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Abstract. This study presents a novel method to map the areas affected by ballistic fallout generated by major explosions 

and paroxysms at Stromboli as well as quantitative analyzes of these areas. The mapping method is based on a simplified 

description of the affected areas by a circular proximal area and up to three circular sectors with variable radius and width, 

and uncertainty based on expert judgement. The dataset of maps includes a total of 67 events over ≈150 years, based on an 10 

extensive review of historical, observational, and monitoring data. Our findings highlight that 12%-14% of major explosions 

can exceed 1,000 m, and 29% of paroxysms extend over 2,000 m of distance; (2) directional analysis of ballistic dispersal 

shows a predominant direction towards the East half-plane (87%) for major explosions and towards the North half-plane 

(64%) for paroxysms; (3) the average affected area was 6.9 × 104 m² for major explosions and 3.6 × 105 m² for paroxysms 

with a mean sector width of ≈90° for both categories. Notably, major explosions and paroxysms show a continuous 15 

distribution of maximum ballistic distance and area affected, suggesting the absence of a net separation between these two 

categories in terms of these products dispersal. Results highlight the limited influence of uncertainty in reconstructing the 

dispersal areas and stress the importance of volcanological monitoring. By quantifying distances, directions, and areas 

affected by ballistic fallout, we provide the necessary data, together with their uncertainty, to produce probabilistic maps of 

ballistic hazard presented in the companion study. 20 

Short summary. This study investigates how far projectiles are thrown during major explosions and paroxysms at Stromboli 

volcano. The researchers analyzed 67 events spanning about 150 years to study the distances, directions, and areas affected 

by these projectiles, based on an extensive review of historical, observational, and monitoring data, and by using an 

innovative approach to map affected areas. 25 

https://doi.org/10.5194/egusphere-2025-6539
Preprint. Discussion started: 12 January 2026
c© Author(s) 2026. CC BY 4.0 License.



2 
 

1 Introduction 

Ballistic projectiles are centimeter to meter sized clasts, either juvenile or lithics, which are commonly ejected during 

explosive activity The clasts are large enough to follow nearly parabolic trajectories which are not significantly affected by 

the wind field (Blong, 1984). Several previous studies were focused on the volcanic hazard associated with ballistics 30 

(Alatorre-Ibargüengoitia et al., 2006, 2012, 2016; Rosi et al., 2013; Fitzgerald et al., 2014; Tsunematsu et al., 2016; Bernard, 

2018). In fact, ballistics ejected during sudden explosions producing single or multiple directed blasts, are the most common 

cause of fatal accidents within a 5 km radius from active volcanoes and caused tens of casualties and hundreds of injuries in 

the past decades (Brown et al., 2017). They represent a major hazard at many active volcanoes in the world, in particular 

those that are sites of tourist attraction, e.g., Galeras (Colombia), Popocatepetl (Mexico), Yasur (Vanuatu), Tongariro (New 35 

Zealand), Ontake and Shinmoedake (Japan) (Maeno et al. 2013; Yamaoka et al, 2016; Fitzgerald et al., 2018) and Stromboli 

(Italy). 

Stromboli island constitutes the ca. 3 × 4 km subaerial section of an active composite volcano, slightly elongated in the NE-

SW direction and rising to an elevation of 924 m above sea level. The island is notable for a horseshoe-shaped depression 

called Sciara del Fuoco located in the NW part of the volcano. The ongoing volcanic activity generally occurs in multiple 40 

craters within a relatively flat region known as Crater Terrace, located at about 750 m elevation above the Sciara del Fuoco 

(Fig. 1i). 

At Stromboli, the greater ballistic hazard is related to major explosions and paroxysms that interrupt the persistent mild 

strombolian activity of the volcano (Barberi et al., 1993; Pompilio et al., 2010; Bertagnini et al., 2011). The hazardous area 

affected by ballistic projectiles is a key observation and is commonly assumed as the main discriminant factor to distinguish 45 

between ordinary activity, major explosions and paroxysms (Barberi et al., 1993; Rosi et al., 2013; Bevilacqua et al., 2020b). 

This area is limited to the Crater Terrace and upper Sciara del Fuoco in case of ordinary activity, to the summit area of the 

volcano (up to a maximum distance of about 1 km from the vents) and Sciara del Fuoco during major explosions, and can 

extend down to low elevations along large part of the island, and sometimes beyond the shoreline (up to ca. 2.5 km), during 

the paroxysms.  50 

The present early-warning systems at Stromboli are able to recognize precursor signals a few minutes before these explosive 

events, a time too short to find a safe shelter or escape from the hazard zone (Di Lieto et al., 2020; Ripepe et al., 2021; 

Insinga et al. 2025). In this context, quantitative assessments of the ballistic hazard at different sites of the island becomes a 

crucial means for any action of risk mitigation and emergency planning.  

Estimates and robust statistics of distances, directions and areas affected by ballistic projectiles therefore represent key 55 

information to feed reliable hazard assessments. Stromboli offers observations of tens of explosive events in either the major 

explosions and paroxysms categories (Bertagnini et al., 1999; 2008; Coltelli et al., 2000; Rosi et al., 2006; Pistolesi et al., 
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2011; Giordano and De Astis 2021; Andronico et al., 2021) and several illustrative examples of ballistics ejected during 

these events are shown in Figure 1 and Figure S1.  

