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Volcanic risk escalates significantly during unrest. In late 2021, the Italian island
of Vulcano entered into a phase of unrest featuring Very Long Period seismic
events, which are considered to be markers of magma and gas flowing across
the volcanic plumbing system. Here we show how Neural Network Nodal
Ambient Noise Tomography generates a high-resolution shear-wave velocity
model for investigating the causative drivers of Vulcano’s unrest. Using a deep
learning model we harvest seismic dispersion data from a dense nodal seismic
network deployed during the early unrest’s phase. The inverted 3-D model
reveals a high-resolution tomography of the shallow part of a volcanic system
in unrest. If deployed and rapidly processed in (near) real-time during periods
of unrest, Neural Network Nodal Ambient Noise Tomography can lead to
dynamic and adaptive evacuation plans. Such advances would contribute to
more effective, source-dependent risk mitigation schemes in volcanic regions,

potentially saving lives.

The island of Vulcano, along with Lipari and Salina, constitutes the
central volcanic ridge of the Aeolian archipelago on the Tyrrhenian
Sea, southern Italy (Fig. 1A). This central sector is aligned with the
NNW-SSE regional Aeolian-Tindari-Letojanni (ATLF) strike-slip fault
system'™ (Fig. 1A-B). Vulcano experienced multiple Vulcanian-style
eruptions with frequent transitions from magmatic to phreatomag-
matic activity’, and has remained quiescent since its last eruption in
1888 - 1890 AD. However, below La Fossa caldera (Fig. 1C), the primary
volcanic feature of Vulcano, an active hydrothermal system at a depth
of between 0.5 and 1 km below sea level (b.s.l)*® has been inter-
mittently affected by episodic inputs of magmatic fluids and volcanic
degassing unrest over the past four decades’. Considering the
increase in population of Vulcano during the summer season and the

importance of the island for tourists, the exposure to volcanic hazards
remains exceedingly high even for minor eruptive events or episodes
of increased degassing®"%

Since early September 2021, La Fossa caldera exhibited increased
activity characterized by a rapid intensification of previously unseen
unrest indicators®*®, This activity was marked by a large rate of
increase in fumarolic temperatures, accompanied by substantial
emissions of (CO,-rich and SO,) magmatic gases and diffuse soil
fluxes®'*31415 A centimeter-scale uplift was also observed at La Fossa,
along with a significant increase of local seismicity, and the detection
of Very Long Period (VLP) seismic signals®'*¢, VLPs are a distinctive
feature of this unrest as they are usually attributed to the release of
magma and/or pressurized magmatic fluids through the shallow
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Fig. 1| Maps of the structural and geological context in the Aeolian Archipe-
lago. (A) Regional simplified structural map and location of the three main sectors
of the Aeolian volcanic arc. AL: Alicudi, FI: Filicudi, SA: Salina, LI: Lipari, VU: Vulcano,
PA: Panarea, ST: Stromboli, ATLF: Aeolian-Tindari-Letojanni Fault system (repro-
duced from previous authors’”” with permission. ©2016. American Geophysical
Union.). The red box is shown in panel (B) Cinematic model of the transtensional
ATLF and resulting structural pull-apart ("en échelon") configuration along the

Lipari-Vulcano Complex (LVC) (redrawn from previous authors>*>®'). Majority of
the red secondary antithetic faults are highlighted in panel (C) Geological map of
Vulcano and southern Lipari with morphostructural features (redrawn from pre-
vious authors®*”7#?), The white triangles show the location of the geophones.
Additional features (wells, fumaroles, degassing areas, Very Long Period events
source) highlighted by previous studies>***’** are shown in accordance with the
legend.

fractured volcanic conduits>*'*'8, Although the unrest phase is no
longer at its peak, and the yellow alert level declared by the Italian Civil
Protection on October 1** 2021 was set back to green on December 19th
2023", an increase in VLP events, fumaroles temperatures and gas
emissions was detected again starting from May 2024%°. The current
unrest shares similarities with Vulcano’s previous crisis of the late
1970s to early 1990s', suggesting that the current episode may con-
tinue for several more years?.

