikes (Si) were 
NE/SW (020 < Si < 069) whereas block (Sb) and microscale strike (Sm) 
orientations were N/SE (002 < Sb < 150) & E/W (070 < Sm < 099) 
respectively. For Vallone del Monaco (Paleostromboli 1) the mean Is
land strike was 054 (NW/SE) whereas at a block and microscale the 
strike was 150 (SE/NW) and 070 (NW/SE). For Vancori basalt the island 
scale strike was 044 (NW/SE), the block strike was 011 (N/S) and at a 
microscale the strike was 082(E/W). For Neostromboli basalts the island 
fracture strike ranged from 036 (NE/SW; Ginostra) to 068 (NE/SW; 
Semaforo Labronzo). Whereas at a block scale, the fracture strike ranged 
from 002 (N/S; Vigna Vecchia) to 085 (E/W; San Vincenzo) and at a 
microscale the fracture strike ranged from 083 (E/W; Ginostra) to 099 
(E/W; Serro Adorno). The San Bartolo (Pizzo) basalt had a mean island 
fracture orientation of 048 (NW/SE), a block fracture orientation of 035 
(NE/SW) and a microscale orientation of 088 (E/W). 

Fig. 5. (a) Fracture density of the NE/SW rift zone across Stromboli. (b) Fracture density of the SDF.  
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5. Discussion 

The influence on multiscale fracturing as well as the mechanical and 
physical characteristics of the sampled basalts can be evaluated by 
assessing the interplay between tectonic activity and the basalt fabrics. 
At an island scale, localised tectonic activity surrounding the edifice is 
reflected by fracturing on the surface of the volcano. Terrestrial fracture 
strike data (Tables 2 and 6) collected from the different lithosomes 
across the edifice, such as the Paleostromboli 1, the Neostromboli and 
Upper-Middle Vancori, are closely orientated to the proposed NE/SW 
zone of weakness (Tibaldi, 1996, 2003; Tibaldi and Corazzato, 2009; 
Tibaldi et al., 2009). Continuous extensional tectonic activity over the 
past 100 ka can be considered a driving cause for the parallel orientation 
of fracturing. The presence of regional NW/SE orientation of least 
principal stress (σ3), in conjunction with localised vertical stress (σ1), 
from the shallow magma chamber have controlled the rise of successive 
generations of magma intrusions upward along the proposed NE/SW 
zone of weakness (Tibaldi, 1996; Tibaldi et al., 2003; Corazzato et al., 
2008). The interaction between these stresses can be reflected in the 
consistent NE/SW orientation of average island scale fractures, as frac
ture strike around sample sites (Table 6) as well as from their respective 
lithosomes (Paleostromboli 1, 2 & 3, Upper-Middle Vancori, Neo
stromboli and in present deposits, Table 2). The effect of 
volcano-tectonic activity along the zone weakness can be seen around 
historic episodes of growth and collapse such as the Upper-Middle 
Vancori and SDF collapse scars as well as along the San Bartolo, Nel 
Cannestra and Vallonazzo fissures. Surface fracturing can thus be 
considered a consequence of the interplay between localised intrusive 
and sector collapse events and give reason to the dispersion of fracture 
strike observed in Table 2 as well as the increase in the high number of 
fractures for the Neostromboli and Vancori samples at and island scale 
(Figs. 7 and 11) (Tibaldi et al., 2009; Di Traglia et al., 2018). Following 
the collapse of the Upper-Vancori, the geomorphology of the edifice was 
altered leading to the preferential route for magma in the upper echelons 
of the edifice to be redirected from along the zone of weakness to par
allel with the SDF collapse scarp (Tibaldi, 2003; Tibaldi et al., 2003; 
White et al., 2011; Intrieri et al., 2013). The intruding magma filled a 
volume generated around the SDF by gravity and creep pushing the 
slope outward toward the sea. (Tibaldi et al., 2003, 2009). 
Trans-tensional and strike-slip fracturing from magma upwelling into 
the space of the unstable sector can be seen in Figs. 4 and 5 where 
fracture density was greatest around areas of intrusive activity most 
notably around the upper margins of the SDF and the summit area of the 
volcano. 