In this study, we performed a careful spatial analysis and uncertainty assessment using the data collected in two open INGV 60 

catalogs of major explosions and paroxysms at Stromboli (Bevilacqua et al., 2020a; Bevilacqua et al., 2023). Building on the 

two datasets we have developed a novel method to map the area affected by the fallout of ballistic projectiles in a remarkable 

number of events (a total of 67 events, i.e., 24 paroxysms and 43 major explosions) including the assessment of its 

uncertainty. The new method uses circular sectors with varying radii, angles and uncertainty ranges. Thank to this approach, 

we calculated the statistics of the radius, directional angle, and the extent of the area affected by ballistic projectiles. 65 

To evaluate the effect of poorly constrained information on the distances and directions of past explosions, we utilize a 

doubly stochastic methodology, involving uncertain probabilities (Sparks & Aspinall, 2004; Marzocchi & Bebbington, 2012; 

Bevilacqua et al., 2015). Historical data are regarded as a random array, and we separately estimate this epistemic 

uncertainty from the statistical model for future distance, direction, and affected area (Bebbington, 2013; Bevilacqua et al., 

2016; 2018; Richardson et al., 2017; Watson et al., 2017). Specifically, our calculations are conducted using Monte Carlo 70 

simulations that randomly perturb the simplified maps of past events. We present all our results as mean values along with 

the 5th and 95th percentile values (Neri et al., 2015; Bevilacqua et al., 2017; Rutarindwa et al., 2019; Tadini et al., 2022; 

Aravena et al., 2022; 2023). 

These results enable a greater understanding of the hazard and ultimately risk of ballistics on Stromboli and represent the key 

information to produce probability hazard maps of ballistic projectiles from major explosions and paroxysms, or for both 75 

types of events considered together, as described in the companion study (Bevilacqua et al., submitted). 
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2 Approach and Methods 

Our analysis relies on the critical study of all available documentation of past events, fully reported in Bevilacqua et al. 

(2020a; 2023) and detailed in Section 3. In particular, we schematically mapped the area reached by ballistic projectiles by 90 

using circular sectors that envelope the areas affected by ballistic projectiles as deducted from the field reports, the 

surveillance cameras reports and the tele-photos. Sites of fire ignition, field observations made by the authors of this study, 

and witness testimonies, were useful complementary information.  

The approach that we followed for mapping past ballistic distributions involved some assumptions and limitations:  

(i) the projectile distribution is reconstructed based on all available ground and remote observations. No specific 95 

assumptions regarding the conditions of the explosive mixture at the source, nor any descriptive models of 

projectile dynamics, were used in the definition of the areas affected, although available knowledge on projectile 

dynamics in the literature was considered in defining the lower limit of the clast size (de’Michieli Vitturi et al., 

2010; Vanderkluysen et al., 2012; Valentine et al., 2012; Taddeucci et al., 2013; 2017; Tsunematsu et al., 2015; 

Bertin, 2017; Massaro et al., 2022).  100 

(ii) We focused on the maximum distances and dispersion directions concerning the potentially most dangerous 

projectiles, i.e., lithic and scoria clasts larger than about 5-10 cm in diameter. Smaller clasts and pumice fallout 

were not considered.  

Our historical reconstructions do not quantify the spatial density of the projectiles, and exclusively describe the areas 

affected by ballistic fallout. The areal density distribution of the projectiles which is highly variable, e.g. up to 2 orders of 105 

magnitude depending on the distance from the crater (Gurioli et al., 2013; Breard et al., 2014; Bisson et al., 2023; Bevilacqua 

et al., 2024; Schmid et al., 2025), was not considered in this analysis, although it is important for impact assessments. 

2.1 Reconstructing the areas affected by ballistics of past major explosions and paroxysms 

Circular sectors approximately represent the areas affected by ballistics because this geometry mirrors, at a first order, the 

envelope of the trajectories of projectiles that are radially ejected from a central eruptive vent. Moreover, the great majority 110 

of the pre-existing maps were roughly shaped in that way. In fact, they consisted of one or more hand-drawn lobes enlarging 

further from the vents (Bertagnini et al., 1999; Rosi et al., 2006), open half-ovals (Andronico and Pistolesi 2010; Rosi et al., 

2013), or arched isoline segments (Pistolesi et al. 2011; Giordano and De Astis 2021). A few pre-existing maps resembled 

ovals or irregular segments (Coltelli et al., 2000; Giordano and De Astis 2021) which we replicated by using a circular sector 

plus a proximal axisymmetric part, as described in the following sections. 115 

However, this approximation is uncertain, and most pieces of information on ballistic dispersal are imprecise, for several 

reasons:  

‐ named localities or trail paths lack of geographic coordinates;  
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‐ distance or altitude values are commonly expressed in multiples of 100 m; 

‐ most recognizable projectiles are described but others could not be excluded nearby; as a consequence, a 120 

measurement of the spatial density of projectiles is rarely provided; 

‐ ignited fires likely started by ballistic fallout are described but the actual ballistic source was not determined;  

‐ access to the summit areas after the eruptions is limited to a few trails and depends on safety conditions, and 

observations are often carried out in haste and from a distance; 

‐ observations from remote locations (e.g., villages) are affected by perspectival errors;  125 

‐ distances and angles are not related to the vent ejecting the projectile but to a fixed center;     

‐ observations are often collected days to months after the explosion has occurred. 

Importantly, the number of projectiles per unit area was most of the times hard to evaluate, and therefore our reconstructions 

cannot be read in terms of isolines of projectile density or of ground cover percentage. Unobserved, broken, or unrecognized 

projectiles of small size are a significant limitation to such measurements. In fact, witnesses did not easily provide 130 

quantitative information, and, as a result, only the greatest or the most damaging projectiles are usually mentioned. As a 

consequence, in our estimates we focused on the areas affected by ballistic fallout with no information on the spatial density 

also due to this difficulty.  

Depending on the accuracy and reliability of the information sources, we also assigned the past events to different 

“uncertainty classes” as detailed in the sequel. We classified the information of past events in three types:  135 

‐ constraints on radial distance (radially affected areas); 

‐ constraints on direction, only at low elevation (affected sectors); 

‐ constraints on radial distance and direction (affected locations);  

‐ pre-existing maps of affected area, possibly incomplete or incorporating lapilli fallout. 

