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Detecting, locating, and characterising the dynamics of destabilised volcanic material is critical for
assessing the extreme hazards posed by volcanic mass flows, such as pyroclastic density currents.
Geophysical measurements of these events may offer information otherwise hardly observable at
close range. Here we investigate pyroclastic density current dynamics using a multiparameter
approach that combines seismic, distributed acoustic sensing, and infrasound data with thermal and
visible imagery, supported by numerical simulations. We focus on two events at Stromboli volcano,
Italy, that occurred in October and December 2022. By comparing visible imagery with seismic energy
and applying array processing techniques, we identify different flow volumes (~23.5 + 9.5 x 10°m?®and
~80 + 9 x 10°m?, respectively) and velocities (33-42 m/s and 54-59 m/s, respectively). Simulations
reveal that reproducing these velocities requires volume-dependent empirical friction angles ( ~27°
and 21°), consistent with dry granular flow behaviour and friction weakening. These findings offer new
insights into the use of distributed acoustic sensing for volcanic monitoring and underscore the value
of integrating multiparameter data with modeling to better understand complex volcanic processes.

Flank instability is common at volcanoes, affecting small to large portions of
their edifices’. Remobilised volcanic material can trigger gravitational flows,
such as rockfalls and landslides, rapidly reshaping volcanic morphologies
and posing various hazards, including the eventual generation of
tsunamis . Failure of crater walls or tephra may trigger pyroclastic density
currents (PDCs) mainly composed of previously emplaced and hot volcanic
material’. Similar to other types of PDCs caused by the collapse of eruptive
columns and lava domes, or by lateral blasts, these events are fast-moving,
high-temperature, gravity-driven flows of volcanic gas and particles™’.
PDCs represent the primary cause of fatalities from volcanoes at close range
as they may propagate up to tens of kilometres from eruptive centres and
exert dynamic pressures of up to 10*kPa*". The role of gas or other
interstitial fluids, alongside factors such as pyroclast granulometry, may
influence their flow dynamics, modifying friction, run-out distance, and
dynamic pressure®'"'”. However, quantifying these effects at the field scale is
still an open question with significant implications for PDC hazard
assessment.

Detecting, locating, and estimating the velocity and size of these events
are also crucial aspects of volcanic hazard assessment. Multiparameter
geophysical measurements of PDC-generated signals (e.g., seismic and
infrasonic waves) ensure real-time detection and provide information about
flow dynamics, whose internal processes are hardly observable at close
distances”. Seismic detection and characterisation of small-volume
(<10’ m’) mass movements such as PDCs are increasingly adopted using
high-frequency signals (>1 Hz)"*"'°. Amplitude-based methods applied to
networks of seismometers around volcanoes enabled PDC tracking at
several volcanic sites'*'”'*. Despite their widespread use for locating seismo-
volcanic sources, such as explosions and tremors'*™', array-based techni-
ques (such as seismic beamforming™) using small-aperture seismic arrays
are rarely applied to monitor PDCs and gravitational flows'*. Small-aperture
seismic arrays are typically deployed for limited time periods, often as part of
temporary field experiments'®"*. Therefore, the analysis of PDCs is con-
strained by their low occurrence frequency. Additionally, other seismo-
volcanic signals, such as tremor or explosions, may obscure the detection
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and tracking of gravitational flows. Heterogeneous volcanic structures also
attenuate and scatter seismic waves, reducing coherence and distorting the
wavefield, which hinders analysis and interpretation. Although small-
aperture arrays deployed near craters could improve signal-to-noise ratios
and mitigate propagation effects, their proximity also increases vulnerability
to PDC damage.

Alongside classical seismic methodologies, the distributed acoustic
sensing (DAS) technology may offer a powerful tool for long-term, high-
resolution volcanic surveys. DAS turns fibre-optic cables into arrays of
thousands of single-component strain sensors via optical interferometry of
Rayleigh back-scattered light from laser pulses sent through the fibres™.
Encouraging results from recent applications™** suggest that integrating
DAS with conventional seismo-acoustic instruments could enhance the
detection and comprehension of volcanic phenomena®. Nevertheless, its
actual use for long-term volcanic monitoring is still under evaluation.

Infrasonic arrays also enable detection and location of PDCs'"* at
volcanoes. Short-range infrasonic measurements are highly effective for
studying volcanic activity, owing to low atmospheric scattering and dis-
sipation and more predictable propagation and site effects'*””. Like seismic
networks, infrasonic arrays are not affected by cloud or ash coverage and do
not need direct visual access to the events”. These features make them
especially useful when ash clouds from PDCs or eruptive activity obscure
key visual information, such as the dynamics of the flow front or the amount
of material released.

Although not always available or suitable for analysis, high-resolution
camera imagery provides crucial data for real-time monitoring and inves-
tigation of PDCs™**"". Real-time images may provide unique information to
constrain the size of an event, helping to calibrate empirical laws between
seismic energy and PDC volume. Therefore, combining seismic and
infrasonic observations with camera imagery may help discriminate

between different events (e.g., explosions, rockfalls, and PDCs) based on
their unique seismic and acoustic signatures and, when possible, direct
visual confirmation. Additionally, the integration of multiparameter geo-
physical analyses of PDC signals enables quantitative estimations of their
velocity and volume, offering a complementary approach in cases where
direct visual observations are not possible.

Finally, numerical modelling of gravitational flows and PDCs serves as
a powerful tool for characterising the underlying physical processes that are
essential for accurate hazard assessment. These models rely on estimates of
the released volumes and rheology, i.e., the friction law and its governing
parameters”, and they take into account topographic effects on the flow
dynamics. Constraining the rheology of gravitational flows, particularly the
basal friction, remains a key challenge for accurately modelling these
complex grain-fluid flows. This difficulty is mainly due to the scarcity of field
data on flow dynamics. Yet, such rheological insight is essential for assessing
the tsunamigenic potential of PDCs and other gravitational flows entering
water bodies™”.

We show here how combining seismic, DAS, and infrasonic mea-
surements with video recordings and numerical simulations makes it pos-
sible to detect and characterise PDC dynamics and frictional behaviour. At
Stromboli volcano, Italy (Fig. 1, Supplementary Note 1), PDCs are related to
explosive activity’ or to the collapse of hot tephra deposits“**. PDCs are
generally confined within the Sciara del Fuoco depression (SdF)*"*~*. SdF is
an unstable, ~1 km wide sector-collapse scar with a mean slope of ~35°
(Fig. 1), extending to ~2 km below sea level. PDCs (and other gravitational
flows) reaching the sea can trigger tsunami waves, endangering the island
and neighbouring coastlines™”. When not channelled in the SdF, PDCs can
affect inhabited centres, claiming victims**”. In autumn 2022, intense
volcanic activity triggered lava overflows and flank instability, leading to the
failure of the northeast (NE) crater walls and generating PDCs’
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Fig. 1 | Multiparameter monitoring network. a Map of Stromboli Volcano

showing the monitoring network of the University of Florence, Italy (UniFi), con-
sisting of broadband seismo-acoustic stations (white triangles), infrasonic pressure
sensors (white diamonds), tsunami gauges (PdC and PIB, blue circles), and the LBZ
(visible) and ROC (thermal) cameras. The yellow line represents the 4 km long DAS
cable exhibiting four sub-arrays (i.e., DNT, DCT, DST, DSG). The DAS interrogator
is hosted in the UniFi Geophysical Observatory (OSV). Black triangles are seismic

sensors (nodes) deployed between 19 September and 20 October 2022 in two small-
aperture arrays (NNT, NSG). Blue and red stars, respectively, mark the location of
PDCI1 and PDC2 flow fronts obtained from LBZ georeferenced frames every 2 s (see
Methods and Fig. 2). b DNT and NNT array geometries. ¢ DCT array geometry.

d DSG and NSG array geometries. e EAR array geometry. The Digital Earth Model is
computed from images taken in 2014 and courtesy of the Italian Civil Protection.
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(Supplementary Fig. 1, Supplementary Movies 1 and 2). We focus on two
PDC:s (that we refer to as PDC1 and PDC2), which occurred on 9 October
and 4 December 2022, respectively. These were the most intense events we
recorded (Fig. 2a, b).

