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Abstract

This chapter describes fiber optic sensing methodologies and their applications for understanding
volcanic structure and processes. We assess their benefits for volcano monitoring and offer possible
solutions to address their challenges. The physical principles at the basis of fiber optic sensing
technologies have been known for several decades. These principles are related to various processes
involving electro-magnetic interactions of light sent by a laser within glass. Intrinsic physical properties of
glass within the optical fiber, when engineered appropriately and interrogated with an adequate light
source, enable us to access a number of environmental parameters, such as temperature, strain and
rotation over a large frequency range. However, only recently developed instruments have been able to
sense these parameters efficiently, either at a point or densely in a distributed way for geophysical and
volcanological applications. Rotational sensors allow us to measure the rotational components of the
seismic wave field, which have been discarded in the past. Distributed fiber optic sensing provides access
to quasi-continuous measurements of temperature, strain and strain rate along km-long fibers with a
high spatial resolution (meter) and sampling rate (kHz). We show examples on volcanoes both on land
and in submarine environments. We demonstrate that data from optical strainmeters, rotational sensors,
distributed fiber optic strain and/or temperature sensing can reveal unknown structural features and
processes in volcanoes. These examples testify that fiber optic sensing methodologies owe to be

implemented as additional tools for improved volcano monitoring and for volcanic crisis management.



1. Introduction

Approaches and techniques for monitoring active volcanoes have significantly evolved in recent years,
mainly due to innovations in instrumentation, to denser spatial observations and to an improved
interpretation of data through better integration of geophysical and geochemical observations (Surono
et al., 2012). The aim of volcanology is to forecast the behavior of a given volcano and issue timely alerts
for effective hazard assessment and risk management (Witze, 2015). To achieve this goal, models of mass
and energy transfer are necessary. These models require the knowledge of accurate details of the
distribution of physical properties within the volcano, of the full seismic wave field and of key
thermodynamic properties and transfer processes within the volcanic system. To achieve such acute
description, volcanologists deploy instruments to measure physical and chemical parameters on
volcanoes and interpret their spatial distribution and temporal variations in relation with volcanological
and geological observations. For example, the use of large-N seismometer networks to densely observe
ground motions has enabled volcanologists to gain additional knowledge on volcano seismic structure
and processes (Hansen et al., 2016; Yeh et al., 2021). The analysis of the parameter variations over time
recorded with multiple instruments, contributes to evaluating the status of the volcanic activity and

supports volcano monitoring.

This chapter aims to illustrate how the use of fiber optic sensing methodologies can provide valuable
information for achieving various goals in volcanology. This includes understanding structural features

and volcanic processes, which can contribute to improved volcano monitoring.

Fiber optic sensors offer several advantages over conventional sensors (Lu et al., 2019; Blanc et al.,
2022). On the one hand, sensing can be performed remotely via optical fiber due to the low transmission
losses of light within the optical fiber. On the other hand, optical fibers are highly sensitive to external
physical processes, allowing for accurate recording of new observables (such as translation, rotation and
strain) at a specific position, or at series of distributed locations along a fiber (which can span tens of
kilometers), with a dense spatial resolution (e.g., meter, using Distributed Fiber Optic Sensing for
temperature and strain). Furthermore, optical fibers are suitable for use in harsh environments due to
their immunity to external electromagnetic interference, high temperatures resistance, and ability to
withstand corrosive conditions. Additionally, fiber optic cables are lightweight, compact, flexible, easy to
deploy, and cost-effective, requiring low maintenance. All these merits explain why fiber optic sensing
has been used for many years in a wide range of applications, including civil engineering, mining and
energy exploration, and environmental sciences, especially in harsh and challenging-to-access

environments (Miah & Potter, 2017). The technologies associated with fiber optic sensing have shown



their potential in replacing conventional electromechanical-based temperature and vibration sensors.

This justifies the potential of expansion of their use also in volcanology.

The principles behind fiber optic sensing were discovered several decades ago by Rayleigh (1881),
Sagnac, 1913a,b, Brillouin (1914), and Raman (1928). The measurement involves sending light through an
optical fiber and analyzing changes in light properties, such as amplitude and/or frequency, after it
interacts with the medium it travels through, such as glass fiber. When the environment in which the
fiber is located undergoes changes in physical parameters, such as temperature, strain or rotation, the
properties of light are modified due to the altered interactions between the light and the glass. The

section §2 will provide a detailed explanation of these principles and processes.

However, the implementation of these principles in practice has only been happening in the last few
decades for an increasing number of applications, at a reasonable cost. These advances can be attributed
to simultaneous substantial technological innovations, particularly in optoelectronics and photonics,
which now enable photonic scientists to manipulate light and measure tiny phase shifts at a very high
sampling rate. Advancements in fiber optic cable design and manufacturing, as well as improvements in
laser (as the source of light) accuracy and stability, have contributed increased accuracy and resolution of
fiber optic technologies. Additionally, in computer science, digital information can be processed more
quickly using smaller and more efficient electronic chips and new processing algorithms. These
advancements enable the recording of new geoscientific information with high temporal and spatial
resolutions and improved accuracy. Consequently, optical fiber technologies have become increasing
popular in recent years for geophysics and geoscientific applications (Wassermann et al., 2016; Matias et
al, 2017; Bastianini et al., 2019; Lu et al., 2019; Zhan, 2019; Lindsey and Martin, 2021; Chang et al., 2022;
Moreno et al., 2022; Noe et al., 2023). Below, we summarize the three main approaches to fiber optic

sensing: light transmission sensing, point sensing and distributed sensing.

Light transmission sensing involves analyzing changes in light transmission delay or polarization,
occurring within an optical fiber between the point of emission and reception. These changes are linked
to perturbations of the refractive index of the fiber glass caused by external vibrations or disturbances,
such as seismic waves. This method has been used with trans-oceanic telecom fiber optic cables to
detect and/or locate earthquakes over large distances (1000s km), using disturbances in transmission
delays (Marra et al., 2018; Bogris et al., 2022) and polarization (Palmieri & Schenato, 2013; Zhan et al.,
2021). By using this technique on several successive shorter cable segments, earthquakes on the mid-

oceanic ridge can be located (Marra et al., 2022). This opens the possibility of monitoring inaccessible



submarine volcanoes using existing and future telecom networks. Transmission delay or polarization

methods may be used in volcanology sensu stricto in the near future.

Fiber optic point sensing involves the analysis of changes in light properties in dedicated small size sensor
(0.01-0.1 m scale) in order to measure locally an evolving physical parameter affecting the light
properties. Several such instruments have been developed to measure seismic ground motion (Feron et
al, 2020), rotation (Bernauer et al., 2012, 2018, 2021; Wassermann et al., 2020; Brokesova et al., 2021),
tilt (Chawah et al., 2015) and strain (Ferraro & De Natale, 2002; He et al., 2013; Coutant et al., 2015).
Fiber optic rotational sensors have been proven successful in controlled huddle tests, in which many
similar sensors record at the same time and same location (lzgi et al., 2021). The sensors were deployed
for various purposes, including the analysis of tectonic earthquakes in Italy (Simonelli et al., 2018; Yuan et
al., 2020), micro-zonation of damages after significant earthquakes (Wassermann et al., 2016; Keil et al.,
2021; 2022), exploration seismology (Schmelzbach et al., 2018), and tracking moving sources (Yuan et al.,
2021). Rotational sensors can also help to correct for tilt contamination of records from nearby
conventional seismometers (Bernauer et al., 2020), to correct measurements on the seafloor (Lindner et
al., 2016), or to directly study microseisms generated in the ocean (Hadziioannou et al., 2012; Tanimoto
et al., 2015). Rotational sensors have been shown to measure meaningful volcano-seismic signals on
volcanoes, such as in Hawaii, USA (Wassermann et al., 2020), on Stromboli, Italy (Wassermann et al.,

2022) and at Etna, Italy (Eibl et al. 2022).

Distributed Fiber Optic Sensing (DFOS) involves analyzing changes in light properties after it has
interacted with the structure of the fiber glass itself. DFOS typically uses an interrogator device
connected to a single optical fiber within a fiber optic cable, which can be deployed on purpose or in
existing infrastructure. The interrogator contains a laser that sends light through the fiber. The light
interacts with the glass structure of the fiber, typically variations of the glass refractive index, via e.g.,
scattering processes (see §2 for full details). Part of the scattered light travels back to the interrogator
where it is analyzed by a photodetector also inside the interrogator. The properties of the light change in
relation to changes in environmental parameters, such as temperature and strain, acting on the fiber
glass structure. Thus, the fiber serves not only as a means of transmitting light, but also as a sensor. DFOS
is capable of probing kilometers of fiber at once due to the low attenuation during light propagation. As
scattering processes occur continuously along the fiber, measurements can be obtained at any chosen
spatial interval, making DFOS a distributed sensing method. DFOS enables distributed sensing over
distances of 10s-kilometer, with data typically measured every couple of meters. This makes it attractive

for a wide range of applications.



DFOS has been developed to measure temperature (Hartog, 1983; Li et al., 2015), dynamic strain (Parker
et al., 2014) and static strain (Horiguchi et al., 1989). Local external perturbations along the sensing fiber,
such as temperature and strain, can be measured by analyzing the amplitude, the frequency, the
polarization or the phase of the light (Lu et al., 2019). DFOS has been widely used in various applications
due to its ability to probe the entire length of the fiber for temperature and strain at high spatial
resolution. For instance, it has been used to investigate line cuts and quality in telecommunication
networks (Barnosky et al., 1976; 1977; Philen et al., 1982) and in ensuring perimeter security (Taylor and
Lee, 1993; Szustakowski and Zyczkowski, 2005). DFOS has also been used in petroleum and geothermal
industrial applications to log borehole structure with Vertical Seismic Profiling (Daley et al., 2013;
Madsen et al., 2013, 2016; Frignet & Hartog, 2014; Hartog et al., 2014; Zwartes & Mateeva, 2015; Willis
et al., 2016; Correa et al., 2017; Martuganova et al., 2022; Scholderle et al., 2022), to profile well
temperature (Reinsch et al., 2013). DFOS has also been used for monitoring well integrity (Lipus et al.,
2018), fluid flow during hydraulic fracturing (Molenaar & Cox, 2013; Richter et al., 2019), and reservoir
microseismicity (Verdon et al., 2020). DFOS has been applied in various other applications including
structural health monitoring (Tregubov et al., 2016; Barrias et al., 2017) and land subsidence monitoring

(Wu et al., 2015).

Applications in non-industrial Earth Sciences are more recent. They often face challenges due to harsh
environmental conditions. DFOS has been used to accurately and precisely characterize the Earth’s crust
over distances ranging from 0.1 to 100 km. These applications cover a range of topics including ice
monitoring in a lake (Castongia et al., 2017) and in glaciers (Walter et al., 2020; Klaasen et al., 2021),
landslide monitoring (Kogure & Okuda, 2018), teleseismic earthquake detection (Lindsey et al., 2017;
Jousset et al., 2018; Yu et al., 2019) and local earthquake detection and location (Jousset et al., 2018;
Klaasen et al., 2021; Nishimura et al., 2021). Krawczyk et al. (2019) conducted research on monitoring
urban areas. Jousset et al. (2018) and Krawczyk (2021) conducted research on crustal structure and
monitoring on-shore, while Lindsey et al. (2019), Jousset (2019), Sladen et al. (2019), Williams et al.
(2019) and Janneh et al. (2023) focused on submarine offshore topics, such as microseism or submarine
life (Landrg et al., 2022). Global seismology also benefits from the large number of available
infrastructures (Jousset et al., 2023; Wuestefeld et al., 2023). The success in using already deployed
standard telecom fibers (Jousset et al., 2016; Lindsey et al., 2017; Sladen et al., 2019; Williams et al.,
2019) makes DFOS particularly attractive for volcanoes in urban areas and sub-marine environments,
such as Campi Flegrei and Vulcano (Currenti et al., 2023), in Italy. However, most volcanoes lack telecom
networks, requiring the deployment of optical cables for fit-to-purpose experiments and potential
monitoring (Contrafatto et al., 2019; Jousset et al., 2019; Currenti et al., 2021; Klassen et al., 2021;

Fichtner et al., 2022; Jousset et al., 2022).



This chapter focuses on technologies and applications that address two quantities relevant in
volcanology: temperature and the full seismic wave field (translation, strain and rotation). These
guantities are most appropriate for yielding ground property distributions and structural features at
volcanoes and for characterizing processes to improve volcano monitoring and hazard assessment. The
chapter is structured as follows: Section 2 describes the various optical techniques, highlighting the
ability of fiber optic sensing in measuring accurately the full seismic wave field, including translational
displacements, rotational and strain components, across a wide frequency range. Section §3 presents the
current status and advancements in Point Fiber Optic Sensing and in Distributed Fiber Optic Sensing for
volcanology, with examples from Canada, France, Germany, Iceland, Italy and Japan. These examples
demonstrate the ability of fiber optic technologies to achieve the following: 1. improve the inference of
seismic wave field properties; 2. provide a detailed characterization of subsurface volcanic layers and
image faults; 3. detect and locate volcanic earthquakes; 4. quantify volcano deformation and describe its
relationship to the tectonic environment; 5. detect small signals related to fluid movement, such as
monitoring bubbles in a volcanic lake, and quantify and locate volcanic explosions. In Section 4, we
address the limitations and challenges of fiber technologies, and propose potential solutions for real-time
operational volcano monitoring. Section 5 concludes by examining the future of fiber optic technologies

for research, volcano monitoring, and volcanic crisis management.

2. Fiber optic principles and methods for seismic wave field and temperature measurements

Volcanic phenomena can cause deformation, such as the rotation, tilt and translation of blocks of rocks
at different spatial and temporal scales. Therefore, volcanology requires a description and observation of
the complete seismic wave field across a wide frequency range (from months to hundreds of Hz).
However, until recently (Matoza & Roman, 2022), volcano-seismology was unable to measure the full
seismic wave field, in particular its rotational and strain components (Thelen et al., 2022), due to the lack
of adequate instruments. This has changed with the development of new fiber-based instrumentation
that can measure rotation or strain with small amplitude resolution (nanoradians to microradians or

nanostrain to microstrain, respectively) over a broad frequency range (0.0001-100 Hz).

