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Abstract

This thesis focuses on satellite radar data analysis methods applied to volcanic surveillance. The
importance of this study lies in the application of Differential Interferometric Synthetic Aperture
Radar with a Small Baseline Subset (DInSAR- SBAS) to improve the prediction of potential volcanic
events in the future and to understand the processes taking place in the volcanic areas of interest.
A highly successful geodetic method, such as satellite radar interferometry, allows the creation of
interferograms and time series showing the behaviours of each analysed data pixel over time. In
this thesis, we applied the statistical tool to the time series results, named Independent Component
Analysis (ICA), to eliminate potential noise sources and uncover hidden deformation patterns in
the complex signals. Employing the ICA statistical tool to the DInSAR SBAS dataset is the most
innovative aspect of this thesis. Finally, the deformation data undergo mathematical inversion to
modelise the source parameters that create the observed anomalies. We applied the aforementioned
method to study three volcanically active areas on Hawaii, La Palma, and Tenerife islands. The results
show that conducting such studies can help understand the volcanic processes that could occur in the
future, providing an advantage to society living and sharing space with volcanoes. The selected
areas were chosen to monitor volcanoes in areas with high potential for volcanic events. In the case
of Hawaii, the importance of applying the ICA to the DInSAR SBAS dataset allowed the recognition
of the deformation patterns of two volcanoes on the island that interact in opposite ways. This study
helped to understand volcanic processes that had been the objective of scientific debate for more than
100 years. In the case of La Palma, the study focused on imaging the magmatic path in the crust that
was followed in the pre-eruptive phase of the eruption of Tajogaite and during its first days. Finally,
Tenerife island showcases the high background activity of the Teide volcano. The aim of studying
this area was to understand the source and the processes that took place during the seismic crisis of
2004-2005. The outcomes of those studies shed light on the effectiveness of the applied methods
to active volcanoes, enabling the understanding of geodetic processes and the prediction of future

volcanic activity.
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Chapter 1

Introduction

1.1 Remote Sensing on active volcanoes

Volcanic phenomena demonstrate the powerful forces of nature and present potential challenges for
nearby populations. They can impact the environment, affect cities and communities, and have con-
sequences for the atmosphere. They also act as creators of new lands and suppliers of minerals,
fertilising areas affected by their deposits. The consequences of volcanic activity are so significant
that their importance in society cannot be overlooked.

In the past, society could notice some volcanic anomalies by meticulously observing volcanoes.
In the case of one of the most hazardous volcanic areas in Europe, the Phlegracan Fields in Italy,
specifically in the town of Pozzuoli adjacent to Naples, the volcanic anomalies observed in the past
constitute one of the most important examples of manifestations of volcano deformation. The ob-
servation of ground deformation fluctuations was possible due to changes in the shoreline level in
the ancient Serapeo marketplace, constructed in the first century BCE [1] (see Fig. 1.1). During its
history, it experienced ups and downs in the shoreline, obligating the citizens to construct a second
level of columns as the first one sank below sea level.

The most noticeable episode of deformation in the Serapeo was observed before the eruption of
Monte Nuovo in 1538, where the ground uplift was up to 12 meters and strongly accelerated (about
4-5 meters) in the days preceding the eruption. During these days, the shoreline moved backwards
approximately 400 meters [2].

While the eruption of Monte Nuovo could be detected in time due to the strong volcanic manifest-
ations that enabled residents to move away from areas with great volcanic activity, not all volcanoes
send clear messages about their imminent eruption. The advancements in science have facilitated
the application of crucial volcano monitoring tools for predicting eruptions. These techniques can be
applied in regions with high volcanic risk, difficult access, or a lack of resources for volcanic sur-
veillance. Using detailed scientific techniques, including precise ground deformation measurements
and other geophysical methods, allows us to obtain an accurate image of the volcano’s state. Various
disciplines and methods exist to quantify outliers from the background activity of the volcano. How-
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Figure 1.1 Ancient Serapeo marketplace. Photography taken in 2023.

ever, some of these methods are still new and innovative. A highly modern and accurate approach to
studying volcanoes is remote sensing, which allows the detection of volcanic unrest and temperature
changes on the surface, quantifies the gas emissions in the atmosphere, etc. Also, applying remote
sensing methods allows the collection of millimetre-precise ground deformation measurements. Ob-
serving the deformation of a volcano from space aids in understanding the volcano’s behaviour before,
during, and after an eruption. The information obtained from the sensors used in satellites constitutes
a set of very powerful tools whose quantity of data is barely harnessed.

The geodetic data analysis method involves employing a technique known as Differential Satellite
Interferometry (DInSAR). Its approach is primarily based on comparing the phases of electromag-
netic waves by overlaying images of backscattered waves (radiograms) from the same satellite radar
in the area of interest. The products of such overlays are interferograms, images depicting the phase
variation of waves between two radar images. Interferograms illustrate the phase difference between
two superimposed images, allowing the identification of areas affected by ground deformation.

Obtaining interferograms from a study area enables the analysis of the prevailing geophysical and
geological conditions. Additionally, analysing deformation in a specific area can indicate the state
of the volcano and help us understand the endogenous or exogenous factors that can cause changes
in its behaviour. Ground deformation can be caused by the magmatic reservoirs in the crust when
new inputs of magma occur, magma cooling in the crust, changes in the hydrothermal system due
to pore pressure changes, variations in gas saturations in the subsurface, or even thermal expansion.
However, on the surface, we can also detect landslides and movements in the flanks of volcanic
edifices, the growth of volcanic domes, water withdrawal, etc. All these ground deformation changes
are visible through the processing of SAR data.
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1.2 Motivation

This thesis originated from an interest in conducting a detailed investigation of ground deformation
on volcanic islands. It aimed to image the magmatic or hydrothermal sources that drive volcanic
activity and contribute to the observed ground deformation. The study mainly focused on the active
volcanic islands of La Palma and Tenerife in the Canary Islands and Hawaii Island. Although these
volcanic areas have been well-studied, there has been a lack of investigation into the sources of ground
deformations and the mechanisms contributing to the observed behaviours in the areas of interest.

The first objective of this thesis is to analyse satellite interferometry data. We used this method
because it provides a broad dataset over time and covers extensive areas of study. These data can
also be used to apply inverse modelling to identify the causative sources of the observed ground
deformation.

This achievement has been reached through two approaches: first, through the application of
novel methods in the Python programming language, and second, by utilising existing computer
programs that facilitate obtaining raw satellite radar data and performing the desired processing.
Secondly, the preprocessed SAR dataset was analysed using statistical tools to obtain clearer data on
the ground deformation. Finally, a non-linear inversion of the ground deformation dataset was applied
with the aim of obtaining the characteristics of the source causing the observed ground movement.

These processing steps were applied to three different volcanic complexes. In the case of Hawaii
Island, the focus was primarily on obtaining information about the interaction between two volcanoes,
Mauna Loa and Kilauea (Chapter 8). The study on the elastic interaction of two volcanoes on Hawaii
Island enabled the understanding of the scenery and forces responsible for the peculiar behaviour of
both volcanoes. While the hypothesis of the interaction between Mauna Loa and Kilauea had already
been proposed, this study provided insights into the specific causes behind their particular behaviour.

For La Palma Island, the main objective was to image the spatio-temporal ascent of magma pre-
ceding the eruption and during its initial days (Chapter 9). The ground deformation on La Palma
was observed during the pre-eruptive episode of the Tajogaite eruption in 2021. However, this study
focused on analysing the deformation, identifying the source responsible for the volcanic activity,
and imaging the kinematic movement toward the surface of the magma. This kind of study had not
been done before in La Palma, and this research allowed for a detailed understanding of the magmatic
behaviour preceding the Tajogaite eruption.

Tenerife Island was studied to uncover the hidden volcanic processes occurring in the dormant
volcano (Chapter 10). Ground deformation had been observed in the past, but the source responsible
for the deformation had never been modelled. This work made it possible to understand better the
internal processes that occurred during the crisis of 2004-2005 in Tenerife.

The eruption of Tajogaite in 2021 emphasised the importance of monitoring the islands’ volcanoes
for both the scientific community and the Canarian society. On a personal level, it made me realise
the crucial importance of this study in enhancing our understanding of the processes occurring on the
islands. It highlighted how even subtle changes in the volcanic system can impact volcanic dynamics
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and how such research plays a vital role in forecasting scenarios before and during an eruption. In
this meaning, the thesis aimed to understand the processes occurring in the mentioned volcanoes and
shed light on potential future eruptions.



Chapter 2

Volcano Geodesy and Remote Sensing

2.1 Volcano geodesy

Geodesy is a branch of Earth sciences that studies and quantifies the size and geometry of the Earth.
The origin of geodesy can be associated with the early assertions of Pythagoras, who claimed that the
Earth is a sphere. Later, Aristotle declared that the Earth was spherical. A highly significant contribu-
tion to geodesy came from Eratosthenes (276-195 BCE), who calculated the Earth’s circumference,
estimating its curvature and, consequently, its size [1].

Geodesy began to gain greater importance with the development of more precise mathematics
and cartographic tools. However, it was only in the 20th century that new high precision instruments
were developed, and geodetic reference systems could be established.

One sub-branch of geodesy is volcanic geodesy, which focuses on quantifying ground displace-
ment in volcanic areas. While studying the Kilauea volcano, Thomas A. Jaggar discovered that the
summits of active volcanoes experience surface uplifts and descents due to changes in magma reser-
voirs [1]. However, one cannot discuss volcanic geodesy without mentioning one of the pioneering
scientists in this subfield. Kiyoo Mogi, in 1958, made a fundamental contribution to this field [3]. As
a pioneer, Mogi attributed surface movements to changes in subsurface pressure. He applied these
studies to two volcanoes of great importance in the field of volcanology, Sakurajima (Japan) and
Kilauea (United States). His point source inflation model, known as the ’Mogi model,” has been
widely used to interpret ground deformation data associated with volcanic activity.

Volcano geodesy gained even more significance when its methods were applied during the erup-
tion of Mount St. Helens in 1980. During the two-month dome formation, observing how the vol-
cano’s surface deformed due to internal processes in the volcanic edifice was possible. These obser-
vations were made possible through Electronic Distance Measurement (EDM) and theodolites. These
geodetic methods allowed the observation of dome construction and, subsequently, its collapse, res-
ulting in the north flank landslide of the volcano [1].

Along with the early application of geodetic tools in volcanoes, a new way of observing volcanic

movements from space emerged. In the 1950s, experiments with radar sensors were conducted.



6 Volcano Geodesy and Remote Sensing

However, the use of radar in volcanic studies became possible with the launch of a satellite equipped
with Synthetic Aperture Radar (SAR), such as the European Remote Sensing Satellite-1 (ERS-1) in
1991 [1].

For military purposes, the United States developed a highly precise cartographic navigation tool
known as the Global Positioning System (GPS), which was developed in the 1970s and became
operational for civilian uses in the 1980s [1]. In the late XX century, its highly precise cartographic
advantages were applied to studying volcanic areas.

Implementing radars on satellites allowed for the development of a powerful tool for quantifying
ground deformation. Satellite Radar Interferometry (InSAR) became today’s most powerful tool in
volcano geodesy.

Nowadays, volcano monitoring technology is undergoing significant development, largely driven
by the launches of satellites equipped with highly precise sensors, such as the prominent Sentinel
constellation from the Copernicus program of the European Space Agency (ESA). These satellites
offer advanced Earth observation capabilities, providing detailed data and more frequent coverage,

revolutionising our ability to understand and anticipate volcanic activity.

2.2 Active sensors for Remote Sensing

Remote sensing is a modern and valuable tool for obtaining the physical characteristics of an area
through detecting reflected radiation from a distance. Two types of remote sensing sensors are dis-
tinguished by their ability to either passively receive signals or actively emit and calculate the time
it takes for the backscattered signal to be received.

Passive sensors utilise naturally emitted radiation to gather information and observe an object of
interest. Its range of observations includes radiometers and spectrometers that operate with different
wavelengths. Passive sensors receive waves from the visible spectrum, infrared, and some ranges of
the microwave spectrum.

Active sensors emit electromagnetic signals and measure the time it takes for the return sig-
nal to be received. The changes experienced by the emitted signal and the backscattered signal are
measured, providing information about the changes undergone by the object of study. These sensors
operate within the microwave spectrum, allowing them to function both during the day and at night,
regardless of cloud cover.

A radar is an example of an active remote sensing sensor that operates with an electromagnetic sig-
nal. The antenna on board the satellite or airborne platform emits a series of pulses in the microwave
spectrum and receives the backscattered pulses from the target. Analysing the backscattered signal
allows one to reconstruct a 2D image of the reflecting surface.
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2.3 Global Navigation Satellite System GNSS

Global Navigation Satellite System (GNSS) refers to the combination of constellations belonging
to the United States, Russia, Europe, and others. Initially, the United States developed the global
navigation system, called the Navigation Satellite Time and Ranging Global Positioning System
(NAVSTAR GPS). Nowadays, the term GPS is commonly used and recognised. Russia (formerly the
Soviet Union) has developed a similar navigation system called GLONASS. Finally, the European
Space Agency (ESA) launched a satellite constellation named Galileo. All three constellations op-
erate in the L-band microwave frequency. Each constellation has slight differences from the others
[1].

In the case of NAVSTAR GPS, there are 30 satellites orbiting in 6 circular orbits at an altitude
of 20,200 km. GPS transmits positioning signals on two frequencies in the L-band. L1 operates at
a frequency of 1575.42 MHz, with a wavelength of 19 cm. The L2 band operates at a frequency
of 1227.6 MHz with a wavelength of 24.4 cm. Satellite information is transmitted using a Pseudo-
Random Noise (PRN) code with the corresponding identification for each satellite [1].

GLONASS also has 30 satellites orbiting in 3 orbits at an altitude of 19,100 km. The L1 band
operates in the frequency range from 1602.5625 to 1615.5 MHz, while L2 operates in the frequency
range from 1246.4375 to 1256.5 MHz. Satellite data is transmitted using the same PRN code and
different frequencies for each satellite within the mentioned ranges [1].

Finally, Galileo has 30 satellites in 3 orbits operating at an altitude of 23,616 km. The L1 band
transmits data at a frequency of 1575.42 MHz. This frequency band is unified with the L1 of the GPS
constellation, allowing for data sharing without overlapping or interrupting the GPS data signal. The
more precise L5 band operates at a frequency of 1176.45 MHz [1].

Each satellite broadcasts the signal of its position at every moment, along with highly accurate
(absolute) time information, satellite details, ionospheric conditions, etc. This information receives
GNSS receivers. The receivers collect data from all satellites visible at the precise moment and
calculate the distance between the receiver and the satellites sending data at that time. Assuming the
exact position of the satellites is known, the distance between at least four satellites and the receiver
is calculated. This way, the location of the receiver is known with great precision. The more satellites
the receiver captures, the higher the accuracy of the location calculation. The receiver’s position is
obtained with three spatial coordinates (latitude, longitude, and altitude) [1].

Observing the receiver’s position variation over time allows for visualising the ground displace-
ment in the vertical and horizontal axes with millimetric precision. With the aim of obtaining precise
information about the position, the absolute or relative mode of GNSS positioning can be employed.
Absolute positioning is based on obtaining the location of GNSS stations (receivers and antennas)
with respect to the global reference coordinate system (e.g., World Geodetic System 1984, WGS84).
This way, the exact and absolute position of the station is known according to the global reference
system [1].
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However, for volcanic surveillance purposes, the relative positioning mode is often used when
dealing with local or regional networks with a large number of GNSS stations in a limited area [1]. In
this way, the position of each station in the network is obtained with respect to the absolute position
of a reference station. This reference station is assumed to be stable or not included within the de-
formation zone. The GNSS station network is installed continuously (cGNSS), saving position and
time data according to the configured sampling frequency.

In the case of stations installed in the Canary Islands, belonging to the Instituto Volcanologico de
Canarias (INVOLCAN) and collaborators such as the University of Nagoya and Grafcan, the stations
are part of the Red Geodésica Canaria. The stations record data every 30 seconds and send a Receiver
Independent Exchange Format (RINEX) file each day. An example of a Canarian geodetic network
installed on the island of La Palma is included in Figure 2.1.

The RINEX files from each station are analysed using the free software Gamit/Globk [4] . These
files are preprocessed with Gamit to correct errors and apply atmospheric and clock corrections. The
first estimation of GNSS station positions is obtained by calculating the baseline between network
stations. Subsequently, with the Globk software, satellite orbits, clocks, the receiver clock, and the
plate tectonics corrections are estimated. Following this, station positions are adjusted to the reference
station. The displacement of the reference station is estimated to achieve greater precision in the
GNSS stations of interest. The final step involves obtaining the relative positions of stations in the N-
S, E-W, and vertical axes. Figure 2.2 provides an example of such results, illustrating the deformation
experienced by one of the GNSS stations during the volcanic crisis in La Palma in 2021.

For the purposes of this thesis, the GNSS dataset was used as complementary information to the
SAR data.

2.4 Interferometric Synthetic Aperture Radar InSAR

Satellite Radar Interferometry is based on using electromagnetic waves emitted from antennas in-
tegrated onboard the satellites. This utilisation of electromagnetic waves from antennas is known as
Radio Detection and Ranging (RADAR). Electromagnetic waves work in the microwave spectrum,
encompassing between 300 MHz and 300 GHz [1] (Figure 2.3). The antenna sends pulses of elec-
tromagnetic waves toward the Earth’s surface with a fixed and established wavelength. The signal
reaches the surface and reflects in all directions due to objects on Earth along the path between the
antenna and the surface, and a small part of the signal returns to the satellite. The arrival time of
the electromagnetic wave return is calculated, obtaining an image of the surface (Figure 2.4). The
imaged result of the reflected waves from the surface is called a radiogram.

The principles of Interferometric Synthetic Aperture Radar are explained in the following. The
same satellite scans the same area on different days (Figure 2.4). The superposition of radiograms
allows obtaining the phase difference (A¢) between two SAR images. The phase change of the wave
between one radiogram and another provides information about the variation in the distance travelled
by the wave and, consequently, about the displacement (A R) along the satellite’s Slant Range (SR)
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Figure 2.2 N-S, E-W and U-D components of GNSS station ARID in La Palma between the 6th of
September and 16th of October of 2021. Green vertical line represents the day of the beginning of
the eruption of Tajogaite.
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Figure 2.3 Electromagnetic spectrum.

direction from the sensor to the target. The range and azimuth directions of the satellite, as well as
the processing methods of the raw data, condition the resolution of the SAR images [1]. The phase
difference between two SAR images is used to create an interferogram.

This technique is a valuable tool in the scientific field, especially in volcano geodesy. The preci-
sion of the obtained displacement images depends on the wavelength used by the satellite. However,
as the wavelength decreases, the precision with which details of the deformation can be obtained
increases. Since electromagnetic waves bounce back and change direction when impacting a rough
surface and are vulnerable to ionospheric and atmospheric conditions, it is necessary to strike a bal-
ance between the desired image precision and the ability to avoid obstacles that prevent the wave
from reaching the target.

The microwaves can be affected by objects such as vegetation cover, particles in the ionosphere,
and atmospheric effects in the troposphere, among others; it is essential to use different satellites for
different purposes. The band selection and, consequently, the satellite providing these data are crucial
for analysing deformations in volcanoes. Sensors working with the C-band wavelength range are
often preferred to obtain optimal displacement data in volcanic environments. This spectrum range
has wavelengths of approximately 5.6 cm, allowing it to overcome small obstacles and efficiently
reach the surface. Moreover, this wavelength band is remarkably accurate, enabling the acquisition
of millimetric precision images of ground displacements.

Regarding volcanic environments, the C-band offers extensive possibilities. The advantages of

this type of wavelength are that the waves can penetrate the atmosphere (although subsequent pro-
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Figure 2.4 Schematic visualisation of satellite sending and receiving electromagnetic waves in refer-
ence time 7, and the following pulse of the radar in time 7.
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cessing is required to eliminate their effects). This allows the images of ground deformation to be
obtained, providing good spatial resolution. Therefore, the Envisat and Sentinel-1 satellites have
been selected to fulfil the objectives of this thesis. The Envisat data were available from 2002 until
2012, and the Sentinel-1 started to acquire the data in 2014 and is still active [1].

Satellite interferometry provides various products, among which interferograms, cumulative de-
formation maps, displacement maps, coherence maps, etc., stand out. The most essential product
is the interferogram. These images depict the phase difference of electromagnetic waves between
two SAR images. Interferograms can be wrapped or unwrapped depending on their processing and
how they represent the wave phase difference. Wrapped interferograms show interference fringes,
where each fringe in the interferogram represents the displacement of an area equivalent to half the
wavelength. These fringes show changes in the phase of the electromagnetic waves backscattered on
the Earth’s surface.

Each fringe represents a phase change of 27 (in radians). Phase wrapping occurs when the limit
of +r radians is exceeded, which can introduce ambiguities in interpretation. However, this type of
interferogram is highly optimal for visualising deformation patterns. Unwrapped interferograms are
used to avoid ambiguities and errors in quantitative interpretation. Unwrapping the phases provides
more precise displacement values.

Moving beyond interferogram complexities, the process of acquiring and overlaying multiple
SAR images leads to a distinct product known as Differential Synthetic Aperture Radar Interfero-
metry am(DInSAR). It involves a temporal series of SAR data that generates cumulative and dis-
placement maps between the radar sensor and the Earth’s surface. Analysing a large amount of SAR
data is mostly archived by applying the Small BAseline Subset algorithm (SBAS), which allows the
analysis of even small deformations over big areas with a large amount of data. This thesis offers a
step-by-step explanation of the InSAR (Chapter 3) and the DInSAR SBAS (Chapter 4) processing.






Chapter 3

Interferogram phase processing

In this chapter, the complete processing of InSAR is detailed. Each subsection outlines an essential
step in data processing to obtain the final product of the interferogram where the noise, orbital and
topographic effects are removed, and the final product is georeferenced. To aid in comprehending
each processing step, the chapter includes figures illustrating each stage.

The InSAR processing focused on La Palma island on two sampling days in ascending orbits.
One was on the 02nd of September, nine days before the beginning of the seismic crisis in La Palma,
and the other was six days before the eruption’s onset, on the 14th of September 2021, when the
magmatic intrusion had already begun.

The processing outlined herein can be easily achieved using platforms that facilitate InSAR gen-
eration, such as Earth Console by ESA (formerly G-POD [5]), which was utilised to archive Envisat
satellite data (Chapter 8 and 10). This chapter discusses the processing of Sentinel-1 data using ©
sarmap SA 2022, SARscape 5.6.2.1 software. The help manual processes of SARscape were fol-

lowed to comprehend each step of processing [6].

3.1 Interferogram generation

The first step of interferogram generation is described in the following. This step aims to obtain the
distance between each point at the surface and the satellite.

Two radar images were acquired in the same area in two different sampling periods and located
in slightly different sensor positions to obtain the interferogram. The radar image of the 02nd of
September of 2021 is considered the master or primary file, while the 14th of September is the slave
or secondary file (Fig. 3.1).

