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ABSTRACT
Since 2019, the frequency of major explosive eruptions at Stromboli volcano (Italy) has increased, heightening the exposure
of population and scientists to the hazards posed by ejecta. Morphological changes can directly alter the hazard potential
associated with these phenomena. Here, we present a quantitative morphological analysis of changes of the crater terrace area
linked to the 13 May 2022 major explosive event. High resolution (2.5 cm pixel−1) aerial imagery was acquired by unoccupied
aircraft systems 2 hours before and 19 hours after the event. The 13 May 2022 major explosive event consisted of a minimum
of seven explosions from four vents located in the south-central crater area. The opportune timing of this campaign enabled
the quantification of morphological changes at Stromboli related to a single major explosive event at high temporal and spatial
resolution. A total of 12.7 × 103 m3 was excavated and 5.5 × 103 m3 deposited. Via the mapping and classification of bomb
distributions we observe that angular blocks make up the largest fraction of ballistics >0.2 m, from which we infer a strong
interaction with wall rock and/or fragmentation of solidified plugs in the shallow plumbing system. The morphological changes
observed provide valuable constraints on how much material is displaced, and the shift in location and the number of active
vents during major explosive events at Stromboli.

KEYWORDS: Stromboli; Explosive eruption; Eruption dynamics; UAS; Photogrammetry; Morphology.

1 INTRODUCTION
Stromboli volcano, Italy, is one of the world’s most active
volcanoes with recorded activity for the last 2000–2500 years
[Rosi et al. 2000]. During recorded history, Stromboli’s activity
has been typically characterised by persistent, mild explosive
activity interspersed infrequently by effusive episodes and less
frequent but more energetic explosive events termed ‘major
explosions’ and ‘paroxysms’ [Barberi 1993]. Major explosions
can involve multiple vents emitting gas, pyroclastic jets to a
few hundred metres above the vent, plumes that reach a few
kilometres in height above mean sea level (AMSL), and the
generation of small pyroclastic density currents. The dura-
tion of major explosions is usually between 30 and 40 s [Rosi
et al. 2013]. The frequency of major explosions has been re-
ported to be 1.7 events per year between 2002–2011 [Rosi et
al. 2013], and 2.1 events per year in the period between 1895
and 1916 [Barberi 1993]. Between 28 August 2019 and 13 May
2022, 15 major explosions occurred, averaging to 5.5 events
per year [Calvari and Nunnari 2023]. Paroxysmal activity has
been reported to occur only once every few decades, typically
characterised by powerful explosions lasting a few minutes
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that disperse ejecta out to a few kilometres from the vents.
These events usually involve several active vents and may be
accompanied by small-scale pyroclastic flows travelling out
several hundreds of meters over the sea. As of late 2024, the
most recent paroxysms occurred on 3 July and 28 August 2019
and on 11 July 2024. Textural and chemical analysis of the
products of paroxysms at Stromboli revealed two recurrent
types of pyroclasts (dark scoria and light pumices), suggest-
ing the involvement of two distinct magma sources whereby
volatile-rich magma coming from depths of ~7–10 km drives
the paroxysms [e.g. Andronico et al. 2021; Giordano and De
Astis 2021; Visalli et al. 2023]. Statistically robust textural
analysis of ballistics of major explosions is more difficult as
fewer ballistics reach areas accessible for sampling. Detailed
information about such recent paroxysms at Stromboli can be
found, for example, in Ripepe et al. [2008], Bertagnini et al.
[2011], Calvari et al. [2012], Bevilacqua et al. [2020], Giudicepi-
etro et al. [2020], Giordano and De Astis [2021], Calvari and
Nunnari [2023], and Civico et al. [2024]. Following the parox-
ysms in 2019, the frequency of major explosions increased to
several events per year [Calvari and Nunnari 2023], resulting
in the closure of the summit area to tourism. In their a poste-
riori analysis of geophysical monitoring signals, Ripepe et al.
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[2021] suggested that a timely automatic warning system for
the detection of strain precursors may precede the occurrence
of a paroxysmal event by about 10 minutes. Despite these
promising results, lower magnitude major explosions remain
challenging to forecast, posing a threat to people near active
areas. In order to reduce this threat, the different processes
that are involved in the various types of eruptive activity at
Stromboli need to be better understood.