This section provides a brief overview of linear seismology before discussing the physical principles
behind fiber optic technologies that describe the ground motion (translation, strain and rotation) and
temperature (see also Table 1). To ensure a comprehensive description, we refer to several reviews due
to the wide range of tested and existing technologies. In addition to Hartog’s (2017) general introduction,

the literature comprises general reviews by Kersey (1996), Grattan & Sun (2000), Lu et al. (2019), Pevec &



Donlagic (2019), Fenta el al. (2021) and Moreno et al. (2022). Other literature focus on more specific
aspects of fiber optic technologies such as Fabry-Perrot technologies (Nur et al., 2016), distributed
temperature sensing (Ukil et al., 2011), Brillouin scattering (Bao et al., 2021), and distributed dynamic
strain sensing, also known as distributed acoustic sensing (Masoudi & Newson, 2016; Reinsch et al.,
2021; Gorshkov et al., 2022, Liu et al., 2022; Masoudi & Brambilla, 2022; Sun et al., 2022). Ramakrishan
et al. (2016) reviewed applications for composite materials. Miah & Potter (2017) studied strain and
temperature for geophysical applications, while Schenato (2017) focused on geo-hydrological
applications. Di et al. (2018) explored deformation applications, Hartog et al. (2018) monitored marine
infrastructures, Zhu et al. (2022) monitored linear infrastructures, and Butt et al. (2022) conducted

research on environmental monitoring.



BOFDA: Brillouin Optical Frequency Domain Analysis
BOFDR: Brillouin Optical Frequency Domain Analysis
BOTDR: Brillouin Optical Time Domain Reflectometry
CP-¢-OTDR: Chirped-pulse Phase OTDR
DAS: Distributed Acoustic Sensing

DDSS: Distributed Dynamic Strain Sensing
DVS: Distributed Vibration Sensing

¢-OTDR: Phase OTDR

Table 1 - Summary of the main fiber optic techniques and their applications in volcanology.

OTDR: Optical Time Domain Reflectometry

OFDR: Optical Frequency Domain Reflectometry

ROTDR: Raman Optical Time Domain Reflectometry
ROFDR: Raman Optical Frequency Domain Reflectometry
WS-OTDR: Wavelength Scanning OTDR

Acrony Method Volcano Time anc! space Vo.lcar.\o Bibliography
m samplings applications
OTDR Incoherent Rayleigh, 1881
distributed Barnoski, 1977
Rayleigh power
R sensing
STATIC OFDR swept Kreger et al., 2016
A wavelength
Y interferometry
L Coherent Reykjanes Seismic, high frequency Jousset et al., 2018 Parker et al., 2014
$-0OTDR distributed Etna applications. Currenti et al., 2021 Hartog et al. 2017
E (DAS Rayleigh power Aso Challenge for low Nishimura et al., 2021 Posey et al., 2000
| DVS) sensing Meagler frequencies, except in Klaasen et al., 2021 Peng et al., 2014
Grimsvotn engineered fiber Jousset et al., 2022 Tuetal., 2015
G Laacher See Typical freq: 0.1-500 Hz Fichtner et al., 2022 He et al., 2018
Stromboli Typical sensitivity: few Currenti el al., 2023 Chen et al., 2019
H DYNAMIC nanostrain Diaz-Meza et al., 2023
STRAIN Gauge length 5-30 m (for Bagioli et al., 2024
SENSING seismic usually 10 m) This chapter
WS- Liehr et al., 2018
OTDR Liehr et al. 2019
CP-¢- Rayleigh and 1 mK/4 nanostrain Pastor-Grael et al., 2016
OTDR Raman scattering Xiong et al., 2018
B BOTDR Brillouin OTDR Etna Long term deformation. Low Gutscher et al., 2019 Brillouin, 1914
sensitivity at high frequency. Murphy et al., 2022
R Typical frequencies: minutes Gutscher et al., 2023
Typical sensitivity:
”_ microstrain
DEFORMATI Gauge length 1-3 m
L ON/
O TEMPERATU BOTDA Horigushi et al., 1989
RE
U BOCDA Correlation-base Hasagawa & Hotate, 1999
| technique
N BOFDA Néther et al., 2008
Wosniok et al., 2009
Bernini et al., 2012
R TEMPERATU ROTDR/ Raman Erebus 10 minutes Curtis & Kyle, 2011 Raman, 1928
RE ROFDR OTDR/OFDR Campi Fleigrei Carlino et al., 2016 Grattan and Sun, 2000
A Somma et al., 2019 Tyler et al., 2009
M Briggs et al., 2011
A
N




Rotational sensor 2020

Etna,

Eibl et al., 2022

Stromboli

Wassermann et al.,
2022

0O>»Z202>un

ROTATION Hawaii High frequency Wassermann et al., Sagnac, 1913a,1913b

2.1 Analysis of strain

The description of ground motion includes translation, rotation and strain components (Aki & Richard,
2002). This can be understood by analyzing the transformation of a body subjected to an external force
(Mdller, 2007; Schmelzbach et al., 2018). Let us consider a Cartesian referential system with x, y and z as
the coordinate axes, and two close positions P(x,y, z) and Q(x + Ax,y + Ay, z + Az) within the body
on which a force is applied. The initial distance between points P and Q is denoted PQ(Ax, Ay, Az).
Following the application of the force, point P moves to P’ by the displacement vector u(u,, Uy, U;) and

point Q moves to Q' by a displacement u + Au.

In the linear theory of continuum mechanics, the transformation PQ — P'Q’ is assumed to be linear.

The components of the vector Au can thus be written as

Au, = au"A +au"A +au"A +0(u?)
U = g BX dy YT, B w)s
du,, du,, ou,,
Auy = WA.X + WA}/ + EAZ + O(uf,),
du, du, du,
Au, = A A A 2
u, T2 x + 3y y + e z+ 0(uz),

where we neglect, as indicated by the sign O(.), the second (and higher) order terms of the

transformation. d denotes the partial derivative operator. The transformation can be expressed in a

. ou; . . . . .. . . .
matrix form (a—x‘>, where we use the Einstein summation convention on indices i and j, which can

)

represent x, y or z. This matrix describes the gradient of the displacement at all points of a continuous

aui _ 1 aui n au] N 1 aui au]
ax]' N 2 ax] axi 2 ax] axi ’

medium. By decomposing

we find the first term to be strain (symmetric matrix) and the second term rotation (antisymmetric
matrix), by definition. Therefore, one can generally express the transformation PQ — P'Q" as a

combination of



e atranslationu (ux, Uy, uz);
e astrain € which can be seen as the change of length of lines, and is defined by the tensor
Ex yxy Vxz
e=|VYyx & Vyz ,
Vzx sz &

in which the components are expressed by

ou,  Ou, ou,

T ox Ty T o
1/0u, OJu,

ny=Vyx=z<ay+W>'
1/0u, OJu,

Ve =V =2\ 32 T ox )

_ 1 auy+auz _
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e and a rotation of the whole region (including P and @Q), defined by a tensor

€x

0 wyy Wy
Q=(wy,xy 0 ]
Wyy Wgzy 0

in which the components are expressed by

ou, OJu,
Oy =0 =33y " ox )

ou, B du,
0z 0x)/)

_ auy B du,
wyz = wzy E ay .

—wyz wzy
Wyz = |Wxz]|.
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2
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)

Rotation is sometimes expressed as a pseudo-vector 2,, = |{, | =
2,

The three elements (translation, strain and rotation) are at the basis of the description of ground motion

Wy

by the equation of motion (Aki & Richards, 2002; Miiller, 2007; Schmelzbach et al., 2018), from which

ground deformation and seismology originate from.

Global Navigation Satellite System (GNSS) measures ground displacement, and has been successful on
many volcanoes (e.g., Palano et al., 2023). Its relative resolution is limited to several millimeters over
distances of kilometers Applications of GNSS focus on large ground motions (larger than few millimeters)
occurring over long term (days to months). Seismometers measure ground velocity or acceleration in the
micrometer/second range, and form the basis of monitoring networks at many volcanoes. Broadband

seismometers measure the three components of the seismic wave field over a typical range of 0.01-100

10



Hz. However, they are also sensitive to changes in the tilt of the instrument, as noted by Rodgers (1968).
Tiltmeters can record long-term ground tilt (e.g., Gambino & Cammarata, 2017) In conventional
seismology and volcano-seismology, the rotational components have been disregarded because they
were thought to be sufficiently small (Bouchon & Aki, 1982). Until recently, portable instruments capable
of detecting rotational components were not available, making direct measurement of rotation difficult.
Strainmeters are designed to measure the strain field (Gladwin & Hart, 1985; Agnew, 1986). However,
they often only measure certain components of the strain tensor, such as single axial components
(Zumberge et al., 1988; DeWolf et al., 2015; Hatfield et al., 2022), volumetric strain (Linde and Sacks,
1995; Bonnacorso et al., 2016; Canitano et al., 2021) or 3-components of the strain tensor (Maccioni et
al., 2019). The volumetric strain (ex +e,+ &,) can be accurately measured by dilatometers in boreholes
(Sacks et al., 1971). These instruments provide a better understanding of volcano deformation processes
at low amplitude and low frequencies (Linde and Sacks, 1995; Currenti & Bonnacorso, 2019). Studies
have investigated higher frequencies of strain (> 0.1 Hz, e.g., seismic frequencies) and co-seismic strain
changes associated with seismic events have been investigated in mines (McGarr et al., 1982; Ogasawara
et al., 2005). Although some strain measurements exist on certain volcanoes, there are very few

publications reporting volcanic strain at high frequencies (e.g., Di Lieto et al., 2020).

The description and interpretation of volcano-seismic wave fields have mainly been conducted using
truncated observations of the ground motion. These observations only consider the translational
components, neglecting both rotation and high-frequency strain. Volcanic processes generate a large
variety of seismic signals, including volcano-tectonic events (VT, 3—40 Hz), long period events (LP, 0.2-5
Hz), very-long period signals (VLP, 0.05-0.2 Hz), tremor (~0.1-10 Hz), and volcano-explosive signals (VEQ,
explosion quakes, ~1-10 Hz). Therefore, it is necessary to further explore the volcanological signatures of

rotation and strain.

The development of fiber optic instruments provides new opportunities to access to the full wave field
over a wide range of frequencies, enabling a more complete description of volcanic events and a better
understanding of their nature. Figure 1 shows several portable instruments that use fiber optic
technologies, allowing for the measurement of components of the full seismic wave field. The following
section describes methods for sensing the translational, strain and rotational components of the seismic

wave field at a point, followed by methods for distributed sensing of strain and temperature.
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Trillium Compact
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Figure 1. Pictures of several sensors using fiber optic sensing. BOTDR stands for Brillouin Optical Time
Domain Reflectometry and DDSS stands for Distributed Dynamic Strain Sensing. These techniques are
explained in detail in section 2.3. a. various seismic sensors: the optical sensor contains a micro-opto-
mechanical cavity on a fiber tip (Pisco et al., 2018). Note the smaller size of the optical sensor as
compared to other conventional sensors (picture from Pisco et al., 2018, supplementary information). b.
rotational sensor and broadband seismometer deployed at Etna volcano (Eibl et al., 2022) (picture: E.
Eibl, U. Potsdam). c. iDAS and Carina interrogators deployed at Pizzi Deneri observatory at Etna volcano
in July 2019 (Picture: P. Jousset, GFZ). d. deployment of a fiber in a trench of about 30 cm depth at Etna

volcano in July 2019 (picture: M. Weber, GFZ). e. standard telecom cable (~0.5 cm diameter) deployed in

12



the trench (picture: P. Jousset, GFZ). f. various Distributed Fiber Optic Sensing interrogators in the
framework of the Focus Project (Gutscher et al., 2019; 2023): a BOTDR interrogator G1-R (Febus); a
BOTDR (T-BERD) interrogator (Viavi); an iDAS interrogator (Silixa). Each of these interrogators is
connected to a different fiber within a submarine cable of about 30 km length, belonging to the
infrastructure from the European Multidisciplinary Seafloor and water column Observatory and from the

Istituto Nazionale di Fisica Nucleare - Laboratori Nazionali del Sud (Italy — Sicily).

2.2. Fiber optic point sensing

2.2.a. Seismometer and strainmeter point sensing: the Fabry-Perot interferometer.

The Fabry-Perot interferometer is an optical cavity composed of two parallel light reflectors. It was
designed by Perot and Fabry (1899) and has since then been utilized in numerous fiber optic point sensing
devices to measure strain variation (Nur et al., 2016). The cavity can be between 0.1 and 1 mm in length
and allows light to enter only when it resonates with the cavity. The resonance of the cavity enables the
measurement of the light wavelength, or alternatively, when the cavity deforms, the resonance frequency
changes for a fixed light wavelength. Instruments that use this principle include seismometers (Pechstedt
& Jackson, 1995; Pisco et al., 2018; Feron et al., 2020), tiltmeters (Chawah et al., 2015) and strainmeters
(Ferraro & De Natale, 2002; Coutant et al., 2015; Bernard et al., 2022).

For instance, Feron et al. (2020) developed an optical seismometer that utilizes Fabry—Perot
interferometry. The EW, NS and vertical components rely on the distance between the end of a glass fiber
that emits infrared laser light and a reflecting mirror on the mobile mass of a passive geophone (Seat et
al., 2012). The space between the mirror and the glass fiber is the optical cavity, i.e., the Fabry—Perot
interferometer. Coutant et al. (2015) developed a strainmeter that utilises a series of Fabry-Perot cavities
(~ 1 cm long) and a high-performing spectrometer to measure strain with great sensitivity over a large
frequency band. The system has the advantage of being able to be interrogated at a long distance from
the sensor via standard fiber optic cable. The sensor can be set up in a harsh environment, such as an active
fumarole field, while the electronics can be located in a safer location. This ensures a longer life for the

monitoring system.
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2.2.b. Rotational sensors (Sagnac effect)

To measure the rotational component of the wave field, the so-called “Sagnac effect” is used (Sagnac,
1913a, 1913b), although its full understanding is still under discussion (Bhadra et al., 2022; Gautier et al.,
2022). The technique involves an interferometer which analyses the light sent around a closed loop of a
fiber optic cable (beams) mounted on a rotating platform. As the platform rotates, the interference
fringes are displaced from their initial positions (when the platform is not rotating). Sagnac (1913a,

1913b) determined that the phase shift A @ of the interference fringes as being proportional to the

rotation rate vector £2,, of the platform:

8mA -
A@S = T'I’l '.Qv,

where A is the area of the loop oriented by m, A is the light wavelength and c is the speed of light in
vacuum. The phase difference is determined by multiplying the difference in travel times by the optical

frequency c/A, as stated by Lefévre (2014).