The latest conceptual models discussing this unrest suggest
either the persistent degassing, at a reduced rate, of a deep-seated
magmatic source at about 4 - 5 km depth®, or increased activity of
the shallow hydrothermal system'®”. In the past, some authors
proposed the replenishment of the shallow hydrothermal system
with magmatic fluids originating from the pulsating degassing
process of a deeper, pressurized, and stationary magmatic
body®” 1142223 Nonetheless, Vulcano’s plumbing system is
believed to be a polybaric intricate magmatic network with reser-
voirs having sill and dike-like structures®"?. Unfortunately,

geophysical data are sparse and mainly constrained by airborne
geophysics*?. Onshore studies do not penetrate enough in the
plumbing system to reveal the interplay between magmatic and
hydrothermal fluids**~°. Only recent investigations have shown the
plumbing system down to a few kilometers depth but none of them
had enough resolution to distinguish between the magmatic and the
hydrothermal system™*. The recent development of nodal tech-
nologies allows the investigation of highly scattering systems with a
great resolution®”**. To understand what may have driven the 2021
Vulcano unrest, we deployed a nodal network of 196 sensors across
Vulcano and Lipari islands (Fig. 1C).

In this work, we harness the capabilities of a deep neural network
to facilitate the automatic and rapid recovery of extensive seismic
dispersion data, conducting a Neural Network Nodal Ambient Noise
Tomography (N*ANT) of Vulcano. This endeavor aims to investigate
the seismic S-wave velocity structure of a volcanic system under
unrest, with the objective of understanding its nature and improving
the volcanic hazard assessment in the region. Our findings reveal how
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tectonic and volcanic processes interact and suggest that fault
dynamics may trigger volcanic unrest.

Results and discussion

We present the 3-D S-wave velocity model of Vulcano retrieved from
the N°ANT workflow. As detailed in the Supplementary Methods,
N3ANT leverages a deep neural network to harvest nodal array dis-
persion data from depth-sensitive Rayleigh waves, which dominate
virtual seismograms estimated from ambient noise cross-correlation.
These data are inverted using a two-step inversion scheme to retrieve
the 3-D S-wave velocity model. This involves nonlinear 2-D travel-time
tomography inversions® that are followed by a trans-dimensional
Markov chain Monte Carlo (McMC) probabilistic search algorithm?® for
1-D depth inversions. The 3-D S-wave velocity model is shown by means
of horizontal (Fig. 2) and vertical (Figs. 3—-4) sections. The traces of the
vertical sections are indicated in Fig. 2A, and the main anomalies are
distinguished between high (H) and low (L) velocity anomalies. A
detailed interpretation of each anomaly mentioned below is provided
in the Supplementary Discussion and summarized in the Supplemen-
tary Table 1. Additionally, the 3-D S-wave velocity model is shown by
mean of the Supplementary Movie 1.

Ray-path density maps (Supplementary Fig. 1), combined with a
noise directivity analysis (Supplementary Fig. 2A), synthetic resolu-
tion tests (Supplementary Figs. 3-6) and a depth-sensitivity analysis
(Supplementary Fig. 14), demonstrate the capacity of our network
configuration to retrieve reliable information up to 2km depth.
Maximum resolution is reached within the upper first kilometer,
below which it starts to decrease and becomes poor below 2 km.
Note that the lower resolution achieved in the northern parts of the
model allows to spatially detect the anomalies, but prevents the
systematic resolution of their precise geometry. For sake of clarity
and to avoid drawing interpretations on poorly resolved areas, we
combine ray-path density (Supplementary Fig. 1), synthetic tests
(Supplementary Figs. 3-6), and depth-sensitivity (Supplementary
Fig. 14) information to remove parts of the 3-D model in our illus-
trations (Supplementary Methods section).

The S-wave velocity model of Vulcano shows La Fossa surrounded
in all azimuths by low-velocity zones (L3 in Figs. 2A-B, 3, and 4) that
largely fill the caldera between 0 and ~1km b.s.l., and extend towards
the northwest and southeast of the velocity model. These anomalies
are overlying and connected to NE-striking, sub-vertical, low-velocity
regions (L2 in Figs. 2C-E, 3, and 4), which originate from the bottom of
the velocity model at 2km b.s.I. and are located below the north-
western and southeastern extremities of La Fossa cone. High-velocity
anomalies (H2 and H3 in Figs. 2, 3, and 4) are observed from near-
surface to greater depths along the rims of La Fossa caldera, respec-
tively located along the eastern (il Piano - Mt. Rosso - Mt. Lucia) and
western (Mt. Saraceno - Mt. Lentia - Porto di Ponente) rim. At greater
depths, between 1 and 2 km b.s.l,, a large and elongated high-velocity
region (H1 in Figs. 2C-E, 3, and 4) is observed centered below La Fossa
cone. This anomaly appears to be connected to H2 and to H3,
respectively below the eastern and western rim of La Fossa caldera
(Figs. 2C-E and 3A,CE). However, the sub-vertical L2 regions
(Figs. 2C-E, 3A,.B,D, and 4) seem to interrupt these connections,
effectively offsetting this large high-velocity domain (H1+H2 +H3)
into distinct anomalies. One high-velocity anomaly (H4 in Figs. 2C-E
and 4) is observed below the southernmost part of Lipari, between 1
and 2 km b.s.l. This anomaly is offset from those below Vulcano by a
noticeably large sub-vertical low-velocity region (L1 in Figs. 2, 3A, and 4),
which, like the L2 anomalies, originates from the bottom of the velocity
model at 2 km b.s.l. and is located below the Bocche di Vulcano region
between Lipari and Vulcanello.