Our dataset consists of DAS data measured along 4 km of geolocated
optical fibre (Supplementary Note 2, Supplementary Fig. 2), two temporary
small-aperture arrays of nodal seismometers, and the University of Florence
(UniFi) permanent monitoring network (see Methods) which includes
broadband seismometers, infrasonic pressure sensors, and thermal and
visible cameras (Fig. 1). We analyse the multiparameter dataset to detect and
track the PDCs and quantify their flow volumes and velocities. We also aim
to test the efficacy of DAS for volcanic monitoring using the nodal seism-
ometers to validate the DAS signals and as a reference to interpret DAS array
processing results. First, we calibrate our DAS strain-rate measurements,
finding good phase agreement with node data despite showing lower
amplitudes (Supplementary Note 3, Supplementary Fig. 3). We then assess
the effectiveness of seismic, DAS, and infrasonic measurements in detecting
and tracking the PDCs, and compare the derived flow velocities with esti-
mates from video recordings. Additionally, continuous analysis of seismic
and DAS data allows for the detection of other gravitational flows along the
SdF. DAS array processing also reveals intense activity along the SAF pre-
ceding the destabilisation of a large mass (PDC2). Finally, we estimate the
flow volumes by combining thermal imagery with seismic data from
broadband stations and DAS. Numerical modelling of these PDCs

demonstrates that the Coulomb friction angles to be used in the model are
inversely related to the flow volume and similar to those of dry granular
flows, suggesting comparable dynamics.

Results

Multiparameter PDC tracking

We characterise the dynamics of the two major PDCs that occurred in 2022
by combining camera images and multiparameter geophysical measure-
ments. First, we constrain the timing, velocity, and location of both PDCs
using georeferenced images (see Methods) recorded by the LBZ visible
camera (Fig. 1). We then apply array processing (see Methods) to seismic
(nodes and DAS) and infrasonic arrays to retrieve the back-azimuth of
seismo-acoustic waves generated by volcanic activity and the PDCs. This
approach allows for characterising the activity before, during, and after the
two PDCs, as well as tracking their downslope propagation. The nodal and
DAS arrays are sensitive to ground-coupled seismic sources, whereas the
infrasonic array detects pressure waves propagating in the atmosphere.
Therefore, each technique provides complementary insights into distinct
aspects of the volcanic activity, featuring multiple yet simultaneous
phenomena.

We focus on three representative arrays for each method: NNT
(nodes), DCT (DAS), and EAR (infrasound; Fig. 1b, c, e; Supplementary
Table S1). These arrays are able to track sources migrating along the SdF,
offering an azimuthal shift of ~30-40° from craters to coastline. In
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Fig. 2 | Tracking the PDCs along the flanks with visible and thermal imagery.
a, b respectively show two snapshots recorded by the LBZ camera during PDC1 and
PDC2. The empty blue and red stars, respectively, indicate the approximate initial
location of the masses that generated PDC1 and PDC2. ts; and ts, mark the
approximate start times of PDC1 and PDC2, respectively. The blue and red stars
show the position of the pyroclastic front in the visible images at 2-second intervals.
tfy (07:23:08 UTC) and tf, (15:18:12 UTC) in a, b, respectively, indicate the moments
when PDC1 and PDC2 first appear in the video frames. te; (07:23:30 UTC) and te,
(15:18:24 UTC) indicate the arrival times at sea of the two PDCs. ¢ Exhibits distance

1.8 Temperature [°C]

101

vs. time plot for PDC1 (blue) and PDC2 (red) with the corresponding average front
velocities (41.6 and 59.2 m/s, respectively). These velocities are well reproduced by
numerical simulations (see the Results section). The blue and red lines represent the
distance along the SAF calculated at every time step from average front velocities and
different friction angles 8. d-g Four thermal images from the ROC camera on 4
December 2022 showing the onset of PDC2. We observe the detachment and
downslope movement of the mobilised mass (white dashed profile) that breaks away
from the NE crater (NEC, labelled in d) and descends the SdF, triggering PDC2.

Communications Earth & Environment| (2026)7:111


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-03091-6

Article

Table 1 | Summary of main results

Monitoring cameras Nodal seismometers Broadband DAS (19/09/2022- Infrasound Granular flow
(continuous (19/09/2022- 20/ Seismometers 30/01/2023) (continuous numerical model
recording) 10/2022) (continuous recording) recording) (SHALTOP)
PDC1 (2022/10/09)  Detected Detected Detected Detected Not detected -
Flow velocity [m/s]  41.6 33.0+2.3 - 243+25 - -
Flow volume [m?] - - 17.6 £3.6 x 10° 27.6+5.4x10° - -
Friction angle o o o = = ~27°
Signal envelope - - 1.1 x 1076 [m%sg] 3.7x 107" [1/5] - -
PDC2 (2022/12/04)  Detected No data Detected Detected Detected -
Flow velocity [m/s]  59.2 - - 56.6 +5.2 54.1+10.9 -
Flow volume [m?] 80.0+9.0x10° - 80.0 + 9.0 x 10° (from 80.0+9.0x10° (from - -
camera images) camera images)
Friction angle - - - - - ~21°
Signal envelope - - 4.5x10°° [m?%s] 9.6x 107" [1/5] - -
Small-scale Detected Detected - Detected Not detected -
gravitational flows
after PDC1
Precursory phase Detected No data Detected Detected Not detected -
before PDC2
Steam explosions Detected No data Not detected Not detected Detected -

at sea after PDC2

Supplementary Note 4 and Supplementary Fig. 4, we assess the accuracy of
the three arrays by analysing an explosion that occurred at 07:05 UTC on 9
October 2022 (15 minutes before PDC1; Supplementary Fig. 3). The EAR
infrasonic array provides the most precise result, locating the acoustic source
of the explosion at the active craters. The NNT and DCT arrays place the
event within the crater area, ~80-350 m (~5-20°) southeast of the exploding
vent. A similar source location is obtained for both arrays during a 20-
minute window of volcanic tremor between 07:00 and 07:20 UTC (Sup-
plementary Fig. 5), confirming the validity of the results and the stability of
the seismic source during ordinary activity. DAS and infrasonic arrays
operated continuously during both PDCs. Due to battery depletion, nodes
shut down 11 days after PDC1 (20 October 2022), highlighting a key lim-
itation in the use of these instruments. When both operate simultaneously,
we use nodal array results to interpret and validate those from the DAS
array, as both detect seismic waves. Below, we describe the two PDCs and
their multiparameter tracking, and present results on smaller-scale grav-
itational flows linked to flank instability before and after PDC1 and PDC2.
The results are listed in Table 1.

