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Abstract: Following the abrupt geochemical and geophysical variations that occurred on the island
of Vulcano in September 2021, the search for previous multidisciplinary data on decades-long time
spans became necessary to contextualize the newly recorded anomalous variations, which
represented a serious threat for the local population. Our analyses of ‘vintage’ reports, old documents
and analog seismograms broaden our understanding of crustal seismic activity. The results unravel
the predominant role of the Vulcano’s hydrothermal system with respect to tectonic processes in the
generation of seismicity in the analyzed sector. Earthquakes were generally located offshore and
achieved a maximum M4.6. A 3D strain release map and DBSCAN application highlight seismogenic
volumes to NW, SW, E offshore the island and trending NNW-SSE inshore, in agreement with
structural pattern. Two major volcano unrests in 1985 and 1988 had seismicity mostly confined to the
island. In comparison, the longer duration and typology of seismic signals recorded between 2021
and 2022 make this latest episode peculiar in the context of Vulcano’s past seismic activity.

Keywords: seismic signals; volcanic unrest; Vulcano; seismic monitoring; decades-long datasets

1. Introduction

Decades-long measures and observations have proved the paramount importance of
geophysical and geochemical monitoring on volcanoes worldwide. Recent examples are the 125-day
lava flows at Kilawea, Hawaii, in 2018 and the 85-day eruption at La Palma, Canary Islands, in 2021,
with their devastating effects and high social impact that made continuous monitoring vital for
constraining damage and limiting health problems for local populations (e.g., [1, 2]). Records of
monitoring measurements can highlight even subtle changes of volcanic unrest and save many lives,
such as documented by the evacuation of ~20,000 people before the 1991 eruption of Mount Pinatubo
in the Philippines [3]. When eruptive activity is heralded by typical and recurring variations in the
monitored parameters, scientists can envisage potential eruptive scenarios, alerting the civil
protection and other authorities of impending activity. An example of such timely communications
concerns Mount Etna in Italy, where frequent lava fountains (52 in 2021 alone) have led to the design
of specific warning systems for similar events (e.g., [4-6]).

The Vulcano Island in Italy (the third for dimensions in the Aeolian Archipelago) has a long
record of geophysical and geochemical measurements, with pioneering work dating back to the 1800s
[7]. Systematic gas samplings, continuous seismic monitoring, and ground deformation
measurements started in the 1970s (e.g., [8-10]). Since then, a few episodes of volcanic unrest, marked
by high fumarole temperatures, changes in gas composition, increased seismic activity and areal
dilatation, have occurred without leading to an eruption [11]. However, the Vulcanian eruptive style
should have potentially disastrous consequences for the local population (~1000 inhabitants) and for
the thousands of tourists which come here every year, especially in summer. The last eruption
stemmed from La Fossa Crater (in the northern part of the island; Figure 1), and spanned from 1888
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to 1890, causing phreatomagmatic explosions and pyroclastic flows, which swept the flanks of the
crater. Meters-large bread-crust bombs were also ejected with no consequence to people, who were
already evacuated. Volcanic activity in this as in the other six islands of the Aeolian Archipelago
(Figure 1) is a typical expression of a subduction zone, with stratovolcanoes formed by the
accumulation, from 400 ky to the Present, of lava flows and pyroclastic deposits with calc-alkaline,
shoshonitic, and potassic affinity [12-15].

The most recent unrest on the island of Vulcano began in September 2021, with anomalous
values in geochemical and geophysical parameters slowing returning to the background levels within
the end of 2022. Federico et al. [11] provides a comprehensive description of the multidisciplinary
data collected by the permanent monitoring networks run by Istituto Nazionale di Geofisica e
Vulcanologia (INGV), along with findings from additional temporary measurements. From the
seismic viewpoint, two were the main features of the unrest: i) the occurrence of Very Long Period
events (VLP; with frequency peak ~0.3 Hz and often superimposed higher frequency peaks up to 5
Hz) and ii) a low to moderate (maximum magnitude ML4.6) tectonic seismicity. The whole picture
drawn by the collected geochemical and geophysical parameters highlights the involvement of both
magmatic and hydrothermal systems with a high level of unrest. But how did this situation differ
from previous unrest episodes that hit the volcano? Based on past seismic monitoring data, this work
aims to provide an answer to this question by putting the changes in seismic activity between 2021
and 2022 into context. Using old reports and institutional datasets from different sources, we provide
a reconstruction of the occurrence frequency of seismic events from 1985 to 1999 and the hypocentral
location of the most energetic ones (M > 2.5) from 1985 to 2019. Based on this data collection, we
present a 3D analysis of the strain release in the study area in the considered time span and the
application of the DBSCAN code [16], an unsupervised pattern classification method, which provides
further insights into the earthquake data.