The velocity of seismic shear waves is sensitive to several physical
attributes such as, among others, stress conditions, porosity, perme-
ability, and pore fluid content, which in turn strongly depend on water

saturation, temperature and confining pressure®*°. While the elastic
properties of rocks hosting active hydrothermal systems differ from
unaltered conditions', fractured and fluid-saturated regions exhibit
lower S-wave velocities (Vs)**™** compared to their intact protoliths.
Volcanoes with low Vs usually reflect the presence of (mixed sea/
meteoric, magmatic brines and/or hydrothermal) fluid-filled pores
and/or partial melts**%***¢ as well as fractured units and unconsoli-
dated shallow volcanoclastic deposits*®****~*8, In short, discriminating
among the physical state of fluids solely based on Vs is non-unique and
statements would be speculative, which applies to the proposed
interpretation.

The N*ANT model is in agreement with previous local earthquake
tomographies®*° (LET) acquired at Vulcano and neighboring regions.
At the regional scale, the Vs model supports the separation of Vulcano
into two distinct regions, namely the southern high and northern low
Vs sectors®. At the local scale, this separation remains consistent but
disagreement is observed at shallow depths (<1 km). The central por-
tion of La Fossa cone and Vulcanello are marked by low Vs (L3
anomalies in Figs. 2A-B and 3), where the local scale LET features high
P-wave velocity (Vp) anomalies®. Discrepancies between N*ANT and
LET models lie in the parameterization of the inverse problem and the
type of wave energy (surface and body waves, respectively) employed
for the tomography. Nonetheless, N°ANT offers higher lateral resolu-
tion than LET at shallow depths due to the dense ray-path coverage of
surface waves (Supplementary Fig. 1) made possible by the large
number of stations and the homogeneous distribution of noise sour-
ces (Supplementary Fig. 2A). In addition, our acquisition occurred
during a volcanic unrest, when increased advective fluid flow char-
acterizes the upper portion of the volcanic edifice. The combination of
rising fluids (which condense and percolate through the cone) and
hydrothermal circulation of sea and meteoric waters through the loose
and permeable infills of La Fossa is expected to lower Vs beneath the
volcanic structure. In fact, time-lapse tomography studies have shown
the highly transient nature of plumbing systems®’, which justifies the
differences observed from tomographies decades apart.

Further comparisons can be drawn from a magnetotelluric (MT)
model” acquired during our experiment. The MT model reveals an
elongated resistive structure below La Fossa surrounded by shallow
conductive zones. This aligns with the Vs model, which shows a
system articulated by a broad low-velocity domain within La Fossa
caldera, overlaying a large high-velocity region culminating at
~1km depth (L3, and H1-3 anomalies in Figs. 2A-B and 3A-C and E).
The presence of cooled magmatic intrusions is often interpreted
from high seismic velocities™ coinciding with high resistivity*®*>>*,
while seismic velocities in association with high conductivity sug-
gest fracturing along with (hydrothermal) fluid circulation and
alteration®’>,