Ground rotations were initially measured in laboratory conditions using records of artificial explosion
signals (Nigbor, 1994) or large earthquakes (lgel et al., 2005). The development of portable rotational
sensors has provided opportunities to gain a better understand of the composition of the seismic wave
field from volcanic earthquakes. Rotational sensors measure the rotation directly, and hence also tilt of
the ground. They are not sensitive to translational ground motion, as noted by Bernauer et al. (2012) and
Kislov & Gravirov (2021). The seismic wave field consists of different phases, including body waves (P-
and S-waves) and surface waves (Love and Rayleigh waves) (Aki and Richards, 2002). In a homogeneous
medium, P-waves do not cause rotation. S-waves can be divided into polarized S-waves, and we refer to
these as SH and SV waves, respectively. A three-component seismometer can detect all these phases.
Volcano-tectonic earthquakes (VT) are generally triggered by the rupture of faults, which can be
approximated by a double-couple source mechanism. As with tectonic earthquakes outside volcanic
areas, P-waves are followed by S-waves and by surface waves, such as Rayleigh and Love waves.
However, long-period events (LP) or long-lasting tremors have been explained by various source
mechanisms. For example, resonance of fluid-filled fractures (Chouet, 1996) or of the volcanic conduit
(Neuberg, 2000; Jousset et al., 2003; 2004), slow deformation processes (Bean et al., 2014), or fluid flow
(Julian, 1994; Hellweg, 2000; Rust et al., 2008). The translational components from seismometer records
may present challenges in distinguishing various seismic phases for LP events due to emergent and
overlapping signals. For instance, it may be challenging to distinguish between P-waves polarized parallel
to the propagation direction from S-waves polarized perpendicular to the propagation direction and the

different surface wave types. However, a rotational sensor can be used to directly identify the wave field
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composition of LP events or tremor. For a rotation sensor located at the free surface of a semi-infinite
homogeneous medium, the vertical component is sensitive only to SH and Love waves, whereas its
horizontal components are sensitive to SV waves or Rayleigh waves (Sollberger et al., 2018). As a first
approximation, if the rotational sensor displays a signal in its vertical component only, then this signal
represents a wave field which is dominated by SH waves, neglecting topography and subsurface

structures.

The six-component (6-C) ground motion, consisting of three translational and three rotational motion
components (see Figure 2), enables the derivation of ground properties from dispersion curves.
Additionally, it provides information, including back azimuth (direction measured from north to direction
of the incoming waves), phase velocities, and wave types, on transient signals such as earthquakes or
tremor. One way to study transient signals is to estimate the back azimuth by using the similarity of the
horizontal components of the rotational sensor (Wassermann et al. 2020; Yuan et al. 2020). Another
approach involves using the similarity of the vertical rotation rate and the transverse acceleration to
derive the back azimuth and phase velocity of the arriving waves (Hadziioannou et al., 2012,
Wassermann et al., 2016). In theory, back azimuth estimation can be performed without any frequency
constraint. However, at higher frequencies, the wave field may be affected by scattering of the seismic
waves in the ground, which can result in less reliable back azimuth estimation compared to those
obtained at lower frequencies. Additionally, the 6-C setup enables correction of the seismometer data

for tilt contamination (Bernauer et al., 2020).

In 2018, Wassermann et al. (2020) deployed various sensors, including a rotational sensor, seismometers,
accelerometers and tiltmeters, during the eruption at Kilauea volcano in Hawaii. They recorded three Mw
5 earthquakes and identified clear coseismic-rotation steps (offset in the value of the rotation
measurement) in 3D (Wassermann et al., 2020). Wassermann et al. (2022) deployed three rotational
sensors on Stromboli volcano, Italy. This allowed for the description of the wave field, which was
composed of SV- and SH- type waves. The location of seismic events was determined using waveform
similarity and a new class of volcanic events caused by jetting was detected. Eibl et al. (2022) conducted

a study on translational and rotational sensor records at Etna volcano, Italy. The study aimed to evaluate
the performance of a rotational sensor in comparison to a co-located seismometer and the INGV network
concerning the detection and location of tremor and LP and VT events together with wave field

characterization (see §3.2 of this chapter).
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Figure 2. Definition of a 6C station composed of a co-located seismometer and rotational sensor. For
notation see equations in §2.1. u, v, a stands for displacement, velocity and acceleration, respectively; ()

and () are rotation and rotation rate, respectively; X is the curl operator.

2.3 Distributed Fiber Optic Sensing (DFOS)

2.3.a. Fundamental concepts

Distributed Fiber Optic Sensing (DFOS) enables simultaneous strain (or strain rate) measurement at
thousands of points using an unmodified optical fiber as the sensing element (Parker et al., 2014). The
term “Distributed Fiber Optic Sensing” encompasses many techniques (Nickés & Ravet, 2010; Masoudi et
al., 2013; Masoudi & Newson, 2016, 2017), all resulting in distributed measurements along the fiber
(Table 1). The fundamental principle of DFOS involves an optical fiber connected to an interrogator. The
interrogator comprises a laser that shoots light within the fiber and a system that analyses the modified
properties of the light after its interaction with the glass (e.g., through scattering). The laser emits
infrared light pulses, typically lasting a few nanoseconds, which propagate in the forward direction
(interrogator towards fiber). The light scatters in all directions along the fiber and part of the scattered
light then propagates backward towards the interrogator. A photo detector, also located in the
interrogator detects the backscattered light, where it is also analyzed. Environmental parameters such as

temperature, strain, pressure, and force can influence the properties of the backscattered light. The fiber
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serves as both the carrier of the light and as the sensing elements. Interrogation methods can be
conducted in either the time domain, using incoherent or coherent light pulses, or in the frequency

domain, such as with swept wavelength interferometry.

The quantities typically measured for each emitted pulse include
e the time of flight, which is the travel time between the laser emitting the light pulse and its
return to the photo detector;
e the amplitude of the backscattered light;
e the frequency or the phase of the backscattered light.
Various sensing techniques are being developed that use different
e scattering processes of the light within the optical fiber, such as Rayleigh, Brillouin and Raman
(see below);
e type of light sent (coherent or incoherent light, pulses or frequency sweep);
e fiber structure, which determines how the light propagates in the fiber. The core diameter
defines whether the fiber is so called “single mode” or “multi-mode”. Fibers can be “standard”
(e.g., telecom fiber) or “engineered” to enhance light interactions with the glass for increased
sensitivity.
To perform the measurement for time domain approaches, pulses are sent successively at a frequency of
several kHz. When a pulse of light is sent, at any time, it spans a certain section of the fiber, over which
the measurement is performed. Fast processing and analysis of the light amplitude and phase is
conducted computationally after analog-to-digital conversion. The details of the complex processing on
the light properties (phase and amplitude, stacking and filtering processing) depend on the interrogator.
The outcome is a set of measurements distributed along the fiber, which provides information on various
environmental parameters, such as axial strain and temperature probed over the gauge length. The
acquired data, which can be extensive depending on the sampling rate (spatial and temporal) and the

length of the probed fiber, is saved on a hard drive also located in or near the interrogator.
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Figure 3. Distributed Fiber Optic Sensing (DFOS) techniques are based on sending coherent pulses at one
end of the fiber and analyzing the backscattered light, after it has interacted with the fiber glass
structure. a) An example of light backscattered by an inhomogeneity in the fiber optic cable. b) A
schematic of the evolution of the energy state of the molecule/atom causing the backscattered light
depicted in subplot a). Rayleigh scattering is an elastic process where the scattered energy equals the
incidence energy of the laser. Brillouin and Raman scattering are inelastic processes that alter the
vibration state of the atom or molecule in the fiber in two different ways. When the backscattered light
has a lower frequency than the incident light, the medium has absorbed some of the light energy. This is
referred to as the Stokes process. Conversely, when higher frequency light is emitted relative to the
incident light, the medium has released some energy. This is referred to as the anti-Stokes process
(Hartog, 2017). c) A summary of the expected location of the Rayleigh, Brillouin, and Raman spectra
relative to the frequency wy of the incident light (Muanenda et al, 2019). The Brillouin peaks shift from
the original frequency toward higher frequencies with increasing temperature and strain (red line) and
towards lower frequencies with decreasing strain/temperature (blue line). Only the anti-Stokes Raman
spectra displays a variation in peak intensity with changing temperature, i.e., increasing (red line) or

decreasing (blue line) temperature.
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2.3.b Scattering of light with the fiber glass structure

When light is transmitted through an optical fiber in the forward direction, it interacts with the glass
through scattering processes. The scattered light then propagates in the opposite direction (backward)
until it reaches the photo detector. The wavelength of the incident source affects light scattering, which
is also influenced by various parameters such as the size, shape, concentration and refractive index of the
scattering particles. Irregular surfaces, even at the molecular level, can cause light to scatter in random
directions. In optical glass fiber, the scattering of light is caused by compositional fluctuations, such as
molecular level irregularities, in the glass structure, as noted by Archibald & Bennett (1978). Fluctuations
in the fiber structure are caused by variations in glass density and compositional inhomogeneities. These
are naturally acquired and frozen in the structure of the fiber during its fabrication process as the
temperature decreases from the glass softening temperature (a few hundred degrees) to room
temperature (Lu et al., 2019). Fig. 3 shows the frequency spectrum of the scattered light which typically

involves three main scattering processes: Rayleigh, Brillouin and Raman scatterings.

Rayleigh scattering is an elastic process that does not alter the frequency of light.

Brillouin and Raman scattering are inelastic processes that cause shifts in the frequency of light (Bao and
Chen, 2012; Lu et al., 2019). According to quantum mechanics, microscopic vibrations in solid media are
guantized, meaning that vibration energy is exchanged in the form of so-called “phonons”. Phonons are
collective excitations in a periodic, elastic arrangement of atoms or molecules which are condensed
specifically in solids and some liquids. In simple terms, a phonon is a discrete unit of vibrational
mechanical energy. It is calculated by multiplying the phonon frequency by the Planck's constant. Various
vibration modes exist, each with different frequencies and thus phonon energies:

e Acoustic phonons are linked to long-wavelength vibrations, where neighboring particles oscillate
almost in phase. They have relatively low frequencies, for example, in the gigahertz region;

e Optical phonons are linked to vibrations where neighboring particles oscillate almost in anti-
phase. The frequencies of optical phonons are in the terahertz region, resulting in significantly
higher phonon energies than those of acoustic phonons.

Phonons participate in both Brillouin scattering, which involves acoustic phonons, and Raman scattering,
which involves optical phonons. In Raman scattering, an incident photon is converted into a photon with

slightly lower energy, and a phonon carries away the difference in photon energies.

When a pulse of light is transmitted through the fiber, all scattering processes occur simultaneously. Each

process is addressed using different instruments, resulting in numerous techniques and acronymes.
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Optical Time Domain Reflectometry (OTDR), Rayleigh Scattering

In 1881, Lord Rayleigh demonstrated (Rayleigh, 1881) that light propagating in a medium is scattered by
small particles within the medium, up to about a tenth of the wavelength of the light. The color blue to
the sky is due to Rayleigh scattering off the molecules of the atmosphere. Rayleigh scattering in optical
fibers is typically caused by refractive index fluctuations within the glass along the fiber. Rayleigh
scattering results in a spectral broadening of the incident light without any frequency shift, which is an
elastic scattering process. In a fiber glass, this principle is used to measure the time of flight, which is the
time interval between emitting the light from the laser and observing the backscattered light at the

photo detector. The distance d along the fiber can be calculated using the formula

d=—1¢
T 2n”’

where t is the backscattered detection time, c is the speed of light in vacuum, n the average refractive
index along the fiber; the factor 2 comes from the forward and backward travel of the light. The
technique to measure the time of flight of the light between the interrogator and the scattering point is
called Optical Time Domain Reflectometry (OTDR). As Rayleigh scattering occurs along a fiber, it is
defined as a distributed fiber optic sensing method (Barnoski et al., 1977). The dynamic range in OTDR
depends on the sensitivity of the equipment, including the pulse duration, pulse power, and photodiode
sensitivity. A high pulse power with a wide pulse duration can increase the signal-to-noise ratio (SNR),
allowing for long-distance measurements (typically tens of kilometers). However, this increase in
sensitivity comes at the cost of spatial resolution, as the pulse is wider. If the power of the pulse is too
high, non-linear effects may occur in the fiber, rendering the measurement irrelevant (Lu et al., 2019).
Additionally, Rayleigh scattering is the primary cause of light intensity attenuation as it propagates
through the glass (Personick, 1983). Telecommunication companies have been using OTDR for years to
find faults, such as optical loss and reflections in their networks (Philen et al, 1982). The conventional
OTDR used in testing telecommunication network quality employs pulses of 10 ns which correspond to 1-
m resolution, while maintaining a high dynamic range. One of the great advantages of OTDR is that it

only requires access to one end of the fiber to make measurements along the entire cable.

Distributed Dynamic Strain Sensing (DDSS), Rayleigh Scattering

Most Distributed Dynamic Strain Sensing techniques use Rayleigh (elastic) scattering (Masoudi et al.,
2013) to measure the strain or strain rate of the fiber over the gauge length, which is caused by the strain
in the ground transmitted to the fiber. This sensing technique is commonly referred to as “Distributed
Acoustic Sensing”, although this term is inappropriate. Acoustic waves are linked to variation in pressure,
which are characteristic of seismic P-waves, also known as “compression waves”. Rayleigh scattering can
detect the ground strain tensor projected along the fiber direction, which is generated by any source of
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dynamic strain, including pressure, shear, and vibration. Therefore, DDSS can record all seismic waves,
including P-, S-, and surface waves rather than just pressure or P- waves (which are sometimes

incorrectly referred to as “acoustic waves” by the oil and gas industry).

Techniques for retrieving distributed information from Rayleigh scattering use various measurement
methods, which differ in the type of light, light pulse length, light pulse frequency content etc. For
instance, Lu et al. (2019) describe several methods including OTDR (see above), phase-sensitive OTDR (¢-
OTDR), which utilizes phase changes of the scattered light, polarization-sensitive OTDR (P-OTDR), which
uses changes in the light polarization, and heterodyne OTDR (H-OTDR), which employs a complex pulse
(Mussot et al., 2018; Naveau et al., 2021), Optical Frequency Domain Reflectometry (OFDR), where the

analysis of the light is performed in the frequency domain and not in the time domain, etc.