Detailed petrographic examinations have highlighted that that there 
were also microfracture variations within the crystals as well as the 
groundmass driven by fast cooling of the lava as it was observed that, 
overall, the sampled basalts have fine glassy groundmasses with variably 
flow textures (Fig. 3a–c,e,g,j,k,m,o,q,s) (Vaggelli et al., 2003; Heap 
et al., 2009, 2010). The AMS of the sampled basalts was compared to 
island and microscale fracture orientations in order to determine 
whether multiscale fracturing has been driven from cooling or has 
tectonically induced. The AMS of Stromboli basalts has shown a varied 
relationship with island fracture strike data but indicates that the 
orientation of magnetic fabric matches overall the fracture orientation 
and thus can influence the fracture behaviour in the rift zone. Within the 
selected samples taken from around the edifice we observed that in most 
cases either lineation or foliation was aligned with the mean NE/SW 
strike (Fig. 12) in fractures across all samples as well as the rift zone 
(Fig. 5). When assessing AMS and fractures with different zones of in
terest on the volcano comparisons can be made. The mean Kmax strike 
of samples collected within the rift zone (Vallone del Monaco, Vigna 
Vecchia, San Bartolo and Vancori) are orientated on average NW/SE 
(045, 040, 080 & 013) however the mean Kmin strike of the Vallone del 
Monaco, Semaforo Labronzo, San Vincenzo, Vigna Vecchia basalts are 
broadly orientated in line with the rift zone (063, 036, 011 & 082) as 

Fig. 6. Stacked histogram of fracture lengths from areas of Intrusions and fis
sures around the island (blue), the rift zone (orange) and the SDF (yellow) as 
calculated from FracpaQ. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 

Table 2 
Island scale lithosome fracture characteristics.  

Lithosome Number of 
Fractures 

Mean 
Fracture 
Density (m− 2) 

±SD Mean 
Fracture 
Strike 

±SD 

Paleostromboli 1 390 6.78E-07 1.5 024 65 
Paleostromboli 2 

& 3 
4539 7.89E-07 6.8 065 81 

Lower Vancori 449 7.81E-07 2.5 101 67 
Upper- Middle 

Vancori 
4485 7.80E-07 6.4 035 75 

Neostromboli 7109 1.24E-05 9.1 045 72 
Pizzo 535 9.30E-07 2.2 117 69 
Pre Sciara 105 1.81E-07 1.1 152 75 
Sciara 2504 4.48E-06 4.0 095 76 
Present Deposits 3441 5.98E-06 4.4 048 71  

Fig. 7. Scatter plot of number of fractures and fracture density of Strom
boli lithosomes. 
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well as their terrestrial fractures which strike NE/SW. Similarly, this 
observation observed at a block scale where overall the fracture orien
tation was mainly N/S (006 & 002), for Semaforo Labronzo and Vigna 
Vecchia basalts, and NE/SW (027, 073, 035 & 011) for Serro Adorno, 
Ginostra, San Bartolo and Vancori basalts respectively. In several sam
ples the strike of Kmax or Kmin are broadly orientated in the same di
rection of a secondary strike pattern perpendicular to the orientation of 

the NE/SW zone of weakness. This can be observed mainly at a micro
scale (Fig. 12) in Semaforo Labronzo, Serro Adorno, San Vincenzo, 
Ginostra, San Bartolo and Vancori samples, where either Kmax or Kmin 
was broadly orientated E/W. This is in a good agreement with the hy
pothesis of a tensile stress acting across the centre axis of the zone of 
weakness from a localized σ1 which has exerted stress onto the upper 
edifice and aided the development of slope instability (Falsaperla et al., 

Fig. 8. Scatter plots of P-wave velocities of Stromboli basalts cores (a) in dry and wet conditions (b).  

Table 3 
Physical and mechanical properties of sampled Stromboli basalts.  