In Figure 2 we sketched examples of how these four types of information were utilized to draw circular sectors. By utilizing 140 

circular sectors, we assumed that if a location was affected by ballistics, also the segment between that place and the vents 

was considered affected. This assumption was conservative against possibly rolling and bouncing projectiles, but it also 

considered that the available records may have primarily reported the farthest projectiles from the eruptive vents, which 

determined an impact in the inhabited or frequented areas.  

In Figure 2a we show an example constraint on radial distance, in all directions. In fact, to every major explosion and 145 

paroxysm we assumed that there is a minimum proximal circular area affected by ballistics, but some explosions were 

described to have been radially greater. This was a relatively uncommon type of constraint: only ca. 1/10 of major 

explosions and 1/6 of the paroxysms maps assumed such a larger circular area.    

In Figure 2b we show an example constraint on sector direction at low elevation, assumed in mapping 2/3 of the paroxysms 

and not for major explosions. In fact, we know that some historical paroxysms affected a flank of the volcanic edifice, an 150 
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inhabited area, or its cultivated land, without further information. For 1/3 of the paroxysms this happened in the direction 

where the ballistics were observed farthest from the vents. In this case, a circular sector was defined in a way that the lateral 

sides enveloped the mentioned area (e.g., inhabited areas, cultivated lands, burned areas); its radius was left significantly 

uncertain (more details in Tab. 1, high uncertainty class). 

In Figure 2c we show an example constraint on specific sites or areas. A circular sector enveloping the affected region is 155 

defined, centered on the center of Crater Terrace. When multiple observations of this type were made in different sites, 

separate sectors were distinguished if the distance was significantly different (with respect to a precision of 100 m). This is 

the most common type of information, available in 7/8 of the paroxysms, and 5/6 of major explosions.    

In Figure 2d we show an example constraint based on a pre-existing map of ballistic dispersion. Only ca. 1/4 of paroxysms 

and of major explosions were previously mapped. Moreover, a clear distinction between ballistic fallout and wind-blown 160 

pumice lapilli fallout was not always detailed, and the ballistics dispersion was rarely mapped in all directions. In these 

cases, we followed a precautionary conservative approach, and fully enveloped the mapped area within the uncertainty 

buffer of one or more circular sectors. 

2.2 Mapping of ballistic projectile distribution with uncertainty assessment 

Our statistical analysis of distance and direction is expressed in polar coordinates, with the center located at 518400 E, 165 

4293900 N, UTM WGS84, Zone 33N, that is approximately the center of the Crater Terrace. In fact, the involvement of 

distinct and/or multiple craters in the different events is not considered here and such variability is included in the radial 

uncertainty detailed below. Note that all vents are generally located within ca. 100-150 m from this center.  In each 

simplified map, a proximal axisymmetric part was defined, followed by 1 to 3 circular sectors with greater distance ranges. 

Craters’ architecture, possibly modified by the most intense explosions, as well as shielding obstacles and differences in 170 

elevation are possible factors in determining these asymmetric features, although at Stromboli these were mostly studied for 

smaller events than major explosions (e.g., Valentine et al., 2012; Taddeucci et al., 2013; Iezzi et al., 2023). The proximal 

axisymmetric part was a circle determined by just a radial distance and the circular sectors were characterized by radial 

distances, the azimuth angles of the bisector and the half-width angles. These measurements are all reported in Tables S1 and 

S2. 175 

While we tailored these sectors as tight as possible on the existing data or the pre-existing maps, this in a few cases produced 

a slight enlargement, up to ca. 100 m for major explosions and 200 m for paroxysms, of the areas affected by the ballistic 

fallout. These uncertainties are consistent with the uncertainty classes defined in the sequel. 

Three classes of uncertainty on radii and angles were considered: low uncertainty (just for the major explosions of which any 

maps of ballistic fallout were available), moderate uncertainty (for both the major explosions and the paroxysms of which 180 
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the ballistic fallout has been fully described all around the source), and high uncertainty (for some of the historical 

paroxysms that have weak constraints to the ballistic fallout in some directions).  

In the low uncertainty class a uniform uncertainty between 0 and 100 m was assumed on all radial distances, equivalent to a 

mean enlargement of 50 m. In fact, our field experience led us to estimate within 100 m the accuracy of many of the past 

field observations missing geographical coordinates and the capability to recognize a ballistic bomb from distance. 185 

Moreover, this is also approximately the radial size of Crater Terrace, where all active vents are located.  

In the moderate and high uncertainty classes the field observations on radial distance were not pinpointed to any specific 

modern reference site, and therefore we assumed doubled this uncertainty, i.e, we produced a mean enlargement of 100 m. 

Such distance uncertainty was also translated to an equivalent angular uncertainty by considering the length of circular arcs 

drawn at approximately the average maximum ballistic distance (i.e., ca. 700 m for major explosions and 1400 m for the 190 

paroxysms). 

Finally, the high uncertainty class stood again for a mean enlargement of 100 m in each sector for which a specific distance 

value was available in literature, but, in addition, denoted greater uniform errors in the sectors where the lower portions of 

the island had been affected by ballistic projectiles, but no precise distance values were specified. 

In general, we expressed the radial and the angular uncertainties as independent uniformly distributed variables, with a range 195 

of variability depending on the class of uncertainty of the corresponding event, as reported in Table 1.  

In Figures 3 and S2 we describe a few illustrative examples of ballistics maps following the described strategy, showcasing 

the four typologies of data constraints described above and the three classes of uncertainty (low, intermediate, high); 

Supporting Texts S1 and S2 provide a complete description of all the 67 mapped events. We remark that, ultimately, this 

analysis process adopts expert judgment to transform diverse observational data into a dataset of simplified maps able to 200 

capture the first-order characteristics of the dispersal process. In doing this, we aimed at keeping things as simple as possible 

to maintain full transparency on our choices and ease the replicability of our maps and results. 