As the raw SAR data contain the information of the amplitude (A) and the phase (¢) of the
backscattered microwave (echo), it is necessary to subtract the phase information of both radar im-
ages. Two radar images with the same acquisition geometry are superposed during this step, called
co-registration [7, 6].
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MASTER FILE SLAVE FILE
02/09/2021 14/09/2021

Figure 3.1 Two radar images of the study area. The left one is the master file acquired on the 02nd of
September, while the image on the right is the slave radar image acquired on the 14th of September
of 2021. Note that the radar images are represented in the geometry of the SAR data acquisition; the
georeferentiation is done in the later step.

Once the co-registration is done, the next step is to create an initial interferogram by differentiat-
ing the phase values of each pixel of both radar images (¢;- ¢,) [6]. The phase difference between
them is calculated (Fig. 3.2), resulting in an interferogram with a high contribution of noise that
manifests as fringes in the interferogram. These fringes can be attributed to the ground deformation
values and the different orbital geometries of both images, the topography influence, atmospheric
conditions and the noise [1, 7]. The first interferogram with those ground deformation, geometrical
and topographical fringes and the noise is represented by Figure 3.2.

After the initial interferogram generation, the effect of the orbit and topography is mitigated
to create a flattened interferogram. To eliminate the orbital effects, the synthetic interferogram is
created (Fig. 3.3) to reproduce the synthetic phase. This is subsequently reduced from the initial
interferogram [6]. Also, the fringes associated with the altitude of ambiguity &, are eliminated.
Those represent the height difference required to produce a single topographic fringe. The altitude
of ambiguity depends on the altitude of the antenna SAR, the wavelength, incidence angle 6, and the
baseline [1, 6]. A good-resolution Digital Elevation Model (DEM) is applied to achieve this goal in
the processing software. Once the topographical effect is removed, the interferogram contains the

deformation fringes, path delays, phase ramps, noise, etc. [1].

H Atan6
= 3.1

The equation 3.1 refers to the altitude ambiguity 4,, where H is the SAR altitude (693 km for
Sentinel-1), A represents the wavelength (5.6 cm in the case of the Sentinel-1 data), 0 is the incidence

h

angle of the sampling dataset (between the range of 18.3° and 46.8°) and b represents the perpen-

dicular component of the baseline (separation of image acquisition points, also known as a temporal
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Figure 3.2 Initial interferogram ¢;- ¢, of two SAR images of the same area and similar acquisi-
tion geometries. The resulting interferogram contains the fringes created by the ground deformation
previous to the eruption of Tajogaite, orbital differences, topography, atmospheric perturbances and
noise. The interferogram is not georeferenced.

SYNTHETICINTERFEROGRAM SRTM DEM

Figure 3.3 Synthetic interferogram (left) and Digital Elevation Model (DEM) (right) used to remove
the topographic effects on the interferogram.
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baseline or the time interval between SAR trajectories, refers to the distance between successive SAR
acquisitions) with respect to the incidence angle [1, 6].

After eliminating topographic and orbital effects, the final product of this first step of phase pro-
cessing is archived (Fig. 3.4) [6].

Figure 3.4 Differential interferogram as a product of topographic and orbital effects removed. The
fringes are between -z and x.The interferogram is not georeferenced.

3.2 Adaptive filter and coherence generation

Once the interferogram is done and the effects of the topography are removed, the phase noise elimin-
ation of the interferogram is the following step [7]. To obtain this goal, the generation of a coherence
map is necessary. The coherence is an indicator of the quality of the phase of SAR data (the correla-
tion between two images) [6].

Interferometric correlation is performed, where the coherent and incoherent summation ratios are
calculated. The coherence values range between 0 and 1, where the values closer to 1 indicate that
the pixels are very coherent and taken into account (the coherence between two scenes is very good).
Values closer to 0 indicate that the images are not coherent between them and can be interspersed
with high values of noise [6]. The coherence value allows us to know the quality of the processed
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data. The higher the coherence of the measurement, the lower the acquisition time distance between
the master and slave images.

With this parameter, the phase filtering is applied. To achieve our goal, the Goldstein filtering
was selected [8, 9, 6].

ESTIMATED COHERENCE FILTERED INTERFEROGRAM

Figure 3.5 The estimated coherence (left) and the filtered interferogram (right). The images are not
georeferenced.

Selecting the bandwidth parameter of the filter allows smoothing of the noise and signal frequen-
cies in the image fringes. The a parameter is adjusted according to the needs. This parameter controls
the intensity of the filter applied, depending on how coherent the image is. The more incoherent the
image, the more intense the filter. This filter improves the fringes’ visibility and reduces noise that
may appear due to baseline changes. Adjusting the @ parameter according to the image coherence
produces a cleaner result with reduced noise components [7, 6].

3.3 Phase unwrapping

Wrapped interferograms, observed in previous steps, have a limited phase representation range of 2.
Ifthe observed deformation exceeds this range, the wrapped interferogram does not fully represent the
deformation. Therefore, phase unwrapping is necessary. Phase unwrapping resolves the ambiguity
of phase change, preventing jumps in the phase observed in the wrapped interferogram. This step
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overcomes limitations in phase representation that cannot be addressed by keeping the phase wrapped
[6].

The preceding interferogram flattening and coherence file generation step is crucial, as those
files are indispensable for phase unwrapping. To achieve the objective of creating the unwrapped
interferogram, the Delaunay Minimum Cost Flow (MCF) method was employed [10, 11, 6].

This method is based on the MCF approach, which applies a square grid to the image. Within
the entire image, pixels with coherence values lower than the unwrapping threshold are masked.
However, the processing example presented here adopted a slight deviation from the standard MCF
method. Only pixels with low coherence were considered, rather than the entire image. Subsequently,
a grid was created based on these low-coherence pixels, represented by a Delaunay triangular grid.
This approach facilitates unwrapping only those pixels with high coherence values [10, 11, 6]. The
final product is the unwrapped interferogram showing the ground deformation in radians [rad] (see
Fig. 3.6)[6].

Figure 3.6 Unwrapped phase.The image is not georeferenced.

3.4 Refinement and re-flattening

This next processing step aims to obtain the height (chapter 3.5) and displacement (chapter 3.6)
values from the unwrapped phase information. During this stage, refining the data to the orbital
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information is possible. Due to the consideration of the orbital information, it is possible to clear the
interferograms from the noise affected by the orbital residuals and remove phase error, orbital shift,
etc. [6].

WRAPPED INTERFEROGRAM AFTER UNWRAPPED INTERFEROGRAM AFTER
REFINEMENTAND RE-FLATTENING REFINEMENTAND RE-FLATTENING

Figure 3.7 Wrapped (left) and unwrapped (right) interferograms after refinement and re-flattening.

The creation of Ground Control Points (GCP) is executed during this stage. The GCP are the
points selected manually or automatically (Chapter 4) used to georeference the images and apply the
orbital corrections to the SAR dataset. To use the GCP correctly, the DEM file is mandatory, as the
GCP points are strictly linked to the correctly georeferenced DEM. Those GCPs help to correct the
orbital residuals [6].

The wrapped and unwrapped interferograms after refinement and re-flattening steps are repres-
ented in the figure (Fig. 3.7)

3.5 Phase to height conversion and geocoding

Once the unwrapped interferogram is fully calibrated (right panel in Fig. 3.7), we combine it with
the synthetic interferogram phases with an aim to convert the input data into height maps and, con-
sequently, convert it into the georeferenced maps. The DEM file is mandatory for geocoding to obtain
the X, Y and Z coordinates. To obtain the map with the Cartesian coordinates, the Nearest Neighbour
approach is used [12, 13, 6].
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PRECISION IMAGE RESOLUTION IMAGE

in_gen_reflat_precision in_gen_reflat_resolution

=13.68 56.28 =94.16 <8.52 34.62 =57.83

Figure 3.8 Precision (left) and resolution (right) images. The images are georeferenced. Units of
measurements are expressed in meters [m].

As a result of this processing stage, we obtain the geocoded files of coherence, DEM, precision
and resolution. The precision file is a result of applying the coherence, baseline and wavelength
information to obtain the precision of the measurements (see left panel in Fig. 3.8). The higher the
precision values, the lower the precision of the measured pixel [12, 13, 6]. On the other hand, the
resolution files allow us to obtain information about the pixel resolution in the ground range (distance
between the nadir and the object) [12, 13, 6] (see right panel in Fig. 3.8).

3.6 Phase to displacement conversion and geocoding

The unwrapped interferogram is used to create this final step to obtain the geocoded displacement
maps [6]. The final products are the displacement maps with the location of each pixel (Northing
and Easting) in the cartographic reference system. This step allows the calculation of any vector in
Slant Range (SR) displacement (distance between the satellite and the object on the surface). The
SR displacements in meters are shown in the Fig. 3.9. The positive values represent the movement
of the target on the ground towards the sensor (in the La Palma case study, it reflects the magmatic
input in the crust, producing the positive deformation of the flank).

The re-projection of the Slant Range look direction is possible by selecting the direction in the
ground and the inclination values by selecting the Displacement Custom Direction values. It is pos-

sible to customise the maps depending on the direction of the target’s movement [6].
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Figure 3.9 Georeferenced Slant range displacement in [m].






Chapter 4

Interferometric Stacking SBAS

In this chapter, the processing of multiple radar images is discussed. Interferogram stacking aims
to obtain cumulative and displacement maps of the area over time (spanning months or years). Dif-
ferential Interferometry (DInSAR) involves similar processing of interferograms with several radar
images overlaid (2-4 radar acquisitions). However, the most commonly used interferometric stack-
ing technique with the biggest advantages for large datasets is the Small Baseline Subset (SBAS),
explained in the following sections [14]. SBAS processing allows detection of movement in the
ground that occurs over a long period and in extensive areas. It also allows the reduction of the im-
ages’ atmospherical and topographical phase components. The SBAS processing procedure allows
obtaining a product of good quality data over a large amount of SAR data within years or months of
data acquisition [14, 6]. There exist many products of this processing. However, in this thesis, the
main objective is to obtain the cumulative displacement map in Line-Of-Sight (LOS) [14].

As the input of the SBAS processing must be the radar images acquired by the same satellite
sensor, the same polarisation and viewing geometry, the Sentinel-1 (S1) dataset was selected. The
processing englobes the ascending images between the 16th of July and the 26th of September of
2021 in La Palma island. In total, the seven radar images are taken into account. In order to remove
atmospheric phase components, the GACOS atmospheric models of each day of radar acquisition

were also taken into account [15, 16, 17, 6].

4.1 Connection graphs

The first step of SBAS data processing is creating connections between the selected radar images that
allow generating multiple differential interferograms. These connections are based on the thresholds
of temporal and spatial baselines, establishing their maximum and minimum values. This net of
interconnected images with small temporal and spatial baselines creates a net of multiple connections
of master and slave images [6]. The result of the connection graph step in the La Palma case study

resulted in the creation of 20 pairs of master-slave images.
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Figure 4.1 Spatial (left) and temporal (right) connection graphs.

In this step, the super master file is also selected and can be chosen automatically or manually.
Within this super master image, all the other images are coregistered [6]. In the case of La Palma,
the super master file was selected for the 21st of August 2021.

The temporal baseline plot (see the left panel in Fig. 4.1) provides the connections of the files in
the temporal baseline between the master and super master file (yellow points) to the input acquisi-
tion dates (green points). The spatiotemporal baseline (see the right panel in Fig 4.1) represents the
distance (y-axis) from the super master file (yellow point) to the input acquisition dates (green points)
and the other spatial connections between the master-slave pairs. Both figures represent 20 pairs of

master-slave image connections.

4.2 Interferometric Process

In this second step of SBAS processing, the complete Interferogram Generation and Flattening (Chapter
3.1), Adaptive Filter and Coherence Generation (Chapter 3.2) and Phase Unwrapping (Chapter 3.3)
steps are executed automatically. The procedure is similar to the one described in Chapter 3, where
the processing parameters remain unchanged. However, this step involves incorporating the full set
of seven radar images to generate twenty interferograms, as specified previously (Chapter 4.1).

During the interferogram flattening, it is possible to manually create GCP points to correct the
master files. However, the manual selection of GCP points is optional, and the software itself can
create those points [6].

Other optional steps in this stage include establishing the area excluded from processing Avoid
Moving Area or generating a mask zone using Classification Mask tool. These and other optional
parameters can be incorporated at this stage of processing.

To remove the atmospheric fringes, adding the raster files of the atmospheric models in each
sampling date and time is necessary. To do this, the GACOS platform provides those raster files that
are selected in the present step [15, 16, 17, 6].
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MASTER 21/08/2021 - SLAVE 26/03/2021
FLATTENED INTERFEROGRAM COHERENCE FILE UNWRAPPED INTERFEROGRAM

Figure 4.2 Flattened interferogram (left), coherence file (middle) and unwrapped interferogram (right)
from the pairs of radar images between 21st of August and 26th of September of 2021.The images
are not georeferenced.

Since the output files of this processing step are extensive, including coherence files, flattened
interferograms, unwrapped interferograms, among others, for each master-slave pair, Figure 4.2 dis-
plays the flattened interferogram, coherence file, and unwrapped interferogram corresponding to the
pair of radar images of super master file on 21st of August of 2021 and the slave file on the 26th of
September of 2021.

4.3 Inversion: First Step

The First Step of Inversion of the SBAS processing is based on using the unwrapped interferogram
(Fig. 4.2) to calculate each pixel’s displacement rate and residual height [6]. The selection of the
outputs of displacement rates is needed, depending on the processing aims. It is possible to select
models that are based on linear, quadratic and cubic models, among others. In the linear model, the
outputs are the displacement velocity expressed in [mm/yr]. The quadratic model allows obtaining the
displacement acceleration [mm/ yrz] and the displacement velocity [mm/yr]. The cubic model outputs
are the displacement acceleration variation [mm/ yr3], the displacement acceleration [mm/ yr?] and the
displacement velocity [mm/yr] [6]. In the case of La Palma, the displacement velocity is represented
in Fig. 4.3. The positive values represent the SR distance in the ground movement towards the sensor.

The negative values indicate the increased distance between the sensor and the target in SR distance

[6].
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Figure 4.3 Displacement velocity [mm/yr] resulted of the First Inversion of SBAS processing.

This displacement rate is secondly used to redo the flattening of each interferogram in all the inter-
ferogram stacks. The flattening of each interferogram allows redoing the unwrapping with better data
quality. In this step, the GCP is also selected with an aim to eliminate the orbital fringes. The GCP
can be selected manually or automatically using the Super Master flattened or unwrapped interfero-
gram [6]. The results are the re-flattened unwrapped phases and re-flattened filtered interferograms
(see Fig. 4.4) [6].

4.4 Inversion: Second Step

In this final inversion step, the re-flattened interferograms, as the results from the previous step on the
inversion (Chapter 4.3), are considered with the aim of calculating the displacement rates (the height
and displacement velocity) [6]. After estimating the displacements date by date, the atmospheric
phase components are estimated to eliminate the atmospheric phases from the interferograms. The
atmospheric corrections are performed by two filters. The atmospheric low pass and high pass depend
on the spatial or temporal atmospheric distribution, respectively [14].

After the atmospheric corrections, the final output displacement file is represented in the follow-

ing Fig. 4.5. The units of measurement are in [mm/yr] [6].



4.4 Inversion: Second Step 29

MASTER 21/08/2021 - SLAVE 26/09/2021

RE-FLATTENED AND RE-FLATTENED AND REFILTERED
REFILTERED INTERFEROGRAM UNWRAPPED INTERFEROGRAM

Figure 4.4 Re-flattened and re-filtered wrapped interferogram (left) and unwrapped (right).

F1_velocity

£-177.5% 122,98 =390,09

Figure 4.5 Mean displacement velocity in [mm/yr] after atmospheric corrections. The image is not
georeferenced.
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4.5 Geocoding

Finally, the last step of the processing is to georeference the image in the Cartographic Projection.
The first (Chapter 4.3) and second inversion (Chapter 4.4) products are subjected to the geocoding
step. During this step, the pixels selected with the high height precision values (resulting from the
first inversion step) and the high values of high-velocity precision (from the second inversion) are
masked out [14, 6].

In this processing stage, the imperial step is to apply the DEM file to obtain the proper geocoding
of all the files. Also, the Height and Velocity Precision Thresholds are important for obtaining good-
quality data with low-noise pixels.

The final result is geocoded maps of cumulative deformation for each acquisition date concerning
the first acquisition date to which zero values were assigned. These cumulative maps of deformation
are expressed in [mm] in the LOS direction. The geocoded process of La Palma is shown in the Fig.
4.6.
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Figure 4.6 Cumulative LOS dispalcement for the 26th of September of 2021 in [mm].






Chapter 5

Independent Component Analysis (ICA)

5.1 Independent Component Analysis

Independent Component Analysis (ICA) is a statistical tool for computational signal processing. It
allows separating a mixed signal into a set of independent components, where each constituent signal
represents a non-gaussian probability distribution [18]. The main objective of the ICA application
is to find random variables that are a linear combination of statistically independent components
[19, 18, 20]. The ICA is based on the Principal Component Analysis (PCA) assumption, where the
sources constituting the mixed signals are uncorrelated. Still, the product of the PCA application is
the signal variance [20]. In the ICA, obtaining the sources is possible by maximising their statistical
independence. In other words, the objective of PCA is to maximise the data variance (a measure of
data dispersion) along each component. The principal components are linear combinations of the
original variables and are orthogonal to each other (Fig. 5.1). In contrast, the principal assumption
of ICA is that it focuses on maximising the negentropy (a measure of statistical independence). This
means that ICA searches for statistically independent components that are as less correlated as pos-
sible and whose distributions can be non-Gaussian. Independent Components are not bound to be
orthogonal (Fig. 5.1).

ICA has been applied to various mathematical, physical, and medicinal studies, aiming to separate
mixed signals into independent components and uncover the hidden patterns of mixed signals. It has
been successfully applied in Geodesy [22, 20, 23]. Ebmeier [20] used the ICA signal decomposition
to the two different geographical volcanic areas and different sets of the InNSAR data. The author
applied the ICA to the Sentinel-1 dataset in the Calbuco (Chile) and Paricutin (México) volcanic
areas, retrieving the subsidence behaviour in the middle of the complex signal. With this method,
the author [20] described the effectiveness of the ICA in separating the signals where the multiple
deformation patterns are active. In this work, the author [20] showed the effectiveness of the signal
separation from the atmospheric noise in the data. Assuming the atmosphere is stratified, changes in
water vapour are correlated to the topography and deformation patterns can be hidden in the signal
[20]. However, if the atmosphere is turbulent, the atmospheric signals can be spatially correlated [20].
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Figure 5.1 Comparison between the PCA and ICA distribution of the features after [21].

In the case of turbulent atmospheric signals, the stacking InSAR tools (Chapter 4) can help reduce
the atmospheric noise signals. However, the stacking tools can be less effective if the atmospheric
noise has a stratified water vapour signal [20]. The application of the ICA allows this atmospheric
signal reduction to be separated from a set of InNSAR data. For this reason, the ICA can mitigate the
atmospheric signals from the InSAR datasets and uncover the hidden ground deformation patterns.

Figure 5.2 represents the ICA and PCA signal decomposition. The input signals (a) are random
one-dimensional functions y;, y, and y;. Those three independent input signals are combined (b)
to produce mixed signals [20]. The mixed signals are decomposed into three components by the
ICA (c) and PCA (d) statistical algorithms. The ICA algorithm perfectly decomposes the combined
signals into three components that maximise the statistically independent components [20]. The ICA
successfully recreated the structure of the input signal. On the other hand, the PCA cannot fully
separate the signals from the combined one. However, it contains the characteristics of each of the
input signals.

5.2 1ICA for SBAS DInSAR dataset

In the context of an SBAS DInSAR dataset, the time series is represented as L(x,, ¢ ;), where L denotes

irlj
the Line-Of-Sight (LOS) displacement, x; corresponds to the position of the i-th ]j)InSAR pixel, and
1; represents the time of the j-th DInSAR image. The DInSAR dataset can be decomposed into a finite
sum of N components characterised by fixed spatial patterns. If we denote B, the spatial pattern of
the k-th and with A the time-varying amplitudes of the k-th component in time 7;, we can write the

ICA decomposition result as:
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Figure 5.2 Application of ICA and PCA to the mixed signal. The a) represents three independent
functions combined into a mixed signals b). The c) represents the decomposed signal into three
independent components, and the d) represents the decomposition into three principal components.
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Once the spatial patterns have been normalised, the sum of squared amplitudes A ;; for each inde-
pendent component k could be used to define its energy. This enables us to sort the components based
on their energy and determine the optimal number of components representing the whole signal. This
can be realised by setting a threshold below which the contribution to the total energy is negligible.
In the studies presented in this thesis, we opted to retain one more component, even if characterised

by negligible amplitude values, given that it would host the noise inherent in each DInSAR dataset.



Chapter 6

VYolcano Deformation Source Models

6.1 Analytical volcano deformation source models

The term Analytical Volcano Deformation Source Models refers to analytical models used to de-
scribe in a simplified manner the sources that generate ground deformations in volcanic environments.
These models are mathematical and theoretical simplifications that allow studying the geometry of
the deformation source observed on the surface.

A first approximation of the Earth’s subsurface is made by studying analytical models of deform-
ation sources, assuming that the space being studied is an elastic half-space. Within this space, forces
(stress) act, causing deformation (strain) in the observable environment on the surface. An example
of such forces is a magmatic intrusion that creates stress forces in the crust and, consequently, induces
ground deformation. The elastic half-space means that the crust is assumed to have an infinitely ex-
tending flat surface in all directions. It is a materially homogeneous space and mechanically isotropic
(its mechanical properties do not vary according to direction). The elastic half-space is also a good
approximation for the forces that act in the short term and are located in the shallow crust [1].

In the elastic half-space, Hooke’s law holds true [1]. Hooke’s Law describes the elastic behaviour
of an isotropic solid material when subjected to deformation forces that do not exceed its elastic limit.
This law states that the force required to stretch or compress the solid material is directly proportional
to the distance by which the material is deformed [24].

Two elastic constants are considered to describe the relationship between stress and strain in an
isotropic and linearly elastic solid. Poisson’s ratio (v) describes the proportion of lateral strain in the
body with respect to longitudinally applied stress within the material’s elastic limit. In other words, it
represents the lateral expansion with respect to the longitudinal contraction of the material in the case
of uniaxial stress. The other elastic constant is the Rigidity Modulus (1) expressed in [Pa]. It defines
the linear relationship between shear stress and shear strain, describing the stiffness of a material
under shear conditions. Both elastic constants can be obtained using seismic wave velocities and

other alternative elastic constants [1].
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There are four types of point displacement in a half-space. These correspond to tension, dilation,
strike-slip, and dip-slip movements. To model the mechanisms that correspond to those types of
displacements, we use some of the most important analytical models commonly used in geodetic

studies. Those are described in the following.

6.1.1 Mogi point pressure source

The simplest model, representing a point generating pressure in the crust, is known as the Mogi Model
[3]. The primary assumption in the mentioned source model revolves around a variation in pressure
denoted as AP. The author described the relationship of a point pressure source in an elastic half-
space, and its surface response manifested as ground deformation at two volcanoes: Sakurajima in
Japan and Kilauea in the USA.

Figure 6.1 Synthetic horizontal and vertical displacement for point pressure source [3].

