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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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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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