PDC1 on 9 october 2022. The first event, PDC1 (Fig. 2a), occurred on 9
October 2022 at ts; ~07:22:50 UTC, resulting from the collapse of part of
the NE craters’ outer rim* (Supplementary Fig. 1, Supplementary
Movie 1). The collapse was likely caused by a rise in magma level within
the conduit, which increased the magmastatic pressure and exerted
additional thrust on the craters’ rim, eventually leading to its failure®*.
Georeferenced frames from the LBZ camera show PDCI travelling 905 m
down the SdF slope in 22 s (from tf; = 07:23:08 UTC to te; = 07:23:30
UTC in Fig. 2a), with a front velocity of uy=41.6 m/s (Fig. 2a, ¢, Sup-
plementary Fig. 1d, Supplementary Movie 1). PDC1 was then followed by
a lava overflow starting from the NE craters and propagating along the
SdF' (Supplementary Fig. 1c, d, Supplementary Movie 1).

Figure 3a—c show 6-minute-long waveforms, spectrograms, and back-
azimuths from seismic ground velocity (nodes), strain rate (DAS), and
acoustic pressure (infrasound) data during PDCI1. Before the event, both
seismic ground velocity and strain-rate traces predominantly feature vol-
canic tremor (Fig. 3a, b; Supplementary Note 1). The associated back-
azimuths point towards the crater area: 237-252° for the nodal array and
248-260° for the DAS array (Supplementary Fig. 5). In both cases, the back-
azimuths locate the sources at the active craters or up to ~350 m (<20°)

south of them (Supplementary Note 4). The uncertainties in back-azimuth
estimates remain below ~2° (see Methods and Supplementary Note 4)

The seismic velocity and strain-rate traces of PDC1 are ~2 minuteslong,
spindle-shaped, and emerging from the volcanic tremor (Fig. 3a, b). Corre-
sponding spectrograms exhibit energies mainly between 2 and 10 Hz (Fig. 3a,
b, Supplementary Fig. 6). From a seismic analysis perspective, the nodal array
appears more accurate and reliable than DAS during PDCI: it captures a
clearer crater-to-sea back-azimuth migration, with timing and flow velocity
more consistent with visual observations. During the flow, the nodal array
reveals a marked ~40° shift in back-azimuth, indicating a migration of the
source towards the shoreline (290-295° Fig. 3a). By considering 10 different
trajectories from the craters to the sea (Supplementary Fig. 7a), the back-
azimuth variation during PDCI translates into an average flow velocity of
33.0 + 3.3 m/s, which is ~10 m/s lower than the velocity derived from visual
imagery (Fig. 2c). The nodal array also suggests that PDC1 reaches the sea
~17 seconds after te;. This delay may be due to: (i) the 16-second causal
window used in the array analysis, where each back-azimuth reflects the
preceding signal (see Methods); (ii) the spatial extent of the seismic source™’;
and (iii) ongoing material collapse along the SdF for over a minute after PDC1
ceases (Supplementary Movie 1). The DAS array also captures a seaward
back-azimuth shift during PDC1. However, this variation starts ~20s after
te;, during a phase of ongoing gravitational activity along the SAF following
the main pulse of PDC1 (Supplementary Movie 1). Such a shift corresponds
to an average flow speed of 24.3 + 2.5 m/s (Supplementary Fig. 7b), consistent
with slower residual movements rather than the main flow front.

Before PDC1, infrasonic detections indicate sources in the NE sector of
the crater area (266-272°), consistent with visible explosive activity at the
summit craters and with the array results obtained from nodes and DAS
(Fig. 3¢, Supplementary Movie 1). However, PDC1 does not appear in the
infrasonic record, which is instead dominated by pressure transients
occurring every 1-2s, generated by vigorous activity at the NE craters
(Fig. 3c, Supplementary Fig. 8). Few detections, between 07:23:40 and
07:23:44 UTC (~10s after te;), show back-azimuths pointing offshore
(~320°), potentially indicating PDC1’s impact with the sea. However, during
the flow, we do not observe clear evidence of a source propagating along the
SdF toward the sea. This may result from (i) an inefficient acoustic source,
likely due to the relatively small scale of PDC1*, or (ii) intense activity at the
NE craters, which dominates the acoustic wavefield and hinders detection of
weaker signals (Supplementary Fig. 8).
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PDC2 (4 December 2022)

T 3 le—4 SEISMIC SEISMIC le-3
0
gk Node T3 (Z
52z
82
m% -2.5
>
z
g | - NNT
g A
g= ‘- e g
£ - 1 \‘L\}
E . 8 A *A”/ T ~a
- C ! -
35 g |A-
aE 2
£ S 50 m
N o _
0.6
le-8
__ 1100 25
€ 2
= 1000 1Y
g 00 <=
©
5 900 &
-25
g_ 10 ')“I‘.r” A 0
oy u;'*\.r‘ f lﬂh (L g DCT
3T m -80 1_-"h
O K teeck ok -
= ] N 1
. = 0.8 Q |~~=M13 50 m
g‘g 5 4
@ E 0.7 5 ~
© o -
\~
20
g_
28
<4
o
- 0
I e
5T @ EAR
o= -20 M .
g s i
Vi \
= () /, \\
= 08 g / \
o 300 5 ; ‘VSTR
© 2 -
mg 0.6 'g - 200
N i Window length, . m
® He0 craters | i - C © Mc1

07:21:30 07:23:30

Time [HH:MM:SS]

07:25:30

Fig. 3 | PDC back-azimuth tracking with nodal, DAS and infrasonic arrays. The
left and right columns respectively show 6-minute-long traces, spectrograms and
corresponding back-azimuths of PDC1 and PDC2. a, d Show the seismic velocity
(vertical component) recorded by the T3 node (a) and the ROC seismometer (d) in
black. b, e is the DAS strain-rate trace at the offset 900 m. The black vertical lines in
(b, e) indicate the scale of the individual strain-rate traces. The four vertical red lines
in (b, e) numbered from 1 to 4 indicate the four segments of DCT, whose geometry is
displayed in (h). c, f Show the acoustic pressure recorded by the MIC5 infrasonic
sensor in black. Back-azimuths are calculated using the NNT, DCT, and EAR arrays.
Nodal arrays are excluded from the analysis of PDC2 due to battery depletion in
October 2022. The green and pink vertical dashed lines indicate the onsets

15:16:30

15:18:30
Time [HH:MM:SS]

15:20:30

(ts; = 07:22:50 and ts, = 15:17:50 UTC, in green) and arrival at sea (te; = 07:23:30
and te, = 15:18:24 UTC, in pink) of PDC1 and PDC2, respectively, as observed by the
thermal and visible cameras (Supplementary Fig. 1, Supplementary Movies 1 and 2).
The black dotted line in (a—c) indicates the end (T;) of activity along the SAF linked
with PDCI. The black horizontal lines at the bottom right in (a—c) indicate the length
of the time windows for array analysis (16, 20 and 5 s, respectively). Back-azimuths
obtained with NNT and DCT array in (a, b, e) are smoothed with a 2 s-long window.
For clarity, back-azimuths in (e) are shown between 210 and 310°, for a compre-
hensive view of the results see Supplementary Fig. 10. Back-azimuths obtained with
EAR array in (¢, f) are filtered for time residuals <0.05 s. g-i Show the geometries of
the three arrays.