Ground displacement for Mogi point pressure model is explained by the following equation [1]:
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Here, (u, v, w) represents the displacement at a point in the surface with coordinates (x, y, 0). The
symbol a represents the source ratio, which must be smaller than the depth (d) of the source a < d
[1]. The Poisson’s ratio is represented by v and Rigidity Modulus by mu in the elastic half-space, and
AP represents the pressure change in the cavity. R denotes the radial distance from the centre of the
cavity to the point on the surface. Finally, (x, y, d) represent the Cartesian coordinates of a point and

its depth, respectively.
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The maximum vertical deformation is observed at a point right above the point source on the
surface, while the maximum horizontal deformation is at a distance of 0.7d (where d is the depth of
the source) Fig. 6.1 [1].

Figure 6.2 Synthetic horizontal and vertical displacement for point pressure source.

A simplified and synthetic representation of ground deformation in horizontal and vertical axes
due to the Mogi point pressure source is depicted in Fig. 6.2.

6.1.2 McTigue finite spherical model

In this extended Mogi model, the author McTigue defines the size of the spherical source [25]. By
estimating the source ratio, a closer approximation of the source characteristics is achieved, where
values for the depth (d), coordinates of the source location (X, y), and the change in volume within it
AV are obtained.

The displacement values are defined by the following equation [1]:
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Where all symbols are the same as in Equation 6.1. Knowing the pressure change values AP,
details of the volume change within the cavity AV are obtained. This volume change represents the
alteration that occurs in the elastic half-space when experiencing the pressure change within the finite
spherical source. To calculate the volume change AV within the cavity, a source radius of 1 km is

assumed, and the following equation is applied [1]:
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The horizontal and vertical deformation patterns are similar to the Mogi source models (Fig. 6.1).

6.1.3 Okada dike-like model

The Okada-like source is one of the most common analytical models for volcanic regions. It refers to
the finite rectangular dislocation model, commonly recognized as the intrusion of a magmatic dike.
Those models originate in-depth, present small width dimensions, and tend to propagate towards the
surface [1, 26]. Its parameters include dip, strike, rake, width, length, depth and height, which de-
termine the variations in horizontal and vertical displacements. However, the horizontal deformation
pattern typically exhibits two lobes with maxima on either side of the magmatic intrusion. In the
following Fig. 6.3, the 1D horizontal and vertical deformation patterns are depicted for a dike with a
dip equal to 90°.

Figure 6.3 Synthetic horizontal and vertical displacement for finite rectangular dislocation model.

The displacement values are defined by the following simplified equation [1]:
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The symbols represent the same parameters as in the previous Equation 6.1. with the seismic
moment parameter M,,. The maxima of the horizontal deformation on each side of the magmatic

intrusion are represented by the 2D synthetic deformation model in Fig. 6.4.
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Figure 6.4 Synthetic horizontal and vertical displacement 2D representation for finite rectangular
dike-like dislocation model.

6.1.4 Sill-like model

The sill-like magma chamber can be explained by three different models [1] proposed by the follow-
ing authors: Davis [27], and Yang and Davis [28] proposed finite rectangular tensile dislocations as
the mechanism responsible for the observed displacements. Following this, Davis [29] proposed a
pressurised oblate sphere, and finally, Fialko et al. [30] proposed a model of finite pressurised hori-
zontal circular cracks. This thesis describes a sill-like model as a horizontal point tensile dislocation
model proposed by Davis [29]. The author assume the inflation of an ellipsoidal cavity in an elastic
half-space. The cavity is replaced by the material that presents the same properties as the adjacent
material of the subsurface [29]. This triaxial ellipsoidal cavity is located at a greater depth than twice
the dimension of the ellipsoid (the radius of a sill is much less than its depth [1]). Due to the approx-
imation of this model to the Mogi-like source [3], being extended to the ellipsoid, the displacement
components u, v, and w of a point on the surface can also be calculated using Equation 6.5 of Okada
[31].

As the shape of the sill is assumed to be ellipsoidal, the deformation response is similar to that
observed with the spherical source proposed by McTigue Fig. 6.5 [25]. However, the dimensions and
geometry of the deformation can be elongated in the directions where the axis length of the proposed
sill source is extended. The maximum horizontal deformation is observed at a distance of d/2, where
d represents the depth of the centre of the sill-like source [1]. The synthetic horizontal and vertical
deformation models are represented in Fig. 6.6 for an ellipsoid whose X-axis is three times larger
than the Y-axis.
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Figure 6.5 Synthetic horizontal and vertical displacement representation for finite rectangular dislo-
cation model.

Figure 6.6 Synthetic horizontal and vertical displacement 2D representation for finite rectangular
dislocation model.
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The sill-like model proposed by Davis [29] is more commonly used in the scientific community
due to its simpler and more accurate approximation of the ellipsoidal-shaped source. However, the
Fialko [30] model represents a set of horizontally and circularly pressurised cracks widely acknow-
ledged in geophysical studies. This approximation also assumes an elastic half-space medium. Injec-
tions or withdrawals of magma cause ground deformation into a finite oblate cavity [30]. The ground
deformation corresponds to the volume change in the cavities. Fialko [30] describes that the volume
of uplift in the ground can directly approximate the volume increase in the sill-like source.

6.2 Numerical volcano deformation source models

In addition to analytical models, which consider simplified equations and geometries, another method
used in volcanic geodesy to tackle more complex problems is the Finite Element Method (FEM) [32,
33]. This approach is a commonly used numerical modelling tool in a wide variety of geophysics
problems. Particularly in volcanic geodesy, FEM is employed to model complex geometries that
cannot be easily modelled using analytical models. Within the context of FEM, various discretisation
techniques are used to approximate the equations, which are obtained through numerical methods
[34].

FEM considers medium heterogeneities and allows for a wide range of physical system properties
and environmental conditions to be considered. In FEM, a working domain is established where the
approximation of solutions for complex equations and geometries is calculated. This domain refers
to the delimited study area, simplified into a set of geometries or meshes called finite elements. The
use of FEM requires extensive computational capabilities, as it involves the application of equations
and algorithms that discretise the problem domain into a mesh [34].

FEM allows for more realistic and precise model simulations, enabling more accurate source
geometries to be established that consider a variety of environmental conditions. In structural mech-
anics, FEM models enable the response of the environment (deformation) to applied force (stress) to
be obtained. These models allow for the representation of the geometries of the sources causing the
deformations and their properties. To achieve this, a series of environmental characteristics are con-
sidered, such as domain heterogeneity, magma properties (pressure, density, viscosity, etc.), study
area properties (environment geometry), boundary conditions (topography, etc.), and all external
parameters that may influence the model, such as seismic activity, among others [34].

Combining so many environmental characteristics in complex equations allows for a more ap-
proximate solution to the problem and, therefore, a clearer view of the model.

To achieve the objectives of this thesis, the Comsol Multiphysics ®software was used to model
and optimise source models under complex environmental conditions. The application of FEM al-
lowed for the modelling of a schematic model of three-dimensional finite element modelling (FEM)
incorporating Las Cafiadas topography and the source’s ellipsoidal geometry, represented in Fig. 6.7.

The domain was discretised using tetrahedral mesh elements, with a maximum element size of 1,200



44 Volcano Deformation Source Models

m and a minimum element size of 500 m. The ellipsoid model represents the source of ground de-

formation.

*x10°m
g 3.12 3.13

Figure 6.7 Schematic model of FEM in Las Cafiadas with the magmatic source beneath the Teide
volcano, exhibiting an ellipsoidal shape. Both the domain and the ellipsoid are modelled with the
tetrahedral mesh.

The computational domain had dimensions of 33,000 m in width, 25,000 m in height, and 12,000
m in depth. The elastic constants for pressure wave speed were Cp = 4,000 m/s, shear wave velocity
was Cs = 2,400 m/s, and the density was p = 2,700 kg/m? [35]. The linear elastic material properties
with isotropic characteristics were assumed. The bottom boundary of the domain was fixed, and the
lateral sides were defined as roller nodes.

The optimised parameters are determined using the Nelder-Mead simplex algorithm and include
the following: position in UTM (X, Y, Z); the dimensions of the ellipsoid along the X, Y, and Z axes

in meters; and the overpressure in pascals (Pa) [36] .



Chapter 7

Inverse Modelling

Inverse models are used to estimate parameters from observed data. They specifically rely on tracing
from observable data to the parameters that triggered the observable effects and, more specifically, to
find the relationship between model values and observable data [37]. The inverse problem begins by
establishing observable data with the aim of reversing the data to obtain the values of the parameters
that create the models. One characteristic of inverse modelling is that no perfect model satisfies the
data [38]. Many models can fit the observed data very well. However, through the use of inverse
modelling, we can approximate the values of the parameters that allow for the creation of models that
fit the data well [37].

Starting with describing the data, which are numerical values, we can represent them as elements
of a vector. If the data consists of a number N of measurements, we can organise these numbers
into the vector d, which has length N. Now, in order to obtain information from the data, we assign
numerical values to the parameters. These parameter values are carefully chosen to represent the
observed data approximately. These parameters are considered as the elements of a vector m, which
has length M [37].

Data: d = [d,,dy,d;,...,dy]T Model Parameters: m = [m, my, ms, ..., my, 1" (7.1)

Where T represents transpose. As the main objective of inverse models is to find the connec-
tion between the observed data and the model parameters, a quantitative model often describes this

relationship [37]. The following equations can express this relationship:

f1(d,m)=0
d =0
P orf(dm)=0

fL(d7m) =0
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where L represents the number of equations relating the parameters of the model and the observed
data [37].

It’s worth mentioning that the equations f(d,m) = 0 may not contain sufficient information
to establish the model parameters. In some cases, there may also be inconsistencies between these
parameters. One of the primary objectives of inverse methods is to address and resolve such issues.
In many instances, the equation f(d, m) = 0 can take on various forms, involving highly complex
(nonlinear) functions of both the model parameters and the data. However, in many cases, these
complex functions can be simplified to more straightforward forms [37].

The selection of variables for model representation is called parameterisation. This step is crucial,
as the chosen parameterisation directly influences the modelling results [37].

Inverse modelling of DInSAR data aims to obtain the source parameters of the observed ground
deformation. It is based on finding the best fit of analytical or numerical models to the observed
dataset. Estimating the best-fit source parameters requires an inverse modelling search for various
source parameters to determine the residual values of the selected models.

Linear (Chapter 7.1) and nonlinear (Chapter 7.2) inverse modelling is described in the following

section.

7.1 Linear inverse modelling

The inverse modelling is based on linear and nonlinear equations. In this chapter, the use of linear

equations is explained. The representation of this linear function is the following:
Gm=d (7.3)

The matrix G is called data Kernell, drawing analogy with integral equations. In those integral
equations, the model and data are the continuous functions d(x) and m(x), where x is an independent
variable [38, 37]. The approach to solve the linear inverse problem Gm = d implies measurements
of magnitude or length of the estimated model parameters, represented by m, and the predicted data
d,.

d,=Gm (7.4)

e e

To measure the magnitude of the estimated model parameters (to adjust the model parameters to
the observed data), the Least Squares (LS) method is applied [38, 37]. The basic linear solution for
the LQ method is represented in the following function:

m=(G'G)"'G"d (7.5)

The LS method is based on finding the line that minimises the sum of the squared differences
between the data and the model line [38, 37]. However, regularisation needs to be applied to avoid

overfitting the model to the data. Tikhonov regularisation takes into account the magnitude of the
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coefficients of the line. It prevents the coefficients from becoming too large and dominating the
method’s fit to the data. The Tikhonov regularisation implies smoothness conditions for the model,
taking into account the spatial derivatives of the model [38, 37]. Tor the Tikhonov regularisation, the

linear inverse models can be expressed by:

ém=(GTG+ Lg" Lg)"'GT6, (7.6)

Where 6m is the perturbation of the model parameter vector with respect to the reference homo-
geneous model, G is the kernel matrix, Lg is the damping matrix, and 6, is the vector of residuals
(computed with respect to the reference homogeneous model) [38, 37].

A second-order Tikhonov regularisation for space and time was applied for the present thesis.
Low damping values lead to lower misfit but unreliable noisy models. Conversely, high damping
values lead to smoother models but high misfit values. This work used the widely known L-curve
approach to establish the optimal damping value [38].

7.2 Nonlinear inverse modelling

Most geophysical problems are nonlinear. In such cases, the problem is addressed by beginning
with an initial model and linearizing the forward modelling equation around this model. The initial
solution is then refined through iterative processes to improve the solution until reaching an optimal
result.

The following equation expresses a forward problem that links the observed deformation data
and the model.

0=G(m)+e (7.7)

Where O represents the observed deformation, G is the function that relates the source geometry
with the m components of the source (depth, length, width, etc.) to the observed deformation in
the selected point. ¢ represents the vector of observation error [1]. The relation of the observed
deformation and the source parameters is nonlinear, and finding the m parameters allows finding the
best fit that minimises the error between the data and the model [1]. In the present thesis, the Nelder-
Mead algorithm was employed to optimise the model parameters to tackle the nonlinear problems
[36]. This Simplex algorithm is used to find the best model parameters that minimise the difference
between the observed data and the estimated values of the model.

This method considers the simplex geometry with N dimensions and N+1 points (vertices). Dur-
ing this method, the initial point is selected to start the algorithm. It searches for the minimum value
of the vertex through the imaginary topography of N-dimensions (7.1. The algorithm systematically
replaces the vertex with the poorest value with a new point demonstrating optimal characteristics. The
minimum value of the final vertex can be in different scales, meaning it can select a global minimum

and a local one [36].
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Figure 7.1 An interaction of the Nelder-Mear method over two-dimensional space showing points
after [39].



Chapter 8

Elastic interaction between Mauna Loa
and Kilauea evidenced by independent
component analysis

Przeor, M., D’Auria, L., Pepe, S., Tizzani, P., and Cabrera-Pérez, 1. (2022). Elastic interaction
between Mauna Loa and Kilauea evidenced by independent component analysis. Scientific Reports,
12(1), 19863.

8.1 Introduction

The interaction processes between the two most active Hawaiian volcanoes are still controversial,
and despite multiple studies carried out over more than a century, an unambiguous model has yet to
be identified. In order to provide new insights to this discussion, we compared the ground deforma-
tion patterns in both volcanoes using DInSAR SBAS and Global Positioning System (GPS) datasets.
In this work, we processed 10 tracks of ENVISAT ASAR satellite images from 2003-2010, together
with available GPS data from 15 stations located around the two summit calderas of Mauna Loa and
Kilauea. We applied the Independent Component Analysis (ICA) to the DInSAR SBAS ground de-
formation data to reveal relationships between the spatio-temporal patterns of the ground deformation
of the two volcanoes. ICA is widely used Data Mining technique, which allows detecting, separating
and characterizing hidden patterns into a spatio-temporal dataset [19]. Furthermore, we computed
the GPS areal strain time series around Mauna Loa and Kilauea calderas, comparing them with the
results provided by ICA. Subsequently, we present inverse modelling of ground deformation sources,
which provides constraints for conceptual models of the shallow feeding system of Mauna Loa and
Kilauea. Conclusively, we realized a 3D numerical modelling of the stress and strain fields produced
by the inflation/deflation of the individual ground deformation sources to better understand the mech-



SBlastic interaction between Mauna Loa and Kilauea evidenced by independent component analysis

155°30'0"W 155°0'0"W
- i?f* . o e
-

!. — = r i . Z
=z m ! . =
-- :
& Puu O B X

oy ; L v
Ka Lae Apuki
> £
£ MAIN GEOLOGIC FEATURES S
= AND SEISMICITY &
o N CRATERS  EARTHQAUKE |
AND VENTS MAGNITUDES
A RIFTS o 1.0-2.0
= Intrusions © 2.01-3.0
0 10 20 O 3.01-4.0
m— Km o hot-sd
155°30'0"W 155°0'0"W

Figure 8.1 Main geologic and seismicity map of Mauna Loa and Kilauea [41]

anism of their interaction. The details of data processing and modelling are described in the Methods
section.

Hawai‘i Island is composed of 5 shield volcanoes: Kohala, Mauna Kea, Hualalai, Kilauea, and
Mauna Loa, with the latter being the largest active volcano on Earth. It has erupted 35 times since
its first historical eruption in AD 1750 [40]. The summit area of Mauna Loa is composed of a large
summit caldera (Moku’aweoweo) and two elongated ridges: the Northeast Rift Zone (NERZ) and the
Southwest Rift Zone (SWRZ) (Fig. 1). Kilauea volcano overlaps the southeastern flank of Mauna
Loa. It has been in near- continuous eruption from 1983 to 2018 [40], and its main volcano-tectonic
features are the East Rift Zone (ERZ), the Southwest Rift Zone (SWRZ), a large summit caldera, and
the Halema’uma’u crater within it [40] (Fig. 8.1).

Recently, several studies have aimed to characterise the nature of the magmatic source responsible
for ground deformation at Kilauea and Mauna Loa volcanoes [41, 42, 43, 44, 45, 46, 47, 48, 49,
50, 51, 52, 53, 54]. The two principal sources at Mauna Loa volcano are associated with shallow
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dike intrusion into the central conduit of Mauna Loa, and its rift zones [52]. Dike intrusions create
compression over the adjacent flanks of the volcano [55, 56] and consequently, they produce ground
deformation and earthquakes along the basal decollement zone [57]. In the case of Kilauea volcano,
the general picture is similar to Mauna Loa: the main ground deformation sources are linked to the
central feeding system as well as to magmatic intrusions along the rift zones7 that are also responsible
for the seismicity near the base of the volcano [58, 59]. The intrusion of dikes and extension of the
rift-zone9 also causes the shortening at the base of the edifice and the uplift along the frontal bench
[46, 60].

At Mauna Loa, Amelung et al. [52] identified a spheroidal source reservoir beneath the southeast
margin of Moku’aweoweo Caldera, connected to an elongated source linked to the rift zones. Pepe
et al. [43] showed that the main source of ground deformation at Mauna Loa consists of a vertical
pipe connected to dike-shaped reservoirs located along the rift zones.

Poland et al. [41] showed the existence of various magmatic reservoirs beneath Kilauea: one be-
low the caldera of Halema‘uma‘u, the Keanakako‘i reservoir, the South Caldera reservoir, and both
Rift Zones (East Rift Zone and Southwest Rift Zone). The Halema‘uma‘u reservoir is the summit
storage located between 1 and 2 km depth below the main caldera. The Keanakako‘i is considered
a temporal storage, with magma inputs occurring intermittently. The South Caldera reservoir, men-
tioned by Poland et al. [41] is located at a depth of 3—5 km below the Halema‘uma‘u caldera and
is considered the principal storage of magma at Kilauea. Both Rift Zones are a set of fractures and
vents with directions toward the East and Southwest of the main caldera. A full catalogue of dike
intrusions over Kilauea edifice can be found in Montgomery—Brown et al. [61].

In the last three decades, some relevant deformation episodes took place at Kilauea and were
linked to the Pu’u *O’5-Kiipa’ianaha eruption (1983-2018) [41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51,
52,53, 54, 62]. Volcanic activity at Pu’u *0’6-Kiipa’ianaha from 1983 to 2001 was characterised by
dominant deflation, followed by a new inflation episode starting in 2001 when Kilauea experienced
a new uplift phase. Six months later, similar behaviour at Mauna Loa volcano was observed13. The
enhancement of volcanic activity in this period was caused by an increase in the magma supply from
the mantle [51].

The sudden inflation that started in 2003 at Kilauea mainly affected the summit caldera, but
was recorded as far away as 50 km from the summit and lasted until 2007 [54]. In 2005, magma
accumulation in ERZ led to summit inflation and an increase in the output of SO2 [51]. In the same
year, a major collapse of the lava delta occurred [63], and one year later, an uplift episode along the
southern part of the Kilauea summit caldera was registered15. The ground deformation pattern of
Kilauea during 2003-2007 was dominated by inflation along the ERZ and the summit crater [54].

In this work, we consider only the magmatic intrusions that occurred in the summit area of the
volcanoes and only during the time interval considered in this study. A major episode of volcanic
unrest occurred between 2003-2010, beginning on 17th June 2007 (American Father’s Day 2007,
FDO07). The event entailed changes in volcanic activity and formation of new eruptive vents17. It

caused rapid deflation of the Kilauea summit area due to magma withdrawal to eruptive vents located
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along the ERZ, about 8 km away [63, 53, 54]. The first episode of the FDO7 eruption lasted for
two days. On 21st July of 2007, another eruptive episode began along the ERZ, with vents located
about 19 km away from the summit [63, 53]. ERZ vent activity was then continuous, while the
summit crater of Halema’uma’u showed increased volcanic gas emission levels until an explosion
of Kilauea’s main summit crater on 19th March 2008 [54]. After the FD0O7 episode until 2008, the
ground deformation pattern of Kilauea was characterised by deflation, and summit seismicity returned
to background values [54].

The interaction between the two most active volcanoes of Hawai‘i Island has been discussed for
over 100 years [49, 50, 64]. Rhodes and Hart [65] confirm that the chemical composition of lavas
at Kilauea and Mauna Loa are different, indicating the magmatic feeding systems are independent
(at least at the crustal level). However, geophysical studies seem to indicate the opposite: Klein [49]
first noticed the anticorrelation between the two volcanoes, emphasising that an increase in activity at
Kilauea often corresponds to a decrease in Mauna Loa dynamism. Miklius and Cervelli [50] captured
the opposite behaviour in the ground deformation patterns of the volcanoes: at the beginning of the
high-volume effusive episode in Kilauea, inflation of Mauna Loa was observed (May 2002). Shirzaei
et al. [66] studied the coupling behaviour of both volcanoes between 2003 and 2008. The authors
postulate that the causative source of the interaction between the two volcanoes is related to deep-
seated mantle surges. Despite being the subject of many studies, the nature and the mechanism of the
interaction between the feeding systems of the two volcanoes and their level of interconnection are

still contentious and remain unclear.

8.2 Results

The analysis of the observed ground deformation, reported in the first column of Fig. 8.2(A, D, G,
J), suggests an anticorrelated behaviour of the ground deformation between Mauna Loa and Kilauea
volcanoes. This is clearly seen in the normalized spatial patterns (indicated as Bk in Eq. 1) of the
first component (ICA1) and shown in Fig. 8.2. The anticorrelation between these two volcanoes is
demonstrated by the presence of positive values on Mauna Loa and negative values on Kilauea on
the ICA1 component for all four selected tracks. The anticorrelation between the two volcanoes is
seen only by the ICA1 component on both Mauna Loa and Kilauea. The temporal variation is shown
in Fig. 8.3 with dashed lines, clearly showing the opposite behaviour of Mauna Loa and Kilauea
on all four tracks: when ground deformation of Mauna Loa shows positive values, Kilauea exhibits
negative ones. It should be noted that the sign of the ICA components is arbitrary, being the actual
value of the ground deformation modulated by the coefficients Ajk in Eq. (1).

Also, let us remark that, as shown by Fig. 8.2, there are other evidences of the ground deformation
far from their summit areas. Column 1 in Fig. 2 shows an example of such deformation in the
southeast side of the Kilauea volcano associated with the faults system mentioned by Shirzaei et al.
[66].
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The second component of the ground deformation pattern (ICA2 in Fig. 8.2) exhibits significant
values only in the area of Kilauea volcano. The overall shape (Fig. 2) and temporal behaviour (Fig. 3)
of the two components are different. The maximum of the [CA2 component at Kilauea is located on
the southern side of the summit caldera, slightly displaced to the south with respect to the maximum
of the ICA1 component on the same volcano.