Figure 1: Shaded relief image of a DEM of Stromboli’s crater ter-
race as visible on 13 May 2022 before a major explosive event,
showing two distinct crater areas. The north-east crater area
(N) consisted of twomain vents, N1 andN2, and several smaller
vents north of N1 and N2. The south-central crater area con-
sisted of S1, S2, and the C vents, with S2 being subdivided into
two distinct vents. Coloured lines mark the location of the sec-
tions through S1 and S2 craters shown in Figure 6 and Supple-
mentary Material 1 Figure S2. Yellow points mark the location
of the control points used for DEM alignment.

The use of unoccupied aircraft systems (UAS) in volcanic
environments has increased steadily in recent years as a tool
for mapping volcanoes [e.g. Turner et al. 2017; Darmawan et
al. 2018; De Beni et al. 2019; Zorn et al. 2020; Civico et al. 2021;
Dietterich et al. 2021; Schmid et al. 2021], sampling [e.g. Liu
et al. 2019; Nadeau et al. 2020; Galle et al. 2021; MacLeod et
al. 2023], and the deployment of instruments [Iezzi et al. 2023;

Schmid et al. 2023]. For an overview of UAS volcanological
applications we refer the reader to James et al. [2020a] and
Lev [2022] and references therein.
Active volcanoes are highly dynamic in their geomorphol-
ogy and changes of their topography are, for the most part,
a direct representation of the eruptive activity. By resolving
these changes through time, we can gain insight into the pro-
cesses shaping the volcano. In this context it is important to
tie together various observations of, for example, eruption vol-
umes, pressure, and the related geophysical signals to allow
a fine tuning of the interpretation of the forces at play and
potential precursory signals. However, achieving the required
spatial or temporal resolution to investigate changes from in-
dividual events can be challenging at volcanoes with frequent
activity like Stromboli, as changes during normal Strombolian
activity are too small to be resolved and/or, in case of larger
events, it is difficult to get the timing right to obtain a dataset
just before and after an event.
In May 2022, we conducted a multiparametric field cam-
paign at Stromboli volcano involving several UAS platforms
for photogrammetry and sensor deployment, acoustic and in-
frasound networks, and lightning detectors as well as high-
speed optical and thermal cameras. During this campaign, a
major explosion occurred on 13 May 2022 at 14:43 UTC that
was recorded with several instruments, including opportune
UAS photogrammetry surveys 2 hours before and 19 hours af-
ter the explosive event. These surveys provide unprecedented
temporal resolution to analyse morphological changes to the
summit crater geometry at Stromboli induced by a single ma-
jor explosive event. As the post-eruption UAS data acquisi-
tion took place the following day in the morning, we assume
that normal Strombolian activity did not alter the evaluated
morphological changes significantly. Here we describe the
acquisition and processing of aerial imagery and quantify the
changes due to the major explosion.

2 GEOLOGICAL BACKGROUND
Stromboli volcano has been the subject of scientific interest for
decades, resulting in an impressive volume of literature dedi-
cated to unlocking the mechanisms driving its volcanic activity
at depth and its surficial expression. Here, we focus our atten-
tion on the topography of Stromboli’s crater terrace where all
active vents are located (Figure 1). At the time of the survey,
the crater terrace was at an elevation of ~810–860 m AMSL
and hosted several active and inactive vents and craters. The
crater terrace is subdivided into the north-east crater area (N)
and the central-south crater area (CS) (Figure 1). In the N area,
two vents (N1 and N2) were active during the campaign (9–14
May 2022) (Supplementary Material 1 Figure S1). In the opti-
cal UAS images, six smaller vents were visible in the N area.
These vents generated no explosive activity during the time of
observation although some showed active degassing or visible
incandescence. The CS area consisted of around five nested
crater structures with four visible vents, of which only the S2
vent exhibited activity. A notable feature of crater S1 is a so-
lidified lava plug protruding from the surrounding excavated
debris inside the crater (Figure 2). The activity in the days
prior to the major explosion (during our visual observations)
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was characterised by Strombolian explosions from N1, vary-
ing in intensity between gas jetting and ash-rich plumes that
buoyantly rose to a few hundred meters above the vents and
bombs that fell in close proximity of the craters [Gestrich et al.
2023]. In contrast, S2 exhibited explosions of lower intensity,
manifested by <100 m ash and gas plumes. As a result of
the 13 May 2022 major explosion, the location of S1 changed,
with the new vent exhibiting a highly asymmetric geometry.