Overall, this study based on the catalogs shared by [17] constitutes an easy-to-use collection of
reference information also for future unrest conditions and in case of sudden seismic changes to
interpret.

2. Seismic data analysis

Routinely seismic data analysis for surveillance purposes has been the task of scientific teams,
who regularly issued information to Civil Protection. In the years from 1985 to 1999, these experts
worked for the Istituto Internazionale di Vulcanologia (IIV), a department of the Italian Consiglio
Nazionale delle Ricerche (CNR); afterwards, the analysis was carried out by scientific personnel of
the INGV.

To identify the main features of seismic activity on and around the island of Vulcano in the 34
years preceding the last volcano unrest, we collected and examined the available seismic data
recorded from 1985 to 2019, most of which were in analog format and/or dispersed in old repositories.
Consequently, the data here reported have many sources. The oldest data are from paper documents,
namely forms and reports compiled in the 1980s. We also collected information from periodic
bulletins, articles and in recent years from the INGV national database (https://terremoti.ingv.it/). A
list of the references for the entire collection can be found in [17].

2.1. Seismic network

The Aeolian Islands Seismic Network (AISN) was created in the late 1970s, and was run by IIV
staff. In the middle 1980s, AISN encompassed eight stations installed on the islands of Alicudi, Lipari,
Vulcano, Stromboli, and in Novara di Sicilia (in the northern part of Sicily) (Figure 1). The stations
were originally equipped with short-period (1s) seismometers; the analog signal was transmitted to
Lipari where it was acquired on paper and (temporarily) stored on magnetic tapes. These two kinds
of support were weekly shipped to IIV in Catania for the analysis and playback of signals.
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Figure 1. Map of the seismic stations in the Aeolian Islands (red triangles). The dotted and dashed lines mark
the epicentral region of interest for the collection of earthquakes in this study and a zoom of the Vulcano island,
respectively. Tectonic features and their kinematics from [38-40].

Over the years the network has undergone several technical upgrades: the installation of new
stations, the digitalization of the signal (with sampling frequency of 125 or 100 Hz); direct
transmission to the INGV data acquisition center in Catania (from 2000 onwards); replacement of the
original analog stations with new digital ones, all equipped with three-component broadband
seismometers.

It should be noted that the reuse of the magnetic tapes has led to the loss of past recordings,
while most of the seismograms on paper up to the mid-2000s are still available at INGV. Recent raw
(digital) seismic data are available in the European Integrated Data Archives (www.eida.ingv.it).

2.2. Dataset

The region of interest focuses on the island of Vulcano, Italy (Figure 1). Based on the criteria
originally applied for the routine analysis of seismic data for surveillance purposes, we compiled
three catalogs (see [17]) including different types of seismic events based on their magnitude and
location, namely:

e earthquakes with M>2.5

¢ in the Lipari-Vulcano complex

¢ in the Fossa Crater

2.2.1. Earthquakes with M>2.5

For the earthquakes with magnitude > 2.5, our data collection refers to the following coordinates:
latitude from N38.265° to 38.540°, longitude from E14.780° to 15.130° (Figure 1). The time span
covered by this data is from 1985 to 2019. For each earthquake, the hypocentral parameters (UTC
origin time, latitude in degrees, longitude in degrees, depth in km, azimuthal gap in degrees, and
location errors in km, when available), duration magnitude (Md) and local magnitude (ML) are
reported.

A comparison between ML and Md is proposed in Supplementary Figure S1. There is a good
agreement in the range of magnitude values reported in this catalog; consequently, we will indicate
with M the magnitude of the seismic events discussed in the following.
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The hypocentral parameters listed in our catalog are referred to the INGV database from 2000 to
2019 ([18] and https://terremoti.ingv.it/). Location data from previous years were not revised, as the
original signals in the 1980s and 1990s were in analog format; they were recorded on magnetic tape,
which was erased to be reused over time. In addition, some digital recordings have been lost due to
the deterioration of the CDs used for their storage.

P- and S-phase pickings were mainly based on the records of the permanent seismic stations run
by IIV until 1999 and by INGV ever since. In the 1980s and 1990s, improved earthquake locations
were achieved when the magnitude allowed the acquisition of additional phase data from the local
seismic networks in the Calabrian and Peloritan areas, thanks to the collaboration with Professor
Ignazio Guerra and Professor Antonio Bottari of Calabria and Messina University, respectively.