2.3 Analysis of maximum distance, direction and area affected by ballistic projectiles 

For each sector of each explosion, a Monte Carlo simulation is performed with respect to uncertainty sources, sampling 

independently the radial and angular uncertainties. This enables the production of doubly stochastic probability percentages, 205 

density functions, exceedance probability functions, all affected by uncertainty and expressed in terms of 5th, mean and 95th 

percentile values (Sparks & Aspinall, 2004; Marzocchi & Bebbington, 2012; Bevilacqua et al., 2015). We note that the 

random enlargement of the circular sectors can appropriately reduce the size of adjacent sectors defined over a different 

distance, if the latter is shorter.  

In particular, for every distance threshold d > 0 m, the exceedance probability function of the maximum ballistic distances in 210 

all directions is calculated as:  
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F(d) = P{ X > d }, and X := Dij,             (1) 

where j is uniformly sampled in 1,…, N, and i is sampled among the number of sectors of explosion j-th, weighted in 

proportion to Wij / 360°, where N is the total number of the explosions in the dataset and Wij is the width of the sector. In this 

formula, the width of the axisymmetric part is defined as the complement to 360° of the union of all the sectors. 215 

Similarly, for every angle θ in [0, 360°], the ballistic direction probability percentage is: 

G(θ) = |{j : θ ∈ ∪i (αij - Wij/2, αij + Wij/2)}|/N,             (2) 

where αij and Wij are the bisector azimuth and the width values of the i-th sector of the j-th explosion, and N is the total 

number of the explosions in the dataset. This calculation is done while not considering the axisymmetric part. 

  220 

https://doi.org/10.5194/egusphere-2025-6539
Preprint. Discussion started: 12 January 2026
c© Author(s) 2026. CC BY 4.0 License.



 

Fig
are
pro
aff225 
 

gure 2: Exampl
eas, (d) pre-ex
ocessed. The so
fected. A blue st

les of simplified
isting maps of
lid blue circula
tar marks the c

d mapping data
f ballistic dispe
r sectors show t
enter of Crater

 

a on: (a) affect
ersion. The red
the areas assum

r Terrace. 

10 

ted radius, (b) 
d arrows, shap

med as affected,

affected sectors
pes, and dots 
, and the dashed

s at low elevati
indicate the sp
d blue shapes a

ion, (c) affected
patial observat

are the areas un

 

d sites or 
tion data 

ncertainly 

https://doi.org/10.5194/egusphere-2025-6539
Preprint. Discussion started: 12 January 2026
c© Author(s) 2026. CC BY 4.0 License.



 

Fig
me
Dif230 
bou

gure 3: Three e
easurements of 
fferent hues in
undary areas in

examples of fie
maximum dista

ndicate differen
n lighter colors 

eld data (left) a
ances, direction
nt uncertainty 
around each se

and resulting si
nal angles, and s

classes: blue f
ector represent 

11 

implified maps
sector widths. S
for low, azure 
the uncertainty

s (right) of the 
See also Suppor

for intermedi
y considered.  

areas affected 
rting Text S1 an
iate, green for 

 

by ballistics, i
nd S2, Tables S1

high uncertai

including 
1 and S2. 
inty. The 

https://doi.org/10.5194/egusphere-2025-6539
Preprint. Discussion started: 12 January 2026
c© Author(s) 2026. CC BY 4.0 License.



12 
 

Table 1: Summary of the uncertainty classes associated with the ballistic maps. 

 Uncertainty class Radial uncertainty Angular uncertainty Types of events 

Low 
Uniformly sampled 
between 0  and 100 m. 

Uniformly sampled 
between 0 and 16 
degrees. 

Major explosions with available maps 
of ballistic fallout. 

Intermediate 
Uniformly sampled 
between0 and 200 m. 

Uniformly samples 
between 0 and 32 
degrees 
for major explosions, 
 
between 0 and 16 
degrees  
for paroxysms. 

Major explosions without available 
maps, paroxysms with mapped or 
detailed ballistic fallout in every 
direction. 

High 

Uniformly sampled  
between 0 and 200 m  
if sufficiently 
constrained, 
 
See in the notes if weakly 
constrained. 

Uniformly sampled 
between 0 and 32 
degrees. 

Paroxysms with weak constraints to the 
ballistic fallout in some directions. 
 
The weakly constrained radii are 
uniformly sampled:  a) between 1200 m 
and 1800 m if low elevation portions of 
the island are affected unspecifically, 
and  
 
(b) between 500 m to 1000 m if Sciara 
del Fuoco is widely affected by ballistic 
fall but without projectiles going 
directly offshore. 
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3 Data 

In this study, we analyze two open INGV catalogs of major explosions and paroxysms at Stromboli, summarized in Figure 4. 235 

The first catalog (Bevilacqua et al., 2020a), named “historical catalog”, is the review of more than a hundred scientific 

literature sources from 1879 to 1960. The ballistics of the major explosions listed in the historical catalog are not possible to 

map, only those of some of the historical paroxysms are mappable. No major explosion or paroxysm has been recorded 

between 1960 and 1970. The second catalog (Bevilacqua et al., 2023), named “recent catalog”, is the detailed review of 

monitoring bulletins and reports, previous catalogs, and scientific literature of the last ca. 50 years, i.e. the period from 1970 240 

to 2023 (more details in the Open Research Statement and in Supporting Texts S1 and S2). It should be noted that the 

catalogued record is possibly affected by under recording of major explosions occurred between 1960 and 1985, due to the 

cessation of military observations on Stromboli.  