Observations made by geothermal exploration wells (Fig. 1C) also
strongly support our Vs model. For instance, the L2 and L3 anomalies
located on Baia di Levante marks the hydrothermal alteration and hot
steam discharges at shallow depths ( ~ 200°C at -~ 200 mb.s.l.) evi-
denced by the VU1 and VU2y,;s wells*°. The Vulcano Porto well (VP1)
indicates a convection-conduction transition boundary (between
shallow permeable rocks and deep impermeable lavas) at ~ 600 m
b.s.l., and sub-volcanic bodies at the maximum depth of 17000 m'**,
While the transition boundary remains undetected due to the strong
low-velocity intensity of the L2 and L3 anomalies, the 1 km deep sub-
horizontal roof delineated by the observed high-velocity anomalies
(Figs. 3 and 4) fits the first occurrence of intrusive bodies seen in the
well. This further aligns and is supported by -~ 300 concurrent VLP
events, which remained spatially quasi-stationary throughout their
monitoring period". The average VLP hypocenter has a depth of
~0.85+0.23 km b.s.l™*, which falls at the L2-L3 anomalies’ interface
(Figs. 3A and 4). The Isola di Vulcano well (IV1) penetrated a mon-
zodioritic intrusion at 1.36 km depth®®, which was also detected by the
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Fig. 2 | S-wave velocity maps at different depths. Horizontal maps are shown in
panels (A), (B), (C), (D), and (E). The white dotted lines shown in (A) correspond to
the vertical cross-sections shown in Figs. 3 and 4. The literature-suggested caldera
rims and magmato-tectonic lineaments that controlled the recent (<2 ka) eruptive
history of the Lipari-Vulcano Complex are shown by the black-dotted lines (adapted
from previous authors” with permission. ©2016. American Geophysical Union.).
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The white triangles show, from north to south, the alignment of the volcanic centers
of Vulcanello and La Fossa, respectively. The main anomalies are named and dis-
tinguished between high (H) and low (L) velocity anomalies. The model is cropped
with respect to ray-path density, synthetic tests, and depth-sensitivity information
(Supplementary Methods and Figs. 1, 3-6, 14), as resolution starts to decrease below
1kmb.s.l. The satellite background map comes from Google Earth®,
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synthetic tests, and depth-sensitivity information (Supplementary Methods and
Figs. 1, 3-6, 14), as resolution starts to decrease below 1km b.s.l. The Digital Ele-
vation Model comes from Sonny’s LiDAR DTMs database (https://sonny.4lima.de/).

local-scale LET*. The H3 anomaly fits the detection of this intrusion
below Grotta dei Palizzi (Fig. 3D).

Figure 4 shows the conceptual model we propose for the shallow
plumbing system of Vulcano superimposed on a vertical section of the
S-wave velocity 3-D model. This section is sub-parallel to the ATLF and
connects the southernmost part of Lipari to il Piano across the sites of
Vucanello, Baia di Levante, and La Fossa. All anomalies mentioned
above are shown, as well as the locations of key wells’*® and the
average VLP hypocenter'. Our model does not require the shallow
emplacement of new batches of magma, although we cannot exclude
the occurrence of ancient melts ponding at shallow depths***'. For
instance, the L1 and L2 anomalies show Vg values as low as 1 km s7,
which may be compatible with melts (e.g., magma, mush, etc.). How-
ever, they are also compatible with a fluid-rich and highly fractured
region or with a more ductile rheology, such as a crystallizing domain
where fluids are not as mobile as in a freshly emplaced melt.

We propose a key role of local tectonics in driving unrest and
argue, in agreement with previous authors, that the ATLF is a right-
lateral NW-striking transtensional fault along which the Vulcano-Lipari-
Salina volcanism develops'**“%. The transtension causes an “en éche-
lon" configuration (Fig. 1B) and the formation of local pull-apart basins

that are controlled by primary NW-striking strike-slip and second-
order antithetic N- to NE-striking faults'**2, The secondary NE-striking
faults act as weak zones along which major eruptive center alignments
develop®*** (white lines and triangles in Fig. 2) and contribute to the
northwestward opening of the system from extension***>%, Clear
examples of such NE-striking normal faults can be observed in
Fig. 2C-D, where the transition between the fast and slow Vs anomalies
depicts well-defined NE-striking structures extending along the com-
plete island (from il Piano to Porto di Ponente). A closer observation
highlights that such structures affect the whole plumbing system of
Vulcano (black normal faults in Fig. 4). This localized extension facil-
itates the upwelling of dikes, fluids and supercritical brines, ultimately
leading to a northward increase in volcanic activity. The progressive
normal-fault driven sliding of the northern sector of Vulcano’s edifice
is also in agreement with the development of the hydrothermal field
north of La Fossa. Shallow earthquakes (e.g., less than 2 km depth)
accommodating extension and pull-apart basin formation do not
necessarily have to be characterized by large magnitudes, as defor-
mation is lubricated by the vigorous fluid flow of the region.

Our conceptual volcano-tectonic model of Vulcano finds simila-
rities with flank-instability models proposed for other volcanic settings
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model, such as: the pulled-apart volcanic basement (H1, H2, H3) affected by NE-
striking normal faults which release magmatic fluids/melts into the potential (L2)

3

Ascending magmatic Very Long Period éﬁ) Hot Springs

fluids, melts and heat events source
(Federico et al., 2023)

Gas-rich hydroth | NE-striking H
. sy&;e”rr? yeromerma / normal faults » Wells
Water infiltration, I Caldera
s**f,_ Volcanic basement Consendate fims
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reservoir(s) and feeding-system(s). These fluids/melts migrate along these sub-
vertical structures towards the active hydrothermal system (L3), as evidenced by
the summit fumaroles, the coastal hot springs, and the Very Long Period events"*
(blue star). The model is cropped with respect to ray-path density, synthetic tests,
and depth-sensitivity information (Supplementary Methods and Figs. 1, 3-6, 14), as
resolution starts to decrease below 1km b.s.l. The Digital Elevation Model comes
from Sonny’s LiDAR DTMs database (https://sonny.4lima.de/).