Figure 2: Solidified plug in vent S1 as visible on 10 and 14 May
2022. The diameter of the plug was measured from the UAS
derived three-dimensional reconstruction. The visible vent be-
fore the explosion is located on the north-western side of the
plug. The new vent, that was active during the 13May 2022ma-
jor explosive event, formed south-east of the plug and moved
the plug around two meters toward the NW.

3 METHODS
Structure-from-motion photogrammetry was performed on
aerial images obtained by UAS flights to quantify topographic
changes. We used a DJI Phantom 4 real-time kinematic (RTK)
UAS for the survey on 13 May 2022 at around 11:40 UTC in
combination with the DJI D-RTK2 Mobile Station for RTK
corrections through Network Transport of RTCM via Inter-
net Protocol (NTRIP). For the post-eruption survey on 14 May
2022 at around 10:10 UTC we used a DJI Mavic 2 Pro. We
followed best-practice suggestions (e.g. RTK, off-nadir cam-
era angle, and reporting of processing parameters) by Eltner
et al. [2016] and James et al. [2019, 2020b] to mitigate system-
atic errors. Both flights were conducted manually as grid-
like and/or circular flight paths (Supplementary Material 1
Figure S2) around the vents with complex geometries with
off-nadir camera angles at flight heights around 100 m above
the crater terrace. This results in an approximate ground
sample distance (GSD) of 2.4 cmpixel−1 for 13 May and
2.5 cmpixel−1 for 14 May 2022. The cameras were set to
shutter priority mode with high shutter speeds (1/320–1/400)
to ensure sharp images even from a moving UAS.
The Phantom 4 RTK has a camera with a 20 MP 1” CMOS
sensor, an 8.8 mm/24 mm (35 mm equivalent) focal length,
mechanical shutter, and a resolution of 5472 × 3648 pixels.
The camera of the Mavic 2 Pro has similar specifications but
has a 10.2 mm/28 mm (35 mm equivalent) focal length and an
electronic shutter.

Agisoft Metashape Professional (Version 2.1.0) was
used for the photogrammetric processing of the images. The

images were first imported into the software, including the
camera location accuracy from the image metadata. Images
showing mostly gas or ash plumes were discarded. Smaller
areas of degassing or ash plumes as well as background were
manually masked to exclude these pixels during image align-
ment (128 and 220 images for 13 and 14 May 2022, respec-
tively). During image alignment a sparse point cloud was cre-
ated that was subsequently filtered to remove points with poor
camera geometry during triangulation of points, large pixel
matching errors, and large pixel residual errors. In between
each filter run Metashape’s optimisation was used to reduce
reprojection errors, resulting in lower root mean squared er-
ror (RMSE). Further information on processing parameters of
Agisoft Metashape Professional and general workflows
can be found in Over et al. [2021]. From the resulting sparse
cloud, the dense cloud is generated and manually cleaned to
remove floating points caused by the presence or insufficient
masking of volcanic gas plumes. Floating points are easily rec-
ognized as they are detached from the surface and usually have
a brighter colour since they are artefacts from reconstructing
gas and vapor plumes.
The images taken by the Mavic 2 Pro were processed identi-
cally but without the information on the camera location accu-
racy which is only available in the dataset of the RTK-enabled
UAS. The alignment of both dense clouds was realised in
Agisoft Metashape by selecting nine visually identifiable ref-
erence points at geological features that remained unchanged
during the major explosion (Figure 1). Since the dataset of 13
May 2022 is georeferenced by the RTK-corrected global nav-
igation satellite system (GNSS) information embedded in the
image data, we aligned the 14 May 2022 dataset to the previ-
ous dataset, treating the locations of the 9 reference points as
ground control points (GCPs) to align both datasets in the 3D
space. Additionally, the same nine reference points were used
during the “align chunks” feature of Agisoft Metashape, in
order to minimise the reprojection error (difference between
observed image points and the predicted positions of these
points in the 3D model) by adjusting camera position and ori-
entations as well as 3D point positions (linear shifts and rota-
tions) of the non-RTK dataset. The overall reprojection error
is report as RMSE of 31.3 cm (X error 22.6 cm, Y error 18.0 cm,
Z error 12.1 cm).
After the alignment, digital elevation models (DEMs) and
orthomosaics were generated and exported to be analysed
with QGIS (Version 3.34.2). The DEMs have a resolution
of 4.95 cmpixel−1 and 4.63 cmpixel−1 for 13 and 14 May
2022, respectively. In order to allow accurate volume cal-
culations, the DEMs have been resampled to matching cell
sizes (5.0 cmpixel−1). The resolution for the orthomosaics is
2.48 cmpixel−1 (13 May 2022) and 2.31 cmpixel−1 (14 May
2022). With QGIS the DEM of 14 May was georeferenced to
the 13 May reference to further decrease the XY alignment
error (from 5.78 pixel to 2.3 pixel, i.e.11.5 cm) by applying
the best transformation to match the reference points (Fig-
ure 1) from both datasets, using a Helmert transformation.
The parameters for the processing of the datasets in Agisoft
Metashapewere set to high, for image alignment accuracy and
point cloud build quality with aggressive depth filtering. The
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Figure 3: Infrasound waveforms for the 13 May 2022 major explosive event. Data are unfiltered and from station UAF3, deployed
~550 m from the S crater. At least seven distinct explosions are detected and marked by red arrows at the top of the plot.