The above-mentioned anticorrelated behaviour in the ground deformation pattern is visible also
by considering the LOS deformation time series. In Fig. 8.3, the time series for two selected pixels are
shown, which correspond with the summit calderas of Mauna Loa and Kilauea. The Mauna Loa time
series displays an uplift from 2003 until late 2009. Simultaneously, the Kilauea shows an inflation
pattern until 2007 (the FDO7 volcanic episode), followed by significant subsidence until late 2009.

At Mauna Loa, the total ground deformation pattern is almost exclusively represented by the first
ICA component for all four considered tracks (see panels A, C, E, and G in Fig. 8.3). Minor differ-
ences between the ICA1 and the total LOS on this volcano can be attributed to a noisy component
that ICA cannot model. In the case of Kilauea volcano (see panels B, D, F, and H in Fig. ??), the
contribution of both components is relevant. The anticorrelation in the temporal pattern of ICA1 is
seen by a monotonic increase for Mauna Loa (ICA1, Fig. 8.3), which corresponds to a monotonic
decrease in Kilauea (seen on tracks T343 and T472; Fig. 8.3, dashed line). This difference in the
amplitude of the ICA1 on the four considered tracks on Kilauea can be attributed to the different
orbits or, in other words, to the different LOS directions of the considered tracks. Conversely, the
second ICA component displays a more complex temporal pattern, with an increase until the FDO7
eruption, followed by a decreasing trend until the end of 2009.

The GPS ground deformation patterns show the different behaviour of Mauna Loa and Kilauea
(Figs. S1 and S2). Specifically, since 2009, the patterns of the two volcanoes show an opposite beha-
viour. This agrees with the results of ICA decomposition, shown in Fig. 8.3. The ICA2 component
does not vary much since mid-2009; hence the ground deformation is shown in the anticorrelated
ICA1 pattern. This does not hold for the previous interval, where ICA?2 is prevalent on the ground
deformation at Kilauea. The ICA analysis of the DInNSAR SBAS time series of the satellite tracks
highlight the presence of an anticorrelated ground deformation pattern linked to at least two sources
located beneath the summit calderas of Mauna Loa and Kilauea (component ICA1). Furthermore,
the presence of another source is evidenced by the ICA2 component beneath Kilauea alone. In or-
der to better understand the physical mechanisms responsible for the observed ground deformation
patterns, we performed inverse modelling of the three detected sources and used Akaike Information
Criterion (AIC) [67] to select the appropriate model for each source.

In Table A.14 in supplementary material, we detail the parameters of the three retrieved sources.
Based on AIC, the temporal variation of Mauna Loa area displacements (delineated by ICA1) are best
explained by a subvertical Okada crack model, with a centroid located at 6.2 km depth (Fig. 8.4; Table
A.14). The ICA1 component for Kilauea is better represented by a simple Mogi [3] source located
at 1.2 km depth (Fig. 8.5). The ICA2 component for Kilauea is best described by a sub-horizontal
Okada [31] crack located at 3.5 km depth (Fig. 8.6; Table A.14 in supplementary material).
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Figure 8.2 LOS deformation cumulative maps. (A), (B), (C): ENVISAT 093 orbit; (D), (E), (F):
ENVISAT 343 orbit; (G), (H), (I) : ENVISAT 472 orbit; (J), (K), (L): ENVISAT 200 orbit (see Table
S2 for track details). Column 1 shows the LOS cumulative displacement DInSAR map; columns
2 and 3 represent the first and second components resulting from applying the ICA decomposition
algorithm. The black crosses indicate the points used for extracting the time series shown in Fig. 8.3,
while black dots are the reference points used for the DInSAR SBAS processing.
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Figure 8.3 LOS displacement time series of Mauna Loa and Kilauea summits. (A), (C), (E), (G): time
series for LOS displacement of Mauna Loa; (B), (D), (F), (H): time series for Kilauea volcano. Time
series of LOS data are shown with continuous black lines; time series of the first component of ICA
are indicated with the dashed black lines, while the dotted black lines report the time series of the
second component of ICA. Vertical lines mark major volcanic episodes and the date of the beginning
of the GPS dataset: (A) Mother’s Day flow, which began erupting from Pu’u 0’6 on 12th May
2003; (B) small bench collapse on 30th July 2006; (C) Father’s Day eruption on 17th June 2007; (D)
explosion on 19th March 2008; (E) the second half of 2008 which represent the time interval where
the GPS measurements are available; (F) active vent within Halema’uma’u crater in January 2009.
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Figures 4, 5, and 6 show the inverse modelling results for each of the three modelled sources
of ground deformation. Each Figure shows the spatial pattern of the ground deformation associated
with the relevant ICA, the best-fit analytical model, and the residuals. The panel (B) in the Fig. 8.7,
shows a schematic tridimensional perspective of the three sources of ground deformation resulting
from inverse modelling. Beneath Mauna Loa volcano, there is an Okada dike-shaped source. In the

area of Kilauea, there are Mogi-like and Okada sill-shaped sources of deformation.

8.3 Discussion

Previous studies of Mauna Loa and Kilauea hypothesised the presence of a connection between these
two volcanoes. In this context, Kilauea volcano provided considerable geophysical and geochemical
data due to its constant activity from 1983 to 2018. However, the lower density of the geophysical
monitoring network of Mauna Loa with respect to Kilauea, poses some difficulties in comparing the
geophysical data of the two volcanoes3. This work has provided evidence for two sources associated
with ICA1 and showing an anticorrelated temporal relationship between the Mauna Loa and Kilauea
(Fig. 8.3).

The findings of the inverse modelling are consistent with previous studies. Poland et al. [41]
postulated the existence of two long-term magma reservoirs beneath the Kilauea summit. Both reser-
voirs are connected to the rift zone system. Additionally, there exists a temporary storage area beneath
Keanakaoko’i Crater. They highlighted the presence of a shallower magma reservoir located in the
eastern margin of Halema’uma’u Crater, at a depth of 1-2 km depth. This source may coincide with
the Kilauea-ICA1 source proposed here, located at 1.2 km depth (Fig. 8.5; Table S3). According to
Poland et al. [41], deeper magma storage at Kilauea is situated at about 3 km depth and displaced
to the south of Halema’uma’u Crater. This is consistent with our inversion results, which show a
sill-shaped source located at a 3.5 km depth. The inverse model of the second and deeper source of
the Kilauea volcano is given in Fig.8.6, with parameters detailed in Table A.14 in supplementary ma-
terial. Our results for the Kilauea feeding systems are compatible with Poland et al. [41] showing the
presence of at least two ground deformation sources active between 2003 and 2010. However, Poland
et al. [41] postulate the existence of a spherical or an ellipsoidal source in the southern side of the
main caldera of Kilauea. In contrast, our inversion results indicate the existence of a sill-like reser-
voir. Let us remark that our source model is related only to the ground deformation pattern related
to the second component (ICA2) of decomposition. We again emphasise the effectiveness of ICA
in separating the contribution of individual sources, significantly reducing the intrinsic ambiguity in
geodetic inverse problems.

At Mauna Loa, previous studies emphasised the relevance of the rift zones as sources of ground
deformation [42, 43]. Our findings suggest a dike-like geometrical structure as a primary source
during the interval considered (Fig. 8.4). During our analysed period (2003—2010), the ICA decom-
position detected only one component of ground deformation in Mauna Loa. This is in agreement
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Figure 8.4 LOS deformation cumulative maps. (A), (B), (C): ENVISAT 093 orbit; (D), (E), (F):
ENVISAT 343 orbit; (G), (H), (I) : ENVISAT 472 orbit; (J), (K), (L): ENVISAT 200 orbit (see Table
S2 for track details). Column 1 shows the LOS cumulative displacement DInSAR map; columns
2 and 3 represent the first and second components resulting from applying the ICA decomposition
algorithm. The black crosses indicate the points used for extracting the time series shown in Fig. 3,
while black dots are the reference points used for the DInSAR SBAS processing.



SBlastic interaction between Mauna Loa and Kilauea evidenced by independent component analysis

Figure 8.5 Inverse modelling of the Kilauea ground deformation source for four selected tracks: (A),
(B), (C): ENVISAT 093 orbit; D, E, F: ENVISAT 343 orbit; G, H, I: ENVISAT 472 orbit; J, K, L:
ENVISAT 200 orbit, respectively. Column 1 represents the first component (ICA1) encompassing
a radius of 11 km from Halema’uma’u Crater. Column 2 represents the Mogi analytical model as

a result of the inverse modelling. Column 3 shows the residuals of the inverse modelling and the
observed data.
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with Pepe et al. [43], who, although proposing a more complex geometrical model, showed that the
main reservoir and the rift zone acted with synchronous behaviour.

Many authors have already suggested possible connections between Mauna Loa and Kilauea.
Miklius and Cervelli [50] proposed a crustal-level interaction between them: pulses of magma in
the plumbing system of Mauna Loa may cause pressure variations in the Kilauea shallow magma
system. Gonnermann et al. [51] explained observed related ground deformation patterns by con-
sidering a pore-pressure diffusion within a thin accumulation layer in the asthenosphere. Since the
magma composition at Kilauea is isotopically distinct from Mauna Loa [65], Gonnermann et al. cit-
egonnermann2012coupling suggested the interconnection between Mauna Loa and Kilauea must be
explained by the transfer of stress by pore-pressure variations. Shirzaei et al. [66] explain the inter-
connection between the Mauna L.oa magma chamber and the Kilauea rift zone through pore pressure
diffusion in an asthenospheric magma supply system.

We note that volcanic interconnection is even more evident if we consider the temporal evolution
of the ground deformation patterns. From 1983 until 2003, both volcanoes were deflating [50, 52,
63, 53, 54]. The time series of DInSAR data (Fig. 8.3) shows the change of the ground deformation
that took place in 2003 and was explained by many authors as sudden inflation that started in Kilauea
and lasted until 2007. That inflation resulted in an eruption that started in the northern part of Maka-
opuhi Crater due to higher magma rates in ERZ3. While Kilauea showed higher volcanic activity
accompanied by ground deflation mostly represented by the continuous and dotted line in Fig. 8.3
in Kilauea block, Mauna Loa was still experiencing gradual inflation of the ground - continuous and
dashed line in Mauna Loa block (Fig. 8.3). Many authors have attempted to explain these opposing
ground deformation pattern behaviours, presenting models for the causes. Poland et al. [54] stated
that the 2003-2007 episode was an unusual event, caused by the arrival of a new pulse of magma from
the mantle. Dzurisin et al. [1] found similar behaviour in the late 70s: when Kilauea experienced an
increase in magma supply, inflation of Mauna Loa was also observed. Poland et al. [41] explained
this similar behaviour by magma input to the deep storage zone that affected both volcanoes.

The DInSAR SBAS time series analysis via the ICA decomposition technique provides a power-
ful tool for assessing and highlighting the relationship between the magmatic systems of the two vol-
canoes, and can be used to constrain the underlying physical mechanism of their possible connection.
Interconnection between the two volcanic systems is best shown by the first independent component
of the ground deformation (ICA1). In contrast, [CA2 shows a ground deformation source affecting
only Kilauea volcano. The rapid deflation of Kilauea from 2007 to 2009 (Fig. 8.3) has a source
located beneath Halema’uma’u Crater. Co-incident with deflation of this source, the interconnected
source of Kilauea and Mauna Loa (ICA1) was deflating more gradually (Fig.8.3).

The GPS strain area results support anticorrelated behaviour of these two volcanoes. The 2009
strain area reduction in Mauna Loa and the opposite increment of the strain area in Kilauea indicates
that while Mauna Loa was undergoing a deflation, Kilauea was experiencing an inflation episode.

Finally, based on the inverse modelling results, we maintain that the pattern associated with the
anticorrelated component ICA1 points to a very shallow source beneath Kilauea. This makes it un-
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Figure 8.7 3D numerical modelling of strain fields. (A) The Digital Elevation Model of Hawai’i
Island, with the red line representing the trace (A-A'), used in panels (C-E). (B) tridimensional rep-
resentation of the modelled ground deformation sources of Mauna Loa and Kilauea volcanoes. The
sources are numbered according to Table A.14 in the supplementary material. (1) the Mauna Loa
dike-shaped source from ICA1; (2) the Kilauea Mogi-like source from ICA1; (3) the Kilauea sill-
shaped source from ICA2. Storage areas and topography are exaggerated in size for clarity. (C) the
volumetric strain field represented along the A-A’ trace due to an overpressure applied to the Mauna
Loa dike-like source. (D) volumetric strain field along the A-A' trace due to an overpressure applied
to the Kilauea Mogi-like source. (E) volumetric strain field along the A-A’ trace due to an overpres-
sure applied to the Kilauea sill-like source.
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likely that there is a direct connection between the magmatic systems of the two volcanoes in the
deeper crust. A direct connection at shallow depths would provide a further source of ground de-
formation, which has never been observed. Furthermore, it would contradict petrological and geo-
chemical evidence [65]. On the other hand, the existence of a second component, related to Kilauea
alone, suggests a more complex configuration of the plumbing system of Kilauea, characterised by
multiple reservoirs.

The spatial configuration suggests a possible explanation for the observed anticorrelation between
the ground deformation sources related to ICA1 (numbered 1 and 2 in Fig. 8.7). Their respective
geometries make the stress field, caused by the inflation of one source, act on the other with forces
directed inward along its external surface. At the same time, because of its sill-like geometry, the
source related to ICA2 (number 3 in Fig. 7) would be less sensitive to these changes in the stress
field, explaining its independent temporal behaviour. In practice, the dike-shaped source of Mauna
Loa would be capable of affecting the shallow volumetric (Mogi-like) source of Kilauea, but not the
deeper sill-shaped source.

To corroborate our hypothesis, we performed a quantitative numerical model of the interaction
between the plumbing systems of Mauna Loa and Kilauea. The Figs. 8.7 and A.13 in supplement-
ary material show the volumetric strain and stress fields as the consequence of internal overpressure
applied to each source independently. We selected the overpressure values for each source to repro-
duce approximately the maximum observed ground deformation above each source. Figure 7 shows
the volumetric strain produced by a pressure change inside the Mauna Loa dike-shaped source (see
panel (C) in Fig. 8.7). It can be seen that the strain field in the surroundings of the shallow source at
Kilauea is perturbed. The Mauna Loa Okada source does not significantly affect the deeper Kilauea
reservoir. Furthermore, panels (D) and (E) in Fig. 8.7 show that pressure changes inside the Kilauea
sources does not significantly affect Mauna Loa. Therefore we conclude that the interaction through
stress-transfer is effective only between the Mauna Loa dike with respect to the shallow Mogi-shaped
Kilauea reservoir. In the supplementary Fig. A.13, we also show the corresponding isotropic com-
ponent of the perturbed stress field.

8.4 Methods

8.4.1 DInSAR SBAS time series

In this work, was utilised the large amount of satellite data acquired over eight years (2003—2010)
across Hawai’i Island. Specifically, C-band (wavelength of = 5.6 cm) ASAR ENVISAT images from
the European Space Agency (ESA) were acquired along both ascending and descending orbits from
2003-2010 (see Fig. A.15 in the supplementary material). Four tracks were selected: T093 along an
ascending orbit, and T343, T472, and T200 (Fig. A.15 in supplementary material) along descending
orbits. The tracks have different swathes: 12, 17, 11, and 12, respectively (see Table S2 for tracks
details). We analysed a catalog of 394 SAR images covering both Mauna Loa and Kilauea volca-
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noes, with look angles ranging from 15.0° (I1) to 45.2°(17) [43]. All the interferograms of the con-
sidered tracks were analysed automatically, and noisy interferograms were discarded. We performed
a multitemporal analysis using the Small Baseline (SBAS) technique that provided a Line-Of-Sight
(LOS) time series for coherent pixels of the SAR images. SBAS algorithms allow the production of
a deformation time series for each coherent pixel [68]. For data processing, we employed the Grid
Processing On-Demand (G-POD) platform of ESA that applies the SBAS algorithm and can process
large volumes of DInSAR data [5]. Tracks covering only one of the two volcanoes were discarded
from the analysis (see Figs. A.4, A.5, A.6, and Table A.17 in the supplementary material).

8.4.2 Independent component analysis (ICA) of DInSAR SBAS time series

Independent Component Analysis is a multivariate statistical tool that allows the separation of a
spatio-temporal dataset into discrete components, for which the relative statistical independence is
maximised [18]. ICA is a widely recognized technique that allows the detection of “hidden” patterns
in complex datasets [18]. An advantage of using ICA in volcano geodesy is that it allows simplifica-
tion of the inverse problem by separating the contribution of different causative ground deformation
sources. ICA was highlighted by Ebmeier [20] as a valuable tool in the detection of different sources
responsible for observed ground deformation patternsl. For Hawai’i Island, each track dataset con-
sists of a set of time series L(xi, tj), where L is the LOS displacement for a given track, xi is the spatial
position of the i-th DInSAR pixel, tj is the time of the j-th DInSAR image.

Using ICA, the original dataset can be decomposed into a finite sum of N components with a
fixed spatial pattern B(xi) and time-varying amplitudes. In practice, the observed LOS displacement

time series for a given track can be represented as:

N
L(it) = )\ Ay By(x) (8.1)
k=1

where Bk is the normalised spatial pattern corresponding to the k-th ICA component, and Ajk is
the amplitude of the k-th ICA component at time t;.

In the model of Eq. (1), the LOS displacement is expressed through a linear combination of the
normalised spatial patterns Bk , through the time-varying coefficients Ajk. Once the Bk are known
from ICA, the coefficients Ajk can be determined by solving the linear system of Eq. (1) using a
least-squares approach. This model implies that using only a limited number of components, as is
usual when performing ICA, the sum on the right side of Eq. (1) cannot fully model the whole signal
L. If the number of selected components is sufficient, this missing value is generally related only to
the incoherent noisy part of the signal.

The ICA components can be ordered based on their energy, defined as the sum of squared Ajk
for each k. This allows a consistent sorting of the retrieved components, irrespective of the specific
ICA algorithm used. In our case, using three components was sufficient since additional components
had negligible amplitude values.
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The first and the second components (ICA1, ICA2) were associated with a clear and meaningful
signal, while the third component (ICA3) was mainly composed of noise; hence it was not considered
further. In Table A.16 (in supplementary material) we show the percentage of the energy of the ICA
signal in every component for each track of the study. It should be noted that for the purposes of [CA
decomposition, it is recommended to have a minimum of 3 components so that at least one of them

includes the noisy part of the signal [19, 18, 20].

8.4.3 Nonlinear inverse modelling

To model the observed ground deformation, we tested four analytical source models [1]: the Mogi
point source [3], the spheroidal source [25], the closed pipe [69] and the rectangular crack [31]. In
all cases, we performed the modelling assuming a Poisson’s ratio of 0.25 within a half-space. We
selected the best model for each ICA and each volcano following the Akaike Information Criterion
(AIC) [67]. We performed a non-linear inversion of each track for all previous source models for each
ICA and each volcano. The inverse method relies on a non-linear optimisation of a misfit function
using the Nelder-Mead simplex algorithm [36]. The misfit function is defined as the sum of the
squared residuals between the observed and synthetic data. The synthetic data, computed using the
aforementioned analytical models, were projected along the LOS corresponding to each track. The
final models resulted from averaging the results obtained for each track. We obtained a source model
for Mauna Loa, corresponding to ICA1, and two models for Kilauea, corresponding to ICA1 and

ICA2, respectively.

8.4.4 GPS data

GPS stations up to 10 km from the summit calderas of the two volcanoes were selected (Fig. A.16
in supplementary material). For Mauna Loa and Kilauea volcanoes, 8 and 7 stations were selec-
ted, respectively, with data from 2008 to 2011. The GPS daily solutions were downloaded from the
Nevada University repository (http://geodesy.unr.edu) [70]. We used horizontal components to com-
pare results obtained through the ICA decomposition of DInNSAR SBAS data with GPS time series
since vertical components have a higher signal/noise ratio. The areal strain time series was computed
since it does not require the assumption of a reference point on the island ( Fig. ??. The areal strain
is a geodetic method widely applied in active volcanic areas and has been described by many authors
[71, 72, 73, 74]. For this purpose, we computed the area for triplets of GPS stations covering more
than half of the summit calderas (see Figs. A.7, A.8 in supplementary material). We did not use
triplets with significant temporal data gaps or whose signal was too noisy. Accordingly, we used 11
triplets for the main crater of Mauna Loa and 15 triplets for Kilauea’s summit caldera. We studied
the temporal variation in the area of a given triplet of stations, determining the areal strain time series
A(t) as:

MA@ = Al = 4 () (1) (82)
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with A(t) being the times series of the area of a given triplet and A(t0) the area at the initial time of
the series. We did not consider the detailed spatial variations of the areal strain since we are making
only a qualitative comparison of the trend of DInSAR SBAS and areal strain data here. Most of the
GPS stations at Kilauea began operation in the first quarter of 2008. Hence, we computed the areal
strain time series for this volcano beginning in mid-2008, when the GPS network was fully operative.
Therefore, we also begin the comparison with the Mauna Loa time series from June 2008 (although

more data is available).

8.4.5 Numerical modelling of the stress and strain fields

To validate the stress-transfer model, we realized a finite-element tridimensional elastic modelling
using the software COMSOL Multiphysics®. The model includes the topography of Hawaii Island
and the sources of the ground deformation determined by non-linear inversion. The size of the com-
putational domain was 100x100x70 km3. The linear elastic material characteristics were assumed as
isotropic, with elastic constants retrieved from the 1D velocity model of Lin et al. [75]. The boundary
conditions of the domain were chosen to be fixed on the bottom and lateral sides. The computational
domain was built as tetrahedral mesh elements with dimensions ranging between 150 and 3500 m.
As explained in the “Discussion” section, we applied an overpressure to each source, calculating the

corresponding perturbation of the stress and strain fields Fig. 8.10.
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Figure 8.10 3D numerical modelling of stress fields. (A) The Digital Elevation Model of Hawai’i
Island, with the red line representing the trace (A-A’), used in panels (C-E). (B) tridimensional rep-
resentation of the modelled ground deformation sources of Mauna Loa and Kilauea volcanoes. The
sources are numbered according to Table S1 in the supplementary material. 1) the Mauna Loa dike-
shaped source from ICA1; 2) the Kilauea Mogi-like source from ICA1; 3) the Kilauea sill-shaped
source from ICA2. Storage areas and topography are exaggerated in size for clarity. (C) stress field
represented along the A-A’ trace due to an overpressure applied to the Mauna Loa dike-like source.
(D) stress field along the A-A’ trace due to an overpressure applied to the Kilauea Mogi-like source.
(E) stress field along the A-A’ trace due to an overpressure applied to the Kilauea sill-like source.



Chapter 9

Geodetic imaging of magma ascent
through a bent and twisted dike during
the Tajogaite eruption of 2021 (La
Palma, Canary Islands)

Przeor, M., Castaldo, R., D’ Auria, L., Pepe, A., Pepe, S., Sagiya, T., Solaro, G., Tizzani, P., Barrancos
J., and Pérez, N. (2024). Geodetic imaging of magma ascent through a bent and twisted dike during
the Tajogaite eruption of 2021 (La Palma, Canary Islands). Scientific Reports, 14(1), 212.