The phase-sensitive OTDR ((p-OTDR) is a highly efficient technique for observing high-frequency strain
associated with seismic and volcanic events, such as earthquakes and explosions. OTDR utilizes
successive light pulses with a low coherency between them. In contrast, ¢-OTDR is used to measure light
phase changes. It is based on successive fully coherent pulses of light with a very narrow linewidth and a
stable frequency laser. The coherence length of the laser light is much longer than the fiber length. The
(p-OTDR implementation of Taylor and Lee (1993) measures the intensity resulting from the interference
of light backscattered at different scattering points along the fiber as explained by Zhang et al. (2019).
Using an interferometer (e.g., Mach-Zehnder interferometer, Zetie et al., 2000; Yang et al., 2003; Cai et
al., 2015) the Rayleigh backscattered light’s phase ¢, is continuously analyzed in time, at all locations
(time of flight) along the fiber (Masoudi et al., 2013, Parker et al., 2014; Masoudi et al., 2016; 2017).
When a fiber section of length L is elongated or contracted by AL (due to external strain), a change in the
relative positions of scatters induces a small phase change Agy, in the backscattered light between two

successive pulses. The phase change is expressed as

4nnd
App = TAL'

where A is the wavelength of the light pulse, { is a material dependent constant around 0.78 for fiber
glass (SEAFOM, 2018), n is the group refractive index (usually 1.468). This equation enables the accurate
retrieval of the fiber elongation/contraction using an interferometer. The measured signal is the dynamic
strain rate, as the interrogator analyses changes in strain over time (Lu et al., 2019). Temperature also
affects the refractive index resulting on an apparent phase change. Therefore, the resulting signal
contains both strain and temperature effects that cannot be distinguished. When the strain signal has a

frequency content much higher than that of temperature changes, such as in high frequencies
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applications in seismology, optical dispersion is neglected and the refractive index is assumed to be

constant over time (Lindsey et al., 2020).

As light propagates through the fiber over long distances, its amplitude decreases due to attenuation,
which in turn reduces the signal-to-noise ratio. The attenuation of light depends on the refractive index
profiles along the fiber and the material itself. Furthermore, it is necessary to ensure that the
backscattered light is completely returned before shooting the next pulse to avoid interferences between
successive pulses. Hence, for longer cables, the number of pulses per second need to be reduced,
decreasing the bandwidth. The strain rate resolution and sensitivity are therefore reduced with
increasing fiber length. Increasing of the pulse duration or the gauge length has a significant impact on
overall sensitivity and range of interrogation, but at the expense of the spatial resolution. Artificial
discontinuities in the refractive index distribution can be introduced in so called “engineered fibers” to
increase the signal-to-noise ratio (Shatalin et al., 2021). The benefits of using engineered fibers over

standard telecom fibers were illustrated at Etna volcano (Diaz-Meza et al., 2023).

Distributed Dynamic Strain Sensing (DDSS) is well-suited for monitoring strain changes associated with
the seismic wave field. It provides more accurate results on single-mode fibers, although experiments
have been successfully carried out with multi-mode fibers (Chen et al., 2018; Jousset et al., 2022). The
method was first used in the oil and gas industry and has been adopted by the Earth Sciences community
for hazard assessment, including detection and characterization of landslides (Huntley et al., 2014;
Lienhart, 2015; Picarelli et al., 2015; Michlmayr et al., 2017; Schenato, 2017; Kogure & Okuda, 2018),
teleseismic earthquakes (Dou et al., 2017; Lindsey et al., 2017; Jousset et al., 2018; Wuestefeld et al.,
2023), volcano-tectonic earthquakes (Jousset et al., 2018; Nishimura et al., 2021), volcanic long-period
events (Currenti et al., 2021), volcanic very long period signals (Currenti et al., 2023), volcanic tremor
(Fichtner et al., 2022; Jousset et al., 2022) and volcanic explosive activity (Currenti et al., 2021; Jousset et

al., 2022).

Distributed Strain and Temperature Sensing (DSS), Brillouin Scattering

Leon Brillouin (Brillouin, 1914) predicted light scattering from propagating acoustic phonons (see
definition earlier). Acoustic waves that are thermally excited create periodic density waves, resulting in
changes in the refractive index of the fiber glass. This process causes a frequency shift of the scattered
light, which depends on the velocity of the sound wave. Measurable parameters in a Brillouin scattering
spectrum comprise the Brillouin frequency v, the Brillouin spectrum linewidth, and the Brillouin
intensity (Lu et al., 2019). The measurement involves stacking records from successive pulses over

integration time ranges of several seconds to minutes. Brillouin-based distributed sensors can address
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both static strain and temperature over long distances, typically exceeding 10 km (Horigushi et al., 1995;

Soto & Thévenaz, 2013).

BOTDR (Brillouin Optical Time Domain Reflectometry) is a technique that involves the analysis of Brillouin
scatter through the use of OTDR. It is based on the detection of spontaneous Brillouin scattering light and
was developed by Kurashima et al. (1990; 1993). BOTDR is de facto the most established technique for
use in Earth Sciences. This method requires access to only one end of a fiber, as conventional OTDR. The
location of the strain/temperature change along the cable can be determined simultaneously using
Rayleigh scattering (with OTDR). BOTDR involves the interaction of the light with fiber properties that are
sensitive to strain and temperature. The Brillouin frequency shift increases in proportion to the
temperature or strain induced in the fiber. The change in strain Ac and/or temperature AT that the fiber
experiences relative to the initial recording can be expressed as:

Avg = AeC, + ATCr,
where Avg represents the change in Brillouin frequency observed at two different recording times. The
strain coefficient C, and the temperature coefficient Cr range from 0.04 — 0.05 MHz/ug and 1.08 —
1.26 MHz/°C respectively (Bao and Chen, 2012; Galindez-Jamioy & Lépez-Higuera, 2012), depending on
the fiber type (Lu et al., 2019). The change in frequency is caused by a linear change on the cable to the
external strain tensor projected along the fiber (Horiguchi et al., 1989) and/or in temperature (Kurashima
et al., 1990). One significant advantage of BOTDR is that measurements using the same fiber can be
performed independently at two different times (weeks or months), yet the difference between the two
measurements remains valid. Although several improvements have been attempted (Chow et al., 2018),
BOTDR remains less sensitive than DDSS (Bao and Chen, 2012). The spatial resolution depends on the
pulse width (Thévenaz, 2010). Typically, BOTDR sensing range spans 1 to 100 km, with a spatial resolution
from 0.2 to 100 m, a temperature accuracy from 0.37 to 5°C and a strain accuracy from 7.4 to 100 pe.

Some recent instrument providers claim a strain accuracy of 1 pe.

BOTDR has various applications, including structural health monitoring (Ohno et al., 2001), studies on
gravitational instabilities (Sun et al., 2016), submarine faults (Gutscher et al., 2019) and sinkhole
detection and monitoring (Linker and Klar, 2017). Zhang et al. (2018) have successfully converted strain
to displacement in the case of a field shear test where the orientation and width of the shear zone
relative to the cable, as well as the cable coupling, were known a priori. Like DDSS, distributed strain
sensing (DSS) is highly dependent on cable coupling with the surrounding media. Geotechnical pull-out
tests have demonstrated that there are three degrees of cable coupling, dependent on the amount of
shearing: elastic (fully coupled), elastoplastic (partially coupled) and purely plastic (decoupled) (Zhang et

al., 2016). Different strain-displacement relationships have been developed based on the degree of cable
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coupling (Zhang et al., 2018). Initial laboratory tests indicate that block and tube anchors on fiber cables
increase cable-sediment coupling (Wu et al., 2020). However, further experimental studies are required

in order to better understand their effect on both coupling and observed strain distribution.

BOTDR is based on spontaneous Brillouin scattering which involves analyzing backscattered light. An
alternative approach is to use stimulated Brillouin scattering whereby two light sources propagating in
opposite directions cause a stimulated Brillouin scattering along the cable (Bao & Chen, 2012; Bao et al.,
2021; Lu et al., 2019). The interaction of the two wave types travelling in opposite directions creates
acoustic waves through electrostriction. This phenomenon is utilized in a number of distributed techniques
using various types of light signals at either end of the fiber, leading to enhanced Brillouin scatter (Hartog,
2017). For instance, Brillouin Optical Time Domain Analysis (BOTDA) involves shooting a pulse and
continuous wave into the fiber at both ends. Brillouin optical frequency-domain analysis (BOFDR) operates
similarly, but with the pulsed signal substituted with a frequency modulated continuous wave (Horigushi
et al., 1989). The advantage of these techniques is that they provide rapid temperature and strain sensing
at high resolution along the cable (Hartog, 2002; Culshaw, 2004, Ravet, 2011; Bernini et al., 2012).
However, the disadvantage is that access to both ends of the fiber is required and should the cable be cut,
measurements are no longer possible. Brillouin optical coherence domain analysis (BOCDA) involves
shooting frequency modulated light waves at either end of the fiber and using the correlation of the two
signals within the fiber to observe Brillouin scatter at a precise location along the cable (Hasegawa &
Hotate, 1999; Song & Hotate, 2007). This technique can provide millimeter-scale resolution rapidly at
specific locations. However, scanning the entire cable can take longer compared to other distributed
techniques, such as BOTDA and BOFDR. Like for BOTDA and BOFDR, access to both ends of the cable is

required.

Experiments in Geosciences have primarily focused on landslide environments (Sun et al., 2016; 2022),
where fibers are deployed specifically to cross high strain deformation zones. This indicates the potential
for studying deformation over large spatial scales in volcanic settings. A BOTDR experiment is currently
underway in the eastern region of Etna volcano beneath the lonian Sea. The aim is to detect strain
associated with fault movement and its link to Etna’s volcanic activity (Gutscher et al., 2019; see also §3

of this chapter).

Distributed Temperature Sensing (DTS), Raman Scattering
Chandrasekhara Venkata Raman first reported Raman (inelastic) scattering in 1928 (Raman, 1928). This

scattering process occurs when photons interact with the natural high frequency vibrations of bonds
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between atoms or molecules in the fiber glass. The scattered photons are emitted in a different
frequency spectrum than that of the initial light. Distributed Raman measurement systems can use either
time-domain or frequency domain techniques to extract distributed information. Distributed
Temperature Sensing (DTS) is a type of distributed sensing based on Raman scattering that address
temperature sensing through the measurement of the light property variations, and without sensitivity
to strain (Watson et al., 1981). Temperature changes affect the Raman spectrum in three ways: Raman
frequency shift, intensity and peak width (Lu et al., 2019). Only the anti-Stokes Raman spectra exhibit a
variation in peak intensity relative to temperature changes (Fig. 3). Therefore, comparing the ratio of the
anti-Stokes and Stokes intensities provides a measure of the temperature (Ukil et al., 2011). The
resolution and distance measured depend on the laser power used. However, if the power used is too
high, accurate measurements cannot be obtained, due to interference between the laser light source and
the Raman scattered light. Long distance measurements above a certain power of laser light are hindered
by this issue. For example, a 10 km fiber can be measured with a maximum power threshold of about 3W
(Lu et al., 2019). Achieving better temperature resolution necessitates a longer measurement time,
typically ranging from minutes to hours. The most commonly used technique is Raman OTDR.
Commercially available DTS systems usually provide spatial resolutions of 1-meter or less, utilizing a laser
with a light pulse width of 10 ns or less. DTS has a better resolution when light is transmitted in
multimode fibers. For example, Liu et al. (2018) designed a dedicated fiber and resolve 1°C temperature

with a spatial resolution of 1.13 m at a distance of 25 km, and average measurement of 90 s.

DTS finds most of its applications in ground water temperature projects, such as coal, oil and gas, and
geothermic studies. There are few examples of DTS applications in volcanology, such as at Mount Erebus,
Antarctica (Curtis & Kyle, 2011), at Campi Flegrei (Southern Italy) with submarine temperature profiling

(Carlino et al., 2016) and borehole temperature monitoring (Somma et al., 2019).

2.3.c. Gauge length, instrumental response and limitations

Gauge length and spatial sampling

DFOS provides a quasi-continuous spatial profile of strain measurements along the optical fiber, spanning
several tens of kilometers. The sensing section of the fiber is defined by the length of the pulse launched
in the fiber, which although short in duration (a few nanoseconds), has a certain spatial length. The
length of the sensing section can be adjusted by varying the duration of the pulse. The gauge length
refers to the section of the fiber from which backscattered light is effectively sampled and analyzed in
terms of intensity, frequency or/and phase. The integrated value of temperature and/ strain is typically

allocated to the midpoint of the gauge length along the fiber (Dean et al., 2016). As time passes, the
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pulse propagates and another section of the fiber is probed and allocated to the middle point of that
section. For any given gauge length, the spatial sampling refers to the distance between the midpoints,
where the measurement over a gauge length is recorded. Therefore, each measurement covers a gauge
length and is not a single point measurement. The analysis of the successive spatial sections may overlap,
depending on the gauge length and the required spatial sampling for the records. Independent records
are separated by a distance equivalent to at least one gauge length. The sensitivity of each measurement
decreases as the gauge length becomes shorter. The user can choose the spatial sampling (SS) and the
gauge length (GL) depending on the objective of the study. Typical values for DDSS of a ~20 km long fiber
could be GL=10 m, SS=4m resulting on 5000 records of dynamic strain per time sample. According to
Jousset et al. (2018), a gauge length of 10 meters is the optimal value for dynamic strain sensing in

seismology studies (0.1 — 100 Hz).

Instrumental response, frequency range

Until 2017, the use of fiber optic sensing in geophysics was primarily focused on seismic frequencies
commonly used in the oil and gas industry (>1-100 Hz). The objective was to obtain more precise
measurements in boreholes, which could replace strings of geophone observations (Daley et al., 2015).
The goal of these studies was to accurately define the geometrical structure of the reservoir by obtaining
precise seismic phase contrasts. Recorded amplitudes are poorly constrained at low frequencies (< 0.5
Hz), even in boreholes (Becker et al., 2017). DDSS instruments with cables deployed at the shallow
surface of the Earth have also measured low frequencies, which expands their potential applications
beyond boreholes. Examples reporting low frequencies associated to surface waves (20 s) from remote
large earthquakes include the Indonesia Mw 7.4 earthquake recorded in Iceland (Jousset et al., 2018) as
well as several other earthquakes, such as Alaska’s Mw 7.9 (Lindsey et al., 2020), and the Turkey
earthquake on 14.02.2023 (Jousset et al., 2023). At lower frequencies (below 30 seconds), the

temperature effect increases, and may obscure low frequencies of geophysical interest.