use of the setting “high” ensures that the full resolution of the
aerial images is used, while aggressive filtering removes out-
lying points that are not connected to the surrounding surface.
See Table 1 for details about the photogrammetric survey and
datasets and Supplementary Material 1 Table S1 for process-
ing parameters.

The DEMs were used to calculate the elevation and vol-
umetric changes caused by the major explosion on 13 May
2022 while orthomosaics were used to map bomb dispersal
on the crater terrace. Bisson et al. [2023] and Bevilacqua et al.
[2024] demonstrated the feasibility of using high-resolution or-
thomosaics to analyse ballistic distribution of the 3 July 2019
paroxysm at Stromboli. While these two studies focus on the
size distribution of spatter bombs in areas that are also acces-
sible by foot, we utilise high-resolution orthomosaics to evalu-
ate bomb distribution and bomb characterisation in areas that
cannot be accessed safely. The resolution of <2.5 cmpixel−1
allowed a confident visual classification for pyroclasts larger
than around 0.2 m. The classification was done by switch-
ing between the pre- and post-explosion orthomosaic to iden-
tify bombs that were already present. By comparing post-
explosion orthomosaic and aerial images bombs were clas-
sified visually and outlines were manually drawn around the
bombs in QGIS (Supplementary Material 1 Figure S3). Identifi-
cation and classification of the more numerous clasts smaller
than 0.2 m was not possible with high enough certainty to
be included in the analysis. The distinction between bomb
types (blocks/spatter) was done visually and manually based
on bomb shape, surface morphology and colour. From the
outlines around the clasts, their areas were measured and their
equivalent diameter calculated. To estimate the volume of
bombs >0.2 m we used the equivalent diameter as equivalent
spherical diameter for blocks and we assumed a thickness of
0.2 m for spatter bombs that we multiplied by their measured
area.

The 13 May 2022 major explosive event was clearly
recorded on permanent and this campaign’s temporary in-
frasound stations deployed around Stromboli’s summit crater.
See Iezzi et al. [2023] for more details on the campaign infra-
sound network. These stations provide information on the
timing, number, location, and energetics of the explosions.
The campaign infrasound stations consisted of Chaparral 60
UHP and Vx2 infrasound sensors connected to DATA-CUBE
digitizers sampling at 400 Hz. They recorded at least seven
distinct explosions in a period of two minutes during the ma-
jor explosive event (Figure 3). The first explosion had the
highest amplitude at over 800 Pa at station UAF3 at ~550 m
distance from the crater S2. Most of the other stations clipped
on the first explosion. Three other explosions were also very
energetic with peak pressures exceeding 200 Pa. Infrasound
signals were also used to describe the activity of individual
vents in the days leading up to the major explosive event (Sup-
plementary Material 1 Figure S1). This analysis was carried
out using the reverse time migration (RTM) algorithm by Fee
et al. [2021].