9.1 Introduction

The Canary Islands are located off the northwest coast of Africa, 150 km from the African coastline
(Fig. 9.1). The Canaries originated in the intraplate region of the African plate and extend along
a 500 km wide alignment from East to West, in the framework of -13°W and -18°W longitudes and
27°N and 30°N latitudes. The formation of the Canaries started in the Oligocene and is still in process
[76, 77]. The most ancient islands are Fuerteventura and Lanzarote, the easternmost located of all
Archipelago. Its formation continued with the direction to the West, being the most recent islands of
El Hierro and La Palma.

La Palma Island formation started in the Pliocene, 4 My ago, as a seamount sequence that lasted
about 1 My [77]. Between 3 and 2 My, the island emerged from the ocean, and a rapid elevation of
the island caused the giant landslide. The subsequent formation of the Garafia Edifice and Taburi-
ente Domain was also interrupted by a gravitational landslide. The formation of the Cumbre Nueva
Domain was centred on the South of the Taburiente Domain.

Consequently, the Cumbre Vieja Domain started its formation 0.123 My ago [77]. This N-S

volcanic ridge is still active and hosted all the historical eruptions of the island of La Palma. The latest



Geodetic imaging of magma ascent through a bent and twisted dike during the Tajogaite eruption of
70 2021 (La Palma, Canary Islands)

|
|

Basal complex
Taburiente
Cumbre Nueva

Alluvial basin

Alluvial deposits

Bejenado Stratovolcano

i

Cumbre Vieja

Lava flows from the
historical eruptions

Lava flows from the 2021
eruption

Eruption centers from

the 2021 eruption

Caldera and collapse rims

A . "
\A[Eﬁusrve fissure

GRAFCAN
T IGN
 INVOLCAN
= NAGOYA UNIVERSITY
¥ REFERENGE STATION IGN

ﬁN\ 0 5 1.%_"

16° W 14w 12w

A

28°39'0"N

GNSS
STATIONS

CANARY Lanzami%
La Palma IeLANas gﬂv
i Fuerteventura™
v Tenerife =1

v & £
LaGomera¥ /  Gran Canaria j,-fl
® VY ol

-

0oy ElHiemo

28°28'30"N

| = - J oz 1w g FR!(S.«
17°67'0"W 17°46'30"W 17°36'0"W

Figure 9.1 The geological map and the GNSS permanent stations location of La Palma. The lower
right-hand side panel shows the location of the island of La Palma (in red) within the Canaries. The
legend explains the meaning of the colour shades on the map and the GNSS station. The NW-SE
alignment of the effusive fissure of the 2021 eruption is represented by the red line (A—A’).

eruption in La Palma in the past century (Teneguia eruption of 1971) emerged in the southernmost
part of the island (Fig. 9.1).

On Sept. 19th, 2021, in the N.W. of the Cumbre Vieja ridge, a new volcanic eruption on the island
started and lasted 85 days [78]. The eruption’s consequences (gas emissions, a large volume of lava
flows, and tephra dispersion) resulted in one fatality due to indirect causes and enormous economic
and social losses [79]. The volcanic precursors, like ground deformation, seismicity, and gas emis-
sions, were noticed eight days before the eruption onset [78]. The permanent volcano monitoring
stations of Instituto Volcanoldgico de Canarias (INVOLCAN) assessed the ground deformation and
the pre-eruptive seismicity migration. The Global Navigation Satellite System (GNSS), the Sentinel-
1 (S-1) satellite constellation, and seismic stations collected the data of the pre-and early-eruptive
phases used in the present study. The first evidence of the magmatic intrusion began on Sept. 11th
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[78, 80], with a seismic swarm of volcano-tectonic character, with a depth of 10 km or less. The
upward migration of the hypocenters lasted only eight days until magma emerged to the surface.
Considerable ground deformation appeared on continuous GNSS (cGNSS) stations of INVOLCAN
on Sept. 12th and continued increasing to reach its maximum three days after the eruption onset.

This study analyses magmatic and hydrothermal sources that caused the pre-eruptive ground de-
formation in La Palma. To this aim, we processed a sequence of Synthetic Aperture Radar (SAR)
images collected by the Sentinel-1 (A and B) satellites from January to November 2021. We used
the multi-temporal differential interferometric SAR (DInSAR) and Small Baseline Subset (SBAS)
method6. Subsequently, we analysed the InNSAR-driven ground displacement measurements and the
available cGNSS dataset from Sept. 8th until Sept. 28th, 2021. Accordingly, we performed a pre-
liminary non-linear inversion to determine the dip of the shallow part of the dike. The geometry of
the deeper part has been constrained by using the relocated hypocenters of D’ Auria et al. [78]. Later
on, following D’Auria et al. [81] and Pepe et al. [43], we applied the Geodetic Imaging technique
to the DInSAR and cGNSS datasets to understand the ascent path of magma and the spatiotemporal
dike aperture kinematics.

Previous studies evidenced the importance of advanced modelling of the ground deformation
sources to understand the dynamics of a magmatic plumbing system [81, 43, 23, 82, 83]. The results
of this study are supported by previous studies about local earthquake seismic tomography (LET) of
La Palma [78], Ambient Noise Tomography (ANT) [84], deformation inverse modelling [82, 83],
petrological studies [85] and gravity surveys by Montesinos et al.[86].

In this study, we denote the eight days preceding the eruption as the pre-eruptive phase and the
dates between Sept. 19th and 28th as the early-eruptive phase. Geodetic imaging proved to be an
effective tool for understanding and visualising the complex magmatic ascent process on La Palma

island during both phases.

9.2 Results

9.2.1 Preliminary non-linear inversion and dike geometry

Based on the results of previous studies [82], we assume that the shallow part of the conduit consists of
a southwestward dipping dike. Therefore, we performed a non-linear inverse modelling to constrain
the dip of this shallow part of the conduit (see the Methods section for more details). Figures B.1
and B.2 in the supplementary materials represent the data, the model, and the residuals for each
displacement map for both orbits.

We modelled the source using a simple rectangular dike geometryl5, constraining the azimuth
(125°), following the surface orientation of the eruptive fissures (Fig. 9.1) [87]. The retrieved best-fit
value of the dip was 50° westward. The location and the geometry of the shallow dike have been
adjusted to one of two shallow seismicity clusters corresponding to the dike ascent. However, the
second shallow seismicity cluster is unrelated to the dike intrusion process. Previous studies [78,
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80] demonstrated that it is related to hydrothermal activity triggered by the fluids released by the
ascending magma. It is located to the South of the eruptive vents, and it is not relevant for modelling
the dike geometry (Fig. 9.2).

However, this shallow dike alone cannot accurately describe the pre-eruptive intrusion process.
The 3D pre-eruptive seismicity pattern3 shows a north-westward and upward migration of the hy-
pocenters until Sept. 18th. This suggests that the lower part of the dike generated by the magmatic
intrusion, starting at about 10 km depth, has an eastward dip. Therefore, a curved dike is a more
appropriate geometry for the ground deformation source. To model the geometry of the lower part of
the dike, we performed a geometrical fit with the hypocenters distribution using a simple rectangular
geometry. The best-fit azimuth and dip are respectively 89° and 67° southward.

The final geometry results from merging these two dikes at a depth of about 3 km. This depth
was selected based on the earthquake distribution, which shows a different trend starting from this
depth [78]. The resulting geometry is that of a bent and twisted dike schematically shown in Figure
9.2.

9.2.2 Geodetic imaging

Using the dike geometry described in the previous section and applying the geodetic imaging tech-
nique described in section 5.4, we obtained a spatiotemporal imaging of the dike opening function.
In the following, we describe in detail this result by showing both the absolute opening function (i.e.,
relative to the first image) and the differential one (i.e., relative to the previous image) (Figs. ??). For
clarity, the dike opening function is shown on a 2D image. In each image, we also show the projec-
tion of all the earthquake hypocenters (represented with black dots) recorded between 11th and 28th
Sept. 2021, while the earthquakes recorded between each image and the previous one are represented
with green dots.

There is no visible deformation in the first two images of both orbits (Sept. 8th and 10th) (Fig.
9.3A-D). Until Sept. 11th, neither seismicity indicated relevant magma movement at depth.

Between Sept. 11th and 14th, the most relevant precursor of the approaching eruption was the
north-westward and upward migration of the seismicity starting from a depth of about 10 km [78].
The ground deformation began to be significant on Sept. 14th, reflecting magma accumulation at
a depth between 6 and 8 km (see R1 in Fig. 9.4A). The seismicity comprised two clusters located
between 6 and 10 km. The first one, denoted S1, connects R1 with the magma chamber, located at
more than 10 km depth by the local earthquake tomography3. The second cluster, S2, corresponds
to the location of the magma accumulation zone in R1 (see Figure 9.4A). The dike opening marked
with the R2 is located along the primary magma pathway toward the surface. Conversely, the R3 is
situated to the SW of the primary pathway, between 3 and 6 km depth.

The descending orbit from Sept. 16th shows that the dike opening R1 increased its magnitude and
extends in depth between 5 and 8 km, with an approximate width of about 3 km (Figs. 9.4C-D). The

R2 accumulation zone also increases its magnitude and area, reaching a diameter of approximately
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Figure 9.2 Tridimensional representation of the dike geometry and the topography of La Palma island.
Panel A is a view from S.W., while B is from W. Earthquake hypocenters are represented as cyan
circles. The axes are represented in meters (m).

2 km. The magma ascent was associated with a new cluster of seismicity migrating upward from S2
to S3. In this interval, we also observe a sparse, shallow cluster located between 0 and 3 km depth,
represented by S4. The location of this cluster is spatially separated from the main seismicity related
to the dike intrusion process [78, 84].

On Sept. 20th, one day after the beginning of the eruption, the previously observed accumulation
zones R1 and R2 merged, forming a single accumulation zone extending between 3 and 9 km, with
a width of about 3 km, indicated as R4 in Figure 9.5. The seismic cluster S5 is shallower than the
previous ones, extended from the surface until 6 km depth. In this image, we can also observe a
shallow magma accumulation zone (R5 in Fig. 9.5), which extends between 0 and 2 km depth with a
width of about 1 km and coincides with the location of the eruptive vent. We also observe an increase
in the dike aperture of the accumulation zone R3 located at a depth between 3 and 4 km.

Since the beginning of the eruption, the strong volcanic tremor prevented the detection of low-
magnitude seismicity [78]. However, on Sept. 22nd, the seismicity was mainly located at a shallow
depth between 0 and 2 km, which is denoted as S6 in Figure 9.5. At the same time, the accumulation
zone R4 shows a marked change, with a decrease in the dike opening in the lower part and an increase
in the upper part (see R4A and R4B in Fig. 9.5D). We also observe a decrease in the opening in the
R3 zone. We also observe the appearance of a new accumulation zone (R6), between 2 and 4 km,
located right above R3 (Fig. 9.5C-D).
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Figure 9.3 Distribution of absolute and differential dike opening for the 8th (ascending orbit) and
Sept. 10th 2021 (descending orbit). Grey dots represent the projection on the dike of all the seismic
events located between Sept. 11th and 28th. The seismic events colour in the images of Sept. 8th
is represented with dark grey in order to highlight the total of earthquakes produced in the analysed
period. Orange stars indicate the future location of the main eruptive vent.
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Figure 9.4 Distribution of absolute and differential dike opening for the 14th (ascending orbit) and
Sept. 16th 2021 (descending orbit). Grey dots represent the projection on the dike of all the seismic
events located between Sept. 11th and 28th, while green dots represent seismic events that occurred
between two successive images. Blue ellipsoids and black squares represent, respectively, the fea-
tures in the dike opening function and the clusters of seismic events discussed in the text. Orange
stars indicate the future location of the main eruptive vent.
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Figure 9.5 Distribution of absolute and differential dike opening for the 20th (ascending orbit) and
Sept. 22nd, 2021 (descending orbit). The volcano symbol indicates the position of the main eruptive
vent.
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In the image of Sept. 26th, we observe a marked decrease in the dike opening right beneath the
vent (R7 in Fig. 9.6). The zone R4 shows a reversal in its behaviour, with replenishment of its lower
part. Analogously, the zones R3 and R6 show a similar reversal.

On Sept. 28th, we observed a renewed increase in the magnitude of R7, R6, and R3. The zone
R4 shows a deflation, except for its upper part, and a significant reduction in width. On this date, we

also observed the appearance of a deeper seismicity, located mainly below 6 km depth (Fig. 9.6C-D).

9.3 Discussion

The complex dike geometry depicted in this work results from a joint analysis of geodetic and seismic
data. A straightforward evidence that the geometry we depicted is realistic comes from the time series
of horizontal cumulative displacement of the ARID station (see supplementary Fig. B.14). It can be
seen that until Sept. 18th, the displacement is mainly toward the W. After it changes abruptly to SW
because the magma reached the upper part of the conduit, having a different orientation.

Different factors can affect the propagation of dikes: the stress field, the mechanical properties
of the rocks, and the buoyancy of the magma [88]. First, we notice that the dike bends around a
high-velocity body identified by the seismic tomography model of D’Auria et al. [78]. This can
explain the north-westward migration of the intrusion during the pre-eruptive phase. The subsequent
deviation toward the East and the development of its twisted geometry can be explained, taking into
account the internal stress field of the volcano. Following Dahm et al. [89] and Maccaferri et al. [90],
gravitational loads make magmatic intrusions move towards higher topography zones. In the case of
La Palma, the highest altitudes are located along the N-S dorsal of the Cumbre Vieja domain (Fig.
9.1). Therefore, the eastward bending is compatible with the effect of gravitational loads due to the
topography of the volcano. Actually, the majority of the historical and prehistoric vents of Cumbre
Vieja are located close to the summit of the ridgel.

The geodetic imaging results (Figs. ??) give a detailed overview of the kinematics of the magma
movement within the dike and its relationship with seismicity. In Figure 9.7, we represent, with a
schematic cartoon, our interpretation of this process on some key dates. Our study reveals that the
magma started accumulating beneath the Cumbre Vieja volcano at a depth of 6-8 km (zone R1 in
Fig. 9.4) at least five days before the eruption (Sept. 14th). The simultaneous seismicity, occurring
between 7 and 10 km (S1 in Fig. 9.4), possibly reflects the nucleation of the dike from the huge
magma chamber, identified by D’Auria et al. [78], beneath 10 km depth. On the other hand, the
cluster S2 can be related to the local stress field perturbed by the accumulation of magma within
the zone R1 (Fig. 9.7A). At the same time, the zones R2 and R3 seem to evidence a further minor
accumulation zone beneath 4 km depth (Figs. 9.4A and 9.7A). Considering previous studies con-
cerning the internal structure of La Palma [91, 92, 78], we know that the first few km of the crust
beneath Cumbre Vieja is characterised by low seismic velocities corresponding to low resistivity and
low-density values. As discussed by Rivalta et al.17 [88], the presence of crustal layering can signi-
ficantly affect the dike propagation speed. We postulate that the different rheology of the first few
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km caused a temporary decrease in the dike ascent rate, causing the local accumulation in R2 and R3
(Figs. 9.4A and 9.7A).

The seismicity focused on two clusters on Sept. 16th (see Figs. 9.4C and 9.7B). The deeper
one (S3) occurred between 4 and 7 km deep and is located atop the accumulation zone R1. This
cluster possibly reflected the pressurisation of R1 and the upward propagation of the crack tip. At
the same time, we observe an increase in the dike opening in R2 and R3, which we interpret as the
transfer of magma toward a blind lateral branch of the main dike (Fig. 9.7B). Conversely, cluster
S4 does not seem to be directly associated with a magmatic process. Following Cabrera-Pérez et
al. [84], we interpret this cluster as related to the ascent of the hydrothermal fluids exalted from the
magma itself that generated the pressurisation of a shallow hydrothermal system. The presence of
this hydrothermal system has already been highlighted by previous studies [92, 93, 78]. Furthermore,
the study of Pankhurst et al. [85] revealed that the first stages of the eruption presented more hydrated
minerals, meaning that the ascending magma was fluid-rich.

The image of Sept. 20th is the first after the beginning of the eruption. The dike opening func-
tion clearly shows the opening of the pathway toward the eruptive vent (zone R5 in Figs. 9.5 and
9.7C). The seismicity pattern indicates that the magma approached the surface very quickly during
the morning of Sept. 19th [78]. This rapid acceleration in the magma ascent rate when approaching
the surface has been studied by Rivalta and Dahm [94], which explained the physical mechanism of
this process in terms of depth-dependent fracture toughness. The secondary blind branch R3 in the
southeastern direction of the main dike was also increasing its aperture. As mentioned before, we
believe this branch stopped its upward movement by a rheological boundary. Secondary branches
departing from the main magmatic reservoir were also observed by Fernandez et al. [83]. Their
model shows two branches of magma that appeared due to zones of structural weakness in the crust.
Montesinos et al. [86], using gravity data, showed the possible appearance of a blind magma ascent
path in the Jedey zone that could coincide with the R3 branch found in the present study. Also, the
observed secondary branch R3 was possibly linked to the sill-like source mentioned by De Luca et
al. [82]. Also, Muiloz et al. [87] suggest that the dike developed multiple paths that could not reach
the surface due to complex factors.

The main changes observed in the image of Sept. 22nd are the appearance of a further lateral
branch (R6 in Figs. 9.5 and 9.7D) and a change in the magma distribution within the main feeding
conduit R4 (Fig. 9.5D). We also observe the persistence of the lateral branch R3 (Figs. 9.5D and
9.7D).

Between Sept. 22nd and 26th, there was a visible reduction in the dike opening in the shallow
part of the conduit (Figs. 9.6 and 7E). On Sept. 27th, a temporal stop of the eruptive activity was
observed, associated with a marked drop in the volcanic tremor amplitude lasting about 10h [78, 95,
96]. The reduction observed in the image of Sept. 26th may be a precursor of the partial conduit
collapse, which caused the temporary stoppage of volcanic activity the next day. Also, the shallower
part of the main magmatic conduit (R4B) and secondary branch R6 shows a reduction possibly related
to the lack of magma in the portion of the conduit located above 4 km depth.
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Figure 9.7 Schematic model of the plumbing system dynamics for key dates. Orange stars represent
the location of the future site of the volcanic vent in the days preceding the eruption. The symbols of
the volcano represent the location of the actual volcanic vent. Yellow arrows represent the magma
ascent directions, while the green arrow indicates the incipient collapse of the magma reservoir. The
blue dashed lines represent the limit of the rheological boundary discussed in the text.
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The eruptive activity resumed in the afternoon of Sept. 27th. The image of Sept. 28th shows a
dike aperture similar to Sept. 22nd, indicating that the primary process of the magma accumulation
in the shallow crust went back to the initial scenario. However, as shown by Pankhurst et al. [85],
the magma erupted after Sept. 27th proceeded from a deeper reservoir, as testified by petrological
analysis. Therefore, we believe that the renewed eruptive activity was driven by the arrival of a new
magmatic batch with a more primitive composition. This also agrees with the appearance of a new
seismic cluster (S7 in Fig. 9.6C-D), which has been interpreted by D’ Auria et al. [78] as the effect of
the collapse of a magmatic reservoir located below 10 km depth because of its emptying due to the
withdrawal of magma.

The modelling of the ground deformation source associated with the 2021 Cumbre Vieja eruption
has already been analysed in previous studies, although using different approaches. In the following,
we remark on the similarities and differences between their findings compared with the results of
our study. De Luca et al. [82] used a combination of elementary sources to perform a static imaging
of the plumbing system. We used a complex geometry, using finite-element modelling, to image
the spatio-temporal evolution of the plumbing system before and during the earliest phases of the
eruption. De Luca et al. [82] showed the existence of the sill-like source during the pre-eruptive
phase and the presence of two dike-like sources active during the co-eruptive phases. The sill-like
source was located at the 4675 m depth b.s.l. and was active between the 8th and 16th of September,
corresponding mainly to the temporary accumulation of magma in its path towards the surface. This
sill proposed by De Luca et al. [82] can be well explained by one of the lateral blind branches
resulting from our inversion. Secondly, in the co-eruptive phase, they found evidence that the shallow
magmatic plumbing system feeding the eruption was composed of two dikes and sills interconnected
to the main reservoir, as also evidenced by the present study with the interconnection of the dike to
the lateral branches during the pre- and early-eruptive phases. Their models encompass the 10 km
depth limit, as well as the model presented in this study. However, De Luca et al. [82] only provided
a static model of the ground deformation source, although the overall dike opening they retrieved
matches pretty well with our image of Sept. 22nd (Fig. 9.5).

Conversely, Fernandez et al. [83] analysed the spatiotemporal evolution of the ground deform-
ation source. However, they used a completely different modelling approach based on an improved
version of the 3D multisource modelling algorithm of Camacho et al. [91], which approximates the
ground deformation sources as a combination of elementary pressure and fault slip sources. We be-
lieve this approach to be not entirely appropriate with volcanological observations of the Tajogaite
eruption, which clearly evidenced a dike as the most likely geometry, at least for the shallow plumb-
ing system. Therefore, in our approach, we tried to reproduce a physically realistic geometry and
mechanism for the causative source of ground deformation. Also, their model evidences the deep
source southward to the eruptive vent, as evidenced by the models presented in this study.

Additionally, we found the beginning of the deformation process related to the magmatic intrusion
on Sept. 12th, while Fernandez et al. [83] found evidence of magma accumulation that started in May

of 2021. However, their overall results are in agreement with our findings, especially concerning the
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presence of lateral branches in the plumbing system. Additionally, our approach allowed a direct
computation of the dike opening function and established its temporal and spatial relationship with
the seismicity.

Montesinos et al. [86] used gravimetric and GNSS data acquired before and after the eruption
and took into account the pre-eruptive seismicity to constrain the geometry of the plumbing system.
They determined a complex geometry of the feeding system composed of interconnected dikes and
sills. Their model also evidences the presence of a lateral blind branch of the plumbing system.
Furthermore, they highlighted the temporary ascent of the magma on Sept. 14th due to the presence
of horizontal layering within the crust.

To assess the reliability of our findings, we performed several checkerboards and tests over the
synthetic dataset. In Figures B.3, B.4, B.5, and B.6 in the supplementary material, we represent
the checkerboard test results for different spatial resolutions. We notice that our dataset is able to
resolve anomalies of about 1 km size until a depth of 2 km (Fig. B.3 in the supplementary material),
anomalies of 2 km until about 4 km depth (Fig. B.4 in the supplementary material), anomalies of 2.5
km until about 5 km depth (Fig. B.5 in the supplementary material) and anomalies of 5 km along the
whole model, until a depth of 10 km (Fig. B.6 in the supplementary material). This confirms that our
model is able to resolve the features described above. Furthermore, we conducted some additional
synthetic tests to understand the limitations of our approach better. In Figure B.7 of the supplementary
material, we see that, except for the lower left corner, our inverse method is able to detect the presence
of magma along the whole domain. However, in Figures B.8 and B.9 of the supplementary material,
we observe a clear decrease in the spatial resolution at depth. This may justify the lack of evidence
of the connection between the main magma conduit (R4) and the deeper magma chamber. Finally, in
Figure B.10 of the supplementary material, we perform a synthetic test over a realistic geometry of
the magmatic system, showing that our inverse model is able to retrieve all the relevant features.

We also need to mention, that the difference in the acquisition geometry between ascending and
descending orbits can slightly affect the results. Actually, some of the minor variations observed in
the differential dike aperture models can be artefacts related to this effect.