The historical catalog and a preliminary recent catalog up-to-date at 31/08/2020 were both statistically analyzed in terms of 

inter-event times, cluster analysis and annual rates in Bevilacqua et al., (2020b). The new version of the historical catalog 245 

analyzed here was released in January 2024 and includes a few additional events due to further bibliographic research, i.e., 4 

paroxysms, 2 major explosions, 4 uncertain major explosions. Similarly, the recent catalog used here differs from the data 

analyzed in Bevilacqua et al. (2020b) in that the former includes ca. 3 years of new events and a more detailed description of 

the major explosions and of the uncertain major explosions, which was essential for mapping the ballistic projectiles 

distribution. In both INGV catalogs we acknowledge the incorporation of all the information contained in previous datasets 250 

of explosive activity at Stromboli, e.g., Barberi et al. (1993), Jaquet and Carniel (2003), Falsaperla and Spampinato (2003), 

Rosi et al. (2013), Calvari and Nunnari (2023), after the investigation of the original sources that first-hand described the 

phenomena, and that are summarized in Supporting Texts S1 and S2 for what concerns the ballistic fallout. 

3.1 Analysis of maximum distance, direction and area affected by ballistic projectiles 

The recent catalog encompasses 51 major explosions and 34 uncertain major explosions, i.e. explosions of unclear 255 

characterization that could have been major explosions or ordinary activity. We mapped the areas affected by ballistic fallout 

for the majority of explosions included in this recent catalog. In detail, we managed to map 43 events, i.e., ca. 85% out of the 

51 major explosions.  

The collection of 43 mapped major explosions is made of 37% low uncertainty maps, and 63% intermediate uncertainty 

maps, all reported in Figures 5 and 6. Of these maps, 5% include three sectors, 33% two sectors, 62% one sector. In just one 260 

event, i.e. 2008-B, the distribution is radial and we mapped it by one full circular sector with a radius equal to its 

axisymmetric part. In 23% of the mapped major explosions one of the sectors is directed towards Sciara del Fuoco, but in 

56% the information about the ballistic distance in Sciara del Fuoco is unclear. Therefore, under-recording of ballistics 

projectiles in Sciara del Fuoco may be significant for major explosions. 
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3.2 Collection of simplified maps of ballistic projectile distribution of paroxysms 265 

The historical catalog Bevilacqua et al. (2020a) describes 36 paroxysms and the recent catalog Bevilacqua et al. (2023) 

describes 4 paroxysms. We mapped 20 out of 36 historical events and all the recent events, i.e., ca. 60% of the paroxysms 

from 1879 to 2023. The collection of 24 mapped paroxysms encompasses 33% intermediate uncertainty maps and 67% high 

uncertainty maps, all reported in Figure 7. Of these maps, 21% include three sectors, 54% two sectors, and 25% one sector. 

In 54% of the mapped paroxysms one of the sectors is directed towards Sciara del Fuoco and in 24% the information on the 270 

ballistic distance in Sciara del Fuoco is not specifically quantified. The under-recording of ballistics ejected towards Sciara 

del Fuoco is therefore likely also for the paroxysms. 
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4 Results 295 

4.1 Statistical description of the distance of ballistic projectiles 

Figure 8 describes the distribution of the maximum distances of ballistic projectiles from the center of the Crater Terrace in 

each specific event considered. In particular, Figures 8a and 8b list the maximum distances reached in major explosions and 

paroxysms, respectively, and indicate the 90% uncertainty intervals of the probability estimates. These data are plotted 

chronologically, while Figure S4 shows the same data plotted in ascending order. 300 

The following percentage estimates are evaluated by counting the events in a Monte Carlo simulation that uniformly 

sampled the distance uncertainty. Figure 8c summarizes that in 23% to 37% of the major explosions the maximum distances 

were less than 500 m; in 51% to 65% they were above or equal to 500 m but less than 1000 m; in 12% to 14% above of 1000 

m.  Figure 8d summarizes that in 17% to 42% of the paroxysms the maximum distances were less than 1500 m; in 29% to 

54% they were above or equal to 1500 m but less than 2000 m; in 25% above of 2000 m but less than 2500 m; in 4% above 305 

2500 m. It should be noted that in both the collections of major explosions and paroxysms there is a greater uncertainty on 

the maximum distances of small-size events, than of the large-size events. Table S4 summarizes all the described values.  

Finally, Figure 8e shows the combined exceedance probability functions obtained by sampling from the distances in Figures 

8a and 8b, and by weighting the paroxysms 12% of the total, which is the event ratio recorded in Tables S1 and S2 from 

2003 to 2023. It should be noted that the fraction of paroxysms with respect to the total of major explosions and paroxysms 310 

would decrease to 7.3% if evaluated between 1970 and 2023, because of the complete absence of paroxysms between 1959 

and 2003 (Bevilacqua et al. 2020b). This plot represents the continuous distribution of maximum distances of the two 

phenomena. 

Figure 9 considers the ballistic distances in all dispersal sectors chronologically, i.e., 61 sectors for the major explosions, in 

Figure 9a, and 47 sectors for the paroxysms, in Figure 9b. Figure S4 shows the same data plotted in ascending order. It 315 

should be noted that the same explosion possibly achieved different distances in each sector because of the asymmetrical 

features described in Texts S1 and S2, and therefore up to three values can correspond to the same explosive event. In this 

way, the distances are statistically lower than in Figure 8, and there are more distance values than the number of events, 

because the description of the ballistic projectiles distribution is not limited to the maximum distance. Moreover, this 

description equally counts all sectors, regardless of their width, and it does not consider the axisymmetric part of the 320 

explosions.  

In Figures 9c and 9d, we plotted the exceedance probability functions obtained by sampling from the distances in Figures 9a 

and 9b after weighting the sectors according to their width. For the major explosions, we obtained a probability of 64% 

±6.5% to exceed 500 m, of 18% ±4.5% to exceed 750 m, and of 8% ±1.5% to exceed 1000 m. For the paroxysms, we 

obtained a probability of 79% ±2.0% to exceed 1000 m, of 48% ±11% to exceed 1500 m, of 13% ±2.0% to exceed 2000 m, 325 
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of 1.5% ±0.5 to exceed 2500 m. All these estimates do not consider the proximal axisymmetric part; if we include it, thus 

fully representing the distribution of mapped ballistic distances in all directions, this produces probabilities of exceedance up 

to ca. 3 times lower, and reported in Table S4. Figure S5 shows the exceedance probability only of the maximum distance, 

and only of the proximal axisymmetric part. 