Sample Lithosome Connected Core Porosity (%) Dry Core P-wave (Km/s) ±SD Wet Core P-wave (Km/s) ±SD 

Vallone del Monaco Paleostromboli 1 2.81 4.23 0.05 4.88 0.1 
Malpasso Paleostromboli 1 4.50 4.18 0.02 4.78 0.11 
Semaforo Labronzo Neostromboli 10.13 3.21 0.12 4.36 0.04 
Serro Adorna Neostromboli 23.77 3.57 0.14 3.41 0.03 
San Vincenzo Neostromboli 15.74 3.02 0.02 3.64 0.09 
Ginostra Neostromboli 10.75 3.58 0.07 3.74 0.04 
Vigna Vecchia Neostromboli 9.27 4.18 0.1 4.78 0.04 
Filo de Fuoco Neostromboli 5.62 3.90 0.14 4.44 0.09 
Le Rochette Present Deposits 7.94 3.70 0.15 3.88 0.04 
San Bartolo Pizzo 13.48 3.11 0.14 3.45 0.33 
Vancori Vancori 12.14 3.69 0.15 4.12 0.21  
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1999; Tibaldi et al., 2003). Multiple studies have identified that the 
preferential alignment of magnetic material with the local tectonic 
regime can influence the propagation of fracturing from intrusive ac
tivity (Borradaile and Hamilton, 2004; Lu et al., 2008; Bhowmick and 
Kumar Mondal, 2020). Evidence for this can be present around areas 
where large scale deformation has occurred on the edifice, such as the 
Sciara del Fuoco and Upper-Vancori Caldera collapse. Here the lineation 
and foliation of magnetic fabric has been observed to match the strike of 
fracturing at the island scale and at the microscale, with the preferential 
orientation of diking a along the zone of weakness and the SDF. The 
interplay between magnetic fabric orientation and the regional NE/SW 
stress regime as well as the localised W-NW/E-SE provides an initial 
zone of weakness, enhancing generation of multiscale fracturing from 
which the intrusive sheets can utilise to breach the surface of the edifice. 
For samples from outside (e.g. Vallone del Monaco) the zone of weak
ness there is a systematic correspondence between the regional NE/SW 
tectonic stress and the orientation of fractures as magnetic lineation and 
foliation were aligned with tectonically induced fracturing as well as at a 
microscale. Taken all together this indicates that the influence of the 
regional tectonic stress is not restricted only to the proposed zone of 
weakness. 

Magmas at Stromboli have been recognised as being rich in volatile 
content, resulting from magma mixing and mush cannibalism, which 
has resulted in complex mineral and textural compositions of the basalts 

(Fig. 3a–v) (Bertagnini et al., 2003; Bai et al., 2008; Aiuppa et al., 2010; 
Edmonds et al., 2010). Composition can influence microfracturing as 
evidence of asperities, oxidation and zoning were common in basalts 
from different lithosomes and eruptive Epochs. The result is that, once 
crystallised, microfracturing has developed along these features 

Table 4 
Mechanical properties of sampled Stromboli basalts.  

Sample Lithosome UCS (MPa) ±SD Young’s Modulus (GPa) ±SD Poisson’s Ratio ±SD 

Vallone del Monaco Paleostromboli 1 92.33 16.34 11.18 1.75 0.1 0.03 
Malpasso Paleostromboli 1 81.48 15.0 10.74 1.09 0.1 0.03 
Semaforo Labronzo Neostromboli 52.9 12.63 7.59 0.96 0.09 0.04 
Serro Adorna Neostromboli 23.69 2.93 4.47 0.29 0.1 0.03 
San Vincenzo Neostromboli 42.04 4.17 5.73 0.55 0.06 0.02 
Ginostra Neostromboli 49.38 1.73 7.12 0.35 0.16 0.09 
Vigna Vecchia Neostromboli 40.48 3.71 6.21 0.54 0.16 0.04 
Filo de Fuoco Neostromboli 69.07 9.64 9.21 1.08 0.09 0.04 
Le Rochette Present Deposits 52.81 7.86 7.48 0.67 0.09 0.02 
San Bartolo Pizzo 35.99 2.31 7.11 0.26 0.1 0.03 
Vancori Vancori 31.97 6.27 7.92 1.42 0.06 0.03  

Fig. 9. UCS of Stromboli basalt cores with increasing porosity.  