9.4 Data and Methods

9.4.1 Data and processing of GNSS time series

In this work, we used the permanent GNSS stations in La Palma island belonging to the Instituto
Volcanolégico de Canarias (INVOLCAN), the Nagoya University, and GRAFCAN (Fig. 9.1). Solu-
tions are analysed by GAMIT/GLOBK Software [4]. For processing, we used a total of 27 stations.
We removed the regional tectonic component from the solutions using the Nubian plate reference
described by Saria et al. [97]. We also used solutions from three stations of Instituto Geografico
Nacional (IGN) denoted LP03, LP04, and LPAL. We selected these three stations of the IGN as the
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data from other stations of the IGN are not public. Figure 9.8 shows the time series of some of the
stations used in this study.

In Figure B.11 (in the supplementary materials), we compare data and the synthetic model res-
ulting from the Geodetic Imaging technique for the three components of the GNSS data for all the
stations used for this study. The stations closest to the eruptive vent (ARID) experienced the most
significant deformation (Fig. 9.8). The deformation of ARID commenced on Sept. 14th (see Fig.
9.1) with 2.2 cm in the vertical component. It continued increasing in the following days, and on the
day of the eruption, on Sept. 19th, the vertical deformation was already 11.4 cm, 15.3 cm toward
the West, and 3.2 cm to the South. During the first week of eruption, the deformation continued
increasing until it reached its maximum value in the ARID station, reaching 15.0 cm in the vertical
component on Sept. 22nd (Fig. 9.8). Some GNSS stations at a higher distance from the eruptive vent
also showed a deformation signal caused by the magmatic processes. Stations MOLU and FUEN
(Fig. 9.1) began showing significant deformation on Sept. 12th. MOLU reached its maximum on
Sept. 28th with 3.6 cm towards the East, 2.6 cm to the South, and 0.6 cm in the vertical component
(Fig. 9.8). The deformed values did not return to their pre-eruptive stage and fluctuated during the

eruption, showing a nearly steady deflation in the following months.

9.4.2 DInSAR Sentinel-1 data and processing

Two sets of synthetic aperture radar (SAR) images were acquired from complementary (ascend-
ing/descending) orbits between January and November 2021 through the constellation of twin radar
sensors S-1A and S-1B, operating at the C band (wavelength of approximately 5.6 cm) and gathering
images through the Interferometric Wide (I.W.) mode. They were independently processed using
the multi-temporal interferometric SAR (Mt-InSAR) Small Baseline Subset (SBAS) technique [14].
The area covered by the used SAR images encompasses the whole island of La Palma (Fig. 9.9).
The relevant parameters of the SAR datasets are listed in Table B.15 (in supplementary material).
For every detected coherent distributed scatterer (D.S.) on the ground, the corresponding time-series
of the LOS-projected ground displacement components were generated. According to Berardino et
al. [14], Casu et al. [68] and Lanari et al. [98], the implemented SBAS processing chain operates
on sequences of multi-look small baseline (S.B.) interferograms (in particular, 20 (range) x 4 (azi-
muth) looks were considered in our work) and includes specific steps for: i) the space-time phase
unwrapping [43], ii) the estimation and compensation of phase artefacts in the generated SAR inter-
ferograms (i.e., the removal of residual topographic phases [14]), iii) the space-time noise-filtering of
the sequence of small baseline multi-look SAR interferograms [96] and iv) the compensation of the
atmospheric phase screen (APS). Specifically, before their inversion, the noise-filtered, unwrapped
interferograms were analysed to retrieve and compensate the APS components by implementing an
ad-hoc strategy. First, on every single interferogram, the phase components that are spatially highly
correlated with the topography were estimated and filtered out. Then, we applied the methodology
proposed in Tymofyeyeva and Fialko [99] that allows discriminating and filtering out the APS time
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uncorrelated components in a sequence of SAR images by implementing a stacking operation on
couples of S.B. SAR interferograms made with a common SAR image and characterized by the same
time span (i.e., temporal baseline). The estimated tropospheric and time-uncorrelated APS compon-
ents were finally subtracted from the unwrapped interferograms inverted through the SBAS method
to obtain the relevant ground displacement time series. The residual APS components were then
further compensated with a space-time filter (e.g., see Ferretti et al. [100], Berardino et al. [14],
Yang and Buckley [101]). Finally, the interferometric ground deformation products were geocoded,
i.e., converted from radar to geographical coordinates. Figures B.12 and B.13 of the supplementary
material show the generated LOS-projected mean displacement velocity maps from the ascending
and descending orbit tracks, respectively. Then, we concentrated on the short interval between Sept.
8th and 28th, 2021, with an aim to analyse pre- and early-eruptive ground deformation. Accord-
ingly, we extracted the layers corresponding to the selected SAR acquisitions from the generated
LOS-projected ground displacement time series and performed the analyses detailed hereinafter.
Starting from the ground displacement time series obtained by separately processing through the
SBAS approach the available ascending/descending S-1 SAR images, we focused on the retrieved
cumulative ground deformations, calculated with respect to the first images of the two datasets ac-
quired in January 2021. More specifically, the analyses addressed in our study refer to the time
interval Sept. 8th - Sept. 28th, representing the core of the analyses shown in this study. Note that
the obtained ground deformation values only represented the projection of the ground displacement
along the relevant radar-to-target line-of-sight (LOS) directions and were calculated by assuming as a
time reference the date of the first available SAR images of the ascending and descending time series,
respectively, collected on the first days of January 2021. Figure 9.9 shows the pre- and early-eruptive
cumulative LOS deformation maps for the processed ascending and descending orbits. The ground
deformation and the magma ascent were rapid. In Figure 9.9A, on Sept. 14th, the deformation shows
a slight deformation. Two days later, on Sept. 16th, the descending orbit (Fig. 9.9C) captured a
significant ground movement on the southern side of the forthcoming eruptive vent. On Sept. 19th at
14:02 GMT, the eruption started, but that day, Sentinel-1 did not acquire the data over the Canaries.
One day after the eruption began, on Sept. 20th, the ascending orbit captured significant deforma-
tion in the southwestern side of the eruptive vent (Fig. 9.9B). The descending orbit that acquired the
data on Sept. 22nd also captured considerable ground deformation (Fig. 9.9D). Its spatial deforma-
tion map differs slightly from the ascending orbit due to differences in the illumination geometries
between the orbits and the different acquisition times that capture distinctive rapidly-evolving ground

displacement signals from one date to another.

9.4.3 Non-linear inversion for the shallow dike geometry

To determine the inclination of the shallow part of the dike, we performed a non-linear inversion
using the analytical ground deformation model of Okada [31], fixing the azimuth and letting the
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Figure 9.8 Solutions of some GNSS permanent stations solutions. Blue, red, and black horizontal
lines show the E-W, N-S, and U-D components of deformation, respectively. The vertical red dotted
line marks the day the eruption began, while the green dotted vertical line marks the day when the
first significant deformation was recorded at stations MOLU and FUEN.
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Figure 9.9 DInSAR deformation maps for La Palma in pre-and (A and C panel) and early-eruptive
(B and D panel) phases. (A and B) represent the ascending orbit, while (C and D) represent the
descending one. Black crosses show the location of the eruptive vents.
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inclination, the width, the length and the opening to vary. We determined the best-fit model using the
Nelder-Mead [36] simplex algorithm.

9.4.4 Geodetic imaging

We applied a non-linear inversion technique of the spatiotemporal pattern of the dike opening fol-
lowing the approach of D’ Auria et al. [81].

The dike opening function o(x,y,t) has been discretised into a set of 15x24 rectangular cells (Figs.
??) for each of the 8 DInSAR images used in this work. The computation of the Green’s function
for each cell has been performed within the finite element modelling environment COMSOL Mul-
tiPhysics®, using a 3D model that takes into account the topography and the bathymetry around the
island. We used a lateral extent of the computational domain of 9 km. This width is sufficient to en-
compass all the areas affected by the eruptive phenomena. Furthermore, enlarging this length would
negatively affect the resolution and the reliability of the final results. We performed the inversion
using different sizes of the computational domain, obtaining similar results.

The opening function of the first image is constrained to 0, the first image being used as a reference
for the rest of the dataset. Therefore, this allows the inverse problem formulation as a linear system
for a total of 15x24x7 unknown. We used a second-order Tikhonov regularisation for both space
and time. As with any inverse method, ours shows a trade-off between model resolution and fit with
the data. The damping parameter controls this trade-off. Low damping values lead to lower misfit
but unreliable noisy models. Conversely, high damping values lead to smoother models but high
misfit values. In this work, we used the widely known L-curve approach [38] to establish the optimal
damping value. Since we used a positivity constraint for the opening function, we solved the inverse
problem through a non-linear Sequential Least Squares Programming (SLSQP) algorithm.

The final models cannot justify all the observed ground deformation because of the intrinsic
limitations related to the inverse method and the lack of details of the 3D model of the mechanical
properties of the Cumbre Vieja volcano.

To check the resolution, we performed various checkerboard tests (see Figs. ?? in the supple-
mentary material) and a synthetic test with a realistic dike opening function (see Figs. ?? in the sup-
plementary material). We used the same data acquisition geometry as the actual data (GNSS three
components, Ascending DInSAR and Descending DInSAR). The standard deviation of the Gaussian
noise added to the synthetic data mimics those assumed for actual data: 10 mm for DInSAR, 5 mm

for horizontal GNSS components, and 10 mm for vertical GNSS components.
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10.1 Introduction

Tenerife is the largest island in the Canaries. Due to its high population density and five historical
eruptions in the last five centuries, it is considered a region with a moderate volcanic risk [102]. The
island’s formation began as a Shield Volcanic Complex (SVC) in the Miocene period, possibly con-
sisting of three independent islands: Anaga, Teno, and Roque del Conde massifs [77]. Its structural
evolution was completed during the Pliocene, followed by a stage of formation of the central part of
the island known as the Las Cafiadas edifice. This building phase merged the previous shield vol-
canoes into a single island. During the Pleistocene, the ongoing formation of Las Cafiadas caldera
was also marked by numerous strombolian eruptions with vents located along the rifts (NE-SW, N-
S and NWSE) connecting Las Cafiadas and the older shield volcanoes. The rapid development of
Las Canadas was later followed by destructive episodes characterised by massive lateral collapses,
leading to the formation of the current Las Cafadas Caldera [77]. Strombolian activity in the rifts
remained prominent, and Las Cafiadas Caldera was filled with salic eruptions, creating the Teide-

Pico Viejo complex and peripheral eruptions within the Las Cafiadas domain. The Holocene activity
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was concentrated on eruptions occurring in the island’s rifts but also affecting the Las Canadas do-
main. From the 16th century to the present, five historical eruptions were concentrated mainly on
the NW-SE and NE-SW dorsals, with only one occurring on the Teide-Pico Viejo complex. How-
ever, even though historical eruptions displayed basaltic fissure volcanic activity, Teide-Pico Viejo’s
activity included effusive and explosive eruptions of phonolitic magmas. The most recent explosive
eruption in Tenerife was the sub-Plinian eruption of Montafia Blanca, which occurred approximately
2000 years ago 10.1 [77]. The most recent eruption of the Teide stratovolcano complex occurred
roughly 800 years ago and is evident in the phonolitic lava flows that descend from the summit cone
[77]. Currently, the Teide stratovolcano is dormant; its background volcanic activity consists mainly
of a continuous microseismicity of Volcano-Tectonic (VT) and Long-Period (LP) events, fumarole
activity in the crater of Teide and diffuse degassing [35].

At the beginning of 2001, anomalous seismic activity on the island began, with higher-than-
background seismicity values registered by Instituto Geografico Nacional (IGN) [103, 104, 105] and
geochemical anomalies [106, 107, 108]. The most critical episode that prompted a “volcanic unrest
alert” to be issued to the local government was the intense seismic activity that started in April 2004
and persisted until July 2005 [104, 105, 108]. This seismicity was characterised by volcano-tectonic
events located within the Las Cafadas domain and some long-period events [104].

During this period of seismic unrest, the chemical composition of gases in Teide fumaroles indic-
ated the presence of magmatic SO2, and there was also an increase in diffuse CO2 emissions in the
northwest rift zone [108]. Furthermore, in the local galleries within the southern rift of the island, it
was observed an increase in radon emission (220Rn and 222Rn) and an increase in the SO2/Cl ratio
in the groundwater [107]. Gottsmann et al. [103] evidenced a gravity increase in the northern flank
of the Teide-Pico Viejo volcanic complex and a lack of significant ground deformation. However,
Fernandez et al. [109] identified evidence of ground deformation of just a few centimeters in the
Teide-Pico Viejo volcanic complex in 2004. At the same time, these authors also identified continu-
ous subsidence in Las Cafadas triggered by the compressional state of the volcanic edifice [109].
The intense seismic activity persisted until July 2005 and gradually decreased throughout the early
months of the following year [104]. The observed volcanic crisis did not culminate in an eruption,
and, as mentioned by Melian et al. [107], the possibility of the reactivation of the Teide-Pico Viejo
was low.

Even though a ground deformation in 2004 was observed [109], until now, no modelling of the
causative source has been presented. We believe that a better understanding of this episode would
allow a better understanding of the dynamics of the volcanic hydrothermal system of Tenerife and,
consequently, would provide a useful tool for the interpretation of future volcanic unrest episodes on
the island.

We first performed data processing employing the Differential Interferogram Satellite Aperture
Radar (DInSAR) by using the Small BAseline Subset (SBAS) algorithm 10.3. Then we applied the
Independent Component Analysis (ICA) to the 2004—2005 ground deformation occurring in Tenerife,
obtaining the decomposition of the signal in different components. Applying the ICA to this dataset
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Figure 10.1 Geological map of Tenerife after Barrera et al. [77]. The legend explains the meaning
of the color shades on the map. The three SVCs are marked with the tanned yellow square with
the SVCs’ names included. The rim of the caldera is shown with the black line with the triangles.
Black triangles represent the volcanoes Pico Viejo, Teide, and Montafia Blanca. A dashed black line
represents the three rifts.
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allowed us to identify a consistent ground deformation pattern that we attributed to a causative vol-
canic source. We modelled this pattern using a non-linear optimisation within a Finite Element (FE)
environment to study the geometry of the source in detail.

Interferogram stacking (DInSAR SBAS) is a widely known method for processing the SAR data
in order to obtain time series of cumulative deformation in the area of interest. In this method, the
multiple interferograms with the Small Baseline between the SAR images are overlaid, allowing to
obtain small displacement information along the long time periods. The DInSAR SBAS method was
proposed by Bernandino et al. [14] using the SAR images acquisitions with a small orbital separation
(SBAS), allowing limiting the observed spatial decorrelation phenomena. This method was widely
applied to study volcanic behaviours [110, 111, 5, 43] where prolonged deformation in time within
the volcanic areas was observed. The Independent Component Analysis (ICA) represents a valuable
statistical tool for analysing complex datasets [19, 18]. It allows the decomposition of a mixture
of signals under the assumption that the individual sources are statistically independent and non-
Gaussian [20]. ICA enables the separation of a dataset into nonorthogonal components that exhibit
minimal statistical dependence between them. This valuable technique was first introduced for com-
putational signal processing. However, it has also been applied in various geophysical applications
like volcano seismology [112] and volcano geodesy [22, 20, 23].

The ICA in the volcano geodesy context has been applied to GNSS and DInSAR datasets and
has shown its effectiveness in reducing the noise and uncovering hidden ground deformation pat-
terns within complex DInSAR datasets. Ebmeier [20] showcased its effectiveness in separating the
causative sources of complex ground deformation. Subsequently, Przeor et al. [23] used ICA to sep-
arate independent components of ground deformation in Hawaii, highlighting its ability to identify
simultaneous but independent sources acting beneath Mauna Loa and Kilauea volcanoes.

The observed ground deformation was modeled within the Finite Element environment in or-
der to modelise the geometry and the location of the source responsible for the observed anomalies.
This method is commonly applied to the DInSAR dataset, which helps visualizing the magmatic or
hydrothermal sources. The application of this method to the DInSAR SABS dataset of Sentinel- 1 al-
lowed modelise the magmatic source injection during the pre-eruptive episode in La Palma (Tajogaite
eruption of 2021); [82].

10.2 Data and Methods

10.2.1 SBAS DInSAR time series

The data used in this study were collected by the European Space Agency (ESA) through the ASAR
sensor onboard the Envisat satellite acquired on C-band wavelength (=5.6 cm). The satellite images
acquired along ascending orbits were analyzed by the Grid Processing On Demand (G-POD) plat-
form of ESA applying the multitemporal analysis using the Small BAseline Subset (SBAS) to obtain
the Line-Of-Sight (LOS) time series for the coherent pixels of the SAR dataset [5]. The obtained
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180 interferograms were processed with a maximum temporal baseline of 150 days and a maximum
spatial baseline of 400 m. We achieved the time series for each coherent pixel for the ascending orbit
encompassing the island of Tenerife between 2003 and 2010. However, since the ground deforma-
tion occurred between 2004 and 2005, we focused on the dataset encompassing this interval. We did
not evidence of any ground deformation pattern in the subsequent period in the processed dataset.
baseline of 150 days and a maximum spatial baseline of 400 m. We achieved the time series for each
coherent pixel for the ascending orbit encompassing the island of Tenerife between 2003 and 2010.
However, since the ground deformation occurred between 2004 and 2005, we focused on the dataset
encompassing this interval. We did not evidence of any ground deformation pattern in the subsequent
period in the processed dataset.

10.2.2 Independent Component Analysis (ICA) of SBAS DInSAR time series

In the context of an SBAS DInSAR dataset, the time series is represented as L (xi, tj), where L denotes
the Line-Of-Sight (LOS) displacement, xi corresponds to the position of the ith DInSAR pixel, and tj
represents the time of the jth DInSAR image. The DInSAR dataset can be decomposed into a finite
sum of N components characterised by fixed spatial patterns. If we denote Bk the spatial pattern of
the kth and with Ajk the time-varying amplitudes of the kth component in time tj, we can write the

ICA decomposition result as:

N
L(x 1)) = ) AjBi(x) (10.1)
k=1

Once the spatial patterns have been normalised, the sum of squared amplitudes Ajk for each
independent component k defines its energy. This enables us to sort the components based on their
energy and determine the optimal number of components representing the whole signal. This can
be realised by setting a threshold below which the contribution to the total energy is negligible. We
opted to retain one more component, even if characterised by negligible amplitude values, given that
it would host the noise inherent in each DInSAR dataset. In the case of the ascending SBAS DInSAR

dataset for Tenerife, we used four components.

10.2.3 Non-linear source modeling through the Finite Element Modeling

To model a causative source of ground deformation, represented by an individual ICA component, we
employed the Comsol Multiphysics® software environment. We built a three-dimensional mesh tak-
ing into account Tenerife Island’s topography. The computational domain had dimensions of 33,000
m along the EW direction, 25,000 m along the NS direction, and 12,000 m in depth, to cover all the
Las Cafiadas caldera. We assumed isotropic linear elastic material properties. The elastic constants
are calculated assuming an average P-wave velocity of 4,000 m/s, S-wave velocity of 2,400 m/s,
and a 2,700 kg/m? density. The seismic wave velocity values have been estimated from the seismic
tomography model of Koulakov et al. [35].
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Figure 10.2 Optimized source parameters.

The domain was discretised using tetrahedral mesh elements, with a maximum element size of
1,200 m and a minimum element size of 500 m. As a starting model, we chose a three-axis body
representing the causative sources of the observed ground deformation. The parameters used to define
the source model are seven: the centre position in UTM (X, Y, Z); the dimensions of the ellipsoid axes
along the X, Y, and Z-axes in meters; and the overpressure in pascals (Pa). The best-fit model has
been retrieved through a non-linear optimisation using the Nelder and Mead [36] simplex algorithm.
The number of iterations required to reach the minimum was 1,000, and an objective function used

was the residual sum of squares.

10.3 Results

10.3.1 SBAS DInSAR time series

The 2003-2005 SBAS DInSAR mean LOS velocity map computed along ascending orbit reveals
four local deformation patterns on the island (Fig. 10.3). At first sight, three areas of deformation
with negative values are visible, one located in the NESW rift and two in the NW-SE rift, highlighted
by black squares in Fig. 10.3. These ground deformation anomalies were previously identified by
[109] and associated with water withdrawal from the island’s galleries. As this study aims to identify
ground deformation caused by volcanic or hydrothermal activity, we chose not to focus on these
hydric ground deformation behaviours. The central area of Tenerife, in the Teide volcano, exhibits a
positive ascending LOS deformation of a few cm/year. The deformation encompasses all of the Teide
volcano area; however, the deformation is interspersed with other patterns visible on the DInSAR
dataset. The application of ICA helped us to understand the geometry and more precise location of
the area affected by the ground deformation at Teide. To better analyze the ICA patterns, we selected
a radius of 9 km from the summit cone of Teide, shown by the black circle in Figure 10.3.

10.3.2 Application of the ICA to the DInSAR dataset

The results of ICA decomposition to the SBAS DInSAR dataset within the area of 9 km of radius
from the summit of the Teide volcano revealed the presence of at least four components (Fig. 10.4),
sorted in descending order by their energy. Among these, three exhibited significant ground deform-

ation values, while the fourth component had low amplitude energy and primarily consisted of noise.
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Figure 10.3 The 2003 — 2005 SBAS-DInSAR mean velocity map represented in Line-Of-Sight
(cm/year). The gray circle shows the area of interest, where the ICA decomposition is applied, while

the three gray squares represent the zones of the local negative deformation, discussed by Fernandez
etal. [109].
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The first component of the ICA decomposition (ICA1) exhibits a highly localized and high-energy
pattern, with the maximum within the summit cone of the Teide volcano (see panel A in Fig. 10.4),
displaying a circular symmetry with an approximate radius of 3 km. The second and third com-
ponents of the ICA decomposition (ICA2 and ICA3; panels B and C of Fig. 10.4) likely represent
topographical or atmospheric artefacts with high ICA energy values (Table 10.5). The ICA2 repres-
ents the negative values on the northern flank of the complex volcano and higher positive values on
the southern side of the Teide. The positive values are located exactly in the edge of the Las Cafadas
rim while the negative ones are located in the northern side of the flank of Teide. The topography in
Tenerife is abrupt and presents very complex features. The SBAS method cannot eliminate the whole
signal corresponding to the topography, however, by applying the ICA we can discard the left pat-
tern of topography from the data. The ICA3 is less energetic and does not have locally concentrated
anomalies. However, as the SBAS method can still allow atmospheric artefacts in the dataset, we
associate this pattern with the atmospheric noise. The final component (ICA4; panel D of Fig.10.4)
displays a negligible signal pattern and possesses low energy (Table 10.5), indicating that it primarily

represents signal noise.

10.3.3 Non-linear optimization in Finite Element Modeling

The inverse modeling was carried out on the first component of the ICA (ICA1) due to (i) its high
ICA energy, (ii) the location in the area of the highest interest, and (iii) the potential volcanic or
hydrothermal origin of deformation. In the following, we provide details of the optimization results.
The results of the inverse modeling, as indicated by the local maximum in the Teide summit cone,
exhibit a substantial adjustment with the observed data (Fig. 10.6). The parameters defining the
source responsible for the observed deformation were determined based on an ellipsoidal geometry
positioned at 1600 m a.s.l. This source is situated beneath the summit zone of the Teide volcano, with
dimensions of 1420 m, 893 m, and 536 m along the X, Y, and Z axes, respectively. The location of
the source in UTM was the following: X= 340075 m E; Y= 3128959 m N (UTM zone 28 R). The
geometry of this source demonstrated nearly perfect alignment with the ICA1 data, resulting in low
residuals (Fig. 10.6, panel C).