4.2 Statistical description of the direction of ballistic projectiles 330 

Figure 10 shows the range graphs and probability percentage of ballistic sectors directions. This was done while not 

considering the proximal axisymmetric part, because otherwise the statistics would have covered a round angle for every 

explosion. Figure 10a details the range graphs of the 61 sectors of 43 mapped major explosions from 1970 to 2023. In this 

case, 57% of the circular sectors have bisectors in the SE quadrant, 30% in the NE quadrant, 10% in the NW quadrant, 1.5% 

in the SW quadrant and 1.5% have no preferential direction. Table S4 summarizes all the described values. We note that the 335 

paroxysms in 2003 and 2007 were followed by a general shift towards N in the directions of the next major explosions; this 

did not happen after the paroxysms occurred in 2019. Similarly, Figure 10b details the range graphs of the 47 sectors of 24 

mapped paroxysms from 1879 to 2023. In this case, 34% of the bisectors fell in the NE quadrant, 30% in the NW, 21% in the 

SW and 15% in the SE quadrant.  

In Figures 10c and 10d we plotted the probability percentage of the ballistics directions, as a function of the azimuth angle. 340 

Figure 10c shows the probability percentage of the ballistics directions for major explosions. The function has a maximum of 

77% ±2% at 140°E ±10°, i.e., in the SE direction, and a minimum of 0% at 250°E ±10°, i.e., in the SW direction. This latter 

value may be affected by some under-recording of major explosions in the SW direction. The angular uncertainty in these 

estimates is equivalent to the width of the maximum values in the 95th percentile plot. Figure 10d shows the probability 

percentage of the ballistics directions for paroxysms. The function has a maximum of 70% ±9% at 355°E ±10°, i.e., in the N 345 

direction, and a minimum of 19% ±2% at 175°E ±10°, i.e., in the S direction. In addition, a plateau above 50% is observed 

from NE to W clockwise. It should be noted that major explosions and paroxysms are dispersed in significantly different 

directions, due to the complex interplay of conduit+craters’ architecture, and the different scales of these events, in terms of 

magma volume and energy. Figure S6 shows the results only considering the sectors of maximum distance. See Table S4 for 

more details.  350 

4.3 Statistical description of the total area of ballistic projectiles distribution 

Figure 11 shows the histograms of the width of the circular sectors and of the total area affected by projectile fallout. Figures 

11a and 11b do not consider the proximal axisymmetric part, and just focus on the circular sectors. In particular, Figure 11a 

is the histogram of the width of the 61 sectors of 43 mapped major explosions from 1970 to 2023. The mean width value is 

90°, with 5th percentile of 41° and 95th percentile of 136°. Similarly, Figure 11b is the histogram of the width of the 47 355 

sectors of 24 mapped paroxysms from 1879 to 2023. In this case the mean width value is again 90°, with 5th percentile of 33° 
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and 95th percentile of 183°. In fact, the sectors of the paroxysms have a similar average width to the sectors of the major 

explosions, but sectors wider than 150° are only observed for the paroxysms. Figure S3 shows the histogram of the width 

only of the sectors of maximum distance. 

Figures 11c and 11d are the histograms of the total area affected by ballistics of major explosions and paroxysms, 360 

respectively. The mean area value of major explosions is 6.9 ×  104 m2, with the 5th percentile of 3.3 × 104 m2 and the 95th 

percentile of 14.8 × 104 m2. The mean area of paroxysms is 3.6 × 105 m2, with the 5th percentile of 2.0 × 105 m2 and 95th 

percentile of 6.1 × 105 m2. These values are 4 to 6 times larger than those of major explosions. The histogram of major 

explosions total area is characterized by a relatively longer tail than the histogram of paroxysms, and this tail is partially 

overlapping with their values. In fact, in the former case the maximum value is ca. +70% of the 95th percentile, while in the 365 

latter is ca. +20%. Table S4 summarizes all the statistics in this paragraph. Finally, Figure 11e shows the combination of the 

histograms in Figure 11c and 11d, by weighting the paroxysms 12% of the total, similarly to Figure 8e. Also in this case, the 

distribution of the areas is continuous between major explosions and paroxysms: the former representing the bulk and the 

latter the tail. 

  370 
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5 Discussion 

A first novel contribution of this study is the investigation effort to reconstruct and map a significant number of areas 

affected by ballistic fallout generated by major explosions and paroxysms at Stromboli. It should be noted that only a small 

fraction, i.e., ca. 1/4, of major explosions and paroxysms were previously mapped. This study aimed at filling such 

knowledge gap and collected all available information on past ballistic fallout at Stromboli, rich but sparse into tens of 405 

articles many of which were written at the end of the XIX Century and in the first half of the XX Century, mostly in Italian 

or in German. 

A major difficulty related to this investigation was that the Island of Stromboli is characterized by a complex history of place 

names (i.e., toponyms), and their evolution has been a matter of semantic and ethnographic research, since the XIX century 

(Asburgo, 1896; Losacco, 1973; Texts S1 and S2). For this reason, the full understanding and geographical interpretation of 410 

the documents describing past ballistic fallouts was often a complex duty, significantly intertwined with uncertainty 

quantification guided by expert judgment. This was achieved by the authors’ group without following a formal procedure to 

quantify their judgement but simply through discussion and reaching a group consensus. 

