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Distributed dynamic strain sensing
of very long period and long period
events on telecom fiber-optic
cables at Vulcano, Italy
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Volcano-seismic signals can help for volcanic hazard estimation and eruption forecasting. However,
the underlying mechanism for their low frequency components is still a matter of debate. Here, we
show signatures of dynamic strain records from Distributed Acoustic Sensing in the low frequencies

of volcanic signals at Vulcano Island, Italy. Signs of unrest have been observed since September 2021,
with CO, degassing and occurrence of long period and very long period events. We interrogated a
fiber-optic telecommunication cable on-shore and off-shore linking Vulcano Island to Sicily. We explore
various approaches to automatically detect seismo-volcanic events both adapting conventional
algorithms and using machine learning techniques. During one month of acquisition, we found 1488
events with a great variety of waveforms composed of two main frequency bands (from 0.1 t0 0.2 Hz
and from 3 to 5 Hz) with various relative amplitudes. On the basis of spectral signature and family
classification, we propose a model in which gas accumulates in the hydrothermal system and is
released through a series of resonating fractures until the surface. Our findings demonstrate that fiber
optic telecom cables in association with cutting-edge machine learning algorithms contribute to a
better understanding and monitoring of volcanic hydrothermal systems.

Volcanic hazard assessment requires geophysical, geochemical and geological information, which are recorded
by a number of instruments deployed on the flanks and the summit of volcanoes. In particular, the nature of very
long period (VLP) and long period (LP) seismic signals at volcanoes has been since several decades a matter of
debate'. LP events are generally thought to be associated with fracture resonance’™ or transport of fluids within
the conduit and its surrounding®, but other explanations have been also proposed®. Their typical frequency
content ranges from ~ 0.2 to ~ 5 Hz. They often precede and accompany volcanic eruptions’. VLP events are
recorded at volcanoes with different eruptive styles!®~'? and are associated with inertial movement of heat, gas
and magma, and interactions between magma and subterranean water within the volcanic plumbing system'.
Their typical frequency content is below ~ 0.2 Hz. Understanding the source mechanisms of LP and VLP signals
is, therefore, a key component in assessing volcano unrest and providing early warning for ensuing eruptions.
Broadband seismometers have been the main instruments to estimate source processes of LP and VLP signals so
far at volcanoes'. They are usually deployed in arrays of instruments covering the volcanic edifice'® to catch the
events and estimate their source's. However, on small volcanic islands, the lack of coverage in the submarine envi-
ronment hinders our understanding of the volcanic sources, preventing accurate hazard to be assessed, especially
when a crisis starts (e.g., Tonga eruption'”). Yet, submarine instrumentation (such as Ocean Bottom Seismom-
eters) is costly and may be used for temporary experiments'®. Using DAS technology, fiber optic cables have been
recently shown to be able to sense seismicity in volcanic setting'*?, in glacier environment*', and in submarine
deployment®. Owing to the distributed feature of DAS measurements over long distances (tens of km), fiber
optic sensing produces a huge amount of data, demanding for automated processing workflows. Recently, the
development of data-driven techniques has been rapidly progressing under the impulse of advances in artificial
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intelligence and machine learning (ML). Within the ML field, especially the deep learning (DL) algorithms®
are rapidly evolving for directly extracting high-level features from large datasets without the intervention of
human experts?***. A number of applications on volcano-seismology for signal identification and classification
have already been published?®”” showing the good performance of these techniques. Titos et al.?® successfully
used recurrent neural networks to detect and classify continuous sequences of volcano-seismic events. More
recently, Lara et al.?? have presented a quasi-real-time automatic recognition (detection and classification) of
micro-earthquakes at Cotopaxi volcano based on a deep learning approach.

Here, we characterize volcanic dynamic strain at very low frequencies (down to 0.1 Hz) with conventional
algorithms and deep learning approaches, applied on DAS records from an existing telecom fiber optic cable
linking Vulcano Island to Sicily (Italy). Vulcano is the southernmost of the Aeolian Islands, located at about 25 km
from northern Sicily (Fig. 1*; Supplementary Information S1). In September 2021, outstanding changes in the
rate and amplitudes of several geophysical and geochemical parameters, routinely monitored (temperatures,
gas emissions, ground deformation, seismicity), marked a new unrest at Vulcano®-**. A substantial increase in
temperature (up to around 380 °C at La Fossa crater) and flux of soil and fumarolic gas emissions were observed?.
In particular, CO, emission rate reached 34,000 gm day™' exceeding the background levels by several orders of
magnitude in different areas of the island®'. Also the SO, flux in the plume emitted in the summit area exceeds
the background values by one order of magnitude, reaching the maximum value of 240 t day™'*!. In association
with these geochemical anomalies, significant ground deformation was recorded from September to beginning
of November 2021. A general areal inflation of the volcano edifice (about 22 ppm) was observed by GPS and DIn-
SAR data®%. The increase in gas emissions and ground deformation were accompanied by a significant seismicity,
remarkable for the occurrence of amplitude transients with spectral peaks in the LP and VLP frequency bands.
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Figure 1. (a) Location map of TIM fiber optic cable connecting Vulcano to Milazzo interrogated by a DAS
device hosted at the TIM power station of Vulcano. Permanent (IV*, blue dots) and mobile (OEMX, red dots)
broadband seismic stations operating at Vulcano and used in the analysis are also reported. (b) Topographic
and bathymetric profile along the fiber-optic cable route. Fiber channel numbers at specific locations are shown
(black dots). The red star indicates the location of the source of the VLP events, obtained by a grid search
method based on radial semblance function®**.
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Due to the seismic activity increase, the monitoring system managed by INGV on the island and especially
on and around the active volcano has been expanded. In order to contribute to the increased monitoring effort
associated with the crisis, we connected a DAS interrogator (iDAS® from Silixa) to an optical fiber cable, turning
it into 3968 strain sensors with 4 m spacing (Fig. 1; “Methods” for details). From 13 January until 14 February
2022, we continuously recorded strain rate and we show that low frequency volcanic seismicity can be recorded
all along the fiber.