The collected hypocentral parameters were calculated by means of the Equivalent Velocity
Method [19] until the 1980s; since then, HYPO71PC [20] and Hypoellipse 2.0 [21] computer programs
have been used. The velocity models used were those of Jeffreys and Bullen [22] and Falsaperla et al.
[23], the latter obtained using deep seismic sounding data recorded in the Aeolian Islands, and
therefore particularly suitable for the location of the seismic events with origin on the island.

From the analysis of the daily number of earthquakes, it is evident that the occurrence rate of
earthquakes with M>2.5 is relatively low (Figure 2) and can be easily overtaken during a single
seismic swarm in other volcanic regions, such as Campi Flegrei at the time of writing
(https://ingvvulcani.com/2024/05/21/campi-flegrei-sciame-sismico-del-20-maggio-2024/). M4.6 is the
maximum magnitude (Figure 2).
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Figure 2. Number of earthquakes (M>2.5) and cumulative strain release per day from 1985 to 2019. Arrows mark
the occurrence of earthquakes with M>3.8.

The catalog encompasses 179 earthquakes (complete with all hypocentral parameters), only nine
of them with M>3.5 (~5% of the entire sample; Figure 3a). Most focal depths are within the top 15 km
(148 foci, ~83%). Relatively few shallow earthquakes (depth <10 km) were recorded since 2000
(Figures 3b-c); however, we cannot exclude that this evidence may be related to the upgrade of the
seismic network for the setup of stations on other islands of the Aeolian Archipelago (Figure 1).

2.2.2. Seismic events in the Lipari-Vulcano complex

This catalog includes the hourly occurrence frequency of seismic events with origin within a
radius of 10 km around La Fossa Crater (Figs. 1 and 4). For a description of the various types of local
events, we address interested readers to e.g., [24-27]. The source mechanism of these signals can be
related to: i) brittle failure of rocks (clear arrivals of P- and S-waves, short duration, rapid decay) and
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ii) fluid dynamics (often emergent onset, unclear seismic phases, relatively long duration compared
to amplitude).

The events in this catalog were recorded in at least three stations in the Lipari-Vulcano area in
the years from 1985 to 1999. Two main changes in the cumulative number of events mark the 1980s,
with the occurrence of two major seismic swarms in 1985 and 1988, respectively (Figure 4). Duration
and epicentral location neatly distinguish these seismic unrests from others that occurred in the 1990s.
Unlike the short-lived (generally a few hours) episodes of the 1990s, which appear as peaks in Figure
4, the duration covered about four months in 1985 (from April 25 to August 31) and three months in
1988 (from July 2 to September 30). In addition, their foci were mostly confined to the interior of the
island (Figure 5).
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Figure 3. Magnitude-time, depth-time and depth-magnitude characteristics of the earthquakes from 1985 to
1999.

In the catalog, the 1985 seismic swarm collects 32 locations for seismic events with 1<M<2.3
and hypocenters up to 4 km (Figure 5a-c). The seismicity associated with the 1985 unrest was mostly
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confined in the northern part of Vulcano, a sector of the island heavily affected by fumaroles and
high temperature. Seismic events with fluid dynamic origins were numerous during the 1985 unrest
[24]; however, Very-Long Period (VLP) events could not be recorded due to the use of instrumental
equipment with short-period (1s) geophones.
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Figure 4. Hourly frequency of seismic events in the Lipari-Vulcano complex (LIVU) from 1985 to 1999. Colored
bands highlight the 1985 and 1988 seismic unrests.

Despite its shorter duration with respect to the 1985 unrest, the seismic events in 1988 had
relatively higher magnitude (1.8 < M < 2.5) with comparable focal depths (<5 km). Also in this case,
the epicentral locations (100 events in about three months) were mostly inside the island and roughly
outlined a sub-vertical NNW-SSE trend (Figure 5d-e).

The relevance of the 1985 and 1988 seismic unrests is evident from their duration (several
months) and location, with seismogenic sources mostly within the island, where the pressure of fluids
of the volcanic system acted. These characteristics distinguish these episodes from other seismic
swarms, such as those that occurred in 1994, during which 65 events with 1.2 <M <4 occurred in July
and 24 events with 1.7 < M < 3.6 in November (Figure 4); apart from their shorter lifespan, they were
mainly located offshore the southwest of the island.

Compared to the past, the duration of the 2021-2022 unrest (~16 months) was much longer than
that in 1985 (4 months) and 1988 (3 months). This evidence and the occurrence of numerous VLP
events pinpoint the greater relevance of this latest episode.