Moreover, our study required a changed approach with respect to the classical problem of reconstructing the detailed 

footprint of ballistic dispersion of a single explosive event, up to the geographic coordinates of the single greatest clasts (e.g., 415 

Bertagnini et al., 1999; Andronico and Pistolesi, 2010; Pistolesi et al., 2008; 2011). Our new method to map the areas of 

ballistic fallout was based on the representation of the area affected through a circular proximal area and up to three circular 

sectors of variable radius and width. Such a statistical approach has the advantage of representing each explosion in terms of 

a minimum number of scalar parameters: 1 to 4 distances and up to 6 angles. Moreover, every scalar estimate was naturally 

related to an uncertainty range, which was an output of our investigation. In addition, these uncertainties enabled us to 420 

neglect the variability and multiplicity of explosion sources, and the detailed shape of the directional lobes of ballistic 

fallout, while tailoring the maps of past events. Without following this simplified approach, it would have been impossible to 

map most of past events, and, ultimately, to collect a sufficient dataset of ballistic fallouts to be used to produce probabilistic 

hazard assessment maps at Stromboli (see companion manuscript Bevilacqua et al., submitted). 

A second novel contribution of our investigation was the quantitative characterization of the areas affected by ballistic 425 

fallout generated by major explosions and paroxysms at Stromboli as represented by the simplified maps produced. The 

distinction between these two categories is the traditional way in which the volcanological community described the 

explosions more intense than the ordinary activity at Stromboli. This terminology is rooted in the XIX Century language 

(e.g., Mercalli, 1883; Riccò 1907; Ponte, 1916; Imbò, 1928), but it was formalized with its modern meaning only from the 

last decade of XX Century (e.g., Barberi et al., 1993; Rosi et al., 2013; Bevilacqua et al., 2020b).   430 

We showed that major explosions and paroxysms primarily differ in their maximum and mean ballistic distances, which are 

roughly twice for the paroxysms. However, these two categories are adjacent, and partially overlapping, in terms of their 
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ballistic ranges (see Fig. 8). In particular, the greatest distance of every major explosion in our dataset, i.e. 1200 m plus 

uncertainty, was observed in the event of 19th July 2020. In fact, based on ground deformation data that event was placed at 

the boundary between major explosions and paroxysms by Voloschina et al. (2023), and it was considered a paroxysmal 435 

explosion according to the classification method proposed by Calvari et al. (2021). The greatest distance of every paroxysm 

in our dataset, i.e. 2500 m plus uncertainty, was observed in the event of 22nd May 1919, which produced significant ballistic 

damage to the buildings in the Stromboli village (Ponte et al., 1919; 1924; Ranfaldi, 1921; Platania et al., 1922).  

A comprehensive probability distribution of maximum ballistic distances at Stromboli should merge the major explosions 

and the paroxysms, but the estimate of their occurrence ratio is difficult to compute. In fact, major explosions before 1970 440 

are affected by significant uncertainty and likely under-recording issues. Moreover, only 5 paroxysms occurred after 1970, 

and their time series is irregular and characterized by temporal clusters and a 44-year gap between 1959 and 2003 

(Bevilacqua et al., 2020b). As a consequence the fraction of the number of paroxysms over the number of all explosions (i.e., 

major explosions plus paroxysms) was 12% from 2003 and 2023, but dropped down to 7.3% from 1970 to 2023. Conversely, 

the same ratio grew to ca. 19% if we considered all the paroxysms and the major explosions from 1879 to 2023, even after 445 

we included all the uncertain major explosions (see Table S3). Therefore, we assumed 12% as a plausible and relatively 

robust estimate of this important scale parameter. 

In addition to their distinct ballistic distances, we showed that major explosions and paroxysms also differ in terms of their 

asymmetric directions of furthermost ballistic dispersal. In fact, while the major explosions have a peak probability towards 

SE, the paroxysms have two peaks towards N and WSW (more details in Figure 10). It should be noted that the most 450 

frequented trails, from N to SE, and inhabited areas, towards NE and WSW, are the easiest places to survey in the hours/days 

after the explosions, and their directions roughly include those of peak probabilities. For this reason, in the production of 

ballistic hazard maps based on past data it is very important to develop ad hoc methods to mitigate potential under recording 

biases (see companion manuscript Bevilacqua et al., submitted).  

As a matter of fact, the areas affected by ballistic fallout of past explosions are essentially characterized by past data, and 455 

they clearly are not axisymmetric. Physical reasons for these asymmetries should be investigated case by case. In general, 

the paroxysms appear able to re-shape the shallow conduits and craters more greatly and deeply than major explosions 

(Rittmann, 1931; 1933; Civico et al., 2021; 2024; Zuccarello et al., 2025), and this might significantly affect the trajectories 

of ballistics (e.g., Valentine et al. 2012; Taddeucci et al. 2013). It should be noted that within the large paroxysms of 

Stromboli described in Bertagnini et al. (2011), which occurred in 1930 and in the 16th Century, a different nature of lithic 460 

clasts suggested the involvement of different portions of the upper conduit during the crater excavation. 

With this respect, experimental studies on the craters obtained by several detonations showed that the depth of the explosion 

and of a pre-existing crater morphology can have a distinctive effect on the evolution of the craters and the consequent jet 

and dispersal of ballistic projectiles (Valentine et al., 2014; Graettinger et al., 2014). Furthermore, it was observed that 
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experimental craters created by several detonations in layered aggregates, as in the case of Stromboli, can significantly differ 465 

from a single-blast (Sonder et al., 2015). These differences may be even more evident in the case of short-lived explosions 

such as major explosions and paroxysms occurring from sub-vertical or inclined shallow conduits, because the conduit and 

crater walls formed by each event are likely different from those existing before the same event (Valentine et al. 2015; 

Schmid et al., 2021; Sonder et al., 2022; Civico et al., 2021; 2024).  