10.4 Discussion and Conclusion

The detected ground deformation in Tenerife was analyzed by applying ICA to the DInSAR dataset,
which was achieved by data processing of the ascending Envisat satellite images. The main volcanic
deformation source in Tenerife was identified in the first ICA component, primarily concentrated
between 2004 and 2005. The geometry of the source was derived through inverse modeling, assuming
a three-axial ellipsoidal source located beneath the Teide and Montaiia Blanca volcanoes at 1,600 m
a.s.l. (Fig. 10.7). Our results show a deformation source elongated mainly along the E-W axis. The

current study findings strongly suggest that a ground deformation source was activated during the
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Figure 10.4 Four independent component maps (A-D) extracted by ICA within the selected area of a
9 km radius from the summit of the Teide volcano. The amplitude of the ground deformation pattern
components is normalized.
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Figure 10.5 ICA components and their respective energy.
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Figure 10.6 Modelling result: (A) data, (B) model, and (C) residuals for the inverse modeling of the
first component of the ICA decomposition, respectively. TThe amplitude of the ground deformation
pattern components is normalized.
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seismic crisis in 2004-2005. These results are compatible with the conclusions of previous studies,
where a volcanic or hydrothermal origin in the Teide volcano was distinctly established through
various geophysical and geochemical methods [113, 103, 114, 106, 104, 102, 115, 116, 109, 105,
117, 107, 108] In the following, we describe the similarities and differences observed between the
previous studies and the present one.

The most significant feature during the crisis of 2004-2005 was primarily focused on seismic
activity in the area of the Teide volcano and the NW rift of the island ([114, 104]). Tarragaetal. [114]
postulated the existence of volcanic tremor caused by convective processes in the reservoir beneath
the Teide-Pico Viejo volcanic complex triggered by new inputs of magma. However, according to
Almendros et al. [104], the 2004—2005 crisis was marked by anomalous seismic events triggered
by deep magma injection under the NW flank of Teide. This new input of magma triggered the VT
earthquakes, the release of magmatic gases, and, consequently, LP events. Ultimately, the injection
of magma into the crust disturbed the local aquifers in Las Cafiadas and induced volcanic tremor
beneath the Teide volcano. Both authors confirm the evidence of the magmatic reactivation of the
Teide volcano.

Additionally, Gottsmann et al. [103], through joint microgravity and ground deformation surveys
realized in May 2004 and July 2005, observed changes in the gravity field but found no evidence of
significant ground deformation caused by volcanic phenomena. They could not detect these slight
changes in ground deformation due to the lack of a network covering the area of interest and the tem-
porary nature of the stations. However, applying the Envisat ASAR dataset that covers all the areas
of interest and samples the data every 35 days during the 9 years of analysed period, we were able to
detect even small changes in the ground deformation behavior. In addition, the ICA method decom-
poses the raw DInSAR SBAS signal into independent signal behaviours, letting the small changes in
the ground deformation be noticed.

Gottsmann et al. [103] proposed three possible scenarios for the observed gravity increase: 1)
new magma inputs, 2) migration of hydrothermal fluids, or 3) a hybrid process involving both a new
magma input and hydrothermal fluid migration. To support the hypothesis of hydrothermal fluid mi-
gration, the authors conducted an inversion of the gravity data and determined that a hydrothermal
reservoir was responsible for the observed changes. Their results indicate the existence of the source
at a depth of 1,9 +- 0.12 km below the surface, which is approximately consistent with our results
showing the source at a depth of 1,600 m a.s.l. Ultimately, Gottsmann et al. [103] concluded that the
movement of hydrothermal fluids is the most likely scenario to explain the gravity changes and the
absence of ground deformation. However, the present study allowed us to uncover hidden deform-
ation patterns in the Teide volcano, providing further insight into the dynamics of the 20042005
unrest.

Additionally, Marti et al. [105] evaluated seismic and microgravimetric observations, finding
clear evidence of volcanic activity on the Teide volcano. Their discussion was based on the number
and location of VT and LP events, tremor, and perturbations in the gravity field. They also reported

increased activity in the fumaroles of Teide and the appearance of new fractures with gas emissions
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Figure 10.7 Three-dimensional model of the retrieved source, responsible of 2004-2005 the ground
deformation. (A) map of Tenerife island, with the yellow box indicating the zoom of Las Cafadas
region. (B) Las Canadas region, featuring the N-S (A-A’) and E-W (B-B’) profiles employed to
represent the vertical sections of topography and the source. (C-D) the N-S and E-W sections of
the topography in Las Cafiadas and the ground deformation modeled source, while (E-F) show the
enlarged views of panels (C-D).
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in La Orotava. These anomalies were interpreted as disturbances in the background activity of the
Teide-Pico Viejo volcanic complex. The authors postulate that new magma inputs can trigger the
reactivation of the phonolitic reservoir beneath the Teide-Pico Viejo volcanic complex in the future.

Furthermore, Fernandez et al. [109] identified three distinct areas affected by ground deform-
ation in Tenerife using DInSAR SBAS data from the ERS-1 and ERS-2 sensors between 1995 and
2005. The primary one was characterized as the compressional state of the island, attributed to the
gravitational load of the edifice. Additionally, there were very localized subsidence zones in the rifts
of the island, which were attributed to water withdrawal in the galleries, evidenced by Fernandez et
al. [109] and also shown in Fig. 10.3 in the present study. The authors also observed disturbances in
ground deformation in the Teide volcano associated with the volcanic crisis; however, they did not
perform modeling of the causative source for the observed ground deformation between 2004 and
2005.

Finally, through the geochemical analysis, Melian et al. [107] observed a change in the compos-
ition of fumaroles in the Teide crater, resulting in a higher contribution of magmatic gases between
2001 and 2005. Pérez et al. [108] reported temporal changes in the gas composition of Teide’s
fumaroles, including increased CO2 efflux in the Teide summit cone and crater since 2001. They
highlighted that the Teide volcanic and hydrothermal system undergoes temporal degassing episodes
caused by magmatic fluid injection into the hydrothermal system, which was evident in 2004 and
triggered by magma movements beneath Teide. Additionally, they rejected the previously proposed
hypothesis by Marti et al. [105] regarding the reactivation of the phonolitic storage of Teide- Pico
Viejo due to the analysis of gas compositions in fumaroles by Melian et al. [107] and SO2 emissions
reported by Weber et al. [106].

The reactivation of an ellipsoidal-like source beneath the Teide volcano offers a comprehensive
understanding of the seismic, gravimetric, and geochemical anomalies that occurred during the 2004—
2005 crisis.

First of all, we observe that the ground deformation source we identified is located at a shallower
depth and is displaced about 5 km to the SE with respect to the northern seismic cluster active during
2004 [117]. This seismic cluster has been interpreted by different authors as the effect of a magmatic
intrusion in the north-western part of Tenerife [103, 117]. The volume affected bythis cluster has
shown limited activity in the following years [35].

Secondly, Gottsmann et al. [103] evidenced that the observed gravity variations are compatible
with a density increase caused by the filling of rock porosity with hydrothermal fluids. They assume
a volume fraction of 30 percent and infer a source having a radius of around 80 m. Assuming a larger
source volume, the volume fraction decreases. Our source model has a volume of approximately 2.8 x
109 m3, which implies a much lower volume fraction. Another possibility is that the source thickness
would be much lower than its areal extension or, in other words, it consists of a sill-shaped geometry.
Unfortunately, geodetic data alone, are not able to precisely constrain the thickness of the causative
source. However, both interpretations are compatible with the observed ground deformation, gravity

variations, and geochemical variations.
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Concerning the source of the hydrothermal fluids, the most likely mechanism is the degassing
of the magma batch which likely intruded at depth in the northwestern sector of the island. A sim-
ilar mechanism is possibly related to the recent seismological and geochemical anomalies observed
in Tenerife [118, 119, 120]. This magmatic injection episode did not show up in the ground de-
formation pattern, possibly because of the depth of the intrusion (>5 km) and the limited amount of
magma involved. We note that eruptions occurring along the NW dorsal of Tenerife have generally
a Strombolian character and are fed by basaltic magmas. This contrasts with the central Teide- Las
Canadas complex, where phonolitic eruptions with both effusive and explosive typologies occurred
in the past. This was explained by Koulakov et al. [35] by considering the difference in the crustal
structure beneath these two areas. In the former, the rigid crust does not allow a long-term residence
of primitive basaltic magmas, which quickly reach the surface through a network of dikes. In the lat-
ter, the presence of a ductile regime allows the stationing and the differentiation of magmas toward
phonolitic composition. In this context, we postulate that the 2004—2005 unrest represents a “failed”
eruption along the NW dorsal in Tenerife.

Our work highlights two relevant points from the volcano monitoring point of view. First, the
most likely precursor of an eruption in the NE dorsal of Tenerife is deep seismicity related to the
magmatic intrusion process. This is similar to what was observed during the 2021 Tajogaite eruption
on the island of La Palma [78]. Second, the ground deformation pattern should be interpreted care-
fully. We have shown how it can be related to a hydrothermal causative source instead of a magmatic

intrusion.



Chapter 11

Conclusions

11.1 Conclusions for Elastic interaction between Mauna Loa and Kilauea
evidenced by ICA

The application of ICA decomposition to four DInSAR SBAS datasets revealed an anticorrelated
behaviour between Mauna Loa and Kilauea volcanoes during the studied interval 2003—2010. At the
same time, another pattern of ground deformation has been identified and is linked to independent
behaviour at Kilauea alone. The GPS dataset and inverse modelling results support these findings.
Moreover, another significant result from our analysis is the evidence of a single ground deformation
source at Mauna Loa during the studied time interval. This was previously suggested by Pepe et
al.[43], who showed that the central conduit dynamics and the dikes along the rift zones displayed
almost synchronous inflation. Kilauea displays a greater complexity, with at least two sources sim-
ultaneously active.

We highlight that the connection between Mauna Loa and Kilauea occurs at shallow depths in
the first few kilometers of the crust, through a stress transfer mechanism. Stress transfer at Mauna
Loa and Kilauea has been considered by various authors to explain the dynamics of intrusions along
rift zones [52, 55] and the interaction between earthquakes and eruptions [42, 43] at both volcanoes.
This interconnection is created by the Mauna Loa reservoir perturbing the Kilauea shallowest source.
Conversely, the sources below the Kilauea do not effectively influence the Mauna Loa reservoir.
In practice, the inflation of Mauna Loa makes the stress field in the surroundings of Kilauea less
favourable for the ascent of magma into its shallow reservoir. The opposite mechanism, with Kilauea
affecting Mauna Loa, seems less favorable. The respective geometries of the sources (Fig. 8.7) make
an effective mechanical interaction possible only between the dike-shaped source of Mauna Loa to
the shallow volumetric source of Kilauea. The sill-shaped geometry of the deeper Kilauea source
means it is less affected by this interaction process, as also confirmed by numerical modelling.

An important result of this work is the application of ICA to ground deformation datasets. This
statistical tool has been demonstrated to effectively detect and separate individual independent sources
within complex spatiotemporal ground deformation patterns. This approach greatly simplifies the
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study of complex ground deformation sources, whose components can be modelled independently.
Using more advanced inverse modelling tools [43] can shed further light on the spatial complexity of
the Kilauea plumbing system. Further studies should be devoted to analyzing the interaction between

ground deformation sources over a larger time span.

11.2 Conclusions for Geodetic Imaging of magma ascent of the Tajo-

gaite eruption of 2021

We propose a novel model of the spatiotemporal evolution of the magmatic system preceding and
accompanying the first 10 days of the 2021 Cumbre Vieja eruption. For this purpose, we applied a
Geodetic Imaging technique [81, 121] to reconstruct the kinematics of the plumbing system during
the pre- and early-eruptive phases. The main finding of our study is that the causative source of the
ground deformation was a dike with a bent and twisted geometry connecting a magmatic reservoir
located below 10 km depth with the surface. Its azimuth changed from E-W in the deepest parts to
NW-=SE on the surface, while its dip changed from southward to southwestward.

We found an excellent agreement between the temporal evolution of the dike opening and the
upward migration of pre-eruptive hypocenters. The upward propagation of the magma was very
rapid (about 8 days) and strongly accelerated during the last day. The overall geometry of the dike
intrusion process shows the presence of at least two blind lateral branches whose propagation stopped
before reaching the surface. The eruption’s onset is clearly evidenced by a dike opening right beneath
the eruptive vent accompanied by intense shallow seismicity. On Sept. 27th, the eruption stopped
for a few hours. We interpret it as an effect of a temporary collapse of the dike, as confirmed by the
dike opening model, which shows an incipient collapse already starting the day before

In conclusion, we state that the Geodetic imaging technique is an excellent tool for better un-
derstanding magma ascent processes. Our results provide evidence of the complexity of the dike
propagation processes and the temporal changes in the shallow plumbing system before and during

an eruption.

11.3 Independent component analysis and finite element modelling of
the 2004-2005 ground deformation in Tenerife (Canary islands)

Concerning the source of the hydrothermal fluids, the most likely mechanism is the degassing of the
magma batch which likely intruded at depth in the northwestern sector of the island. A similar mech-
anism is possibly related to the recent seismological and geochemical anomalies observed in Tenerife
[118, 119, 120]. This magmatic injection episode did not show up in the ground deformation pattern,
possibly because of the depth of the intrusion (>5 km) and the limited amount of magma involved.
We note that eruptions occurring along the NW dorsal of Tenerife have generally a Strombolian char-

acter and are fed by basaltic magmas. This contrasts with the central Teide- Las Cafiadas complex,
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where phonolitic eruptions with both effusive and explosive typologies occurred in the past. This was
explained by Koulakov et al. [35] by considering the difference in the crustal structure beneath these
two areas. In the former, the rigid crust does not allow a long-term residence of primitive basaltic
magmas, which quickly reach the surface through a network of dikes. In the latter, the presence of
a ductile regime allows the stationing and the differentiation of magmas toward phonolitic composi-
tion. In this context, we postulate that the 2004—2005 unrest represents a “failed” eruption along the
NW dorsal in Tenerife.

Our work highlights two relevant points from the volcano monitoring point of view. First, the
most likely precursor of an eruption in the NE dorsal of Tenerife is deep seismicity related to the
magmatic intrusion process. This is similar to what was observed during the 2021 Tajogaite eruption
on the island of La Palma [78]. Second, the ground deformation pattern should be interpreted care-
fully. We have shown how it can be related to a hydrothermal causative source instead of a magmatic
intrusion.

Our work highlights two relevant points from the volcano monitoring point of view. First, the
most likely precursor of an eruption in the NE dorsal of Tenerife is deep seismicity related to the
magmatic intrusion process. This is similar to what was observed during the 2021 Tajogaite eruption
on the island of La Palma [78]. Second, the ground deformation pattern should be interpreted care-
fully. We have shown how it can be related to a hydrothermal causative source instead of a magmatic

intrusion.

11.4 General conclusions

Applying the ICA to the DInSAR SBAS dataset in different volcanic areas revealed the presence of
hidden ground deformation patterns operating within the studied regions. In the case of Hawaii island,
it was possible to understand and model the characteristics of magmatic sources in these volcanoes
and comprehend complex volcanic interaction within the crust involving two volcanoes. We gained
insight into how the volcanoes of Mauna Loa and Kilauea exhibit contrasting behaviours due to stress
transfer mechanisms.

La Palma island and its most recent Tajogaite eruption in 2021 provided an excellent opportunity
to employ Geodetic Imaging techniques, allowing us to visualize the kinematic processes occur-
ring before and during the eruption. Modelling the sources responsible for ground deformation and
subsequently simulating their ascent facilitated understanding and imaging of the internal crustal
structure of La Palma, along with the specific ascent paths utilized by magma as it rose toward the
surface.

Finally, applying the ICA to the DInSAR SBAS dataset of Tenerife enabled us to comprehend
the mechanism of the degassing of the magma batch responsible for the seismic crisis of 2004-2005.
The ground deformation source modelling also revealed hydrothermal activity within the Teide-Pico

Viejo volcanic complex in the crust. This study underscored the importance of future research aimed
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at understanding volcanic processes on the island, which can aid in identifying magmatic or hydro-
thermal sources beneath the islands and, in the future, modelling potential volcanic scenarios.

This study focuses on comprehending processes occurring in volcanic areas by utilising the DIn-
SAR SBAS dataset and subsequently analysing its hidden ground deformation patterns. Subsequent
modelling of the observed ground deformation data can enhance our understanding of processes oc-
curring in the studied areas, thereby enabling anticipation of potential future volcanic scenarios on the
islands. These findings are of great importance in volcanic regions as they allow society to prepare
for future volcanic phenomena.

The results of this work show detailed, high-resolution ground deformation models that provide
significant insight into volcano dynamics. Future studies will focus on analyzing more complex
datasets and integrating gravity and other geophysical datasets. An interesting addition to this thesis
is modelling the kinematic ascent of magma, which could be applied to other volcanic areas, such
as Iceland’s current volcanic activity (which commenced in 2023). These studies could potentially
provide insights into imaging and understanding the paths of magmatic branches and their magnitude,

aiding in the prediction of forthcoming volcanic scenarios.
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Figure A.1 Areal strain time series for Mauna Loa GPS stations. The labels are triplets of GPS stations
surrounding the summit cone of Mokul] aweoweo Caldera (see Figure S2 for locations). The y-axis
on the right shows the aerial strain scale in pstrain, the dimension of the vertical axis is 5 pstrain,
Time series colours are alternated in black and red.
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Figure A.2 Areal strain time series for Kilauea GPS stations. The labels are triplets of GPS stations
surrounding the summit cone of HalemaJumalu Crater (see Figure S2 for the locations). The y-axis
on the right shows the aerial strain scale in pstrain, the dimension of the vertical axis is 10 pstrain,
being marked by ticks. Note that the axis scale in this figure is different from that of Figure S1. Time
series colours are alternated in black and red.
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Figure A.3 Location of satellite tracks and GPS stations. The lower map shows Hawai‘i Island. The
blue rectangle shows the GPS study area of Mauna Loa, while the red rectangle represents the area of
Kilauea GPS stations. Green rectangles mark ENVISAT satellite data tracks along ascending (093)
and descending orbits (343, 472, and 200). The upper maps show Mauna Loa and Kilauea summits,
respectively, with blue triangles representing the GPS stations of Mauna Loa and red triangles, GPS
stations of Kilauea.
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Figure A.5 LOS deformation maps of Mauna Loa. A,B,C: ENVISAT 136 (IS3) orbit; D,E,F: EN-
VISAT 365 (IS2) orbit; G,H,I: ENVISAT 408 (IS4) orbit (see table S4 for track details). Column 1
shows raw data; columns 2 and 3 represent respectively the first and the second component resulting
from applying the ICA decomposition algorithm. Black crosses: see figure 2 for description, while
black dots are the reference points used to the SBAS-LOS performance.
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Figure A.6 LOS deformation maps of Kilauea. A,B,C: ENVISAT 114 (IS5) orbit; D,E,F: ENVISAT
429 (IS3) orbit; G,H,I: ENVISAT 114 (IS6) orbit (see table S1 for track details). Column 1 shows
raw data; columns 2 and 3 represent respectively the first and the second component resulting from
applying the ICA decomposition algorithm. Black crosses: see figure 2 for description, while black
dots are the reference points used to the SBAS-LOS performance.
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Figure A.7 Mauna Loa GPS station triples used for computing the areal strain time series. Blue tri-
angles represent the GPS stations on Mauna Loa summit Caldera. Every triplet of stations is bordered

by black lines and filled by a green grid.
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Figure A.8 Kilauea GPS station triples used for computing the areal strain time series. Red triangles
represent the GPS stations in Kilauea summit Caldera. Every triplet of stations is bordered by black
lines and filled by a green grid.
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Figure A.9 LOS deformation cumulative maps, first and second component of ICA decomposition of
ENVISAT 093 orbit for four different intervals. A, D, G, J: LOS cumulative displacement DInSAR
map; B, E, H, J (column 2) and C, F, I, L: (column 3) represent respectively the first and the second
component resulting from applying the ICA decomposition algorithm. The black crosses indicate the
points used for extracting the time series shown in figure 4, while black dots are the reference points
used for the DInSAR SBAS processing.



125

SBAS-LOS ICAl ICA2

(]
I~ O - - 20.0 &
wn S o
2 S 1958
m P —
= g =L

I~
-t of
ngv é_"
98 3%
n T =
o m o

(s8]
NS 0f
glw g
m oD Q
oo 3
~ ﬁ =

o
~ = 1 4 1 4= 20.05

Wl 4 » . &
) Ed o 1 e - -19.52
m ] —
= / | J 4/ =

] N 1K 4L - 19.0

—156.0—155.5-155.0 -156.0-155.5-155.0 —-156.0-155.5—155.0

Longitude (°) Longitude (°) Longitude (°)
| — [ — | —
-30 0 30 -30 0 30 -30 0 30
LOS DEFORMATION (cm) ICA ICA

Figure A.10 LOS deformation cumulative maps, first and second component of ICA decomposition
of ENVISAT 343 orbit for four different intervals. A, D, G, J: LOS cumulative displacement DInSAR
map; B, E, H, J (column 2) and C, F, I, L: (column 3) represent respectively the first and the second
component resulting from applying the ICA decomposition algorithm. The black crosses indicate the
points used for extracting the time series shown in figure 4, while black dots are the reference points
used for the DInSAR SBAS processing.
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Figure A.11 LOS deformation cumulative maps, first and second component of ICA decomposition
of ENVISAT 472 orbit for four different intervals. A, D, G, J: LOS cumulative displacement DInSAR
map; B, E, H, J (column 2) and C, F, I, L: (column 3) represent respectively the first and the second
component resulting from applying the ICA decomposition algorithm. The black crosses indicate the
points used for extracting the time series shown in figure 4, while black dots are the reference points
used for the DInSAR SBAS processing.
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Figure A.12 LOS deformation cumulative maps, first and second component of ICA decomposition
of ENVISAT 200 orbit for four different intervals. A, D, G, J: LOS cumulative displacement DInSAR
map; B, E, H, J (column 2) and C, F, I, L: (column 3) represent respectively the first and the second
component resulting from applying the ICA decomposition algorithm. The black crosses indicate
the points used for extracting the time series shown in figure 8.4, while black dots are the reference
points used for the DInSAR SBAS processing.
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Figure A.13 3D numerical modelling of stress fields. (A) The Digital Elevation Model of Hawai’i
Island, with the red line representing the trace (A-A’), used in panels (C-E). (B) tridimensional rep-
resentation of the modelled ground deformation sources of Mauna Loa and Kilauea volcanoes. The
sources are numbered according to Table S1 in the supplementary material. 1) the Mauna Loa dike-
shaped source from ICA1; 2) the Kilauea Mogi-like source from ICA1; 3) the Kilauea sill-shaped
source from ICA2. Storage areas and topography are exaggerated in size for clarity. (C) stress field
represented along the A-A’ trace due to an overpressure applied to the Mauna Loa dike-like source.
(D) stress field along the A-A’ trace due to an overpressure applied to the Kilauea Mogi-like source.
(E) stress field along the A-A’ trace due to an overpressure applied to the Kilauea sill-like source.
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Figure A.14 Parameters of modelled sources of ground deformation. The results are the mean value

and standard deviation of the modelled parameters of separated inversions of each track.