Fig. 10. Young’s Modulus (A) and Poisson’s (B) ration of Sampled Strom
boli basalts. 
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(Fig. 3a–c,e,g,j,k,m,o,q,s). 
Qualitative assessments of the pore geometry of the sampled basalts 

have identified that the basalts have evolved through time. From the 
Paleostromboli 1 to the Neostromboli lithosome the pore size and shape 
in the basalts changed from small (less than 1 mm in diameter) and 
irregular (Fig. 3a and b) to highly vesicular, regular pores over 1 mm in 
diameter (Fig. 3c, e, 3g & 3h). Post UCS observations highlighted the 
influence that pore abundance and distribution on failure modes in the 
core samples. Samples that consisted of interlocked phenocrysts and low 
porosities less than 5%, such as Vallone del Monaco (Fig. 3a) and Mal
passo (Fig. 3c), had characterised axial splitting failure pattern (Fig. 3b 
& d). Whereas samples with porosities between 5%–14% showed no 
clear failure pattern but a coalescence of compression induced fractures 

were observed to propagate between pores and around phenocrysts 
(Fig. 3h, j, 3l, 3n, 3p, 3r, 3t & 3v). Highly vesicular basalts such as Serro 
Adorno (Fig. 3d), with a porosity of 24%, were observed to show a shear 
failure formed across pore spaces. The effect of pores, microfractures 
and asperities within the basalts can be quantitively examined by 
assessing the physical and mechanical properties of the basalts 
(Fig. 3a–v, 8, 9 & 10). These properties are in agreement with reported 
studies on the Stromboli edifice as the increasing porosity of the basalts 
decreased their P-wave velocity, UCS and Young’s Modulus (Apuani 
et al., 2005a, 2005b; Castellano et al., 2008; Patanè et al., 2017). While 
the Poisson’s Ratio was not affected by porosity changes which is in 
agreement with data collected by Heap et al., (2020). UCS and Young’s 
Modulus data collected in this study is also comparable to mechanical 
data compiled by Heap et al., (2020) and Heap and Violay (2021). The 
mechanical properties of Stromboli basalts (Figs. 9 and 10; Table 5) are 
similar to nearby volcanic systems within the porosity range reported in 
this study, such as Mt Etna (46 MPa < UCS <123 MPa; 16 GPa < Ɛ < 25 
GPa), as well as to afar volcanoes, such as Kilauea, Hawaii (16 MPa <
UCS <106 MPa; 5 GPa < Ɛ < 26 GPa) but weaker compared to Turkish 
Black Sea basalt (47 MPa < UCS <202 MPa) (Karaman and Kesimal, 
2015; Zhu et al., 2016; Bubeck et al., 2017). 

Older Paleostromboli basalts (Vallone del Monaco and Malpasso) 
had the greatest P-wave velocity in dry (4.2 Km/s) and wet conditions 
(4.8 and 4.9 Km/s) as well as the greatest UCS (92.3 and 81.5 MPa) and 
Young’s Moduli (11.2 and 10.7 GPa). This was in contrast to the younger 
basalts that had varied P-wave velocity in both dry (3.2 < Vp < 4.2 Km/ 
s) and wet conditions (3.4 < Vp < 4.8 Km/s), strength (23.7 < UCS 
<69.1 MPa) and elasticity (4.5 < Ɛ < 9.2 GPa). The decrease in the 
physical and mechanical properties with increasing porosity, following 
the Paleostromboli lithosome, has coincided with the evolution of the 
Stromboli magma chamber and the Upper-Middle Vancori collapse. As 
observed in Figs. 8–10, the physical and mechanical properties of basalts 
vary with respect to different lithosomes with the Neostromboli lith
osome showing the most variation. This can be related to the increase in 
to the K2O (3.75 wt% < K2O) and Sr (700 ppm < Sr < 850 ppm) contents 
as established in Francalanci et al., (2013) (Fig. 13). The evolution of 
basalt composition and thus differences to physical and mechanical 
characteristics have been proposed to be generated from a depleted 
mantle wedge source containing variations in Sr, supercritical liquid and 
partial melts (Francalanci et al., 2013) . Neostromboli basalts were 

Table 5 
Microscale fracture characteristics calculated through FracPaQ.  