2.3.d. Validation of fiber optic rotational and distributed dynamic strain sensing

Recent technological advances have made it possible to sense rotation and dynamic strain with high
spatial and temporal resolution over a broad frequency range, using rotational sensors and Distributed
Dynamic Strain Sensing. This allows for probing the full wave field. However, the application of both
rotation and DDSS in seismology and volcanology is an emerging field. Therefore, many open questions
arise regarding the DDSS response and the coupling between the fiber and the ground, which are

strongly dependent on the fiber installation conditions.
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Understanding records in detail can be challenging, especially when dealing with BOTDR, DDSS and DTS
measurements. These measurements do not correspond to a single point, unlike conventional point
sensors, but rather represent an integrated response over a certain distance (the gauge length).
Therefore, direct comparison with point source measurements is not simple. Preliminary experiments
were conducted to validate DDSS measurements by comparing them with indirect strain estimates from
co-located or nearby conventional sensors, such as geophones and broadband seismometers (Daley et
al., 2015; Bona et al., 2017; Jousset et al., 2018; Wang et al., 2018; Yu et al., 2019; Lindsey et al., 2020).
Estimates of strain and rotational fields can be obtained indirectly by using conventional sensors that are
adequately deployed to reproduce displacement gradients (Oliveira & Bolt, 1989; Bodin et al., 1997;
Jousset & Rohmer, 2012; Van Renterghem et al., 2018). These estimates can then be compared with
observations from the new sensors. Estimates of strain and rotational components have been relevant in
numerous seismic (Basu et al., 2013; Langston, 2018) and geodetic studies, including strainmeter
response and calibration (Currenti et al., 2017; Donner et al., 2017), performance of rotational
seismometers (Suryanto et al., 2006), computation of strain rate maps (Shen et al., 2015), estimates of
the stress field induced by the passage of seismic waves (Spudich et al., 1995), determination of seismic
phase velocity (Gomberg & Agnew, 1996; Spudich and Fletcher, 2008) and estimates of wave attributes
(Langston and Liang, 2008). In general, the methods can be grouped in two main families, relying on

single or multiple station methods.

On the one hand, the single station method utilizes the property that strain rate can be derived from the
ground velocity records knowing the ground phase velocity (Mikumo & Aki, 1964; Jousset et al., 2018;
Lindsey et al., 2020). However, determining the ground phase velocity is not straightforward and requires
approximations on both the wave field and the subsurface velocity structure. This method is only
relevant to seismology. It has been widely used to estimate dynamic gradient displacements, the strain
tensor (Gomberg & Agnew, 1996; Langston and Liang, 2008) and rotational components from the
translational components of a 3C seismometer. This assumes that seismic energy is carried by plane

waves with known horizontal velocity in a laterally homogeneous medium.

On the other hand, multiple station procedures involve using of displacements or velocity recordings
from dense arrays of at least three closely located sensors (Basu et al., 2013, 2017; Currenti et al., 2017).
In this case, spatial interpolation approaches (Sandwell, 1987; Paolucci and Smerzini, 2008; Sandwell and
Wessel, 2016) or the seismo-geodetic method (Spudich et al., 1995; Shen et al., 2015; Basu et al., 2013;
Langston, 2018; Yuan et al., 2020) are used to process the measurements. Various interpolation schemes
have been developed to derive maps of the displacement field from which gradient components can be

analytically or numerically computed. In addition to geostatistical approaches, which are generally used
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for optimal interpolation of a discrete scalar field, several interpolation schemes have been formulated
using the solutions of suitable elasticity problems (Paolucci & Smerzini, 2008; Shen et al., 2015; Currenti
et al., 2021). Sandwell and Wessel (2016) provide a thorough review of these latter methods. The seismo-
geodetic method is based on the Taylor expansions of the displacement field of first (Spudich et al., 1995)
or higher order derivatives (Basu et al., 2013; Langston, 2018). Both interpolation and seismo-geodetic
methods have been used for seismic dynamic and geodetic quasi-static strain estimates. The single
station procedure provides strain estimates at the exact position of the sensor, while the other two
methods use sensor array measurements to derive maps of strain and rotational components at irregular

grid points.

In 2019, a DDSS interrogator, a dense seismic array consisting of 26 Trillium Compact — 120 s broadband
seismometers and a rotational sensor were jointly deployed at Etna summit. This deployment provides a
unique opportunity to observe and accurately quantify the strain and rotational ground motions
generated by volcanic activity (Currenti et al., 2021; Eibl et al., 2022). The direct DDSS and rotational
measurements associated with an LP event on 27 August 2021 correspond well with the indirect strain
and rotation estimates derived by the dense seismic array (see Fig. 4). A similar agreement is also
observed using the single station method at co-located sensors (Currenti et al., 2021; Eibl et al., 2022).
Overall, there is a good agreement between the array-derived strain and DDSS measurements along the
fiber optic cable. Short wavelength discrepancies correspond with fault zones, indicating the potential of
DDSS for mapping local perturbations of the strain field and thus site effects due to small-scale
heterogeneities in volcanic settings (Patzel, 2023). These findings validate both the proposed methods
and the accuracy of DDSS (Currenti et al., 2021), which was further confirmed by Bagioli et al. (2023) at

Stromboli volcano.
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Figure 4. Comparison between rotation and strain derived from a broadband seismic array (26 Trillium
Compact 120 s sensors) and records from a rotational sensor and distributed dynamic strain sensing
during a Long-Period event at Etna volcano (27 August 2019). a. DDSS strain is obtained by integrating
the DDSS strain rate records over time. Data is filtered in the frequency range 0.6 to 1.4 Hz. b. Strain
estimated from the seismic array using the biharmonic interpolation method (Sandwell; 1987) and
projected along the fiber direction (red line) and measured DDSS strain at channel 501 (black line) close
to bb04. c-e. Displacements uy, u,, u, obtained by integration of the velocity components at the

broadband sensor bb17 (black line) and array derived displacements (red line). f-h. Rotations (2, .(Zy, 0,
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computed by integrating the rotation rates measured by blueSeis-3A sensor at bb17 (black) and array
derived rotations (red line). In c-h, data at bb17 station are omitted from the interpolation computation.
i. Root Mean Square residuals between DDSS strain measurements (from panel a.) and strain derived
from the seismic array along the fiber for the LP event. Black lines and open circles indicate faults and
seismometers deployed in the test area, respectively. In i, geographic coordinates (in km) are in the

UTM33S system. The rotational sensor is located at the same location as bb17.

3. Fiber optic sensing for volcano research

3.1 Motivation

Volcanology aims to understand the structure and processes involved in the distribution and transfer of
mass and energy within a volcano. This is achieved through the interpretation of volcanic signals
associated with earthquakes, deformation and fluid flows. This section illustrates the benefits of using
fiber optic technologies and their ability to probe the full seismic wave field, addressing fundamental

guestions in volcanology relevant to monitoring:

1. Volcano-seismology: event detection and location.
Volcanic events generate seismic waves and infrasound acoustic signals, which can be used to
determine their source location. Accurately estimating the location of volcanic activity is crucial
for effective volcano monitoring. Volcano-seismology seeks to comprehend volcanic processes by
identifying the source mechanism of the various volcanic events using signals generated within a
volcano (Chouet & Matoza, 2013; Jousset et al., 2022). VT earthquakes suggest a highly stressed
zone at shallow depths, associated with the ascent of magmatic bodies that may reach the
ground surface. The detection and location of earthquake hypocenters depend on well-designed
networks of individual seismic sensors (Toledo et al., 2020). We provide examples on land and in
submarine environments using DFOS and/or rotational instrumentation, with the aim of locating

the source of seismic VT and LP events.

2. Structural features imaging.
Accurately determining earthquake hypocenters is limited by poor knowledge of the seismic
velocity distribution within the volcano structure (Koulakov & Shapiro, 2021). Studies have
shown hypocenter determination is ineffective without a proper velocity model. Numerous
projects in seismology, volcanology and geothermal studies are utilizing an increasingly number

of sensors, e.g., the USarray (Burdick et al., 2009), and the iMush network at Mount St Helens
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(Hansen et al., 2016) and in geothermal studies, e.g., the IMAGE network (Blanck et al., 2020).
Fiber optic methods have also begun to contribute to seismic tomography (Biondi et al., 2023).
We focus here on several examples illustrating how DFOS can determine structural features,

including the location of faults and subsurface ground structure.

3. Volcano dynamics.
Proper interpretation of the signatures of volcanic phenomena, such as long-term deformation,
is crucial for effective monitoring. Understanding the processes that trigger these phenomena,
such as gas flux in the volcanic conduit is also essential. Fiber optic technologies have been
shown in several studies to improve our knowledge on volcanic processes. Here, we provide
examples of two end-members in degassing processes: volcanic explosions and passive
degassing. We also demonstrate how fiber optic sensing can help in understanding long-term

deformation processes.

3.2 Volcano seismology: volcanic events detection and location with fiber optic methods

Active volcanoes encompass a great variety of processes, and thus generate a great variety of signals
including VT earthquakes and LP events. Locating their hypocenters is fundamental for volcano
monitoring, as they may indicate where stress accumulates due to magma and volcanic fluid transfer.

For instance, volcano-tectonic earthquakes are typically located by measuring the arrival times of seismic
P- and S-waves generated by rock rupture. To accurately locate earthquakes and determine their
occurrence time, a minimum of four seismic stations is required. However, the optimal distribution of the
stations for perfect earthquake location is unfortunately earthquake location dependent. An “ideal”
network should then be capable of locating earthquakes at various depths and within the span of the
network (Toledo et al., 2020). This is one reason why volcano-seismologists often deploy large-N
networks, which cover the entire volcano. The use of DFOS offers the advantage of natural densification
of observation points with a single cable, resulting in dense information of travel times. A significant step
in seismology has been achieved by the use of so-called “dark fibers”, which are unused fiber optic
telecommunication infrastructures (Lindsey et al., 2017; Jousset et al., 2018). However, despite the dense
distribution of records obtaining the “ideal” network for accurate earthquake locations with fiber optic
cable may not be possible, depending on the cable layout. When there is no pre-existing fiber optic
infrastructure, such as at most volcanoes, installation of the fiber is necessary. This can be performed at
wish, e.g., for monitoring purposes, yet within the limits of the physical constraints of the volcanic site

(Currenti et al., 2021; Klaasen et al., 2021; Fichtner et al., 2022; Jousset et al., 2022). There have been

few reported examples of using fiber optic cables to detect and locate earthquakes in the literature
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(Jousset et al., 2016, 2018; Reinsch et al., 2016; Lindsey et al., 2017). Jousset et al. (2018) demonstrated
that DDSS can be used on dark fiber to detect and locate a volcano-tectonic (VT) earthquake in
Reykjanes, even in a not-ideal cable configuration. For other types of volcanic events, such as tremor,
long-period events, pyroclastic flows, and explosions, the arrival times of the seismic waves may not be
accurately determined. Therefore, other methods of event location have been developed, such as
relative amplitude location methods (Jolly et al., 2002; Battaglia et al., 2003). The amplitude method
presents challenges when used with fiber optic cable due to the increased sensitivity of strain signals to
local variations caused by subsurface heterogeneities, and the spatial amplitude variations generated by
coupling variability of the cable (Nishimura et al., 2021). However, the spatially dense data enables the
use of coherency methods, which compares the similarity of densely recorded signals (e.g., Schwarz,
2019; Jousset et al., 2022). In the following, we illustrate several examples of detecting and locating
volcanic long-period (LP) events using DDSS. Additionally, an example is provided on how to analyze the

volcano-seismic wave field using a rotational sensor.

Seismic LP swarm analysis (Mayotte, Indian Ocean)

In May 2018, a seismic swarm began in Mayotte (Indian Ocean) accompanied by ground subsidence
(Cesca et al., 2020, Lemoine et al., 2020). A year later, a new volcanic edifice, over 800 m height above
the sea floor, was discovered 50 km east of the island (Feuillet et al., 2021). As of the summer of 2022,
the seismic activity was still ongoing with earthquakes felt daily by the population (REVOSIMA, 2021).
The volcanic activity has generated various types of earthquakes, including VT, LP and VLP events. LP
events occur in swarms lasting a few tens of minutes and have a frequency band between 0.5 and 6 Hz
(Retailleau et al., 2022). The monitoring network consists of land seismic stations. However, strong
anthropogenic noise hinders detailed analysis of the sequence of LP events. In October 2020, DDSS
recordings were conducted on an existing telecommunication fiber optic cable that extends from
Mayotte island towards the east at the ocean bottom (Fig. 5). The DDSS records allow for the
identification of individual LP events within the swarm, except for the on-land part of the cable (0-5 km).
Beyond 5 km, the cable is situated in the lagoon and then subsequently enters the ocean, where

successive LP events can be more accurately identified.
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Comoros main island to Mayotte. The volcano is represented by the red triangles. b. LP swarm recorded
on the 11" October 2020 at 23:43 UTC. Vertical arrows identify the occurrence times of single LP events

during the swarm.
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Locating volcanic low-frequency earthquakes (Mt. Azuma, Japan).

Volcanic long-period (LP) earthquakes and tremor have been associated with various source mechanisms,
such as volcanic fluid movement (Chouet, 1996). These events are difficult to locate due to the
ambiguous emergence of P- and S-wave onsets. However, seismic arrays consisting of several to tens of
seismometers deployed within a small area can record correlated seismic waveforms. By measuring the
arrival time differences of coherent waveforms at the array sensors, it is possible to locate LPs and
tremors. Deploying seismic arrays with a large aperture and recording seismic signals at all stations
simultaneously is a challenging task. Nishimura et al. (2021) demonstrated the usefulness of DDSS
records at Mt. Azuma, Japan, for locating LP events and tremor. Azuma volcano comprises andesitic
edifices, including Issaikyo, Azuma-Kofuji, Higashi-Azuma, and Takayama. Volcanic activity during the
Holocene period occurred around Jododaira (Fig. 6a). The fiber optic cable at Mt. Azuma extends along a
winding road on the southern flank from the active craters. However, its spatial distribution is not
optimal for accurate hypocenter determination (Fig. 6). To locate the hypocenters as accurately as
possible, Nishimura et al. (2021) used arrival time differences and amplitudes of LPs. Each LP has a
different spatial resolution. The differences in arrival time, measured for pairs of channels along the fiber
cable, are related to the propagation direction of seismic waves. However, the resolution deteriorates for
locations far from the cable. The amplitudes of LPs are corrected by the coda waves of regional
earthquakes to evaluate the site amplification factors at each measurement point. The spatial resolution
worsens in the east-west direction because the cable mainly runs in the north-south direction. To
improve the spatial resolution as much as possible, the source locations are determined by minimizing
residuals between observed and theoretical data for both arrival time differences and amplitudes using a
grid search. The estimated locations of LPs are distributed very close to an active crater, and match well
with the hypocenters determined using onset times of P- and S-waves recorded at permanent stations of
Japan Meteorological Agency. This study provides evidence that the DDSS system is effective in
identifying and locating volcanic LPs and tremor. The fiber optic cable is permanently deployed allowing
for continuous recording of seismic signals, even during eruptions and thunderstorms, at the station at

the foot of the volcano.
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Figure 6. (adapted from Nishimura et al., 2021). a. Locations of the fiber optic cable; the DDSS system is
located in Tsuchiyu station, at the south end of the fiber optic cable. The fiber optic cable is indicated by
the purple line, and the open black circles denote the locations of the measurement points every 200
channels. “Plus” symbols indicate permanent stations maintained by Tohoku University and the Japan
Meteorological Agency. Hypocenters of volcanic earthquakes determined by routine analyses of
permanent station data for the period from January 1 to July 4, 2019 are indicated by red circles. In
particular, the hypocenter of a volcanic earthquake on July 4 is indicated by the yellow star. This figure
was created by Generic Mapping Tools (GMT) v4.5.5 b. Source locations of six long-period events (LPs).
The white star represents the July 4, 2019 LP source location estimated from the DDSS data combining
both travel time and amplitude location methods. White circles indicate locations of five other LP source.
The black star indicates the hypocenter (LP event on July 4) obtained by routine hypocenter
determination using P- and S-wave arrival times. White lines indicate the location obtained from the fiber
optic cable. Color contours represent the residuals between the observed and theoretical values of the

arrival time differences and amplitudes for the LP on July 4, 2019.