PDC2 on 4 december 2022. The second event, PDC2 (Fig. 2b), occurred
on 4 December 2022 at ~15:18 UTC during a lava overflow and a period
of intense flank instability along the SAF that began around 14:25 UTC,
nearly an hour earlier (Fig. le, Supplementary Movies 2 and 3). Thermal
imagery reveals that PDC2 originated around ts, ~15:17:50 UTC from
the detachment, sliding, and fragmentation ofa ~48 mlong, ~35 m high
sector of the NE crater walls (Fig. 2d, Supplementary Fig. 1, Supple-
mentary Movie 2). As with PDC1, PDC2 was likely triggered by a
magma-level rise that heightened explosive activity and pressure on the
NE crater rim’. However, the collapse generating PDC2 appears sub-
stantially larger than PDC1 (Supplementary Movie 2). The hot, dislodged

mass of PDC2 rapidly descended along the SdF, covering the final 719 m
in 12s (from tf,=15:18:12 UTC in Fig. 2b) with a front velocity
ug =59.2m/s (Fig. 1b, c). PDC2 entered the sea at te, = 15:18:24 UTC
(Fig. 2b), generating a tsunami wave of 1.2-1.4 m recorded at two gauges
~1.3km away” (Supplementary Fig. 9). The interaction between hot
materials and seawater also triggered hydrothermal explosions near the
coastline, as observed from camera images (Supplementary Movie 2).
After PDC2, flank instability persisted for ~2 hr and was accompanied by
a lava flow.

Seismic ground velocity and strain-rate waveforms generated by PDC2
are similar to those of PDC1 while exhibiting higher amplitudes (Fig. 3d, e,
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Supplementary Fig. 6). During PDC2, both DAS and infrasound data reveal
crater-to-sea back-azimuth shifts of ~30°, consistent with the main flow and
indicating its downslope migration (Fig. 3e, f). The back-azimuth shift
observed by the DAS array (Fig. 3e) indicates an average PDC2 velocity of
~56.6 = 5.2 m/s (Supplementary Fig. 7¢), again consistent with visual esti-
mates (Fig. 2c). However, DAS results show great variability, with multiple
back-azimuth fluctuations before and after PDC2 (Fig. 3e). These variations
likely reflect repeated gravitational collapses along the SAF, as confirmed by
video footage (Supplementary Movies 2 and 3).

Additionally, between ~15:18:30 and 15:18:57 UTC, strain rate (and
seismic ground velocity) amplitudes increase by a factor of three compared
to those during the main phase of PDC2 and exhibit lower frequencies,
mainly below 2 Hz (Fig. 3d, e). During this interval, back-azimuth estimates
show high uncertainties (up to 30°) and shift towards the southern flank of
the volcano (190°; Fig. 3e, Supplementary Fig. 10). Apparent seismic velo-
cities, typically stable around ~0.8 km/s, rise sharply to ~10km/s, with
associated errors reaching ~3 km/s (Supplementary Fig. 10). Such an abrupt
velocity increase is absent from DAS or nodal array data during PDCI or
earlier phases. Given the dominant frequencies of 3.5-4 Hz (see Methods
and Supplementary Note 4; Supplementary Fig. 4g), the resulting wave-
lengths (> 2 km) likely exceed the resolution capacity of our array processing
technique and array aperture during this activity phase (see Methods). We
interpret these unusually high apparent velocities as indicative of seismic
waves arriving at steep incidence angles, possibly originating from deeper
regions within the volcano”. This deeper source may be due to the
detachment of PDC2 and the subsequent decompression of the volcanic
edifice due to the mass released and the overflowing lava. While compelling,
a thorough investigation of this phenomenon lies beyond the scope of this
study and would require further research, as DAS array analysis alone is
insufficient.

Infrasonic signals of PDC2 are emergent and have amplitudes up to
~5 Pa (at MC5 sensor) at frequencies <8 Hz (Fig. 3f). The infrasonic array
precisely identifies the volcanic explosion at 15:16:50 UTC at the NE craters,
approximately one minute before PDC2. The explosion is then followed by a
marked ~30°back-azimuth shift starting at ~15:18:05 UTC. This variation
tracks the propagation of PDC2 along the SdF (Fig. 3f), corresponding to an

average flow speed of 54.1 + 10.9 m/s (Supplementary Fig. 7d), in agreement
with visual observations (Fig. 2c). After PDC2, the infrasonic record is
characterised by signals having higher acoustic pressure (10 Pa), and fre-
quencies mainly between 0.2-1 Hz (Fig. 3f). During this phase, the acoustic
source remains offshore until ~15:27:30 UTC (Fig. 3f), likely reflecting
prolonged hydrothermal explosions where hot materials composing PDC2
and the lava front meet seawater (Supplementary Movies 2 and 3).

Other episodes of flank instability. Recurrent gravitational flows
occurred along the SAF before and after the two PDCs, as confirmed by
monitoring images (Supplementary Movies 2-4). Judging from visual
observations and seismic records, these events involved smaller volumes
than PDC1 and PDC2. Extending the array analysis of seismic and DAS
signals beyond the main PDC windows (as in Fig. 3) reveals these
additional flows.

Figure 4 shows back-azimuths from nodal and DAS array analysis
between 07:00 and 08:00 UTC on 9 October 2022. For most of the hour, both
arrays (NNT and DCT) point to a stable seismic source close to the summit
craters, likely due to volcanic tremor and explosions. However, during three
distinct events, we observe back-azimuths shifting and reaching the coast-
line: these three phases coincide with PDCI (event 1 in Fig. 4b, ¢), and two
smaller flows around 07:38 and 07:45 UTC (events 2 and 3). Camera images
confirm these events as rockfalls that reach the sea (Fig. 4e-g, Supple-
mentary Movie 4). Nodal and DAS back-azimuths are generally consistent.
However, nodes offer higher precision in locating tremor and explosions,
better differentiation of source types, and reduced variability in back-
azimuth measurements (Fig. 4). Nevertheless, this agreement reinforces
confidence in DAS outcomes during periods without node coverage, such as
during PDC2. During the same period in Fig. 4, the EAR infrasonic array
detects no such activity along the SdF. Infrasonic back-azimuths con-
sistently indicate a persistent acoustic source at the NE craters (Supple-
mentary Fig. 11).