Sample Lithosome Number of Microfractures ±SD Microfracture density (μm− 2) ±SD 

Vallone del Monaco Paleostromboli 1 9423 4277 0.004 0.0017 
Malpasso Paleostromboli 1 17733 1893 0.007 0.0008 
Serro Adorna Neostromboli 24808 5536 0.009 0.0022 
Semaforo Labronzo Neostromboli 21814 7434 0.01 0.003 
San Vincenzo Neostromboli 23545 1791 0.009 0.0007 
Ginostra Neostromboli 28824 2775 0.012 0.0011 
Vigna Vecchia Neostromboli 23588 2758 0.009 0.0011 
Filo de Fuoco Neostromboli 22706 1979 0.009 0.0008 
Le Rochette Present Deposits 18517 2130 0.007 0.0009 
San Bartolo Pizzo 15960 1389 0.006 0.0006 
Vancori Vancori 17223 5391 0.007 0.0022  

Fig. 11. Normalised number of fractures and fracture density of Stromboli 
basalts compared at an island scale and microscale. 

Table 6 
AMS magnetic lineation and foliation of Stromboli Basalts.  

Sample Lithosome Kmax Strike Kmin Strike Island Fracture Strike ±SD Block Fracture Strike ±SD Microfracture Strike ±SD 

Vallone del Monaco Paleostromboli 1 045 063 054 66 150 73 070 78 
Serro Adorno Neostromboli 098 194 020 73 027 77 099 78 
Semaforo Labronzo Neostromboli 143 036 068 52 006 76 090 79 
San Vincenzo Neostromboli 145 011 037 75 085 79 084 78 
Ginostra Neostromboli 138 140 036 76 073 79 083 80 
Vigna Vecchia Neostromboli 040 082 069 78 002 61 088 77 
San Bartolo Pizzo 080 177 048 70 035 75 088 79 
Vancori Vancori 013 116 044 73 011 77 082 78  
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observed to increases in Sr and supercritical fluid combined. The in
crease in volatile content enabled bubble growth in the magma and 
increased buoyancy limiting fractional crystallisation and the complete 
crystallisation of minerals such as plagioclase in addition to forming 

void spaces and cooling microfractures (Fig. 3a, c, 3e, 3g & 3l) leading to 
a high microscale fracture density (Fig. 11) (Owen et al., 2019). Previous 
studies have examined that the variations in crystal and asperity content 
as well as the presence of microfracturing can decrease the structural 
integrity of basalts (Heap et al., 2016).The influence of these variables 
has been recorded to increase their porosity thus reducing the P-wave 
velocity as well material strength and elasticity (Vinciguerra et al., 2005; 
Di Muro et al., 2021; Heap and Violay, 2021). 

5.1. Multiscale P-wave velocity comparisons 

A link between fracture density and P-wave velocity can be deter
mined through numerical inversion models that can compare fracture 
images with laboratory data (Nasseri et al., 2007; Alcock et al., 2023). 
Thus, a direct multiscale comparison can be established using P-wave 
velocity. Assuming that fractures are isotropic, numerical inversion 
models have assessed how fracture damage can affect the elastic prop
erties of rocks. Using equation (6) from Nasseri et al. (2007) fracture 
density (ρc) can be defined as: 

ρc =
1
V
∑N

i=1
c3

i (4)  

where c3
i is the radius of the ith crack and N is the total number of cracks 

in the representative volume V. This definition is then used to calculate 
the Numerical Youngs Modulus, E∗ (Eq. (5)), and from that, the elastic P- 
wave velocity, vp (Eq. (6)), via the following two relationships: 

E0

E∗
= 1 +

16
(
1 − a2

0
)
(

1 − 3a0
10

)

9
(

1 a0
2

) ρc (5) 

Fig. 12. Comparison of AMS Kmax (left, red) and Kmin (left, blue) with average island fracture strike (right, green line), average block fracture strike (right, magenta 
line) and average microfracture strike (right, black line) of sampled basalts. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the Web version of this article.) 

Fig. 13. SIO2 and K2O contents of sampled basalts from different lithosomes 
using data from Francalanci et al., (2013) including: Vallone del Monaco (VM), 
Malpasso (M), Vancori (V), Serro Adorno (SA), Semaforo Labronzo (SL), San 
Vincenzo (SV), Ginostra (G) Vigna Vecchia (VV), Filo de Fuoco (FF), San Bar
tolo and Le Rochette. 
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vp =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(

E∗

/

ρ
(

(1 − a0)

(1 − 2a0)(1 + a0)

))√

(6)  

where E0 and a0 are the directly measured Youngs modulus and Pois
son’s ratio of the basalts. 