Using conventional and deep learning-based approaches, we demonstrate that DAS can foster seismological
observations to improve monitoring on volcano islands and to contribute for rapid response to volcanic unrest.

Data inspection

We observe varied dynamic strain responses along the fiber (Figs. 2, 3 and 4). The diverse signal-to-noise ratio
(SNR) is most likely due to the highly variable mechanical coupling conditions between the cable and the ground
both on land and oft-shore. The cable runs through the urban area of Vulcano in pre-existing cased conduits
(channels 50-1000), hindering a good coupling between the ground and the cable that instead could be easily
achieved by direct-burial installation®**. Off-shore (channels 1000-3968), the signals show peculiar localized
features related to installation conditions. At shoreline (channels 1010-1055) the cable enters the sea inside a
protective conduit and a persistent low frequency noise is observed, likely due to the impact of breaking waves
approaching the shoreline. Two portions of the cables at channels 2900-3200 and 3640-3968 show a persis-
tent oscillating signal with a peak frequency at about 1-2 Hz, similar to ringing noise observed in borehole
installation®, which may be indicative of hanging of the cable in the water column between successive ridges of
the bathymetry. A lack of signal is persistently experienced at some channels where the submarine fiber cable,
just lying loose on the seafloor, may be decoupled from the seafloor**-*. Despite those loose signal portions,
thanks to the highly dense spatial sampling of the DAS, we clearly identify low frequencies of the volcano seismic
events down to 8-10 s on large sections of the submarine cable (Fig. 4).

DAS records allow us to follow the change in frequency and amplitude over distance, suggesting a potential
use of DAS for studying site effect at Vulcano, that would be otherwise challenging using sparse seismic stations.
An evident amplification of the signal is observed in correspondence to La Fossa-Vulcanello isthmus (channels
560-655), where the Vulcanello lava platform is joined to the main island of Vulcano through the progressive
accumulation of pyroclastic products*>*!. This is one of the main exhalative areas of Vulcano, characterized by
the presence of a mud pool and hot water sources, where several hot wells have testified the existence of a vast
thermal aquifer®. Lateral heterogeneities in local surface geology, as well as the presence of an aquifer, can be
responsible for a site effect amplifying the strain response significantly.

Figures 2, 3 and 4 show a variety of waveforms where multiple predominant frequency components are some-
times contemporaneously present. A preliminary data exploration allows us to distinguish three main classes of
events. The first one is composed of LP events mostly in the frequency range 3-5 Hz and extremely up to about
8 Hz (Figs. 3 and 5). The other two classes show amplitude transients in the VLP frequency band and consist of
a scarcely populated class of events with a monochromatic character (frequency peak centered at about 0.18 Hz,
Fig. 4) and a class of VLP events with a broader frequency content spanning mainly from 0.1 to 6 Hz, thus also
including an LP component (Fig. 2). The lowest frequency peak is centered at 0.18 Hz, as the monochromatic
VLP events. Both types of VLP events are composed of decaying sinusoids lasting about 25 s.

The frequency content of both fiber optic data and broadband signal at OEMS5 station (chosen for the com-
parison due to its vicinity to the fiber cable; Fig. 1a) are very similar (Fig. 2). The frequency content of the hori-
zontal components at the OEM5 station differs significantly with respect to those recorded at the IVCR station,
located closer to the summit crater area. At OEMS5 station, the frequency peak at about 0.2 Hz, observed at IVCR,
is attenuated and a peak around 1 Hz emerges as observed in the nearby DAS channel. On the other hand, the
monochromatic VLP events preserve their waveforms at long distance (Fig. 4).

The higher frequency waveforms (Fig. 3) are greatly impacted by path effects, including scattering of waves
from stratigraphic layering*>*, extensive fracturing®, topography*, and attenuation. In similar hydrothermal
areas, Clark et al.*’” have demonstrated that for distances farther than 1 km seismic waveforms and their frequency
spectra may significantly be distorted by the presence of gas-saturated medium.