4 RESULTS
The major explosive event on 13 May 2022 consisted of at
least seven distinct explosions over two minutes as shown in
Figure 3 and the thermal video of the permanent camera by
LGS (Laboratorio di Geofisica Sperimentale∗). Through the
thermal video we can estimate the rough succession of explo-
sive pulses, but it is not possible to establish exact locations for
individual explosions. In the video, a second pulse originates
farther from the northwest and appears to be inclined, sug-
gesting a link to the vent in crater S1. Since all other vents are
on a similar optical axis (from the point of view of the thermal
camera), determining the source location relies on analysis of
infrasound data [Fee et al. 2023]. During this event, an exten-
sive amount of juvenile and reworked material was emitted.
∗https://www.youtube.com/watch?v=7ixO_hZzGJ0; accessed 26/04/2024
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Table 1: Survey information for the collection of the aerial imagery on 13 and 14 May 2022.

Data Unit Survey
13 May 2022 14 May 2022

Images 128 220
Flight altitude m 92.2 99.8
Ground Sample Distance cmpix−1 2.4 2.5
Real Time Kinematic Yes No
Digital Elevation Model resolution cmpix−1 4.95 4.63
Orthomosaic resolution cmpix−1 2.48 2.31
Area km2 0.173 0.186
Reprojection error pix 0.306 0.287
Camera location error mm 5.75 54.76

Figure 4: Time series highlighting the morphological changes of the crater terrace of Stromboli volcano, Italy. [A] and [B] show
the DEM on 13 and 14 May 2022, respectively. Orange stars in B) show the locations of the post-explosion vents. The coloured
overlay in [C] represents elevation difference between 13 and 14 May 2022. Blue colours represent elevation loss related to
explosive excavation, and red hues signify elevation gain as a result of deposition of pyroclastic material during the 13 May
2022 major explosive event.

Our analysis of morphological changes reveals that four vents
in crater CS were active (Figure 4). Whereas crater S2 showed
activity in the days prior to the event, craters S1 and C were
inactive. Within crater S2, two vents were active, causing the
greatest changes, both erosional and depositional. Before the
13 May 2022 event, crater C contained a depression but with-
out a visible vent location. As a result of the major explosive
event, this area was partly excavated by one or more explo-
sive pulses eroding the vent vertically by 9 m (Figure 5). In the
northern part of crater C, up to 6 m of material were deposited.
In the eastern part of crater S2, about 12 m of material were
excavated by the explosion. Locally, between 1 and 6 m of
material were deposited around its vent. Within crater S2, in
the western portion up to 6 m were excavated at the vent lo-
cation, while material was deposited around the vent with the
thickest deposits forming at the base (northern side) of a rock
outcrop (Figure 4C). Within crater S2, the western and eastern
vents remain separated by a steep-sided ridge (Figure 5).
Within crater S1 up to 9 m of elevation was lost at the
location of the new vent, while between 1 and 3 mwere added
in the position of the presumed former vent. The solidified
lava plug within crater S1 (Figure 2) remained geometrically

unchanged; the elevation changes indicated in Figure 4 are
the result of the plug being pushed around two meters to the
northwest by the explosion at the new vent location southeast
of the plug. The plug remained intact but appears to be more
inclined compared to its pre-event location. The topographic
changes around the plug are attributed to the deposition of
pyroclastic material in the crater S1.

We analysed the volumetric change induced by the ma-
jor explosion on 13 May 2022 by calculating the volumes
above and below the reference DEM (13 May 2022) for the
new surface on 14 May 2022. In total, there was a vol-
ume difference of 12.7 × 103 m3 through excavation and
5.5 × 103 m3 of deposition by the explosive pulses within
the craters of CS. The volumetric changes can also be esti-
mated for each of the vent areas (S1, S2, C; Figure 1). Within
crater S1 0.6 × 103 m3 (±0.1 × 103 m3) were deposited, and
0.6 × 103 m3 (±0.1 × 103 m3) excavated. In crater S2 the
deposits have a volume of 3.0 × 103 m3 (±0.2 × 103 m3) and
9.2 × 103 m3 (±0.7 × 103 m3) were affected by excavation,
respectively. In crater C, 1.8 × 103 m3 (±0.2 × 103 m3) were
deposited and 3.0 × 103 m3 (±0.3 × 103 m3) excavated.
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Figure 5: Views of the C and S2 craters in the 3D models created with Agisoft Metashape as visible on 13 and 14 May 2022,
respectively. Areas of excavation and deposition can be identified. Before the explosive event, crater C contained a depression
but without a visible vent location. Afterwards, this area was partly excavated by one or more explosive pulses eroding the vent
vertically. In S2, excavation was dominating in the western portion. The areas of the western and eastern vents remain separated
by a steep-sided ridge.