Numerically derived elastic P-wave velocity has been calculated 
using sample fracture density from island and microscopic scales 
(Table 7) then subsequently compared against laboratory measured P- 
wave velocity (Fig. 14). Here we observe that in all samples the nu
merical model replicates the behaviour of the decreasing P-wave ve
locity with increasing number of microfractures (Castellano et al., 2008; 
Patanè et al., 2017). P-wave velocity was closely replicated in Vancori, 
San Bartolo, Le Roccette and Neostromboli basalts for experiments 
performed in dry or wet conditions. However in the case of minimally 
fractured rocks such as the Vallone del Monaco basalt, while the nu
merical estimations are within 0.5 km/s of the measured value this 
highlights the skewered effect that fracture density can have as an input 
at both an island and microscale from which the P-wave velocity can be 
established (Nasseri et al., 2007, 2009). The numerical data gathered 
estimates the sampled basalts velocity as 2.5 km/s < Vp < 5.5 km/s 
which is consistent with field scale P-wave tomography models collected 
from upper 400 m of the edifice that estimated 2.0 km/s < Vp < 6.0 
km/s (Castellano et al., 2008; Patanè et al., 2017). Tomographic studies 
of the edifice have identified that the P-wave velocity would be lower 
above sea level (Vp < 3.0 km/s) compared to high velocity bodies (Vp >
4.0 km/s) closer to the shallow magma several km’s beneath the surface 
(Patanè et al., 2017). Seismic tomography surveys of the edifice have 
imaged the inner structure of Stromboli to aid in understanding the 
evolution of subvolcanic magmatic systems and the geometry of the 
edifice. High velocity bodies in the edifice are indicative of cumulated 
old intrusions linked to previous volcanic activity (Castellano et al., 
2008; Patanè et al., 2017). Overall, the numerical island and microscale 
Vp data support tomographic results with numerically derived Vp being 
near or above 4.0 km/s which is consistent with the identification of old 
preferential magma pathways. Over time the surface of the edifice has 
become more fractured due to volcano-tectonic processes and this can be 
reflected in the low numerical P-wave velocity estimated around the SDF 
and the along the NE/SW zone of weakness (3.20 Km/s < Vp < 4.60 
km/s) which was consistent with Patanè et al. (2017) that estimated 
P-wave velocity as 3.0 km/s < Vp < 5.0 Km/s whom have examined the 
P-wave velocity. Low P-wave velocities values (Vp < 3.50 km/s) are 
indicative of highly fractured materials that have formed the surface of 
the volcano while high P-wave velocity values (Vp > 3.50 km/s) can be 
correlated with intrusive high velocity bodies related to historic magma 
pathways along the zone of weakness that have fed eruptive activity 
(Winkler and Nur, 1982; Apuani et al., 2005b; Patanè et al., 2017). 
Numerical P-wave inversion can be used as a tool to evaluate the seismic 

behaviour of the upper parts of the edifice. By Identifying the seismic 
behaviour of the upper edifice and being able to relate velocity changes 
to structural or plumbing system variations is important for monitoring 
slope instability from intruding magma. 

5.2. Rock mass strengths 

The material characteristics of the sampled basalts were evaluated 
using the Hoek and Brown failure criterion (Hoek et al., 2002). The 
mean UCS (σci) of samples gathered in this investigation was used as an 
input value for the failure criterion equation (Eq. (7)). 

σʹ
1 =σʹ

3 + σci

(

mb
σʹ

1
σci

+ s
)a

(7)  

mb =mi exp
(

GSI − 100
28 − 14D

)

(8)  

Where, mb is the reduced value of the material constant, and s and a are 
the rock mass functions of the Geological Strength Index (GSI) and factor 
of disturbance (D) for each lithotechnical unit as defined in Apuani et al. 
(2005a). These values were then used to determine the rock mass (σćm), 
cohesive (c’) and tensile (σt) strengths of the Stromboli basalts (Eqs. (9)– 
(11)). 