2.2.3. Seismic events in the Fossa Crater

The reference station for the counting of these seismic events was named VCR until mid-2004
and IVCR ever since. It is located in the northern flank of the Fossa Crater (with coordinates N38.41°,
E14.96°), close to a large fumarole field (Figure 1).
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Figure 5. Seismic unrest in 1985 and 1988: a-c) 32 seismic events with 1< M <2.3 from April 25 to August 25, 1985.
d-f) 100 earthquakes with 1.8 <M < 2.5 from July 2 to September 30, 1988, the epicenters of which roughly
delineates a NNW-SSE trend (see dashed line in d).

Hourly frequency and cumulative count of seismic events at the reference station (IVCR) from
1985 to 1999, are reported in Figure 6. These events are mostly microshocks with short duration (less
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than a few tens of seconds) and low energy release (<1013 ergs; [25]) linked to fluid dynamics in the
shallow hydrothermal system. The count required exceeding an amplitude threshold (20 mm) on the
paper drums recordings at the reference station. There was no distinction among the events, as their
frequency content varied from 0 to 30 Hz encompassing various types of signals, from Long-Period
(LP) to volcano-tectonic events (e.g., [24]).

The hourly frequency of seismic events recorded at the station VCR during the 1985 seismic
swarm reached a maximum (1.39) across the entire dataset, and was also more than double that in
the 1988 episode (Figure 6). The low values (generally < 3 events/day) of the hourly frequency in the
1990s were only punctuated by short-lived increases with the same maximum value (0.54) on 28 June
1998, and 15 and 17 January 1999.
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Figure 6. Hourly frequency and cumulative count of seismic events at the reference station (IVCR) from 1985 to
1999. Colored bands highlight the 1985 and 1988 seismic unrests.

3. 3D strain release map and DBSCAN application

A validation of our catalog regarding the 1985 and 1988 seismic unrests can be found in
multidisciplinary studies, which discuss strong concurrent changes in other geophysical and
geochemical parameters. Here we cite two examples. During the 1985 unrest, the radial component
of a local tilt borehole station measured progressive inflation at the La Fossa Crater; the trend
reversed with the decline of the seismic swarm [28]. Chiodini et al. [29] observed a strict temporal
relationship between high carbon dioxide content of fumarolic fluids and local microseismic activity
in 1988; they surmised that increased fluid pressure at depth could be a common source of such
variations.

Regarding the catalog of earthquakes with M>2.5, the paucity of the number of stations along
with the geometry of the seismic network make the magnitude threshold set in the 1980s for
surveillance purposes reliable. For the part of the earthquake catalog prior to the 1990s, most
information concerning root mean square (rms) values and errors were either missing or vague.
Available rms values of the earthquakes from 1991 to 2019 were of 0.21 s on average. The qualitative
and quantitative improvement of the data (with the use of broadband stations) allowed a substantial
decrease in the horizontal and vertical error, which did not exceed 3.2 km in the years from 2000 to
2019. Conversely, the azimuthal gap remained relatively high due to the objective difficulty to locate
small earthquakes, not detectable in distant stations.

To evaluate the overall robustness of hypocentral locations, we propose in the following a 3D
map of strain release in the study area and the application of an unsupervised method of pattern
recognition.
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Our strain release calculation is obtained from the value of the square root of the energy, using
the magnitude—energy relationship computed for Italian earthquakes by Di Filippo and Marcelli [30].
Figure 7 depicts a 3D map of the strain release of earthquakes with M>2.5 from 1985 to 2019. The
average value was calculated within a regular grid of 0.05° in latitude and longitude in the study
area, and reported in logarithmic scale. The strain release values pick in specific sectors, which
highlight some seismogenic regions near and below the island of Vulcano (Figure 7). Specifically,
relatively high values are reached NW, SW and E offshore of the island, while a NNW-SSE trending
zone is found approximately inshore (Figure 7).

9.60
9.20
8.80

8.40

Strain release

8.00

rain release (erg1/2)

7.60 &

7.20

Figure 7. 3D map of the strain release of earthquakes with M>2.5 from 1985 to 2019. The average value was

calculated within a regular grid of 0.05° in latitude and longitude in the study area, and reported in logarithmic
scale.