Figure 6: Section through S1 vent from NW to SE showing the surface changes induced by the 13 May 2022 major explosive
event at Stromboli volcano, Italy. The blue line represents the surface two hours prior the event where the depression marks the
location of the previous vent. The orange line represents the surface 19 hours after the event (14 May 2022), showing a shift
in vent location of ~20 m towards the SE. The vent active during the major explosion shows an asymmetric geometry with a
shallower angle towards the NW and as a result a preferential distribution of deposits towards the NW as well. A link between
asymmetrical vent geometry and the related distribution of ballistics has been demonstrated experimentally [Schmid et al. 2022].

A profile through the S1 crater (Figure 6; see Figure 1 for
the location of the profile) shows the morphology on 13 and
14 May and the related migration of the vent location (lowest
point within the crater) of around 20 m to the SE. This profile
also reveals the strong asymmetry of the new crater, which is
responsible for the predominant dispersal of the ejected mate-

rial to the northwest, locally causing ~3 m of deposition within
the crater of S1 (Figure 4 and Figure 6). Supplementary Mate-
rial 1 Figure S4 shows two cross-sections through the crater
S2, one along a northeast-to-southwest profile (Figure 1 and
Supplementary Material 1 Figure S4A) and another along a
north-to-south profile (Figure 1 and Supplementary Material
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Figure 7: Comparison of orthomosaics on 13 and 14 May 2022. The orthomosaic of 14 May 2022 is overlain with a classification
of pyroclastic deposits. The depressions within the crater terrace are covered entirely with pyroclastic deposits of variable sizes
marked as talus (yellow areas). Distinct orange symbols classify lithic blocks larger than approximately 0.2 m. Purple symbols
mark areas that are covered by spatter bombs.

Figure 8: Heatmap of distribution of bombs larger than 0.2m in
the CS crater area. Yellow areas show talus where pyroclastic
material accumulated. Orange colour hues signify the density
distribution of blocks; purple shows the density distribution of
spatter bombs. Mapwas created based on the QGIS kernel den-
sity distribution of the centroids of bombs mapped in Figure 7.

1 Figure S4B). These profiles show the quality of DEM align-
ment and the (elevation) changes within the crater due to ex-
plosive excavation and deposition. The hump on top of the
southwest rim of crater S2 (Supplementary Material 1 Fig-
ure S4A) represents a bomb that landed on the rim of the

Figure 9: Size distribution of individual blocks and spatter
bombs. Blocks are more numerous and in general smaller in
size (average ~ 0.4 m); spatter bombs are sparse and signifi-
cantly larger (average ~ 3.6 m).