On 4 December 2022, the formation of PDC2 at 15:18 UTC was
preceded by intense and rapidly evolving slope activity. To evaluate whether
DAS alone can capture this precursory phase, we analyse strain-rate data,
spectrograms, and back-azimuths from 13:50 to 15:40 UTC, ~1 hour and 20
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Fig. 5 | DAS monitoring of flank instability
before PDC2. a Cumulative strain-rate time series
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minutes before and 20 minutes after PDC2 (Fig. 5, Supplementary Movie 3).
In Fig. 5, back-azimuths from the DCT array reveal a sustained phase of
gravitational instability culminating in the detachment of the large PDC2
mass. During the initial phase (Phase 1 in Fig. 5, between 13:50-14:25 UTC),
strain-rate amplitudes remain moderate, with dominant frequencies
between 1-5 Hz, and stable back-azimuths (235-265°) pointing to sources
near the crater area. During this interval, visible camera imagery shows no
evident activity along the flanks (Fig. 5d). From ~14:25 UTC (Phase 2),
around 50 minutes prior to PDC2, cameras detect repeated gravitational
flows along the SAF (Fig. 5e, Supplementary Movie 3). Consequently, strain-
rate amplitudes and dominant frequencies increase (up to ~15Hz),
waveform coherence declines (from ~0.8 to 0.6), and back-azimuths fluc-
tuate along the SdF, consistent with frequent landslide activity. This grav-
itational activity is not detected by the EAR infrasonic array, which instead
locates acoustic sources at the NE craters during this phase (Supplementary
Fig. 12). Following the onset of PDC2 at 15:18 UTC (Phase 3), strain-rate
amplitudes surge across all frequency bands. Back-azimuths repeatedly shift
towards the coastline, indicating intense gravitational activity over the
subsequent 15 minutes, as corroborated by visual observations (Fig. 5f,
Supplementary Movies 2 and 3).

PDC volumes
The two PDCs exhibit different downslope velocities and appear to involve
different volumes. Flow volume is essential for numerical simulations and
extremely useful for the definition of the possibly associated tsunami risk.
We estimate the volume from camera images and seismic signals of PDC1
and PDC2 recorded with broadband seismometers and DAS. Thermal
images show PDC2 originating from a ~48 mlong, ~35 m high sector of the
NE crater rim, which detaches and slides downward (Fig. 2d, Supplemen-
tary Fig. 1, Supplementary Movie 1). A paraboloid geometry with a height of
~35 m, a minor axis of 48 m, and a major axis of 90 + 10 m (corresponding
to the NE crater diameter; Supplementary Fig. 13), superimposed on the SAF
topography, yields an estimated volume for PDC2 of V, ~80+ 9 x 10’ m’
(Fig. 6d; see Methods).

Asthere are no clear thermal or visible images showing the PDC1 mass,
as in the case of PDC2, we estimate its volume V) on the assumption that the

PDC volume V is proportional to the seismic energy E; released during the
flow":

3E
V= .
R,/ pgL(tany cost) — sind)’

)

where Ry, = E/AE,, is the seismic (E,) to potential (AE,) energy ratio, psthe
flow density, g the gravitational acceleration, L the slope length, 0 the mean
slope angle, and y the mean angle of the deposit'". Assuming identical slope
conditions (constant angle 6 and length L), similar flow materials, and a
constant seismic-to-potential energy ratio Ry,'’, we retrieve a linear
relationship between flow volume and seismic energy'>’. Accordingly, we
estimate the volume of PDC]1 using the known volume V, of PDC2 and the
ratio of their seismic energies Rg = E;/Eq;, such that V; = V,/Rg.

We calculate the seismic energies by integrating the envelopes of the
signals generated by PDC1 and PDC2 (Supplementary Fig. 6), as recorded
by broadband seismic stations and DAS (see Methods). We adopt window
lengths of 44 s for PDCI1 and 38 s for PDC2, reflecting their crater-to-sea
propagation time (Fig. 2; see Methods). At the permanent broadband sta-
tions, the seismic energies between 1-15Hz are E;; =0.30 +0.16 MJ for
PDCI and E,; = 1.20 £ 0.62 MJ for PDC2, consistent with values reported
for small rockfalls and PDCs in Montserrat'®. The average energy ratio
between the two events is Rp=4.1, yielding a PDCI volume of
V,=19.5+2.2 x 10’ m’. DAS strain-rate data in the same frequency band
give a lower ratio of Rg=2.7 (Supplementary Fig. 14), corresponding to
V,=29.6+3.3 % 10° m’.

Since seismic energy (and thus the energy ratio and estimated volume)
depends on the selected time window (see Methods), we tested an extended
window that starts 10 s before the PDC onset (ts; and ts,) and continues 10 s
after the arrival at sea (te; and te,). The window stops before the high-energy
phase following PDC2 (Supplementary Fig. 15). This approach yields higher
Rg values, i.e., smaller PDC1 volumes, by ~4-5 x 10° m’ (see Methods). We
finally determine the volume of PDC1 V; = 23.5 + 9.5 x 10’ m’ by averaging
the results from seismic stations and DAS across different window lengths,
and accounting for uncertainties in PDC2 volume (Fig. 6a). This volume is
~3.4 times smaller than that of PDC2.
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Fig. 6 | Numerical simulations of the two PDCs. Snapshots of the simulations that
best match the observed front velocities of PDC1 (a—c) and PDC2 (d-f). We consider
friction angles §; = 27° and §, = 21°, respectively. a, d show the initial location of the

flow mass with colours representing its thickness. b, ¢, e, f show the propagation of
PDCI1 and PDC?2 at different time intervals, compared with real observations. The
colours in (a, b) and (e, f) indicate the flow velocity.

Numerical simulations of the PDCs

From geophysical measurement and camera imagery of PDC1 and PDC2 we
estimate their velocities (~33-42m/s and ~54-59 m/s, respectively) and
volumes (~23.5+9.5x 10°m® and 80 9 x 10’ m’, respectively). We then
use these velocities and volumes to constain numerical flow simulations using
the SHALTOP model*" to investigate the physical processes controlling
PDC dynamics. SHALTOP simulates dry granular flows over complex
topography. In its simplest form, all energy dissipative effects are controlled
by a basal Coulomb friction force, with a constant friction coefficient y =
tan(8) (with § the friction angle, see Methods). Using the estimated PDC
volumes, we aim to find the basal friction coefficient that allows us to
reproduce both the front velocity and the duration of the two PDCs.

The simulated PDC fits visual observations by considering a friction
angle &; = 27° (Fig. 6a, Supplementary Fig. 16). Such a coefficient yields a
flow front velocity of ~43.2 m/s in the lower part of the SAF (Fig. 2c). This
velocity is comparable to the value of 41.6 m/s obtained from the visible
camera (Fig. 2c), and is broadly consistent with the average flow velocity
estimated from geophysical measurements ( ~33 m/s; Fig. 3, Table 1). The
simulated PDC1 reaches the shoreline in 41 s, consistent with visual
observations of ~40s.

The friction angle that best matches the velocity and timing of PDC2 is
instead &, = 21° (Fig. 6d, Supplementary Fig. 16). Simulated PDC2 reaches
the shoreline in 32 s (close to the observed flow duration of ~34 s) with a
final front velocity of ~58.4 m/s. This velocity matches estimates from
imagery (59.2m/s; Fig. 2c) and geophysical data (~54-57 m/s; Fig. 3,
Table 1).