A simple comparison between seismic velocity at the broadband OEMS5 station and DAS strain at the closest
channel (Fig. S1) reveals a strong attenuation of the strain signal, which is even more weakened for the VLP
events (Fig. 4). Not only coupling conditions, but also directional sensitivity of DAS could be responsible for this
attenuation. Indeed, DAS measures the axial strain rate along the fiber and the result of the tensorial projection
of the strain into the direction of the fiber cable implies that the amplitude of the DAS signal at each channel
is controlled by the relative angle between the local cable direction and the passing seismic wavefront. Particle
velocity and strain vary with the type of wave*®. The VLP waveforms are similar on the three components of the
seismometer records (Fig. 4) and, hence, the polarization is almost linear, along the propagation direction and
points to the source direction like P-waves, as already observed for many VLP signals in volcanic areas'®***. The
vast majority of the hypocenters of the VLP and the monochromatic VLP events was located below North of La
Fossa Cone®, in the Forgia Vecchia area at a depth between 500 and 1500 m bsl* (Fig. 1) and did not undergo
variation in time. A consequence of the directional sensitivity of DAS is that the VLP waves, being at near normal
incidence angle with respect to the cable, induce strainrate changes of a few nanostrain/s amplitudes in the DAS
signals reaching the limit of the instrument resolution (1.4 nanostrain/s). However, the DAS noise level is low
enough to distinguish the VLP event (Fig. S2).
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Figure 2. Representative example of a VLP signal recorded by the DAS and by the broadband seismic sensors
at IVCR station, the closer to the crater area, and at the OEMS5 station, the nearest to the fiber cable (see Fig. 1).
(a,b) 3C seismic signals recorded at IVCR and OEMS5 (near to the fiber channel 888; Fig. 1) and their spectra
(c,d). (e) DAS strainrate signal filtered below 10 Hz. (f) Spectra of the DAS strainrate record. Traces of the DAS
strainrate (g) and its spectrum (h) at the channel near to the OEMS5 station.
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Figure 3. Example of LP event: (a,b) 3C seismic signals recorded at IVCR (in the summit area) and at OEM5
(nearest to the fiber) and their spectra (c,d). (e) DAS strainrate signal filtered below 10 Hz. (f) Full spectra of the
DAS strainrate record. Traces of the DAS strainrate (g) and its spectrum (h) at the channel near to the OEM5
station.

Events detection
We show that DAS can be used efficiently to detect low-frequency seismic events by adapting conventional seis-
mic approaches and applying machine learning techniques. We compare the results with detections performed
on conventional seismic signals. The analysis was performed from 15 January to 14 February 2022, when the
DAS acquisition was continuous.
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Figure 4. Example of a monochromatic VLP event: (a,b) 3C seismic signals recorded at IVCR (in the summit
area) and at OEM5 (nearest to the fiber) and their spectra (c,d). (e) DAS strainrate signal filtered below 10 Hz.
(f) Full spectra of the DAS strainrate record. Traces of the DAS strainrate (g) and its spectrum (h) at the channel

near to the OEM5 station.

Broadband seismic event detection.

Due to the Vulcano crisis, an automatic system for event detection,

characterization and source location on the broadband seismic signals has been implemented in the permanent
monitoring broadband seismic system. In particular, we adapted the one developed on Etna for low frequency
seismicity®!. The elaboration system automatically runs on data in near real-time and implements an energy
trigger algorithm (STA-LTA) on signals recorded at IVCR or OEM4 stations (Fig. 1). The system computes two
STA-LTA values on the signal filtered in two frequency bands: LP (0.5-5.5 Hz) and VLP (0.05-0.5 Hz). In order
to identify and trigger events in the LP frequency band, window-lengths for the STA (short time average) and the
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Figure 5. Daily number (a), peak-to-peak amplitude (b) and frequency peak (c) of LP (light blue) and VLP
(orange) detected events of the INGV catalog in the time interval 15 January- 14 February 2022.

LTA (long-term-average) were set equal to 0.7 and 7 s, and a trigger threshold of 4 was chosen. As for VLP event
detection, window-lengths are equal to 2 and 20 s and the trigger threshold equal to 4. Once detected, frequency
peaks and peak-to-peak amplitudes are computed for all the events (Fig. 5).