crater. Figures S4A, S4B (Supplementary Material 1) show
slumping of material deposited during the major explosive
event along the north side of crater S2.
The orthomosaics also allow tracking and classification of
bombs with a diameter of roughly > 0.2 m (Figure 7). Although
the areas affected by bombs extends beyond the area of inter-
est depicted in Figure 7, it is still possible to qualitatively as-
sess the distribution and the frequency distribution of blocks
as well as spatter bombs. Depressions within the crater ter-
race were filled with debris and pyroclast deposits (talus, Fig-
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ure 7). In total we measured 2657 bombs in the orthomosaic,
2637 were visually (by shape and surface) identified as angular
blocks and 20 as spatter bombs (where the overall shape indi-
cates ductile deformation after impact). Together they cover
an area of 950 m2, divided into 515 m2 and 440 m2 for blocks
and spatter bombs, respectively. The bimodal distribution of
bomb sizes, with a large number of small (< 0.5 m) blocks
and only a few spatter bombs, yet with a larger average size
(1–3 m) is shown in Figure 8. Furthermore, we approximated
the volumes of blocks and spatter bombs in the area of interest
(Figure 7) to be 370 m3 and 90 m3, respectively, by assuming
a spherical shape for blocks and a thickness of 0.2 m for spat-
ter bombs. The ratio between juvenile and lithic material for
smaller clast sizes might be different. We interpret that most
of the ejected blocks represent dense lithics that were pro-
duced by erosion of wall rock or the destruction of plugged
conduits. Figure 9 shows a heatmap visualisation of the bal-
listic hazards around crater CS. Red and green hues show the
density of block and spatter bomb impacts, respectively. It is
noteworthy that bombs and pyroclasts were deposited well
beyond the area shown in the figures presented here.
The high resolution of the aerial images also allowed a
quantification of the size and diameter of the solidified lava
plug that was protruding within crater S1 (Figure 2). The
plug itself appears to be dense with several cracks. Its diame-
ter is approximately 2.4 × 1.8 m with a height of 3.2 m above
the crater floor (before the major explosive event). Here, the
plug is located in the direct vicinity (within 5 m) of the pre-
explosion location of the vent (Figure 2). As a result of the de-
position of pyroclasts during the major event, the plug’s height
above the surrounding debris surface was reduced to around
1.0 m. This feature gives an insight in the geometry of the
shallow plumbing system as it represents the minimum di-
ameter of the subsurface (uppermost tens of meters) conduit
section. The occurrence of this plug, as evidence for an older
vent location, and the shift in vent location through the major
explosion within crater S1 highlights the dynamic nature of
the shallow plumbing system at Stromboli.

5 DISCUSSION AND CONCLUSIONS
Timely capture of imagery before and soon after the 13 May
2022 explosive event allowed us to acquire a dataset with high
spatial and temporal resolution highlighting the morphological
changes induced by a major explosion at Stromboli volcano
with little contamination from background activity. The mod-
ified morphology demonstrates that four vents from crater CS
were involved in at least seven explosions (Figure 3).
Here we quantified the volume differences by excava-
tion and deposition within CS to be 12.7 × 103 m3 and
5.5 × 103 m3, respectively, and for each crater individually.
Locally, up to ~12 m of elevation was lost while a maximum
of ~6 mwas gained. This dataset also highlights the ephemeral
nature of the shallow plumbing system at Stromboli volcano
with frequent changes of vent locations, especially evident in
crater S1. Within this crater (42 × 49 m), we observe evi-
dence for three different vent locations through the solidified
remnant of a conduit (plug) and the shifting of vent positions
relative to the plug before and after the major explosion.

By using high-resolution orthomosaics, we were able to de-
termine the ratio of block and spatter bombs remotely. While
this process is certainly less accurate than mapping deposits
directly, it is the only possible option for gathering informa-
tion about the type of explosive products in areas that cannot
be accessed due to the inherent danger close to volcanic vents.
In case of the major explosive event on 13 May 2022 the high
number of blocks suggests a strong interaction with wall rock
and/or fragmentation of solidified plugs in the shallow subsur-
face plumbing system. In contrast, characterised the bombs
emplaced by the 21 January 2010 major explosion to be domi-
nated by “fresh juvenile scoria with minor lithics of old scoria”.
This suggests that there might be different processes driving
distinct major explosions at Stromboli. Repeated analyses of
the ratios between different types of ballistics in future erup-
tions may provide insights into the shallow conduit dynamics
and their variability that are controlling such explosive events.
Furthermore, the distribution of bombs and pyroclastic de-
posits can be linked to the asymmetric geometry of the active
crater S1 illustrating the strong effect of geometry on the dis-
persal of pyroclasts and related hazards [Schmid et al. 2022].
A combination of volumetric changes induced by individ-
ual explosive pulses derived by UAS surveys in combination
with the related geophysical signals can aid in constraining
the energy budget of volcanic explosions and refine mass flow
estimates based on geophysical observations [Fee et al. 2017;
Vossen et al. 2022]. Contemporary topographic models are
also important during analyses of other datasets that benefit
from geometrical constraints such as models of shallow and
subaerial eruption processes and geophysical source location
models.
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