Discussion

In autumn 2022, several PDCs at Stromboli posed significant hazards and
offered a unique case study. We combine seismic, DAS, and infrasonic
signals from PDCs, with imagery from permanent monitoring cameras and
numerical simulations. Multiparameter analysis using seismic, DAS, and
infrasonic arrays tracks the seismo-acoustic source migration of the PDCs
from the craters to the sea, which allows for the estimate propagation
velocities ranging from ~33 m/s (PDC1) to ~57 m/s (PDC2), increasing
with flow volumes. These velocities align with independent estimates from

camera imagery (41.6 and 59.2 m/s, respectively) and are also consistent
with those of previous PDCs at Stromboli (~45-50 m/s)**"** and other
volcanoes'*'"”"'**** Differences in velocity estimates (of ~5-10 m/s) between
geophysical data and monitoring cameras likely reflect that the former yield
average flow velocities along the slope, whereas the latter provide direct
estimates of terminal front velocity.

The three arrays (nodes, DAS, and infrasonic) provide coherent yet
different (and complementary) results in tracking the PDCs, depending on
the flows’ characteristics and their seismo-acoustic source mechanisms.
Infrasonic array tracking depends on the coupling between the flow and the
atmosphere”. However, the infrasonic source mechanisms of mass move-
ments remain poorly understood, though frequency and amplitude gen-
erally seem correlated with the volume and thickness of the sliding
body'****. The large volume and high flow velocity (up to ~59 m/s) of
PDC2 is thus associated with clear infrasonic signals showing a distinct
back-azimuth shift linked with the seaward PDC propagation. PDC1, by
contrast, produced weak or undetectable infrasound, likely masked by the
intense crater activity (Supplementary Fig. 8, Supplementary Movie 1). This
is probably due to lower flow volume and velocity. Such a pattern mirrors
that of debris flows, where lower velocities and shallower flow depths yield
weaker acoustic emissions*'.

When available, the nodal array outperforms DAS in tracking PDCs
through seismic signals. Our findings demonstrate the effectiveness of
small-aperture arrays in tracking fast-moving volcanic flows and highlight a
valuable opportunity to enhance future monitoring strategies. Nevertheless,
we must clarify that, unlike the DAS system or the permanent monitoring
network, the nodal arrays lack telemetry capabilities, meaning that we can
analyse their data only a posteriori. Real-time analysis is possible with
seismic arrays composed of autonomous, synchronised, and telemetered
stations. However, such configurations are more complex and costly to
deploy and maintain. The interest of DAS is that, while offering less pre-
cision in resolving individual event dynamics, it effectively detects gravita-
tional flows and changes in volcanic activity linked to increasing flank
instability, consistent with node observations. We point out that, unlike
nodes, we continuously recorded DAS measurements over 4 months (from
September 2022 to January 2023) with real-time access and minimal data
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loss. This demonstrates DAS reliability for long-term monitoring and its
potential for real-time application. Nevertheless, further strategies to store
large amounts of data and to analyse them in short time periods need to be
undertaken™".

DAS signals carry information about the precursory flank activity
preceding the destabilisation of the large PDC2 mass. Such precursory
signals are absent from the infrasonic array, which continues to locate
acoustic sources at the NE craters (Supplementary Fig. 12). As with PDCI1,
the small size of the gravitational flows may produce high-frequency seismic
radiation (e.g., from clast impacts and friction'**’) detected by DAS but not
infrasonic pressure waves'. Conversely, the infrasonic array detects the
steam explosions at sea following PDC2 (Fig. 3f), which are absent in the
DAS array results (Fig. 3e). These findings highlight the need to combine
both seismic and infrasound measurements for a comprehensive under-
standing of different and simultaneous volcanic phenomena.

Our DAS array technique involves analysing individual fibre segments,
as done in previous studies”””. Obtaining reliable back-azimuth measure-
ments requires manual tuning of the DAS segment selection. We observe
slight variations in back-azimuth values depending on the specific config-
uration and orientation of the selected segments (Supplementary Fig. 17).
Additionally, array analysis of DAS data may be influenced by local
heterogeneities™ and directivity effects. We suggest developing more robust
methods capable of leveraging the entire cable along with innovative
strategies to reduce the computational resources required to analyze the
large volumes of DAS data. De-noising techniques®** could also enhance
results in sections with low signal-to-noise ratios due to optical signal
attenuation (Supplementary Fig. 18).

Integrating seismic and DAS data with monitoring images reveals two
distinct volumes for the two PDCs: PDCl has a smaller volume
(~23.5+9.5 x 10’ m’) compared to PDC2 (~80 + 9 x 10’ m®). These values
are broadly consistent with independent estimates™ for the same PDCs,
namely 64+1x10°m’ for PDC1 and 88.9+26.7x 10’ m’ for PDC2.
Discrepancies in these estimates, particularly for PDC1, may originate from
assuming identical flow material for both PDCs. Variations in material
properties can influence the seismic energy generated by each flow. Addi-
tionally, using shorter analysis windows than the full flow duration (from
onset to final deposition) may lead to overestimating the seismic energy and
the volume of PDC1 with respect to PDC2. Finally, volume estimates based
solely on seismic energy also carry uncertainties of up to a factor of 2-3".
These uncertainties could be reduced by refining the relationship between
PDC volume and seismic energy through additional, optically documented
events. Nevertheless, the estimated PDC volumes align with those of PDCs
that generated tsunamis of similar amplitude in summer 2019 and spring
2021% ie., ~70-200 x 10° m’.

Numerical simulations of dry granular flows™ ™" relying on the esti-
mated volumes reproduce well the velocity and timing of the two PDCs. The
friction angles of the two PDCs (~27° and 21° for PDC1 and PDC2,
respectively) are inversely related to the flow volumes and consistent with
other estimates (of ~20°) for PDCs of similar size at Stromboli’. The values
of friction angles resemble those associated with landslides, implying similar
dry flow dynamics™. They also agree with previous studies on PDCs and
landslides, which show that reproducing the mobility of large landslides
requires lower effective friction angles than those derived from laboratory
experiments'"'**""*’, The origin of the friction weakening for increasing
volumes (and velocities) remains an open question, though mechanisms
such as flash heating, acoustic lubrication, fluid pore pressure effects, and the
influence of fine particles have been suggested”""”. Despite existing
uncertainties, the good agreement between modelled and observed flow
velocities and timing validates the use of constant Coulomb friction angles in
thin-layer numerical models (SHALTOP) and shows the potential of this
approach for volcanic hazard assessment.

Our results demonstrate that integrating seismo-acoustic monitoring
with visual observations provides valuable insights into PDC dynamics and
associated pre- and post-collapse processes. This approach lays the foun-
dation for (i) numerical simulations that can uniquely constrain PDC

44-47

behaviour and (ii) near-real-time estimates of gravitational flow volumes
from continuous seismic or DAS monitoring. It also enables independent
assessment of flank erosion rates over time. Although further calibration is
required to refine flow parameters derived from geophysical observations,
such data provide crucial insights into PDC behaviour, especially when
imagery is unavailable (e.g., due to cloud cover) or insufficient (as in the case
of PDC1 volume). Detection, tracking, and volume estimates with seismo-
acoustic sensors may also offer an independent means of evaluating the
tsunamigenic potential of PDCs entering water bodies, since flow volume
and velocity are key factors controlling tsunami generation and wave
heights** . Despite their higher uncertainties, geophysical measurements
provide valuable additional constraints on flow parameters. These can
support further calibration of PDC frictional behaviour and potentially
improve modelling of PDC propagation and resulting tsunami amplitudes.
Therefore, these findings underscore the importance of integrating multi-
parameter datasets with physical simulations to improve volcano mon-
itoring and deepen understanding of event dynamics, with significant
implications for hazard assessment.