During the investigated period, 1488 events were detected, 891 in the LP frequency band and 597 in the VLP
one. The daily occurrence rate, the amplitudes and the frequency of the seismic events vary within the month
of activity. In the time interval when the DAS experiment was carried out, the occurrence rate underwent an
increase on 16 January 2022, reaching a medium level with respect to the September-October period®*. This
increase lasted for about two weeks, and in February seismo-volcanic event number decreased persisting on a
low level*>*,

Conventional detection algorithm on DAS. We applied a recursive STA-LTA trigger algorithm®,
adapted to the DAS records by stacking the STA-LTA functions computed for each channel. As for the seismic
data, the DAS data were filtered in the two frequency ranges of LP and VLP bands. After exploring diverse con-
figurations, we attain the optimal lengths of the short- and long-term windows as those used in the analysis of
the seismic broadband signals. We selected the channels with the highest SNR, which are those from channel
50 to channel 600, in the urban area. Thanks to the dense spatial acquisition and the stacking procedure on the
STA-LTA functions over the channels, a robust detection is achieved. Although the DAS signal is on average
weaker and noisier than the signal acquired at the IVCR station, positioned closer to the crater area, the channel
stacking enhances the detectability and lowers the noise. This is also effective in avoiding false positives due to
anthropogenic noise (e.g.: cars, pedestrians, engines), which is rich in this urbanized area.

To evaluate the performance of the detection, we compared the DAS detected events with the 1488 events
detected on the seismic signal with respect to whom we computed the numbers of the true positive (TP), the false
positive (FP) and the false negative (FN) and the associated classification metrics (see definition in Table 1)*3,
As for the conventional STA-LTA algorithm, an event is declared when the DAS stacked STA-LTA exceeds a
fixed threshold. By means of the classification metrics, we measured the performance at several threshold values
from 1.4 to 6 (Fig. S3). Threshold values of 2.8 and 2.2 maximize the F1-score (Table 1) in the LP and VLP band,
respectively, and warrant a good compromise between the numbers of TPs and FNs.

We investigate the characteristics of the FP and the FN events. We observe that most of the FP events fall in
the LP band and belong to small events that are difficult to be detected by a single measurement. On the other
hand, the FNs correspond to small amplitude VLP events for which conventional power detectors, such as the
STA-LTA algorithm, are not performing well. About 93% of the seismic events have an amplitude in the vertical
component at IVCR station below 0.05 mm/s. The distribution of TP and FN shows that the FNs correspond
to those events with amplitude lower than 0.01 mm/s (Fig. S4). Most of the FNs belong to the small amplitude
monochromatic VLP events.

In order to enhance the signal detectability of these lower amplitude events, we run a 2D template matching
on the DAS data. Signals filtered below 0.3 Hz are cross-correlated with a 2D template extracted among the largest
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STA-LTA InceptionV3 Optimized CNN
Metrics Lp VLP | Testset | Continuous data | Testset | Continuousdata | Unseen continuous data
TPR 0.75 1050 |0.89 0.97 0.84 0.94 0.75
FDR 0.24 |0.20 |0.07 0.17 0.06 0.13 0.17
Precision 0.75 1081 |[0.93 0.83 0.94 0.87 0.83
F1-Score 0.75 10.62 |[091 0.89 0.89 0.90 0.79

Table 1. Performance of the detection algorithms estimated using the following metrics: true positive rate
(TPR=TP/(TP +FN)) also known as recall; false discovery rate (FDR =FP/(TP + FP)); precision (Prec=TP/
(FP+TP)); F1-Score (2*Prec*TPR/(Prec + TPR)).

monochromatic events and recorded on 4 February 2022 at 01:23 UTC. A 2D correlation coefficient is computed
between the 20 s long template and the full dataset. Since the template is short and filtered in a narrow frequency
band, it ensures a large correlation coefficient. An event is declared when the 2D correlation coefficient exceeds
a threshold. As done for the STA-LTA detection, we optimized the threshold value by maximizing the perfor-
mance measured by the F1-score. The threshold was varied in the range 0.4-0.95. The F1-score curve shows a
better performance for a threshold of 0.7 (Fig. S3). Under this condition, we compared the 413 DAS detections
with the 597 VLP events detected using the seismic network (Fig. S5). Exploring the characteristics of the false
events, we observed that the FP events are indeed low-frequency seismic events, not detected by the automatic
detection system run by INGV-OE. Therefore, the VLP events are better detected in the DAS signal using a 2D
template matching, whereas they are too small in amplitude to be detected by the STA-LTA.

Machine learning based event detection on DAS. We investigate whether it is possible to obtain a
better detection accuracy with ML algorithms by comparing the results with the ones obtained from the conven-
tional signal processing methods. Beside common ML approaches already proposed in some applications®*™,
DL approaches are increasingly used for event detection using fiber sensing, as described in®*-*%. A major advan-
tage of deep neural networks lies in their ability to extract relevant features from raw data in a hierarchical man-
ner without requiring domain knowledge from the experts. In addition, deep neural networks provide a unified
approach for selecting features and classifying them, removing the need to search for optimal classifiers.

Although there are already applications of ML and DL approaches for event detection in DAS data in industry
and structural health monitoring®, to our knowledge, there are not so many attempts in their use for volcano
monitoring. Just recently**°, DL are becoming common tools for investigating and monitoring seismic and
volcanic areas exploiting the spatially and temporally large DAS data, that may contain signals from natural and
anthropogenic sources.