DFOS on ice-covered volcanoes (Mt Meager, Canada and Mt Grimsvétn, Iceland)

Ice-covered volcanoes hide themselves from direct observation, thereby limiting the level of
preparedness and possibilities for early warning. Their hazardous features are often related to the rapid
melting of ice in the event of an eruption, and they include phreatomagmatic explosions, lahars and sub-
glacial floods. This highlights the need for spatially dense monitoring at ice-covered volcanoes, even
though the lack of pre-existing fiber-optic networks complicates the data acquisition in the often remote
and extreme environments. New fibers have to be deployed and coupled with ice and snow, which

potentially moves, melts, or accumulates rapidly, which may limit the longevity of the cables. This section
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provides a brief summary of fiber optic sensing experiments on two ice-covered volcanoes, Mt. Meager,
Canada (Klaasen et al., 2021) and Grimsvotn, Iceland (Fichtner et al., 2022; Klaasen et al., 2022). The

focus here is on logistical challenges and the detection of previously undetected volcano-seismicity.

Mt. Meager is an active volcano in the Garibaldi Volcanic Belt in British Columbia, Canada. Much of its
scientific relevance derives from the potential for both geothermal energy exploitation and large
landslides, which are expected to become more frequent in response to the rapid melting of its glacier. A
major challenge for fiber optic sensing on Mt. Meager was the construction of an autonomous and
reliable electrical power source. It consisted of a 5.5 kW generator that charged a 550 Ah battery pack.
Nearly 450 | of fuel in a separate tank enabled the experiment to run for 4 weeks. A cable of 3 km length
was deployed on the ridge of Mt. Meager and the upper part of its glacier, above 2000 m altitude.
Trenching on the volcanic deposits along the ridge was done by hand. On the glacier, a chain saw was

used to produce a trench of around 30 cm depth. All of the equipment was transported by helicopter.

The installation in autumn 2019 was followed within a few days by the first snowfall of the winter, which
visibly improved cable coupling and signal-to-noise ratio. This enabled the unexpected detection of
around 3000 seismic events at frequencies between 5 - 45 Hz, thereby demonstrating that Mt. Meager is
considerably more active than previously thought. Beamforming locates most of these events within five
major clusters possibly beneath the main peak and in the nearby Lillooet Valley, suggesting a geothermal
origin. At lower frequencies, between 0.01 - 1 Hz, the fiber optic data reveal the presence of volcanic
tremor periods that tend to last for several hours and have not been observed before. Both the high- and
low-frequency seismicity may become a valuable component in the monitoring of future geothermal

energy projects.

While the last eruptive period of Mt. Meager dates back nearly 2500 years, Grimsvotn produces major
eruptions on a decadal time scale and is one of the most productive volcanic systems on Earth. Covered
entirely by Europe's largest glacier, Vatnajokull, its caldera with 10 km diameter hosts a subglacial lake
that regularly produces outburst floods and inundations of the coastal plains. During springtime, the
research huts located on the highest point of the caldera can be reached with skidoos, meaning that the
transportation of equipment does not require expensive helicopter flights. The installation of a 12.5-km-
long fiber optic cable around and inside the caldera was achieved within 3 days thanks to the
construction of a custom-built trenching sled, equipped with a ca. 50 cm deep plough that placed the
cable directly into the ice. Electricity and an internet connection were available in one of the huts,
thereby permitting continuous recording for 3 weeks, as well as online trouble-shooting and optimization

of the interrogator setup.
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The excellent shielding from wind and temperature variations enabled the recording of a wide range of
seismic signals, sometimes with amplitudes below 10 nanostrain/s. During the experiment, nearly 2000
local events could be detected using an image processing algorithm adapted to distributed fiber optic
sensing (Thrastarson et al., 2021). Most of these events occurred within few clusters between 1 and 3 km
depth beneath the western part of the caldera. Possibly owing to their low magnitudes, roughly between
-2 and 0.5, the majority of these local earthquakes have not been detected by the regional seismometer

network, which attests to the importance of fiber optic sensing in high-resolution volcano monitoring.

A more exotic observation at Grimsvotn is the nearly monochromatic oscillation of its caldera at 0.22 Hz,
which corresponds to the fundamental-mode resonance frequency of the ice sheet that floats atop the
subglacial lake (Fig. 7). The time dependence of the oscillation amplitude does not correlate with the
amplitude of the ocean wave-generated ambient field, suggesting that the resonance is driven by a local
process. In the absence of other plausible explanations, the ice sheet apparently acts as a natural
amplifier of nearly continuous volcanic tremor that would otherwise not be observable (Fichtner et al.,

2022).
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Figure 7. (Adapted from Fichtner et al., 2022). DDSS record section of 40 s length from within the caldera
of Grimsvotn. The signal from a high-frequency local earthquake is superimposed onto the nearly
monochromatic oscillations of the ice sheet that is floating atop the subglacial lake. The dashed black line
marks at this chosen time where one can observe extension in one and compression (“compr.”) in

another part of the caldera.
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Earthquake detection and location with a rotational sensor (Etna volcano, Italy)

Eibl et al. (2022) conducted a performance test on the blueSeis-3A rotational sensor, which was co-
located with a broadband seismometer. The blueSeis-3A sensor has a height of 30 cm, a diameter of 30
cm and weighs approximately 20 kg (Fig. 1). It consists of three fiber loops arranged in three orthogonal
axes that measure the rotation rate in nanoradian/second (Bernauer et al., 2018). The sensor has a flat
instrument response from 0.001 to 50 Hz and the ground motion is typically digitized and recorded at
200 Hz. To protect the instrument from wind noise, it should be buried. Currently, the instrument has a
power consumption of 21 W. Although the portable rotational sensor blueSeis-3A is less sensitive than a
conventional seismometer, it can still measure weak volcano-seismic signals if the distance between the
source and the sensor is less than a few kilometers. The use of a rotational sensor (3C, rotational
components) in combination with a seismometer (3C translational components) defines a “6C station”.

This type of combined station is best suited for computing back-azimuth and locating seismic events.

Eibl et al., 2022 deployed a 6C station at approximately 2 km from the five active craters of Etna volcano
(See Fig. 4, station bb17) to test its ability to detect and locate volcano-tectonic (VT) events, long-period
(LP) events and tremor. The validation was performed by comparing the locations of volcanic earthquake
locations recorded by the 6C station with the locations from the permanent monitoring network of the
Istituto Nazionale di Geofisica e Vulcanologia - Osservatorio Etneo (INGV-OE). During a one-month of
acquisition period in August and September 2019, Eibl et al., 2022 compared the number of detections
obtained by each instrument separately with the number of events detected by the permanent seismic
network. The number of VT events detected using either only the rotational sensor or only the
seismometer is similar. However, in both cases, this number is slightly less than the number of events
detected by the INGV-OE network. The seismometer detected a comparable number of LP events
compared to the INGV-OE network on most of the days, and three times more LP events than the
rotational sensor. The rotational sensor revealed the SH-type wave nature of the LP events, as they were
only detected on the vertical component of the rotational sensor (Fig. 8). Similarly, during weak
strombolian activity, the tremor wave field is dominated by SH-type waves. However, during sustained
strombolian activity, the wave-field changes to a mixed-type. The back azimuth of the derived tremor is
consistent with the INGV-OE estimates, and the derived phase velocities derived by (Eibl et al., 2022) are

consistent with the velocities derived using DDSS records (Jousset et al., 2022).
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Figure 8. (Adapted from Eibl et al., 2022). VT, LP and tremor events were recorded with conventional
seismometer and rotational sensor at Etna volcano, Italy (Eibl et al., 2022). The transition from a SH-wave
dominated to a mixed wave field occurred in the period 9 to 13 September 2019. a. Amplitude of the
rotational sensor signal for one month of record. b. to h. Records for a volcano-tectonic (VT) event
recorded on 29.09.2019. b. to d.: conventional seismometer and e. to g.: rotational sensor. h.
spectrogram (HJZ component). i. to 0. Records for a long-period (LP) event recorded on 2 September

2019. i. to k.: conventional seismometer and I. to n.: rotational sensor. 0. spectrogram (HJZ component).
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3.3 Structural features of volcanic media

Understanding the structure of a volcano is crucial for comprehending its internal dynamic processes. For
instance, the locations of volcanic hypocenters (Koulakov and Shapiro, 2021) or source mechanism (Bean
et al., 2008) may be entirely inaccurate, if an unsuitable velocity or structural model is employed.

DFOS has been demonstrated to be a valuable tool for near-surface characterization (Ajo-Franklin et al.,
2019) particularly in urban areas where performing conventional active seismic surveys is challenging.
The dense network of dark fibers in cities enables the investigation of shallow subsurface properties
using techniques such as ambient and anthropogenic noise, such as cars (Jousset et al., 2018). In this
section, we show that DFOS can be valuable for conducting thorough structural analyses of volcanic

materials.

Fault detection (Reykjanes, Iceland).

A clear example of the impact of DFOS on discovering structural features associated with faults in
volcanic environments was demonstrated in the South-West of Iceland (Jousset et al., 2018). The
objective was to show that fiber cables already deployed for telecommunications could be interrogated
with Distributed Dynamic Strain Sensing in a useful manner for volcano-seismology. The goal was
achieved by recording of a local earthquake (M 1.1) that occurred beneath the cable. The cable used in
this study was buried 80—-90 cm below the ground surface crossing the Svartsengi geothermal field from
the southern tip of Reykjanes to Grindavik. Fig. 9 shows the response of a local fault zone that is partially
visible at the surface, with a clear indication of the diverging plate tectonic processes. When seismic
waves propagate, their energy tends to remain in areas where the seismic impedance is lower (Jousset et
al., 2003). The dense spatial sampling (one time series every 4 m) allows for clear observations of trapped
waves inside the fault zone. Scattering of waves can be observed, opening up possibilities for studying

the physical properties of materials inside fault zones (Atterholt et al., 2022; Yang et al., 2022).
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Figure 9. (adapted from Jousset et al., 2018). Structure of a fault damage zone within an active geological
rift. a. The road and the cable (distance ~5 km) cross several faults, e.g. a clearly visible fault zone with
more loose material in the field (between 5.04 and 5.09 km). b. The fault damage zone is visible by the
~50-60 m wide depression area (picture taken at ~100 m SW of the road, looking towards SW). Note that
at the cable location no depression area is visible. The depression is only the surface expression at the
position of the picture (Picture Martin Lipus, GFZ). c. Short record (6 s) of strain phases from a local
earthquake trapped in the fault damage zone. Phases are reflected until ~¥4.98 km, which may indicate a
hidden fault with surface expression. Waves inside and outside the fault zone have different apparent

velocities.

Material characterization of volcano subsurface (Mt. Azuma, Japan and Etna volcano, Italy)

To comprehend the underlying volcanic source mechanisms, it is crucial to characterize the subsurface at
volcanoes (Bean et al., 2008). DFOS can be particularly useful, especially when the optical cable is already
installed. Nishimura et al. (2021) highlight that DFOS records can be used to determine site amplification
factors and relative amplitudes of coda waves of regional earthquakes at Azuma volcano. The data show
a strong correlation between the fiber optic cable and subsurface volcano structures, including lava flows
and topography (Fig. 10). However, as the fiber optic cable is deployed in a protecting plastic tube by a

telecom company, its coupling with the ground is not well understood.
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Figure 10. (Adapted from Nishimura et al., 2021). Site amplification factors along the fiber optic cable.
Logarithmic amplitudes of the factors are indicated by color contours. Background is a red relief map
emphasizing topography of the volcano provided by the Geospatial Information Authority of Japan.
Numbers along the cable are trace numbers. Large site amplification factors, S, are recognized around
the lobes of old lava flows extending from the active volcanoes (traces around 500-1050 and 1200-1300),
while small site amplification factors are mainly found on the ridges around steep valleys in the southern

part (traces around 350-450, 200 and 1-100).