σʹ
cm =σci •

(
(mb + 4s − a( mb − 8s))( mb ÷ 4 + s)a− 1

2(1 + a)(2 + a)
+ s

)a

(9)  

cʹ=
σci [ (1 + 2a)s + (1 − a) mbσʹ

3n](s + mbσʹ
3n)

a− 1

(1 + a)(2 + a)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + (6a mb(s + mbσʹ3n)
a− 1
)/√

((1 + a)(2 + a))

(10)  

σt =
sσci

mb
(11) 

Where σʹ
3n = σʹ

3 max/σci. Here we observe that the data collected on 
the material properties of Stromboli basalts (Table 8) can be compared 
to previous structural investigations at the Stromboli edifice (Apuani 
et al., 2005a, 2005b). The material properties of Paleostromboli 1 ba
salts (Vallone del Monaco & Malpasso) are consistent with the defined 
lithotechnical Lava unit presented in Apuani et al. (2005a) however, 

Table 7 
Numerically derived P-wave velocity from Island and microscale fracture 
density.  

Sample Island P-wave Velocity 
(km/s) 

Microscale P-wave Velocity 
(km/s) 

Vallone del 
Monaco 

5.27 3.94 

Malpasso 3.87 5.05 
Serro Adorno 3.22 3.27 
Semaforo 

Labronzo 
4.57 3.41 

San Vincenzo 3.82 3.44 
Ginostra 3.70 3.73 
Vigna Vecchia 4.14 3.74 
Le Rochette 3.89 2.80 
Filo de Fuoco 3.98 4.50 
San Bartolo 3.91 3.61 
Vancori 3.59 4.17  

Fig. 14. Comparison of laboratory and numerically derived P-wave velocity 
using Island and microscale fracture density values.The numerical and 
measured P-wave velocities have been compared to the number of micro
fractures to assess the influence of microfracturing on the estimated P- 
wave vleocity. 
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following the magma evolution to the Vancori and Neostromboli the 
properties of the basalts reflect Breccia and Lava + Breccia respectively. 

6. Conclusions 

The physical, mechanical and fracture properties around Stromboli 
volcano (Italy) have been compared at multiple scales to understand 
how volcano-tectonic processes induced from a prevalent NE/SW 
regional tectonic regime have influenced fracture development associ
ated with intrusive activity along the NE/SW zone of weakness and 
around the natural depression of Sciara del Fuoco (SDF). Fracture 
quantification using the FracPaQ toolbox has been integrated with rock 
physics experiments and magnetic fabric anisotropy assessments to 
cross-reference the variation in fracture damage with known areas of 
collapse. 

We conclude that the role of the NE/SW regional system has played a 
major role in the distribution and orientation of fracturing around the 
volcanic edifice as terrestrial fractures are aligned to the zone of 
weakness and concentrated around collapsed zones that have been 
subject to continuous intrusive activity with quantitative assessments 
identifying that fracturing was greatest in units that had been subject to 
major instability. 

New insights have been gathered via laboratory assessments con
ducted on lithological units representative of the evolution of Stromboli 
basalts within and outside the proposed NE/SW zone of weakness. A 
lithological dependency between seismic (3.0 km/s < Vp < 4.9 km/s), 
strength (23.7 MPa < UCS <92.3 MPa), elasticity (4.5 GPa < Ɛ < 11.2 
GPa) and porosity changes (2.8 < φ < 23.7) has been found. Quantita
tive microfracture assessment through petrographic analysis has also 
identified a lithological dependency in the number of microfractures 
(9423–28824) and their fracture densities of (0.004 μm− 2 < ρc < 0.012 
μm− 2) with microfractures distribution concentrated along preferential 
planes of cleavages and/or around asperities. 

We further conclude that regional NE/SW zone of weakness can be 
assessed by examining the properties of macroscopic and microscopic 
fractures which can be subsequently cross correlated alongside the 
strikes of lineation and foliation of magnetic fabric while island fracture 
and microfracture density data can be computed to produce an esti
mated numerical value for P-wave velocity to simulate seismic behavior 
at a field scale. The techniques provide a novel method to examine how 
the NE/SW zone of weakness and areas of collapse can influence frac
turing at the different scales of the edifice. 
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