The deep learning approach is based on the idea of converting DAS signals into a sequence of images on
which deep neural networks are applied to detect seismo-volcanic events. For this purpose, we trained two
Convolutional Neural Network (CNN) architectures: Inception-v3 and an optimized CNN (see “Methods”).

We used supervised machine learning, which provides a label for each training instance. The raw DAS sig-
nals are firstly filtered below 5.5 Hz and down-sampled to 20 Hz to remove unwanted noise and decrease the
dimensionality of the input data. Taking inspiration from computer vision, the large DAS data is divided into
smaller matrices, miming a sequence of images, each representing a collection of signals recorded along the
fiber at a certain time interval. In particular, we extract two-dimensional time windows (channel x time) from
the filtered data and we label the extracted window either as (1) if they contain a target event, or as (0) otherwise
as random noise. The considered target events consist of the seismic events detected on the seismic broad-band
signal. After computing the typical day (i.e. average day calculated stacking all the days over the entire dataset),
random noise windows were randomly extracted from time slots with the highest average noise, keeping them at
least one minute away from the closest seismic event. The data windows of both classes have a size of 551 x 160,
as they contain the recordings of the 551 channels with the highest SNR for 8 s. Each window was converted to
a grayscale image (i.e., image with 1 color channel) and normalized in the range [- 1, 1].

Data pre-processing from 15 January to 14 February produced a dataset of 148,800 images of which 1%
including volcanic events (1488) and 99% background noise (147,312). To train and validate the neural networks,
the dataset was divided into training set (70%), validation set (20%) and test set (10%) maintaining the same
imbalance between classes in the initial dataset.

After training, the two architectures achieved good and similar results. In terms of F1-Score, both of them
reach 0.999 on the training set and 0.998 on the validation set.

Following the approach used in Huot et al.®’, we then evaluate the trained networks both on the test set and
on the continuous data. In the latter case, the neural networks are tested on the continuous data by extracting
consecutive windows of size 551 x 160 from 15 January to 14 February. Then, the 345,101 windows were trans-
formed into grayscale images. Table 1 reports results from both the test set and the continuous data in terms of
classification metrics.

It should be noted that we did not remove the samples containing the events used in the training, because the
continuous sampling procedure does not produce event-synchronized samples like those used in the training
phase. Thus the continuous dataset does not contain any identical samples used in the training. In the continuous
dataset, the duration of the events to be detected is variable and a single event may fall on multiple images that
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the neural network can all classify with label 1. Thus, in performance evaluation on continuous data, an event
is considered correctly classified if the neural network predicts label 1 to at least one image in the time range
of+10 s from the picking time of the declared seismic event. Results on the continuous dataset are reported in
Table 1, for both the networks.

As a further check to assess the quality of the DL model, we temporally split the whole data into two subsets.
The data until 10 February were used to train and validate a network with the same architecture as Optimized
CNN, which was then tested on consecutive windows extracted from 11 February onwards by applying the
method described above for continuous data. The temporal subdivision ensures that no information provided
during training influences the test performance. Metrics on these unseen continuous data (Table 1) confirm the
good results.

The comparison of the metrics shows that ML techniques for the two architectures significantly outperform
the conventional STA-LTA algorithm on the DAS dataset. As DAS images are fed into the deep learning architec-
ture, the network is able to learn the representation useful for the detection. Although Optimized CNN is much
shallower than Inception V3 (1,158,852 parameters the former and 24,348,324 the latter), it comes up with similar
performance by leveraging the first kernels to emphasize low, mid and high frequencies (Fig. 6). In evaluating the
results, it should be stressed the substantial difference between the adopted approaches. The performance of the
STA-LTA algorithm is largely affected by the frequency band of the filter applied on the signal as well as by the
optimal tuning of the window-lengths and the threshold. On the other hand, thanks to the ability in automatically
extracting features from the training samples and generalizing from them, the DL enables to predict the pattern
of unseen data facilitating the pre-processing steps. Figure 7 allows us to compare the daily distributions of the
TP, FP, FN events obtained by the STA-LTA and the CNNs over the continuous dataset. The number of FNs in
both CNNss is significantly reduced, denoting a better ability in the detection of the events. Notwithstanding the
good performance of the networks, we observe a significant number of FPs, which correspond to subtle events
not detected by conventional methods applied on a single seismic signal. By detecting more small events, ML
approaches perform better than traditional approaches in conditions with lower SNR. On average, the detection
performance of the algorithms over time is stable. The daily number of detected events drastically drops on 1-2
and 7-8 February. The detectability in both DAS and seismic signals is hampered by the high background noise,
which is highly variable and sensitive to the meteorological conditions. In particular, an enhancement of the
microseism was observed in those days (Fig. S6). Since the microseism spectral content (0.05-0.5 Hz) overlaps
partly with the frequency band of the VLP events, the seismic signal is masked and difficult to detect.