In summary, there are clear evidences that the architecture and geometry of vents and shallow conduits greatly influence the 470 

ballistic dispersion: conduit and crater walls, layers, ridges and cones can all produce shielding effects, so enabling the 

generation of inclined jets, or be partially or entirely demolished into additional projectile fragments, depending on the 

explosion intensity, duration, and depth. All these complexities make the definition of input conditions for the numerical 

simulation of major explosions and paroxysms significantly uncertain when treated case-by-case, and very difficult to predict 

in general.  475 

7 Conclusions 

In this study, we presented a new method to map the ballistic fallout and quantified the key variables describing the areas 

affected by ballistic projectiles generated by several tens of past major explosions and paroxysms at Stromboli. The 

application of the new mapping method has allowed to build a new dataset of the areas affected by ballistics, complementary 

to the historical and recent catalogs of explosive activity of Stromboli. The new dataset, coming from all available scientific 480 

literature as well as monitoring and field/observation reports, allowed us to quantify the distances, directions and areas 

affected describing the ballistic fallout of major explosions and paroxysms, but also to estimate the size of the associated 

uncertainties. In the companion study, we will show how these data and analyses allow producing first probabilistic hazard 

maps of the areas affected by ballistic fallout with uncertainty quantification (Bevilacqua et al., submitted).  

Based on the data and analyses presented these are the main outcomes and conclusions of the study: 485 

1. A new dataset of the reconstructed areas affected by ballistic fallout from a total of 67 major explosions and 

paroxysms at Stromboli was produced based on a new simplified mapping method. Although the information has 

been collected over a significantly long period, i.e. ca. 150 years, and with details and accuracy quite different 

among them, the dataset represents, to our knowledge, a first attempt to systematically describe the areas potentially 

affected by ballistics and a key source of information for the quantification of the ballistic hazard at this volcano. 490 

2. The dataset allowed analyzing the distribution of the maximum ballistic distances produced by major explosions 

and paroxysms from the center of Crater Terrace. A significant percentage of major explosions, i.e., from 23% to 

37%, did not surpass 500 m ballistic distance; similarly, from 17% to 42% of the paroxysms did not reach 1,500 m 

ballistic distance. Nevertheless, in 12% to 14% of major explosions the ballistics reached 1,000 m distance, and 

29% of the paroxysms reached 2,000 m. The combined distance distribution of major explosions and paroxysms 495 
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resulted to be remarkably continuous suggesting the absence of a net separation between the two categories in terms 

of generating mechanisms. 

3. With the aim to produce probabilistic hazard maps, the statistics of the ballistic distance in all the circular sectors 

mapped in the past events analyzed was also computed, by weighting the sectors according to their width. Estimates 

were obtained by including the proximal axisymmetric part of explosions too. These two estimates are 500 

systematically lower than the maximum distance values discussed in point 2 above and will be both used in the 

companion study (Bevilacqua et al. submitted) to produce the hazard probability maps of ballistic fallout.  

4. The directionality of the ballistic dispersal is remarkably asymmetric and differs significantly between major 

explosions and paroxysms. About 87% of the bisectors of major explosions fell towards the East half-plane, 

whereas 64% of the bisectors of the paroxysms fell towards the North half-plane. It was also possible to calculate 505 

the probability function of the ballistics directions, which for major explosions has a well-pronounced maximum of 

77% ±2% at 140°E ±10° (i.e. towards SE) whereas for the paroxysms has a less evident maximum of 70% ±9% at 

355°E ±10° (i.e. towards N). 

5. For both the major explosions and the paroxysms, the mean width value of the circular sectors reconstructed was 

about 90°, but the paroxysms showed a greater variability in the 95th percentile values (up to about 180° with 510 

respect to about 130° for major explosions). The mean area of major explosions was 6.9 × 104 m2, and the mean 

area of paroxysms was 3.6 × 105 m2, i.e., ca. 5 times larger. However, the distribution of the areas affected is 

continuous between major explosions and paroxysms. As the ballistic distance, also the mean sector width and the 

area affected suggest the continuity between the two categories in terms of dispersal of ballistic particles. 

6. The compiled map dataset accounts for the quantification of the uncertainties on the areas affected by the ballistic 515 

fallout of past events. This is a key feature of the dataset given the significant variability in the accuracy of the data 

and observations used. These sources of uncertainty were fully integrated in the statistical analyses, all conducted 

using Monte Carlo simulations that randomly perturb the data, and therefore reflected in the results presented. It is 

worth underlining that the results obtained were significantly robust with a limited influence of the uncertainties 

considered.  520 

Finally, the study illustrates the fundamental importance of a continuous and detailed observation of the explosive activity of 

Stromboli for a quantitative description of its dynamics and a robust assessment of its hazards.  
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Data availability 

The main historical sources that we relied upon are detailed in Supporting Text S1 and S2. In addition to the scientific 

publications, we considered several hundreds of monitoring and surveillance bulletins and reports regarding Stromboli 525 

volcano, issued by the “International Association of Volcanology and Geochemistry of the Earth Interior” (IAVCEI); by 

“Istituto Internazionale di Vulcanologia” (IIV) and “Gruppo Nazionale di Vulcanologia” (GNV) of “Consiglio Nazionale 

delle Ricerche” (CNR), by “Istituto Nazionale di Geofisica e Vulcanologia” (INGV), and by “Laboratorio di Geofisica 

Sperimentale” of Università di Firenze (UNIFI-LGS). We also considered the open documents on the “Stromboli Online” 

website by SwissEduc, the “Scientific Event Alert Network” (SEAN) and the “Global Volcanism Network” (GVN) of the 530 

Smithsonian Institution. 

The historical catalog of major explosions and paroxysms at Stromboli (Bevilacqua et al., 2023), and the recent catalog of 

major explosions and paroxysms at Stromboli from 1970 to 2023 (Bevilacqua et al., 2020a) are available on the INGV - 

Sezione di Pisa. The derived data and the R scripts utilized for statistical analysis are available upon request. 
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