Methods

Stromboli monitoring network and DAS experiment

This study integrates multiparameter data from the UniFi permanent
monitoring network, a fibre-optic DAS array deployed on the volcanic
flanks, and 22 temporary nodal seismometers (Fig. 1). The UniFi network
includes broadband seismometers, infrasound sensors, tiltmeters, tsunami
gauges, and thermal and visible cameras®’. Broadband seismic stations (STR,
ROC, SCI) use Guralp digitisers with CMG-40T 30 s seismometers, sam-
pling at 100 Hz. They also feature differential acoustic pressure transducers
with a 0.01-100 Hz flat frequency response, a 250 Pa full-scale range, and a
100 Hz sampling rate. Two stand-alone acoustic sensors (MC1, MC5)
complement the STR station to form the EAR infrasound array (Fig. 3i). The
visible camera (LBZ) is a FOSCAM model with a 4 mm focal length, 70°
horizontal and 75° diagonal fields of view, sampling every 2 s. The thermal
camera (ROC) is an FLIR-A310 with a 25° x 18. 8° optical lens, 0.05°C
thermal sensitivity, and 2 Hz sampling rate.

DAS data were recorded along a 4km fibre-optic cable buried
20-30 cm deep on the volcano’s NE flank. The cable comprises a poly-
ethylene jacket, a loose Kevlar layer, and eight tight-buffered single-mode
fibres. A FEBUS A1-R DAS interrogator at the UniFi Geophysical Obser-
vatory (OSV) operated with a gauge length L = 10 m, 2 m channel spacing,
and recorded strain-rate data at 50 Hz. The cable forms several sub-arrays:
three triangular (DNT, DCT, and DST) and one grid-like (DSG) with four
~30 m squares (Fig. 1, insets). DAS data were acquired from 19 September
2022 to 30 January 2023. DAS channels are named by their distance from
fibre start (OSV). We performed a geolocation of the DAS channels via tap-
testing and differential GPS tracking of the cable layout (Supplementary
Fig. 2, Supplementary Note 2). The calibration of DAS strain-rate wave-
forms with co-located nodes shows good phase correlation between the two
datasets despite showing lower amplitudes recorded by DAS” (Supple-
mentary Fig. 3, Supplementary Note 3).

The 22 SmartSolo IGU-16HR three-component (3C), short-period
(5 Hz) nodal seismometers were co-located with the optical cable in two
arrays: NNT (nodes T1-7) and NSG (nodes G1-15), arranged in triangular
and grid geometries, respectively (Fig. 1a). The nodes were used to monitor
volcanic activity and calibrate DAS data (Supplementary Note 3). The nodes
operated from 19 September 2022 to 20 October 2022, sampling at 250 Hz.
Node data are corrected for the instrumental response. DAS and nodal array
names follow a systematic convention: the first letter indicates the instru-
ment (D for DAS, N for nodes), the second denotes the location (N for
North, C for Central, S for South), and the final letter refers to the geometry
(T for Triangle, G for Grid).

Camera analysis
Visible images are recorded every 2 s (0.5 Hz of sampling rate) by the LBZ
camera (Fig. 1) with a resolution of 640 x 480 pixels. The LBZ camera is

Communications Earth & Environment| (2026)7:111


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-03091-6

Article

located at an altitude of ~190 m a.sl. and has a view direction of 215°. We
use these parameters to georeference each frame with the IMGRAFT
software® via a high-resolution (0.5 m) DEM resampled at 5m (Fig. 1).
When visible, we select the pyroclastic front in each frame. The selected
pixels are then converted into 3-D UTM coordinates (Fig. 1, Supplemen-
tary Fig. 1).

Seismic and DAS array processing

Seismic signals generated by volcanic tremor, explosions, and PDCs have no
marked P and S wave arrivals, challenging the analysis with traditional
source-location methods™. Conversely, array techniques allow for the
identification of both back-azimuth and apparent velocity of seismic waves
generated by these sources'**”". To track the downslope movement of the
seismic sources of PDCs, we use array processing techniques that rely on
delay times between sensors, assuming a unique and dominant plane wave
in each time window.

The technique we use to analyse node and DAS data consists of esti-
mating time delays between all possible N(N—1)/2 pairs of N sensors
composing an array. Time delays are computed on subsequent sliding time
windows with a coherence-weighted linear fit of the cross-spectrum phase
between the two traces in each sensor pair’*’. Estimated time delays have an
accuracy below half the sampling rate, making this method suitable for
small-aperture arrays with respect to the wavelengths of interest”. For a
unique plane wave, time delays 7; between sensors i and j are:

ij * Ly (2)

with s the slowness vector (s = (—||s||sin6, —||s||cos6), O the back-azimuth
and r;; the relative position vector between the sensors. Back-azimuth and
apparent velocity for each time window are calculated via inversion of N(IN
—1)/2 Egs. (2) in a least-squares approach. The technique also provides
uncertainties in the estimated back-azimuth and apparent velocity. We
apply the technique on the vertical (Z) seismic signals recorded at the NNT
array (Fig. 1) having an aperture of ~129 m.

Array analysis of DAS strain-rate signals is not as straightforward as in
the case of seismometers. DAS data exhibit a direction-dependent sensitivity
and an averaging effect of the gauge length®. Furthermore, DAS is more
sensitive to slower, sub-horizontal waves®”*. The technique we propose here
has already been applied to DAS records of volcanic tremor and explosions
at Stromboli*’. Here, we focus on one DAS array, DCT. It exhibits more
favourable location to analyse sources along the SAF, showing a craters-to-
sea azimuth shift of 40°. It consists of four 30-m-long linear (+10°) segments
with different orientations and an aperture of ~100 m. (Figs. 1 and 3h).
Estimating time delays requires high waveform coherence. We observe a
sharp coherence drop between DAS channels at distances >30m and having
different orientations”. Therefore, we estimate the delay times separately for
each segment. Under the assumption of a dominant wave type, we then
obtain back-azimuth and apparent velocity by inverting all delay times
together.

We apply the technique to node and DAS signals between 1 and 5 Hz.
In this frequency band, traces exhibit high energy and coherence (Fig. 3,
Supplementary Fig. 19). We use causal time windows, respectively, of 16 and
20 s for nodes and DAS and sliding every 1 s. Each back-azimuth value is
calculated based on the 16 or 20 s of signals preceding its associated time-
stamp. We selected these windows after several manual tests, as a balance
between the stability of the results and the shortest possible length. Shorter
time windows yield higher resolution but produce more scattered results
with too few points for robust cross-spectrum phase interpolation, while
longer windows reduce resolution but enable more reliable interpolation
and results™” (Supplementary Fig. 20).

In Supplementary Note 5 and Supplementary Fig. 21, we provide the
results using additional array geometries: NSG for the nodes, DST and DSG
for the DAS. Nodes and DAS channels that compose all the arrays are
summarised in Supplementary Table S1.