Events classification

In the investigated period we observe a persistence of LP and VLP events which exhibit a strong waveform
similarity and a mixed frequency content. To study their waveforms and occurrence, we perform a seismic event
classification by computing the maximum cross-correlation between the pairs of the detected events, on both
IVCR seismic data and DAS recordings. For the seismic IVCR data a time cross-correlation on a 11 s length
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Figure 6. Frequency responses of the 3 kernels in the first convolutional layer of Optimized CNN network.
Frequencies above 5 Hz are not significant because the signals were previously filtered below 5.5 Hz.
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Figure 7. Distribution of daily numbers of DAS detected events using STA-LTA algorithm, the InceptionV3
and the optimized CNN.

window encompassing the event is used. For the DAS data a 2D cross-correlation on a similar window length of
11 s is used on the channels with the highest SNR on land. We then carry out a hierarchical clustering analysis
applied successfully in volcanology'®, using the Eardley algorithm®'. We define here a family when a cluster con-
tains more than 4 events. The build-up of the families depends on the selected cross-correlation threshold. We
perform several tests by varying the threshold value and computing the number of distinctive families. Under
a threshold of 0.9, the analysis on the IVCR cross-correlation matrix reveals six families (Fig. 8). The cluster
analysis on the DAS cross-correlation matrix discloses similar waveforms, even if the number of families and
associated events are lower (Fig. 9). Therefore, even if the waveform is distorted going from the summit area to
the flank of the volcano (Figs. 2, 3, 4), the distinctive characters of the events are preserved and distinguishable.
However, the families F1 and F2 recognized separately in the IVCR station are not discernable in the DAS data
and are merged into only one family F1,. Similarly, the IVCR family F6 is not identified among the events on
the DAS data. Indeed, the stacked waveform of the F6 family is very similar to the long wavelength component
of the F3 family, showing a down-going onset followed by a sinusoidal oscillation. This evidence is confirmed
by the high cross-correlation of 0.93 found between the F6 stacked waveform and the low-pass filtered signal
(below 0.5 Hz) of the F3 stacked waveform. Indeed, excluding the family F5 and F1, high absolute correlation
values (above 0.93) are found among the low-pass filtered waveforms of the families. Also the spectra confirm the
strong similarity of the family F2-F4 and F6 in the low-frequency component. The waveform and the spectra of
the stacked signal allows us to better distinguish and identify the three main types of events already noted from
the preliminary data inspection. The classification clearly displays: (i) two higher frequency families (F1 and
F2); (ii) a family with mixed frequency content (F3); (iii) three lower frequency families (F4, F5, F6). The family
F1 shows two predominant frequency peaks at around 4 and 5 Hz, whereas in the family F2 the two peaks are
shifted across a lower frequency of 3 Hz. Family F3 has two peaks at 3 Hz and at 0.18 Hz. The amplitudes of the
higher and lower components are variable over time and give rise to a set of diverse waveforms. The monochro-
matic VLP events have distinctive characteristics with initial positive and negative polarities. F4 and F5 differ
mainly at the onset of the event, when the F4 exhibits a faster evolution. Moreover, an intriguing strong negative
correlation of —0.97 is observed between the stacked waveforms of the events belonging to F4 and F6, which
indicates a strong reversed polarity between the two families.

Temporal evolutions in the family distributions are observed. Particularly, at the beginning of February we
observe a change in terms of occurrence and/or frequency of events in the families. This change occurs soon
after a heavy rainfall (Fig. S6) that might have affected the seismicity by perturbing the pore pressure in fluid-
filled fractures embedded in the hydrothermal system®. Owing to the short period of observations (one month)
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Figure 8. Stacked waveforms (thick coloured lines) of individual normalized events (thin gray lines) for the six
identified families recorded at IVCR station (a—f). Each signal is normalized by centering the data to zero mean
and scaling them to unity standard deviation. Temporal distribution of the occurrence of the IVCR classified
events (g). Normalized spectra of the stacked waveforms (h).

with respect to the longer duration of the crisis, inferences on the source mechanism could be not exhaustive.
However, the distinctive features revealed by the classification analysis are indicative of their mechanisms. On
the basis of our findings and similar evidences in other volcanoes®-, we suggest a process of “breathing” of
the hydrothermal system, in which the VLP component, mainly in families F6 and F3 and to a lesser extent in
F2, could be related to its deflation by gas release and the LP component in families F1, F2 and F3 could result
from gas escaping toward the surface through a series of resonating fractures. Only a few monochromatic VLP
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Figure 9. Stacked waveforms (thick colored lines) of individual normalized events (thin gray lines) for the
identified families on the DAS data. The waveforms are those recorded at IVCR station to allow a comparison
with the families identified using the seismic signal at IVCR (Fig. 6). Temporal distribution of the occurrence of
the DAS classified events.

events report about the inflation of the hydrothermal system. The continuous gas emission since the beginning
of September 2021 and the absence of any sign of deflation after the fast inflation phase in September-November
2021°* support the presence of a pressurized hydrothermal system that releases fluids through fractures toward
the surface.