The application of pattern recognition to the earthquakes with M>2.5 from 1985 to 2019 provides
similar evidence using a technique of unsupervised learning, namely without human supervision
(Figure 8). The chosen technique is DBSCAN (Density-Based Spatial Clustering of Applications with
Noise; see [16, 31]; www.yarpiz.com). A (freely downloadable) version of the DBSCAN classifier
running in MATLB can be found in Heris [32]. For our application, we implemented DBSCAN to find
patterns in our earthquake catalog using a simple routine from the book by Langer et al. [31]. In this
application, we consider a unit volume in our catalog of earthquakes and calculate the density of
earthquakes inside this volume. Input parameters were latitude, longitude, depth and magnitude.
The technique does not require the number of desired clusters as an input. All points at the margins
of a cluster and that cannot be density reached are identified as noise points (see empty dots in Figure
8). A big advantage of DBSCAN with respect to other pattern recognition techniques, such as K-
Means, is that it can find clusters of arbitrary shapes. Therefore, there is no assumption of spherical
clusters, which can be unrealistic especially in volcanic environments.

Figure 8 highlights four main clusters with different colours, located to the NW (light blue), SW
(green) and Est (blue) of Vulcano along with a fourth cluster (red) in direction NNW-SSE from the
northern part of the island to the southern margin of the study area.

Overall, our results from the 3D strain release map and DBSCAN application offer a robust
indication of the validity of the dataset and can serve as a baseline for future comparative analyses.
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Figure 8. Application of DBSCAN (Density-Based Spatial Clustering of Applications with Noise) to earthquakes
with M>2.5 from 1985 to 2019. The map highlights four well-defined clusters (colored circles) corresponding to

as many seismogenic source volumes.

4. Discussion

Independent findings from Fault Plane Solutions (FPS) and structural data provide further
support to the validity of our dataset. Figure 9 depicts the FPS of the earthquakes in the study period
derived from literature [33-35] (a numbered list can be found in Supplementary Table S1). The
presence of distinct seismogenic source volumes is confirmed by FPS, which highlight right-lateral
transpressive motions on nodal planes trending NW-SE and WNW-ESE to the West of the Lipari
island and inverse kinematics on NE-SW oriented nodal planes to the East. Right-lateral
transtensional kinematics instead characterize seismic events SW of the Vulcano island.
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Figure 9. Focal mechanisms between 1985 and 2019 (from [33-35]). A numbered list is provided in
Supplementary Table S1.

From the structural viewpoint, the sector of the Aeolian Archipelago where the Lipari-Vulcano
complex lies is mainly made up of overlapping én-echelon fault segments trending NNW-SSE, with
oblique (right-lateral) transtensional kinematics, belonging to the so called Tindari Fault System (TFS
in Figure 10; see [36-39]). The GPS velocity field in the Lipari-Vulcano complex also reveals that a
geodetic contraction of about 3mm/yr occurs between the two islands (see [38] and Figure 10). This
geodetic shortening along with the transpressional to almost-pure compressive kinematics of some
FPS of earthquakes located NW of the Lipari-Vulcano complex (Figure 9), imply a recent positive
tectonic inversion along a NW-SE oriented tectonic lineament, the Sisifo-Alicudi Fault System (SAFS
in Figure 10, see [38]). Consequently, the Lipari-Vulcano complex currently appears deformed by
transpression on its northern sector, which affects Lipari and the northern part of the island of
Vulcano (Vulcanello area), while transtension still persists southwards between Vulcano and the Gulf
of Patti (Figure 1; [39-40]). Transpressional regimes may have implication on fluids circulation,
providing the engine for increased pore pressure in the crustal domain underneath the volcanic
complex. Such an increased pore pressure may cause volcanic unrest, with fluids uprising to the
surface where transtensional kinematics still persist, as on Vulcano island. In addition, over-
pressured hydrothermal fluids can trigger earthquakes in the area by reducing friction along fault
planes.
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Figure 10. Structural-kinematic map of the Lipari-Vulcano sector as inferred from M>4 FPS [34-35], GPS velocity
field (light blue arrows, see [38]) and offshore seismic profiling in the Gulf of Patti (see [39-40]). The epicentres
of the 1985 (red dots) and 1988 (blue dots) seismic swarms are reported.

5. Conclusions

The collection of old datasets has the potential to provide context to new data. Our
reconstruction of seismic activity from continuous monitoring over the last 34 years was aimed to
enable all potential users: i) rapid accessibility to useful, but hitherto scattered, information and ii)
accelerate assessment and action in case of future volcano unrests.

Our catalogs also collect data taken from old original reports, such as the number of seismic
events and hypocentral parameters of earthquakes; this information is complemented by our strain
release calculation. As a further integration, the examined dataset contains files with number of
events, hypocentral location, magnitude and strain release of the seismic events, which were located
during the important seismic unrests of 1985 and 1988. In our opinion, this is valuable information to
compare and highlight seismogenic zones activated during distinct unrests and offers an easy-to-use
reference in case of future sudden seismic changes to interpret.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org. Supplementary Figure S1; Supplementary Table S1.
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