If the fiber optic cable is not already in place, a dedicated cable can be deployed. For instance, Jousset et
al. (2022) deployed a dedicated cable directly into a scoria layer at Etna volcano (Figs. 1 and 11), resulting
in optimal and consistent coupling with the ground along the entire cable. Advanced and powerful
methods of subsurface structural exploration could be performed, such as Multi-channel Analysis of
Surface Waves (MASW; Park, 2011; Lancelle et al., 2021). MASW provides dispersion curves that can be
inverted to obtain vertical 1D shear wave velocity profiles. Jousset et al. (2022) performed jumps also
known as tap tests, at various locations along the cable to geo-locate the distributed sensing records. The

jumps can also serve as sources of surface waves for MASW analysis. For each jump performed along the
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cable, two sub-datasets were obtained: a forward sub-dataset (records towards increasing channel
numbers) and a backward sub-dataset (records towards decreasing channel numbers). The dispersion
curve was computed using the phase-shift method (Park, 2011). It is worth noting that the seismic wave
field separation method (Schwarz, 2019) was used to improve the signal to-noise ratio of the dispersion
curves. Finally, the observed modes in the dispersion curves were picked. Using a Markov chain Monte
Carlo scheme (Killingbeck et al., 2018) the picks were inverted to derive a vertical profile of shear wave
velocities for both the forward and the backward subsets. Figure 12 demonstrates two examples of this
procedure, showing that subsurface structures can be determined using MASW on fiber optic dynamic
strain data sets. The dispersion analyses show numerous modes, indicating a strongly dispersive medium
due to multiple superposed volcanic strata with varying velocities. This is consistent with a sequence of
lava flows and scoria deposits. Inversions of these dispersion curves yield vertical profiles of layers. The
first layer with shear-wave velocity of 200 ms™ and 3-5 m thickness. Deeper layers have velocities up to
600 ms™! at about 20—25 m depth. The inverted models reflect structures associated to faults and lava

flows at the volcano (Napoli et al., 2021).
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Figure 11. (Adapted from Jousset et al., 2022). Fiber optic cable, seismometer and infrasound sensor
locations and deployment near Etna volcano summit (Piano delle Concazze) and Valle del Bove on the
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digital elevation model a. The iDAS interrogator set up at Pizzi Deneri Observatory (light blue square), is
connected to the fiber indicated by the black (“branch B1”) and the white (“branch B2”) lines, respectively.
b. Sketch of the cable deployment. From the interrogator (inside and around the observatory, channel 1-
50), the cable is buried in compacted material (channels 50 until 200) and then in lose scoria deposits
(transparent reddish area in a.), at about 15-25 cm depth (deep section) along B1 with channels 1 to 410,
then the cable turns (still within the deep section) along B2 with channels 411 until 520, then the cable has
a shallow section (under a few cm of scoria and lying directly above the deep cable), from channels 521
until 630 (with same geographic location as deep channels 520 until 411, respectively), and finally, the
shallow cable turns along B1 (still above the deep cable) from channels 631 until 715 (with same geographic
location as deep channels 410 until 326). Insets: Local and regional contexts. Summit craters’ locations:
NSEC (New South-East Crater); SEC (South East Crater); BN (Bocca Nuova); VOR (Voragine); NEC (North-
East Crater). Red square: Thermal camera location: EMOT. The yellow box indicates the location of the

main map. This figure serves as map for figures 12 and 13 of the chapter.
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Figure 12. (adapted from Jousset et al., 2022). Multichannel Analysis of Surface Waves (MASW) and
Markov chain Monte Carlo inversion of dispersion curves from DDSS records along a cable of 1.5 km at
Etna volcano along the cable shown in Figure 11. Graphs represent analysis results for 2 jumps
performed at locations given by the name of co-located geophones (C668, left column and C672, right
column). Jousset et al. (2022) define a forward branch (fwd) signals for channel numbers larger than the
channel of the jump, and a backward branch (bkw) signals for channel numbers smaller than the channel
of the jump. The fwd and bkw records are both used separately for the dispersion curve analysis. (top
subplots) Enhanced strain signals (Method: Coherent wave field enhancement and separation). (middle
subplots) Dispersion spectra in phase velocity/frequency domain. Green dotted lines are the picked
dispersion values with their corresponding uncertainty (red dotted lines). Black dotted lines represent
the multimode dispersion curves computed using the best inverted model causing the lowest root mean
square error (RMSE). (bottom subplots) 1D wave velocity retrieved after Markov chain Monte Carlo
inversion. Red lines indicate limits of tested models during the inversion. In contrast to the backward
branch at C672, the forward branch at C668 crosses a major structure in the form of a fault zone causing

a more complicated Rayleigh wave field (Fig. 11).
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3.4 Dynamics of volcanoes: monitoring degassing with fiber optic cables

Gas is one of the fundamental drivers of volcanic activity, with two end-members: passive degassing
occurs gently through structural features of the volcano (Segovia, 1991), while explosive degassing occurs
when the strength of the structural feature is exceeded, e.g., due to high gas flux. Therefore, it is
essential to monitor degassing and study the underlying driving processes. This section reports examples
of two end-members using DFOS: a volcanic explosion at Etna volcano (Italy) and degassing through

bubbles in a volcanic lake, the Laacher see (Germany).

Volcanic explosions (Etna volcano, Italy)

Volcanic explosions happen when the strength of the rock cannot withstand the overpressure caused by
magmatic and/or hydrothermal fluids. This can occur when there is lower rock permeability within the
volcanic conduit, which prevents higher fluid flux and causes overpressure. To study explosive events,
infrasound and seismic signals can be used (Johnson and Ripepe, 2011). In the summer of 2018, Jousset
et al. (2022) deployed a temporary array of multiparametric sensors at Etna volcano. The array consisted
of a 1.3 km standard fiber optic cable buried in a trench of approximately 20 cm deep into a scoria layer.
Additionally, a series of geophone and infrasound sensors were deployed along the cable (Fig. 11). The
sensors recorded volcanic explosions (Fig. 13). These volcanic events produce seismic waves which travel
in the ground faster than the acoustic waves in the atmosphere. The volcanic material exhibits a non-
linear response when the infrasound wave encounters the scoria layer in which the cable is buried. This is

indicated by the presence of a high-frequency signal (18-23 Hz), that is absent in the infrasound signal.
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Figure 13. a Strain rate from distributed dynamic strain sensing (DDSS) records at channels 484 (blue),
494 (red) and 505 (yellow), corresponding to positions of infrasound sensors in (c). Fiber channel position
accuracy +3 m. b. Velocity seismograms from broadband seismometer CAZG, near DDSS channel 494. c
Pressure records from infrasound sensors CARB-IF1, 2, 3. d Strain rate (a) spectra. e Ground velocity (b)
spectra. f Pressure (c) spectra. g Strain rate record at the 710 DDSS channels along the 1.3 km fiber
around the explosion time. B1 and B2 are two geographically distinct branches, oriented in two different
directions. FZ: fault zone (~50 m width), at channels 315-340 (deep cable) and channels >700 (shallow
cable). h Strain rate-frequency distribution along the cable. Note higher strain rate amplitudes at low
frequencies 1-10 Hz (seismic signal) for branch B1 and at high frequencies 18-21 Hz (infrasound induced

signal) for both branches (see Fig. 11 for locations).
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Bubbles and degassing (Laacher See, Germany)

Passive gas monitoring is typically carried out by directly sampling fumaroles in the crater (Chiodini et al.,
2011) or through remote sensing (Taddeucci et al., 2021). The relationship between seismic activity and
gas flux has also been identified and studied (Zuccarello et al., 2013). During a period of quiescence (no
eruption) at Etna volcano, Jousset et al. (2022) used DFOS to identify STP (Small Tremor Pulse) and DG
(degassing) signals as slightly larger amplitude phases within the volcanic tremor. These signals were
interpreted as resulting from variations in the uprising gas flux within the volcanic conduit until the vent.
Degassing processes at quiescent volcanoes can help detect potential signs of unrest, as shown by
Caudron et al. (2024) at the volcanic lake Laacher See (Germany). The lake is situated in a caldera,
indicating past violent volcanic activity within a large volcanic complex in the Rhine graben. In recent
years, there has been signs of possible unrest, identified by the occurrence of deep LP earthquakes and
possibly large-scale deformation (Hensch et al., 2019). During June-July 2021, an experiment was
conducted to test DDSS by deploying a 500 m long fiber optic cable on south-western side of the lake at a
depth of approximately 20 m (Fig. 14a). The coupling at the bottom of the lake was ensured by two
divers. Strain rate measurements were collected at a spatial resolution of 1 m and different temporal
sampling rates (5 and 8 kHz). Videos of the dynamic of underwater bubbles were simultaneously
acquired with a smartphone, enabling observations of bubbles rising from the sediment towards the
surface at different times. The experiment recorded occurrence rates and frequencies. Close to the
bubbling spots, the waveforms are similar to the signals recorded by Vazquez et al. (2015) during
laboratory experiments. The signal observed in the lake had a high-frequency onset of approximately 1
kHz, followed by a lower frequency signal at around 200 Hz (Fig. 14b). The signal waveform varied slightly
along the cable with decreasing signal-to-noise ratio, as a function of distance from the main bubbling
spot. However, it is also possible that changes may be related to different coupling conditions. These
results suggest that DDSS technology is sensitive to degassing under water, and therefore could be used

for monitoring submarine bubble flux.
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Figure 14. a. Laacher See aerial image and location of the fiber optic cable (triangle in red to the South)

b. Spectrum (left), waveform (bottom) and spectrogram (center) associated with a bubbling event.

3.5 Monitoring long term deformation (Etna volcano, Italy)

BOTDR can be used to measure “quasi-static” deformation. A BOTDR interrogator (Fig. 1) was attached to
a submarine cable in the port of Catania, Italy. The results show increasing strain along the cable for the
first 5 km of the cable from May to September 2020 followed by a sustained drop in strain thereafter
(Fig. 15). This variation occurred during a period of significant inflation and deflation before and after the
paroxysmal episodes in December 2020 and January 2021. Terrestrial GNSS stations have observed the
phenomenon on land (Bruno et al., 2022). This preliminary result demonstrates the potential of BOTDR in
locating zones of deformation at high resolution and sensitivity in submarine environments surrounding
volcanic islands, where obtaining measurements is challenging. As Brillouin scattering is influenced by
temperature (see §2.3.b), temperature fluctuations must be accounted for when measuring strain near
the surface. However, for submarine cables, temperature variation is lower than on the ground surface.

Ongoing research aims to invert for both temperature and strain simultaneously (Bao et al., 2021).
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Figure 15. Strain variation along fiber optic cable deployed offshore Catania using a BOTDR interrogator.
X-axis is the distance down the cable with measurements taken every 4 m and averaged over the whole
day. The strain measurements have been taken over the course of a day at the start of each month and
averaged. All strain measurements are set relative to 1 June 2020 (dark blue line). Line color denotes

time that strain measurement was taken.

4. Towards integrating fiber optic technologies within volcano monitoring systems

Volcano monitoring involves continuously observing key parameters and their variations on an active
volcano in order to estimate its activity status, anticipate its behavior before an eruption, forecast the
probability of an eruption and define potential scenarios to improve risk management (e.g., Thierry et al.,
2015). To achieve this goal, it is necessary to locate earthquakes, identify fluid movements within the
volcano, and understand the sources of slow inflation/deformation, in real-time. Section 3 illustrated that
the full wave field can be measured, providing examples of promising approaches that could improve the
monitoring capabilities of volcano observatories. This section illustrates and discusses how fiber optic

methodologies could contribute to operative volcano monitoring.

4.1 Integration of DFOS in existing monitoring systems

Monitoring seismicity: combination of seismometers and DDSS measurements (Reykjanes, Iceland)
The combination of fiber optic Distributed Dynamic Strain Sensing data via fiber optics and conventional
seismometers can be an effective approach for accurately locating seismic events. For instance, Flovenz

et al. (2022) showed that the combination of data from a fiber optic telecom cable with data from 26
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broadband seismic stations enhanced the detection of earthquakes and improved their location accuracy
during the swarm of volcano-tectonic earthquakes before the Geldingadalir eruption 2021 (the first
eruption of the Fragradalsfijall fires, Halldérsson et al., 2022). By using a waveform stacking and migration
method, seismic and continuous DDSS data were combined to produce a complete earthquake catalogue
covering the period from 1 February 2020 to 30 August 2020. A total of over 39,500 VT earthquakes
occurring in swarms with magnitudes of M > -1, were automatically detected and located. The seismic
sensors and the optical cable were located directly above the hypocenters, ensuing a good azimuthal
distribution of all stations, resulting in high quality lateral and vertical hypocenters. Seismicity shallower
than 4 km depth was concentrated within an elliptical area, where an uplift occurred. The uplift was
interpreted as resulting from the vaporization of water from an aquifer, which is being harnessed by a
geothermal company. The study of Flovenz et al. (2022) suggest that the earthquakes at the center of the
uplift are triggered by elastic bending stresses in the roof above the aquifer. The absence of earthquakes
deeper than 4 km depth at the uplift center supports the hypothesis of an up-doming brittle ductile

transition (BDT) at about 6—7 km depth (Fig. 16 and Flovenz et al., 2022).
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Figure 16. (Adapted from Flovenz et al., 2022). Sketch of fluid migration paths and aquifer location
compared with observed seismicity and uplift. a. Maximum uplift (solid black line) and topography
(dashed grey line, x = 0 at the center of the uplift). b. Density of micro-earthquakes between February
and August 2020 (gridded file and color scale) estimated in a 1-km-wide band along profile SW-NE using a
combination of broadband seismic stations and Distributed Dynamic Strain sensing. The inferred brittle
ductile transition (BDT) is indicated by the red dashed line. The manually relocated, largest events from

the earthquake swarms from November (green circles) and December 2019 (grey circles) and at the
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beginning of unrest (blue circles) are shown. The position and source intensity of the aquifer model are

indicated.

Multi interrogator approach (Etna volcano, Italy)

Cables are linear objects, and their aperture may not be sufficient to cover the ideal network for optimal
hypocenter location (Toledo et al., 2020). To increase the aperture and the spatial coverage for larger
targets, such as Etna volcano, multiple fibers and interrogators can be used simultaneously. The
availability of several interrogators at once is a clear issue. At Etna volcano, three independent
interrogators were connected with three different fiber optic cables for about ten days from 11
September 2019 to 23 September 2019 (Krawczyk et al., 2020). The INGV permanent monitoring network
recorded a total amount of 134 local seismic volcano-tectonic earthquakes. Figure 17 shows the records
of an M2.4 earthquake located in Valle del Bove at a depth of 4.3 km with three fiber optic cables at

once.

It is worth noting that the amplitudes of the strain rate signals do not follow the expected geometrical
amplitude decay of seismic waves from the source to the fibers. This discrepancy may be due to the
variety of coupling conditions between the ground and the different cables, as observed at Mt. Azuma
(Fig. 10). The cable at the summit was perfectly coupled with scoria (Currenti et al., 2021; Jousset et al.,
2022; Figs. 1 and 4). On the contrary, the telecom cable in the urban environment on the Eastern flank is
likely to be deployed in pre-existing cased conduits and therefore transfer of ground strain to the fiber
core is less efficient (Reinsch et al., 2017). Underwater, the recorded strain may be lower due to the
cable’s coupling conditions with the sea floor, and its increased strength to withstand water column
pressure at a depth of 2000 m and submarine currents.This prevents ground strain from being

transferred to the sensing fiber (Currenti et al., 2023; Diaz-Meza et al., 2023).