(e.g., La Soufriere, Guadeloupe®“® and Mt. Etna, Italy®®), where the
repetitive unrest episodes induce long-term motion and destabiliza-
tion of La Fossa’s northern flank. However, the corollary of
tectonically-driven volcanism implies that even minor perturbations
may affect the delicate equilibrium of the plumbing system of Vulcano,
ultimately promoting unrest. Such unrest would, therefore, not
necessarily be caused by the emplacement of magma at shallow depths
but may be driven by any geological process capable of affecting the
baric equilibrium of the plumbing system of Vulcano. This could be the
replenishment of magma at greater depths but also the tectonic acti-
vation of the normal faults shown in Fig. 4. Such lubricated faults may
be easily perturbed because of the near-critical state of the upper
volcanic edifice’®. In this context, the VLPs identified in the 2021 unrest
may simply be caused by the mobilization of brines promoted by
tectonic activity or magma emplacement at greater depths’.

The N°ANT model that we propose introduces inversion imaging
of the shallow plumbing system of a volcano in unrest. Such a model
may be routinely acquired to monitor the evolution of the plumbing
system over time. Temporal variations may occur, pointing out regions
undergoing changes that may be interpreted by including com-
plementary datasets (e.g., magnetotelluric-seismic clustering®, ambi-
ent noise attenuation’>”, P-wave’*”, and joint Rayleigh/Love group
and phase velocity’® tomography). The northern low-Vs L2 domain
underlies the region where the largest deformation occurred during
the 2021 unrest of Vulcano. Our study is an encouraging starting point
to begin monitoring volcanic crises with tomographic neural network-
driven seismic acquisitions capable of delivering reliable and rapid
inversions that can drive risk mitigation plans during unrest.

Our 3-D S-wave velocity model of Vulcano shows an image of its
plumbing system during the 2021 unrest and helps to assess the
causative drivers of the volcanic crisis. The Vs model reveals the
occurrence of an extensional setting where the right-lateral trans-
tension of the Aeolian-Tindari-Letojanni Fault system creates local
extensional structures. Such pull-apart basins are controlled by NE-
striking secondary faults along which fluids rise, driven by the high
geothermal gradient of the region caused by magma emplacement
at depth. We do not identify any newly emplaced magmatic body
between Lipari and Vulcano in the first two kilometers of the crust.
However, we identify regions that could host cooling melts ponding
at the base of the hydrothermal system. We propose that such
regions could be interpreted as old degassing melts that, if per-
turbed by an external source such as a tectonic earthquake for
instance, could release gas and brines. The rise of such a mix could
cause the Very Long Period (VLP) events recorded during the last
unrest.

Our study highlights the interplay between tectonic and volcanic
activity and suggests that volcanic unrest may be driven by fault
activity. If perturbed, faults affecting the plumbing systems of volca-
noes may help release the fluids trapped at depth and lead to the
observations recorded at Vulcano since 2021. Our velocity model is
supported by previous geophysical observations and borehole data
and represents a unique example of a tomography acquired during
volcanic unrest. Today deep neural networks facilitate the rapid pro-
cessing of large datasets paving the ground to time-lapse tomographic
acquisitions. This could be introduced in early warning systems to
support the management of volcanic crises.
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Data availability

The empirical Green’s functions, the Rayleigh waves dispersion curves
and group velocity maps, and the S-wave velocity model data” gen-
erated in this study are available at https://zenodo.org/records/
15789417. The data analysis and results supporting the findings of
this study are provided in the Supplementary Information and Sup-
plementary Movie 1.

Code availability

Dispersion curves were measured using the open-source Matlab soft-
ware EGFAnalysisTimeFreq (Yao et al., 2011°, https://github.com/
ShaoboYang-USTC/EGFAnalysisTimeFreq), combined with the open-
source Convolutional Neural Network DisperPicker (Yang et al.,
2022%°, https://github.com/ShaoboYang-USTC/DisperPicker). 2-D tra-
vel-time tomography inversions were performed using the nonlinear
scheme of Cabrera-Pérez et al., 2021*. 1-D Depth inversions were
performed using the open-source software BayHunter (Dreiling and
Tilmann, 2019%, https://github.com/jenndrei/BayHunter).
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