Concluding remarks

Our results demonstrate that the existing telecommunication cable at Vulcano Island can be exploited to comple-
ment the seismic monitoring by using DAS technology. Owing to the Vulcano crisis we had the extraordinary
opportunity to test the fiber cable, assess its seismic response and experiment traditional and innovative ML
algorithms on the DAS dataset. Although the geometry of the telecommunication fiber cable and its coupling
with the ground are not optimal to sense low frequency volcano seismicity, signatures of the seismic events are
very well recognized in the DAS signals, also in the submarine section of the cable. We observe very low ampli-
tude signals at the resolution limit of the instrument. However, the weakness of the signal is counteracted by the
higher spatial density of the observations that allows for robust detection.

We exploit the distributed sensing feature of DAS measurements by adapting conventional algorithms and
by re-designing ML approaches for image processing. The detection performance of the CNN networks on the
continuous data suggest that, after initial training, the machine learning approach could be efficiently used for
near real-time monitoring. While conventional algorithms required a fine tuning of parameters and filtering in
appropriate bands in order to achieve a sufficient detectability, the deep learning-based event detection, without
any a priori information on the frequency content of the events, performed better. In particular, the optimized
CNN automatically adapts the frequency responses of the trained kernels for capturing and emphasizing the
content of the signals at high, low and mixed frequencies. We find that the frequency content of most events
comprises two distinct frequency bands. The classification analysis groups the events in families distinguished
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by the relative amplitude between the LP and the VLP components, suggesting they are generated by two distinct
sources, the “breathing” of the hydrothermal system and a series of resonating fractures. Therefore, the fiber optic
interrogation of telecom cable in association with dedicate processing algorithms can effectively contribute to
the understanding of the low frequency seismic signals generated by the hydrothermal activity and, hence, may
contribute to the rapid responses to volcanic crisis.

Methods

Distributed acoustic sensing experiment. From 13 January until 14 February 2022, we interrogated a
40 km-long submarine telecommunication fiber optic cable linking the TIM Vulcano power station to Milazzo
(Fig. 1). The cable consists of 12 G652 fibers (single mode), of which 8 are used for telecommunication services.
We connected an iDAS interrogator to one of the left 4 dark fibers and we applied a fixed gauge length of 10 m.
We recorded strain rate data with a sampling frequency of 1 kHz and a spatial sampling of 4 m, turning the
fiber into an ultra-dense array of 3968 sensors, also called “channels”. The cable passes through the urban area
of Vulcano Island for about 3.9 km in pre-existing conduits (channels 50-1000) at a depth of about 0.8 m. Then
it dives into the sea for about 37 km (channels 1000-3968) reaching a maximum sea depth of about 1000 m.
At the shoreline (channels 1010-1055) the cable enters the sea inside a protective conduit for about 100 m and
then is anchored to the volcanic rocks at distinct locations until it reaches the sandy seabed, where the cable is
lying loose on the seafloor. Records exhibit a signal-to-noise ratio decaying over the distance, with a large noise
beyond 20 km. Therefore, we acquired data until about 16 km distance up to channel 3968. A total dataset of
20 TB was collected.

After the installation, we performed hammer shots along the fiber path (provided by TIM) to geo-locate the
DAS channels on land" with a portable GPS device. For the submarine part, we interpolated the DAS channel
positions from the cable locations, recorded at time of its installation, over a 20 m resolution bathymetry.

We compare the DAS data with seismic records from the land-based monitoring system managed by INGV-
OE (Fig. 1). We use data from the four seismic stations belonging to the permanent network, equipped with
broadband 3-component Trillium (Nanometrics) seismometers with cut-off period of 40 s, and two stations
belonging to the stand-alone mobile network, installed in October 2021 to strengthen the seismic monitoring on
the Island and equipped with 3-component Guralp 6 T broadband sensors with a cut-off period of 30 s. Stations
of both networks acquire in real-time at a sampling rate of 100 Hz and data is transmitted to the operational
room located in Catania.

From the monitoring seismic stations, most seismic signals are below 40 Hz. To fasten the data access and
processing, the original DAS full dataset, after filtering below 50 Hz, was down sampled to 100 Hz and saved in
HDF5 format.

Deep neural model. We frame the detection as a binary classification between images containing or not
seismo-volcanic events, and we tested two convolutional neural network (CNN) architectures, the Inception-v3
(Fig. 10a) and the optimized CNN (Fig. 10b).

Inception-v3. Inception networks®-%® mark a key milestone in image analysis. To overcome the extremely large

variation in size of the salient parts in the image, an inception network uses filter banks with multiple dimen-
sions operating on the same input level called inception modules. Specifically, Inception-v3 showed its quality
for image classification in ILSVRC (ImageNet Large Scale Visual Recognition Competition)®.