Nevertheless, the event's location can be determined using basic automatic picking (Jousset et al., 2011;
2018) based on arrival times detected on two of the three cables (Fig. 17). The black dots on each fiber
represent the automatically picked times for both P- and S-waves arrivals, using a non-cable-specific and
unoptimized STA/LTA algorithm. To perform the location inversion, a spatial interpolation is conducted
between picks to eliminate the scattering caused by local conditions and to attempt to remove
anthropogenic signals. The interpolated picked arrival times are then used to conduct an inversion for
the location using a grid search, resulting in a probability density function of the earthquake’s location.
This hypocenter encompasses the INGV location obtained from conventional seismometers in the

monitoring network. This example demonstrates that by designing a suitable series of interrogated
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fibers, either by deploying dedicated cables or/and interrogating already existing ones, distributed

dynamic strain methods can provide new and dense information to better locate earthquakes.
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Figure 17. a. Map of Etna volcano indicating the locations of the three cables interrogated
simultaneously. b., c. d. Records of a volcano-tectonic earthquake on the 15 September 2019 at
15:42:02 in Valle del Bove with several fiber optic cables. Back dots represent the automatic picking of P
and S for each channel, using STA/LTA conventional detector and an Akaike Information Criteria picker
(Jousset et al., 2011, 2018). b. PDN array, at the summit of Etna volcano (spatial sampling 2 m); c. Linera
array /Telecom Italia cable on the slope of eastern flank (spatial sampling 2 m); d. submarine cable from
Catania harbor down to the INFN submarine observatory (2300 m depth, 25 km from the coast). e. Three
cross-sections showing the probability distribution function of the earthquake location (warm colors
indicate higher probability) obtained by inverting interpolated arrival times for the Etna summit and
Eastern flank cables only. The black signs represent the location of the cables. The red dot represents the
earthquake location provided by the monitoring network of INGV (24 permanent well distributed

stations); INGV location: latitude: 506256 m; longitude 4176194 m; depth 4300 m below sea level).

54



4.2 Challenges, open questions and solutions for using Distributed Fiber Optic Sensing technologies

Directionality

A challenge of fiber optic distributed sensing is high anisotropy of sensitivity. The system is mostly
insensitive in the direction perpendicular to the fiber. For example, a purely theoretical P-wave (which
has a theoretical particle motion in the direction of the wave propagation) will not be detected by a
straight fiber deployed in the direction perpendicular to the wave propagation. Conversely a theoretically
pure S-wave will be perfectly detected, if it travels perpendicular to the fiber direction. The sensitivity
depends on the wave field’s orientation with respect to the direction of the fiber (Li et al., 2022). To
address this issue, the deployment of cables in various directions has been proposed and tested, such as
the PoroTomo array (Feigl et al., 2021). However, processing data from such multi-directional cable with
many short linear sections requires much more complex processing steps and array methods (Johnson &
Dudgeon, 1993; Van der Ende & Ampuero, 2021; Mufioz & Soto, 2022) compared to using longer sections
of aligned fiber (Currenti et al., 2021; Jousset et al., 2022; Diaz-Meza et al., 2023). Encircling expected
epicenters with cables can improve hypocenter determination (e.g., Currenti et al., 2023; Klaasen et al.
2023). Additionally, using multiple cables interrogated independently can lead to even more accurate
location determinations, as shown in Fig. 17. Depending on the frequency aimed at (0.1 to 100 Hz on

volcanoes), an ideal network could be a triangle, a spiral or star-like deployment of ~1 km aperture.

Coupling

Several options exist to deploy the cable in boreholes. Cementing the fiber optic cable behind casing
generally ensures better coupling than using wireline cables deployed temporarily in the borehole (Cox et
al., 2012). At volcanoes, due to limited number of boreholes, cables at the surface is likely the sole
option, which is also more cost-effective. The reliability of strain measurements depends heavily on the
coupling of the cable with the surrounding media. When the cable is bonded to a structure, coupling is
less an issue. However, when it is placed in sediment, coupling depends on the yield stress at the cable-
soil interface. In laboratory experiments cables placed in sediment remained well-coupled at small
displacements (< 15 mm, Wu et al., 2020). However, with increasing strain, the response becomes non-
linear and the cable eventually decouples from the soil (Zhang et al., 2016; Viens et al., 2022). The
transfer of strain from the ground to the sensing elements in the fiber has been theoretically analyzed
(Reinsch et al., 2017). Diaz-Mesa et al. (2023) also demonstrated that the cable’s structure also affects
the records. Further research is necessary to better understand cable coupling and determine if and how
anchors could be used to improve it. Modelling tools, such as the one developed by Celli et al. (2024) will

help in this respect.
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Data management and processing: storage and big data.

One of the major challenges of DFOS for real-time applications is the significant amount of data they
generate. For instance, Jousset et al. (2022) recorded 12 terabytes of data per week by sampling a 1.5 km
long fiber every 4 meters for 15 days, albeit not continuously. Similarly, Flovenz et al. (2022) recorded 9
terabytes of data per week (250 terabytes in total) of DDSS fiber optic records by sampling a 21 km long
fiber every 4 meters for 7 months, continuously. Down-sampling the data either spatially or temporally
may be suggested, but this would result in a loss of information, both spatially and temporally. This
hinders the significant advantages of these new tools. Quinteros et al. (2021) proposed a solution for
storing and sharing data with researchers that do not have access to interrogators. However, the
continuous management of the data and the extraction of valuable information for optimal monitoring
still need to be defined. The rise in data streams from fiber optic sensing necessitates intelligent data
processing (Arrowsmith et al., 2021). Currently, conversion and pre-processing tools and software are
currently being developed (Isken et al., 2021; Quinteros, 2021; Spica et al., 2023), but more advanced
tools are needed. Machine learning and artificial intelligence approaches could be highly advantageous
(Tejedor et al., 2017). Techniques such as neural network approaches (Linville et al., 2019; Wu et al.,
2021) are also being targeted. Liehr et al. (2019) proposed the use of artificial neural networks for raw
measurement data interpolation and signal shift computation for reducing data analysis time. They
demonstrated the benefits of this approach in making the WS-COTDR method usable for real-time
applications using telecom dark fiber. As DDSS signals can be presented as 2D or 3D images, it is
appropriate to use image processing techniques (Szegedy et al., 2015; Soto et al., 2016; Martins et al.,
2019). Machine learning has been successfully applied to detect Very Long Period volcanic events on

DDSS records at Vulcano island (Currenti et al., 2023).

Improving the sensitivity and saturation mitigation

The signal to noise ratio of DFOS measurements can be enhanced by stacking records from several
parallel fibers of the same cable. This can be achieved by connecting the end of one fiber with another
fiber in the same cable resulting in a loop that covers the same geographical location twice. This allows
the same locations to be measured twice by simply prolonging the fiber. This technique is feasible for
short cables, as DDSS can provide reasonably accurate measurements up to more than 20-30 kmin a
single fiber. This approach enables stacking of the records (Zwartes & Mateeva, 2015) and enhance
accuracy, positioning DDSS as a serious competitor to conventional seismometers. However, signal
quality becomes less accurate as the interrogated cable lengthens, creating a trade-off (Diaz-Meza et al.,
2023). Fiber technologies have been mainly focused on the ability to measure weak signals. However, in
some cases, large strain or strain rate may occur, such as during earthquakes or explosions, and this can

cause the recorded signal to saturate. Saturation occurs when the strain rate exceeds the interferometric
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ability of the interrogator, resulting in a skip in the optical phase. In practice, it is possible to correct for
the phase skip and recover strain rates exceeding the theoretical limit allowed by the interrogator, as
long as the strain/strain rate is not too large, and the interrogator is properly set up (Diaz-Meza et al.,

2023).

Fibers (helicoidal and engineered fibers)

Zhi et al. (2003) conducted a detailed investigation into the effects of fiber structure on Rayleigh
scattering. Lumens at al. (2013) attempted to overcome the directionality limitation by designing
dedicated cables, such as helicoidal fiber (Kushinov, 2016), which comprises fibers built in a helical shape
along the cable. The aim is to probe the strain field in all directions, and potentially overcome the
drawback of linear fibers. For instance, Horman et al. (2013) tested helicoidal cable with the aim of
measuring its broad-side sensitivity. They compared the record obtained from the cable with that
obtained from 3C geophones. The results indicate that the cable is indeed sensitive in all directions,
although the extend of the sensitivity improvement still needs to be proven. However, some experiments
have shown that the signal is less accurate when using the helicoidal cable, than when using linear fibers
(Bellefleur et al., 2020; Hendi et al., 2023). Another method to enhance the sensitivity is to modify the
fiber’s structure by incorporating permanent structure modifications of periodic index variations along its
length. This allows for optimal light transmission with a specific gauge length, resulting in purposeful

enhancement of the backscattered light and in increased sensitivity (Diaz-Meza et al., 2023).

Interrogators

Many recording systems have been proposed and tested in particular for Distributed Fiber Optic Sensing
including new generation of DDSS interrogators and smaller instruments with less power consumption.
The current consumption of DDSS interrogators is around 200 W (Peng & Chao, 2016; Feng et al., 2018;
Hartog et al., 2018; Richter et al., 2019). Discoveries at the quantum level (Cohen et al., 2015; Favero,
2015) suggest that even very small vibration levels can be detected. Measuring the micro-mechanical
properties of biomaterials through nano-indentation is a common technique (Mattei et al., 2017). In the
field of volcanology, an ideal interrogator should be capable of simultaneously measuring temperature
and strain using the three scattering types: Rayleigh scattering for high-frequency strain sensing (0.1 Hz
to 200 Hz), Brillouin scattering for the ultra-low static strain (DC to minute), and Raman scattering for
temperature signals with <0.05-degree resolution. The latter can be used to correct the temperature
effect of other scattering processes. The ideal system should be capable of detecting nanostrain signals
over a wide frequency range, with high resolution and over a long distance. Currently, such an

interrogator does not exist.
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5. Conclusions and perspectives

This chapter presented an introduction to the applications of fiber optic technologies in measuring
temperature and the ground motion for volcano research and monitoring across a wide frequency range.
Fiber optic methodologies encompass a broad range of instrumentation and techniques. Recent
advancements in electronics and optics have led to the development of new instruments that utilize fiber
optic principles, such as Fabry-Perot interferometry, Sagnac effect, and light scattering processes in glass.

These instruments have become commercially increasingly affordable in the recent years.

We have illustrated the significant benefits of fiber optic sensing for volcanologists, providing increased
spatial resolution and accuracy in probing volcanoes. This leads to new insights on structural features and
volcanic processes, allowing for a more complete characterization of the volcano’s subsurface structure
and a better quantification of processes and seismic wave field. Fiber optic technologies enable a novel
approach to monitoring the seismic wave fields and volcanic activity in conjunction with other

observation sensors, such as infrasound and geochemistry.

We have discussed advantages and limitations of the methods. The ease of deployment and options
provided in remote, steep or space-limited areas are advantages of rotation sensors. Rotation is directly
measured and complements the understanding of the wave field. In complex environments it is possible
to assess the composition of the seismic wave field and its changes directly. New methodologies such as
the ones proposed by Gautier et al. (2022) may be useful in the future for more accurate measurements
of rotation. DFOS has considerable advantages over observations with a single point sensor due to the
high number of measurements. However, DFOS measurements may present higher instrumental noise.
Calibration of DFOS is challenging due to the high spatial variability of coupling to the ground all along
the fiber. Although DFOS has only one component measurement, proper array design and dense spatial
resolution and temporal sampling provide additional and redundant information. Conventional
processing methods in seismology need to be adapted for fiber optic records. For instance, the
application of ambient noise processing (Brenguier et al., 2008) is challenging for fiber records due to the
high sensitivity of DFOS to local structures. Additionally, research is underway to access the full strain

tensor, including all six strain components, using fiber optic methods.

It is worth noting that many volcanoes do not have pre-existing optical fibers, and a significant initial
investment seems necessary. In this context, we provide a rough cost estimation for a typical campaign.
Let’s record a fiber of 2500 channels (15 km, 4 m spatial sampling) for 10 days. The rental cost for an

interrogator was 100,000 € (100 €/channel) in 2015 and 10,000 € (10 €/channel) in 2018. Interrogator
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costs are expected to be around 100,000 € (in 2023), and the cost of a standard cable is estimated to be
ranging 1-10 €/meter (150,000 € for 15 kilometers for the higher end). Assuming a cost of 1000 € (lower
end of cost) for a virtual broadband seismometer with only 1 component only. Deploying 2500
broadband stations along the fiber, this would cost 2,500,000 €, excluding deployment costs. Even with
the investment required for purchasing and deploying the cable by digging a trench, the overall cost of
the fiber optic approach is significantly lower. Distributed fiber optic sensing offers benefits such as little
maintenance, energy and time savings, and the ability to collect dense, accurate and detailed data. For
example, the cable deployed at the summit of Etna volcano in the summer 2019 (Currenti et al., 2021)
remained unused and with no maintenance for 4 years due to Covid-19 pandemic. In the summer 2023,
it became possible to reconnect an interrogator to the fiber. In less than one hour the acquisition system
was set up transforming the cable in hundreds of sensors able to record small volcanic events similar to
those observed in 2018 (Jousset et al., 2022). This was achieved using four fiber instances, each with 750

channels (Diaz-Mesa et al., 2023).

Farghal et al. (2022) discuss the potential of DDSS for early earthquake detection applications. Their
conclusions can be transferred and adapted for volcano hazard assessment and improved monitoring,
leading to more certain and timely alerts. One strategy is to combine multiple types of instruments to
perform joint inversions for hypocenters, source mechanisms and structural features using data from
seismometers, rotational sensors and fiber optic interrogators. A detailed plan for combining these
sensor types has yet to be established, building on initial attempts (e.g., Flovenz et al., 2022; Obermann
et al., 2022) and exploring new processing algorithms using machine learning and artificial intelligence

(Wu et al., 2021; Trainor-Guitton et al., 2022).

Following the onset of the volcanic crisis at Vulcano Island in September 2021, Currenti et al. (2023)
demonstrated that a rapid response to a volcanic crisis can be achieved using existing telecom
infrastructures. Collaboration between institutions and private companies with available infrastructures,
such as telecom companies, is essential and requires preparedness before the crisis begins. Discussions
and agreements with the telecom providers at the Sicilian volcanoes over the last years were preparatory
to rapidly access the fiber optic network and perform DDSS measurements at Vulcano Island during the
crisis (Krawczyk et al., 2020; Napoli et al., 2020). Such preliminary steps are essential for any successful

crisis management.

Therefore, we are optimistic and confident that the development of fiber optic technologies on

volcanoes will provide additional understanding of volcanic processes. This will lead to a better
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description of the internal structure and more accurate anticipation of the volcano behavior prior to and

during eruptions resulting in improved volcano monitoring and crisis management.
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