Infrasonic array processing

We handle infrasonic data using multi-channel correlation analysis
(MCCA)*®"”. For a three-sensor array and a given time window, delay
times 7;; between sensor pairs (i, j) are determined from the peak of the
cross-correlation function. The back-azimuth 6 and apparent velocity ¢, of
an incoming plane acoustic wave crossing an array triplet (3, j, k) are then
computed by solving the following system:

Ly cos(ﬁlj—e) _

v 3)
Ly cos(By—6) __ c

Tix - Yk

where L and f5 are the horizontal distance and azimuth between sensors. For
coherent signals, the time residual 7, in the sensor triplet,

T, = |T1] + Tjk + Tki|7 (4)

approaches zero (7,—0), while uncorrelated signals yield positive residuals.
We classify infrasonic detections when mean residuals fall below an
empirical threshold (0.05 s in our case). Each detection provides estimates of
0 and c,. MCCA is applied to 1-10 Hz infrasonic signals using 5 s windows
sliding every 1s. We use the EAR array (Figs. 1 and 3i), which has an
aperture of ~290 m.

Estimating seismic energies

To retrieve the volume of PDCI1, we rely on the proportional relationship
between flow volumes and seismic energies generated by the two flows and
recorded with UniFi broadband seismometers (STR, ROC, and SCI) and
DAS. We compute the seismic energies using the equation”,

f
Es:/ 2nrpchu,, (t) e dt, (5)
t

1

being #; and ¢, the starting and ending times of the seismic signal generated
by the event, r the source-receiver distance, p the ground density, h the
thickness of the propagation layer for surface waves with speed c, u,,,(t) =
A ut*+Ht(u(r))* the envelope of the ground velocity derived from the Hilbert
transform Ht, and « = f/Qc a frequency-dependent damping factor with Q
the quality factor'>”.

To compute the seismic energies generated by the flows, we take the
signal onset from visible cameras, corresponding to #s; and ts, provided in
Fig. 2 for PDC1 and PDC2, respectively. The window onset aligns with the
increase in seismic amplitude (Supplementary Fig. 6). Since PDC2 seismo-
acoustic signals are followed by a high-intensity phase probably unrelated to
the flow dynamics (Fig. 3), we consider the final time ¢, in Eq. (5) as 4 s after
te; and te, i.e. when the flows reached the coastline (Fig. 2, Supplementary
Fig. 6). We include a 4s delay to account for the travel time of waves
propagating from the shoreline to the most distant parts of the seismic and
fibre-optic network (~2.3km) at velocities as low as 600 m/s”. This
assumption is expected to underestimate seismic energies while roughly
preserving consistent energy ratios between the two flows. However, the
method" is designed to describe the total loss of potential energy from the
initial mass to the final deposit. Using a time window shorter than the full
propagation of the flow up to its resting position (which, in our case, is
prevented by the PDCs entering the sea) may introduce errors in the seismic
energy estimate and, consequently, in the derived volumes, potentially
leading to overestimation of smaller volumes.

Being f= 5 Hz the approximate centre of the frequency range with the
highest energies (Supplementary Fig. 6), we consider h = 50 m as one third
of the wavelength of Rayleigh waves with a speed of 700 m/s”’. The distance r
is calculated between each station and a point halfway down the SdF,
p =2000 kg/m’, and Q = 40">"". We consider here the vertical Z component
of the broadband seismic seismometers to calculate the energy as in Levy
et al.'®. Moreover, since seismic waves from both PDCs travel along similar
paths to the stations and the other terms in Eq. (5) remain constant, we may
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estimate the volume of PDCI relative to that of PDC2 directly from the ratio
of the signal envelopes integrated over the PDC durations.

Finally, we use Eq. (5) to estimate seismic energy from DAS strain rate.
DAS strain-rate measurements are spatially integrated along the fibre to
obtain the horizontal seismic velocity’. The envelope ratio between the two
PDCs from DAS measurements remains unaffected by choosing either
strain rate or seismic velocity (Supplementary Fig. 14).

Numerical simulations

We simulate granular flows using the SHALTOP numerical model*~. The
model describes dry granular flows over a 2D topography, b = z(x, y), and
relies on the thin-layer approximation (i.e., small thickness compared to
longitudinal extension) for depth-averaged equations of mass and
momentum conservation'®”. SHALTOP models the evolution of (i) the
flow thickness perpendicular to the topography, h(x, y, t), and (ii) the depth-
averaged velocity along the topography, u(x, y, t), where (x, y) are the
Cartesian coordinates and ¢ is the time. SHALTOP has successfully repro-
duced both natural landslides and laboratory experiments using Coulomb-
type friction laws with either a constant friction coefficient y or a variable
coefficient p(I) dependent on the inertial number I'>'**>**”7**! In this
study, we adopt the Coulomb friction law with a single empirical parameter,
i.e., the friction coefficient y = tan(6), with ¢ the friction angle. This friction
coefficient serves as a proxy for the effective energy dissipation during the
flow™””*, Although more complex laws could describe these granular flows,
such as the u(I) and @(I) rheology (with @ the solid volume fraction) or
formulations accounting for dilatancy and pore fluid pressure effects™**,
we adopt a simple Coulomb friction law here for its practical suitability in
hazard assessment.

The topography we use is a 5 m resolution Digital Earth Model of the
SdF (Fig. 6). The flow volumes used in the simulations are those estimated
from camera images and the seismic signals of the PDCs recorded by
broadband seismometers and DAS, namely V; =23.5+9.5x 10°m® and
V,=80+9x10°m’ for PDC1 and PDC2, respectively. We locate the
mobilised mass of both PDCs below the NE craters at an altitude of ~730 m
(Fig. 6a, d).

We first retrieve an initial friction coefficient y using an empirical
relation that links it to the flow volume V. This relation was obtained by
fitting run-out distances of small to large landslides, mostly dry, across
various contexts’”:

i = tan(d) = V077, 6)

The estimated PDC volumes V; and V), correspond to friction angles of
0, =[24.1° 25.5°] and &, =[22.5°, 22.8°], respectively. For each PDC, we
then test several values of § around those provided by Eq. (6) to find the ones
that best describe the observed PDC velocities and durations. We calculate
the simulated flow front velocity by averaging flow velocity within a 150-
metre radius of the front, considering only areas where the flow thickness is
>0.1 m. The values of § that fit our observations are ~27°and 21° for PDC1
and PDC2, respectively. These values are slightly higher and lower than
those obtained directly from Eq. (6) but are within the uncertainty range of
8+ 5.7° of the estimated friction coefficients™.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
All data used in this article can be found at the following public repository:
https://doi.org/10.5281/zenodo.17610889.

Code availability

We handled seismic and infrasonic data with the Obspy Python library®,
while DAS data with the Xdas Python library® (https://doi.org/10.5281/
zenodo.15913005). Numerical simulations were performed with the

SHALTOP numerical model“™***  (https://doi.org/10.5281/zenodo.
10964107). We processed the GPS data with the RTKLIB software
(https://rtklib.com), and we used the Interparc Matlab library (https://www.
mathworks.com/matlabcentral/fileexchange/34874-interparc, John D’Er-
rico, 2012, MATLAB Central File Exchange) to interpolate the fibre layout
for geolocating DAS channels. Geolocating the visible imagery was done
with the IMGRAFT Matlab software®®. Other codes used to generate results
and figures are available upon request to the authors.
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