For the event detection task, the Inception-v3 model available on Pytorch’ was instantiated. The architecture
allows the network to process RGB images (i.e. images with 3 color channels) with height and width of at least
299 pixels and to predict one of 1000 classes. For our purpose, the model remained almost unchanged, except for
the number of input channels of the first layer (from 3 to 1, for processing gray-scale images) and the output size
of the two fully-connected layers (from 1000 to 2 classes). After resizing images to 551 X299 (channel x time),
data augmentation was performed on the dataset with random horizontal flipping and random vertical flipping.
The network was trained on the training set by minimizing the Cross-Entropy loss function”! with mini-batch
gradient descent using the Adam optimizer’>—learning rate: 0.0001—and batch size 32, for a total of 50 epochs.
The optimal network is the one that maximizes the F1-Score metric on the validation set.

Optimized CNN. The implemented convolutional network” (Fig. 10b) consists of 3 convolutional blocks, each
consisting of:

- A 2D convolutional layer, consisting of a set of filters (kernels), each of which is convolved with the image
and creates an activation or feature map. The input (Inp) with dimension (Cy,, H,,, Wy,,,) is transformed into
output (Out) with dimension (Co,», Houw Wou) by K kernels with K= C,,, with dimension (Cj,, k,k), where
Cyyp is the number of channels and k is the dimension of kernel height H and width W.

- A rectified linear unit activation function, which receives as input the output of the convolutional layer. It
maps negative values to zero while keeping positive values as they are, so as to produce max(0,x) as its output.

- A 2D max-pooling layer, reducing the height and width of the input while leaving the depth (i.e., the number
of channels) unchanged. Each block applies independently 2 x 2 filters with stride of 2 (i.e. the step by which
the filter is moved over the image) on every depth slice of the input, returning the maximum of each region.

The first block is preceded by a convolutional layer of 3 mono-dimensional kernels, each one with 21 param-
eters along the time axis (i.e., the width). The setting of the first layer allows the network to capture the signal
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Figure 10. (a) Inception-v3 architecture. It includes three types of Inception modules, two of which perform
the factorization of convolutions, both in smaller (Inception-A) and asymmetric convolutions (Inception-B),
while the third type expands the filter bank outputs to promote high dimensional representations (Inception-C).
This CNN exploits an auxiliary classifier (AUX) as a regularizing element and an efficient grid size reduction
(Reduction-A and Reduction-B) by concatenating the feature maps obtained from convolutions with stride 2
and from max-pooling operation. Each convolutional layer is followed by batch normalization and Rectified
Linear Unit (ReLU) activation function. (b) Optimized CNN architecture. The output tensor dimension of each
layer (marked in Italics) is in the form number of channels, height, width.

dynamics at different frequency bands. Indeed, the frequency responses of the trained kernels (Fig. 6) show that
they act as FIR filters by emphasizing the low (kernel 3), medium (kernel 1) and high frequencies (kernel 2).

Lastly, a fully connected layer and a SoftMax function’ classify the images into two classes: 0: 'no events, 1:
event’

Hyperparameter setting. We define the CNN network architecture by optimizing the combination of hyperpa-
rameters from a search space through the hyperparameter tuning process.

The optimization mainly regards the hyperparameters of the convolutional layer in the first block, the learning
rate and the batch size. The search space is defined by values broadly used in literature” as follows:

- Number of channels produced by the convolution in the first block Co,, € {16,32,64}.

- Size of the convolving kernels in the first block k€ {3,5,7,9,11}.

- Stride by which the filter is moved by over the image s € {1,2,3,4,5,6}.

- Zero-padding added to all sides of the convolutional layer input in the first block p €{1,2,3,4,5,6}.
- Dilation between kernel elements of the convolutional layer in the first block d € {1,2,3,4,5,6}.

- Learning rate [r~U(0.0001,0.1).

- Batch size BE{32,128}.
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Furthermore, convolutions of the second and third blocks double the number of channels of their own input;
therefore, the depth of the output of each subsequent block depends on the number of channels produced by
the first convolutional layer.

The hyperparameter optimization process required 100 experiments, namely 100 combinations of hyperpa-
rameters were randomly sampled from the search space. To jointly exploit both massive parallelism and aggres-
sive early stopping, we used Asynchronous Successive Halving Algorithm (ASHA)” as a method of parametric
optimization. Each trial is trained for a minimum of 2 epochs and a maximum of 50, with a reduction factor of 2.
Each random combination of hyperparameters is trained on the training set—after applying random horizontal
and vertical flipping—with the goal of minimizing the Cross-Entropy loss function with mini-batch gradient
descent using the Adam optimizer. The chosen network is the one that maximizes the F1-Score metric on the
validation set.

The best of the randomly sampled configurations was the following: C,, =64, k=11, s=2, p=1, d=2, with
Ir=0.0001 and B=32.

Data availability
The INGV seismic data are accessible from the EIDA database (European Integrated Data Archive) at http://
eida.rm.ingv.it/. The large DAS dataset is archived at INGV-OE and GFZ and is available upon request to the
corresponding author.
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