TRACK | SWATH | LOOK ORBIT START sTOr
ANGLE TIME TIME

093 IS2 19.22-26.7° ASCENDING | 20/01/2003 | 07/06/2010

343 IS7 42.5%-45.2¢° DESCENDING | 17/11/2005 | 07/10/2010

472 IS1 15.0°-22.9° DESCENDING | 31/12/2005 | 11/09/2010

200 1S2 19.22-26.7° DESCENDING | 08/12/2003 | 27/09/2010

Figure A.15 Inventory of the four analysed ENVISAT satellite data tracks in the 2003-2010 period,
covering both volcanoes.

Figure A.16 Percentage of energy of every component of decomposition for each track.
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LOOK START STOP

TRACK | SWATH ANGLE ORBIT TIME TIME
114 IS5 35.8°-39.4° | DESCENDING | 16/11/2004 | 28/07/2009
429 IS3 26.0°-31.4° | DESCENDING | 12/02/2003 | 13/10/2010
136 IS3 26.0°-31.4° | ASCENDING | 27/01/2005 | 23/09/2010
365 IS2 19.2°-26.7° | ASCENDING | 08/02/2003 | 17/04/2010
408 154 31.0°-36.3° | ASCENDING | 27/12/2005 | 12/10/2010
114 IS6 39.1°-42.8° | DESCENDING | 07/08/2005 | 17/08/2010

Figure A.17 Inventory of the 6 analyzed and discarded tracks of ENVISAT satellite data in 2003-2010

period.
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Figure B.1 Data, model, and residuals for the source of the ground deformation on La Palma (columns
1, 2, and 3, respectively) for each data acquisition date of the ascending orbit.
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Figure B.2 Data, model, and residuals for the source of the ground deformation on La Palma (columns
1, 2, and 3, respectively) for each of the data acquisition dates of the descending orbit.
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Figure B.3 Checkerboard test for anomalies of 1 km. The left-hand side panel represents the true
model while the right-hand side panel shows the retrieved model.
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Figure B.4 Checkerboard test for anomalies of 2 km. The left-hand side panel represents the true
model while the right-hand side panel shows the retrieved model.
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Figure B.5 Checkerboard test for anomalies of 2.5 km. The left-hand side panel represents the true
model while the right-hand side panel shows the retrieved model.
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Figure B.6 Checkerboard test for anomalies of 5 km. The left-hand side panel represents the true
model while the right-hand side panel shows the retrieved model.
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Figure B.7 Synthetic tests for the true model (left-hand side panel) and the retrieved model (right-
hand side panel).
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Figure B.8 Synthetic tests for the true model (left-hand side panel) and the retrieved model (right-
hand side panel).
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Figure B.9 Synthetic tests for the true model (left-hand side panel) and the retrieved model (right-
hand side panel).
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Figure B.10 Synthetic tests for the true model (left-hand side panel) and the retrieved model (right-
hand side panel).
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Figure B.11 Data and synthetic model resulting from the Geodetic Imaging technique, for the three
components of the GNSS data for all the stations used for this study. Each point represents the daily
data solution while each x-symbol represents the synthetic model solution. Red, blue, and green
colors represent the vertical, N-S, and E-W components, respectively.
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Figure B.14 Horizontal cumulative displacement of GNSS station ARID. We represent the cumulative
horizontal displacement from the 12th to the 28th of September 2021. Each point represents a daily
solution. The red point marks the beginning of the time series. We annotated relevant dates as
discussed in the text.

Figure B.15 SAR datasets’ key parameters for data acquired in this study.
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Elastic interaction between Mauna
Loa and Kilauea evidenced

by independent component
analysis

Monika Przeor'2*, Luca D'Auria'2, Susi Pepe?, Pietro Tizzani® & Ilvan Cabrera-Pérez*

The contrasting dynamics between Mauna Loa and Kilauea have been studied over the last 100 years
from multiple viewpoints. The fact that dynamic changes of one volcano trigger a dynamic response
of the other volcano indicates a connection may exist. Petrological works show a direct relationship
between the magmatic systems of these two volcanoes is not possible. We analysed DInSAR data

and GPS measurements of ground deformation patterns associated with the activity of Mauna Loa
and Kilauea volcanoes. The DINSAR SBAS dataset spans the interval between 2003 and 2010, and
was acquired along ascending and descending orbits of the ENVISAT (ESA) satellite under different
look angles. Of the 10 tracks that cover the Big Island (Hawai'i), 4 cover both volcanic edifices. Using
GPS measurements, we computed the areal strain on 15 triplets of stations for Kilauea volcano

and 11 for Mauna Loa volcano. DInSAR data was analysed by applying Independent Component
Analysis (ICA) to decompose the time-varying ground deformation pattern of both volcanoes. The
results revealed anticorrelated ground deformation behaviour of the main calderas of Mauna Loa and
Kilauea, meaning that the opposite response is seen in the ground deformation of one volcano with
respect to the other. At the same time, Kilauea exhibits a more complex pattern, with an additional
component, which appears not to be correlated with the dynamics of Mauna Loa. The GPS areal strain
time series support these findings. To corroborate and help interpret the results, we performed inverse
modelling of the observed ground deformation pattern using analytical source models. The results
indicate that the ground deformation of Mauna Loa is associated with a dike-shaped source located
at 6.2 km depth. In comparison, the anticorrelated ground deformation of Kilauea is associated with
a volumetric source at 1.2 km depth. This excludes a hydraulic connection as a possible mechanism to
explain the anticorrelated behaviour; instead, we postulate a stress-transfer mechanism. To support
this hypothesis, we performed a 3D numerical modelling of stress and strain fields in the study area,
determining the elastic interaction of each source over the others. The most relevant finding is that
the Mauna Loa shallow plumbing system can affect the shallowest magmatic reservoir of Kilauvea,
while the opposite scenario is unlikely. Conversely, the second independent component observed at
Kilauea is associated to a sill-shaped source located at a depth of 3.5 km, which is less affected by this
interaction process.

The interaction processes between the two most active Hawaiian volcanoes are still controversial, and despite
multiple studies carried out over more than a century, an unambiguous model has yet to be identified. In order to
provide new insights to this discussion, we compared the ground deformation patterns in both volcanoes using
DInSAR SBAS and Global Positioning System (GPS) datasets. In this work, we processed 10 tracks of ENVISAT
ASAR satellite images from 2003-2010, together with available GPS data from 15 stations located around the
two summit calderas of Mauna Loa and Kilauea. We applied the Independent Component Analysis (ICA) to
the DInSAR SBAS ground deformation data to reveal relationships between the spatio-temporal patterns of the
ground deformation of the two volcanoes. ICA is widely used Data Mining technique, which allows detecting,
separating and characterizing hidden patterns into a spatio-temporal dataset!. Furthermore, we computed the
GPS areal strain time series around Mauna Loa and Kilauea calderas, comparing them with the results provided

instituto Volcanoldgico de Canarias (INVOLCAN), San Cristobal de La Laguna, Spain. ZInstituto Tecnoldgico
y de Energias Renovables (ITER), Granadilla de Abona, Spain. 3lstituto per il Rilevamento Elettromagnetico
dell’Ambiente (IREA-CNR), Napoli, Italy. ®email: mprzeor@iter.es
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Figure 1. Main geologic and seismicity map of Mauna Loa and Kilauea®.

by ICA. Subsequently, we present inverse modelling of ground deformation sources, which provides constraints
for conceptual models of the shallow feeding system of Mauna Loa and Kilauea. Conclusively, we realized a 3D
numerical modelling of the stress and strain fields produced by the inflation/deflation of the individual ground
deformation sources to better understand the mechanism of their interaction. The details of data processing and
modelling are described in the Methods section.

Hawai‘i Island is composed of 5 shield volcanoes: Kohala, Mauna Kea, Hualalai, Kilauea, and Mauna Loa,
with the latter being the largest active volcano on Earth. It has erupted 35 times since its first historical erup-
tion in AD 17502 The summit area of Mauna Loa is composed of a large summit caldera (Mokuaweoweo) and
two elongated ridges: the Northeast Rift Zone (NERZ) and the Southwest Rift Zone (SWRZ); (Fig. 1). Kilauea
volcano overlaps the southeastern flank of Mauna Loa. It has been in near- continuous eruption from 1983 to
20182, and its main volcano-tectonic features are the East Rift Zone (ERZ), the Southwest Rift Zone (SWRZ), a
large summit caldera, and the Halema'uma'u crater within it* (Fig. 1).

Recently, several studies have aimed to characterise the nature of the magmatic source responsible for ground
deformation at Kilauea and Mauna Loa volcanoes®™”. The two principal sources at Mauna Loa volcano are
associated with shallow dike intrusion into the central conduit of Mauna Loa, and its rift zones'*. Dike intru-
sions create compression over the adjacent flanks of the volcano'®!"” and consequently, they produce ground
deformation and earthquakes along the basal decollement zone®. In the case of Kilauea volcano, the general
picture is similar to Mauna Loa: the main ground deformation sources are linked to the central feeding system
as well as to magmatic intrusions along the rift zones” that are also responsible for the seismicity near the base
of the volcano?"?2, The intrusion of dikes and extension of the rift-zone’ also causes the shortening at the base
of the edifice and the uplift along the frontal bench®*.

At Mauna Loa, Amelung et al.'* identified a spheroidal source reservoir beneath the southeast margin of
Mokuaweoweo Caldera, connected to an elongated source linked to the rift zones. Pepe et al.?, showed that the
main source of ground deformation at Mauna Loa consists of a vertical pipe connected to dike-shaped reservoirs
located along the rift zones.

Poland et al.? showed the existence of various magmatic reservoirs beneath Kilauea: one below the caldera of
Halema‘uma‘u, the Keanakako'i reservoir, the South Caldera reservoir, and both Rift Zones (East Rift Zone and
Southwest Rift Zone). The Halema‘uma‘u reservoir is the summit storage located between 1 and 2 km depth below
the main caldera. The Keanakako'i is considered a temporal storage, with magma inputs occurring intermittently.
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The South Caldera reservoir, mentioned by Poland et al.? is located at a depth of 3-5 km below the Halema'uma‘u
caldera and is considered the principal storage of magma at Kilauea. Both Rift Zones are a set of fractures and
vents with directions toward the East and Southwest of the main caldera. A full catalogue of dike intrusions over
Kilauea edifice can be found in Montgomery-Brown et al.?.

In the last three decades, some relevant deformation episodes took place at Kilauea and were linked to the
Pu'u’0%-Kapaianaha eruption (1983-2018)7%. Volcanic activity at Pu'u ’O’%-Kapa'ianaha from 1983 to 2001
was characterised by dominant deflation, followed by a new inflation episode starting in 2001 when Kilauea
experienced a new uplift phase. Six months later, similar behaviour at Mauna Loa volcano was observed'®. The
enhancement of volcanic activity in this period was caused by an increase in the magma supply from the mantle'?.

The sudden inflation that started in 2003 at Kilauea mainly affected the summit caldera, but was recorded as
far away as 50 km from the summit and lasted until 2007". In 2005, magma accumulation in ERZ led to summit
inflation and an increase in the output of SO,". In the same year, a major collapse of the lava delta occurred??,
and one year later, an uplift episode along the southern part of the Kilauea summit caldera was registered'®. The
ground deformation pattern of Kilauea during 2003-2007 was dominated by inflation along the ERZ and the
summit crater'”.

In this work, we consider only the magmatic intrusions that occurred in the summit area of the volcanoes
and only during the time interval considered in this study. A major episode of volcanic unrest occurred between
2003-2010, beginning on 17th June 2007 (American Father’s Day 2007, FD07). The event entailed changes in
volcanic activity and formation of new eruptive vents'”. It caused rapid deflation of the Kilauea summit area due
to magma withdrawal to eruptive vents located along the ERZ, about 8 km away'*~'. The first episode of the
FDO7 eruption lasted for two days. On 21st July of 2007, another eruptive episode began along the ERZ, with
vents located about 19 km away from the summit'>!%. ERZ vent activity was then continuous, while the summit
crater of Halema'uma'u showed increased volcanic gas emission levels until an explosion of Kilauea’s main sum-
mit crater on 19th March 2008"”. After the FD07 episode until 2008, the ground deformation pattern of Kilauea
was characterised by deflation, and summit seismicity returned to background values'’.

The interaction between the two most active volcanoes of Hawai‘i Island has been discussed for over 100
years'12%¢. Rhodes and Hart? confirm that the chemical composition of lavas at Kilauea and Mauna Loa are
different, indicating the magmatic feeding systems are independent (at least at the crustal level). However, geo-
physical studies seem to indicate the opposite: Klein'! first noticed the anticorrelation between the two volcanoes,
emphasising that an increase in activity at Kilauea often corresponds to a decrease in Mauna Loa dynamism.
Miklius and Cervelli'? captured the opposite behaviour in the ground deformation patterns of the volcanoes: at
the beginning of the high-volume effusive episode in Kilauea, inflation of Mauna Loa was observed (May 2002).
Shirzaei et al.”® studied the coupling behaviour of both volcanoes between 2003 and 2008. The authors postulate
that the causative source of the interaction between the two volcanoes is related to deep-seated mantle surges.
Despite being the subject of many studies, the nature and the mechanism of the interaction between the feeding
systems of the two volcanoes and their level of interconnection are still contentious and remain unclear.

Results

The analysis of the observed ground deformation, reported in the first column of Fig. 2(A, D, G, J), suggests an
anticorrelated behaviour of the ground deformation between Mauna Loa and Kilauea volcanoes. This is clearly
seen in the normalized spatial patterns (indicated as By in Eq. 1) of the first component (ICA1), and shown in
Fig. 2. The anticorrelation between these two volcanoes is demonstrated by the presence of positive values on
Mauna Loa and negative values on Kilauea on the ICA1 component for all four selected tracks. The anticor-
relation between the two volcanoes is seen only by the ICA1 component on both Mauna Loa and Kilauea. The
temporal variation is shown in Fig. 3 with dashed lines, clearly showing the opposite behaviour of Mauna Loa
and Kilauea on all four tracks: when ground deformation of Mauna Loa shows positive values, Kilauea exhibits
negative ones. It should be noted that the sign of the ICA components is arbitrary, being the actual value of the
ground deformation modulated by the coefficients Ajk in Eq. (1)1.

Also, let us remark that, as shown by Fig. 2, there are other evidences of the ground deformation far from
their summit areas. Column 1 in Fig. 2 shows an example of such deformation in the southeast side of the Kilauea
volcano associated with the faults system mentioned by Shirzaei et al.”.

The second component of the ground deformation pattern (ICA2 in Fig. 2) exhibits significant values only
in the area of Kilauea volcano. The overall shape (Fig. 2) and temporal behaviour (Fig. 3) of the two components
are different. The maximum of the ICA2 component at Kilauea is located on the southern side of the summit
caldera, slightly displaced to the south with respect to the maximum of the ICA1 component on the same volcano.

The above-mentioned anticorrelated behaviour in the ground deformation pattern is visible also by consider-
ing the LOS deformation time series. In Fig. 3, the time series for two selected pixels are shown, which correspond
with the summit calderas of Mauna Loa and Kilauea. The Mauna Loa time series displays an uplift from 2003
until late 2009. Simultaneously, the Kilauea shows an inflation pattern until 2007 (the FDO07 volcanic episode),
followed by significant subsidence until late 2009.

At Mauna Loa, the total ground deformation pattern is almost exclusively represented by the first ICA com-
ponent for all four considered tracks (see panels A, C, E, and G in Fig. 3). Minor differences between the ICA1
and the total LOS on this volcano can be attributed to a noisy component that ICA cannot model. In the case
of Kilauea volcano (see panels B, D, E, and H in Fig. 3), the contribution of both components is relevant. The
anticorrelation in the temporal pattern of ICA1 is seen by a monotonic increase for Mauna Loa (ICA1, Fig. 3),
which corresponds to a monotonic decrease in Kilauea (seen on tracks T343 and T472; Fig. 3, dashed line). This
difference in the amplitude of the ICA1 on the four considered tracks on Kilauea can be attributed to the dif-
ferent orbits or, in other words, to the different LOS directions of the considered tracks. Conversely, the second
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Figure 2. LOS deformation cumulative maps. (A), (B), (C): ENVISAT 093 orbit; (D), (E), (F): ENVISAT

343 orbit; (G), (H), (I) : ENVISAT 472 orbit; (J), (K), (L): ENVISAT 200 orbit (see Table S2 for track details).
Column 1 shows the LOS cumulative displacement DInSAR map; columns 2 and 3 represent the first and
second components resulting from applying the ICA decomposition algorithm. The black crosses indicate the
points used for extracting the time series shown in Fig. 3, while black dots are the reference points used for the
DInSAR SBAS processing.

ICA component displays a more complex temporal pattern, with an increase until the FD07 eruption, followed
by a decreasing trend until the end of 2009.

The GPS data analysis reveals similar patterns to the SBAS time series for both volcanoes (Figs. S1 and S2
in supplementary material). The vertical axis is in order of 5 and 10 pstrain, respectively. Mauna Loa volcano
displays slow strain rates until the second part of 2009, when the rate increases significantly in triplets of stations
located in the southeast part of the summit caldera. Although the last four triplets (those located in the SE part of
the main crater) dominantly see the decrease in strain area that began in mid-2009, the other triplets of stations
show a smaller but evident decrease too. From mid-2008 to mid-2009, the strain area of Kilauea diminished
(Fig. S2). After the second half of 2009, GPS stations in Kilauea crater and its surroundings record a significant
increase in the strain area.

The GPS ground deformation patterns show the different behaviour of Mauna Loa and Kilauea (Figs. S1 and
S2). Specifically, since 2009, the patterns of the two volcanoes show an opposite behaviour. This agrees with the
results of ICA decomposition, shown in Fig. 3. The ICA2 component does not vary much since mid-2009; hence
the ground deformation is shown in the anticorrelated ICA1 pattern. This does not hold for the previous interval,
where ICA2 is prevalent on the ground deformation at Kilauea.
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Figure 3. LOS displacement time series of Mauna Loa and Kilauea summits. (A), (C), (E), (G): time series for
LOS displacement of Mauna Loa; (B), (D), (F), (H): time series for Kilauea volcano. Time series of LOS data

are shown with continuous black lines; time series of the first component of ICA are indicated with the dashed
black lines, while the dotted black lines report the time series of the second component of ICA. Vertical lines
mark major volcanic episodes and the date of the beginning of the GPS dataset: (A) Mother’s Day flow, which
began erupting from Pu'u ‘0% on 12th May 2003; (B) small bench collapse on 30th July 2006; (C) Father’s Day
eruption on 17th June 2007; (D) explosion on 19th March 2008; (E) the second half of 2008 which represent the
time interval where the GPS measurements are available; (F) active vent within Halema'uma'u crater in January
2009.

The ICA analysis of the DInSAR SBAS time series of the satellite tracks highlight the presence of an anticor-
related ground deformation pattern linked to at least two sources located beneath the summit calderas of Mauna
Loa and Kilauea (component ICA1). Furthermore, the presence of another source is evidenced by the ICA2
component beneath Kilauea alone. In order to better understand the physical mechanisms responsible for the
observed ground deformation patterns, we performed inverse modelling of the three detected sources and used
Akaike Information Criterion (AIC)* to select the appropriate model for each source.

In Table S1 in supplementary material, we detail the parameters of the three retrieved sources. Based on
AIC, the temporal variation of Mauna Loa area displacements (delineated by ICA1) are best explained by a sub-
vertical Okada crack model, with a centroid located at 6.2 km depth (Fig. 4; Table S1). The ICA1 component for
Kilauea is better represented by a simple Mogi* source located at 1.2 km depth (Fig. 5). The ICA2 component
for Kilauea is best described by a sub-horizontal Okada® crack located at 3.5 km depth (Fig. 6; Table S1 in sup-
plementary material).

Figures 4, 5, and 6 show the inverse modelling results for each of the three modelled sources of ground defor-
mation. Each Figure shows the spatial pattern of the ground deformation associated with the relevant ICA, the
best-fit analytical model, and the residuals.

The panel (B) in the Fig. 7, shows a schematic tridimensional perspective of the three sources of ground
deformation resulting from inverse modelling. Beneath Mauna Loa volcano, there is an Okada dike-shaped
source. In the area of Kilauea, there are Mogi-like and Okada sill-shaped sources of deformation.
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Figure 4. Inverse modelling of the Mauna Loa ground deformation source for four selected tracks: (A), (B),
(C): ENVISAT 093 orbit; (D), (E), (F): ENVISAT 343 orbit; (G), (H), (I): ENVISAT 472 orbit; (J), (K), (L):
ENVISAT 200 orbit, respectively. Column 1 represents the first component (ICA1) encompassing a radius of 20
km from Mokuaweoweo Crater. Column 2 represents the inverse model. Column 3 shows the residuals.

Discussion

Previous studies of Mauna Loa and Kilauea hypothesised the presence of a connection between these two volca-
noes. In this context, Kilauea volcano provided considerable geophysical and geochemical data due to its constant
activity from 1983 to 2018. However, the lower density of the geophysical monitoring network of Mauna Loa with
respect to Kilauea, poses some difficulties in comparing the geophysical data of the two volcanoes®. This work
has provided evidence for two sources associated with ICA1 and showing an anticorrelated temporal relationship
between the Mauna Loa and Kilauea (Fig. 3).

The findings of the inverse modelling are consistent with previous studies. Poland et al.*> postulated the
existence of two long-term magma reservoirs beneath the Kilauea summit. Both reservoirs are connected to the
rift zone system. Additionally, there exists a temporary storage area beneath Keanakaoko'i Crater. They high-
lighted the presence of a shallower magma reservoir located in the eastern margin of Halemauma'u Crater, at
a depth of 1-2 km depth. This source may coincide with the Kilauea-ICA1 source proposed here, located at 1.2
km depth (Fig. 5; Table S3). According to Poland et al., deeper magma storage at Kilauea is situated at about
3 km depth and displaced to the south of Halemauma'u Crater. This is consistent with our inversion results,
which show a sill-shaped source located at a 3.5 km depth. The inverse model of the second and deeper source
of the Kilauea volcano is given in Fig. 6, with parameters detailed in Table S1 in supplementary material. Our
results for the Kilauea feeding systems are compatible with Poland et al.* showing the presence of at least two
ground deformation sources active between 2003 and 2010. However, Poland et al.® postulate the existence of a
spherical or an ellipsoidal source in the southern side of the main caldera of Kilauea. In contrast, our inversion
results indicate the existence of a sill-like reservoir. Let us remark that our source model is related only to the
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Figure 5. Inverse modelling of the Kilauea ground deformation source for four selected tracks: (A), (B),
(C): ENVISAT 093 orbit; D, E, F: ENVISAT 343 orbit; G, H, I: ENVISAT 472 orbit; ], K, L: ENVISAT 200
orbit, respectively. Column 1 represents the first component (ICA1) encompassing a radius of 11 km from
Halema'uma'u Crater. Column 2 represents the Mogi analytical model as a result of the inverse modelling.
Column 3 shows the residuals of the inverse modelling and the observed data.

ground deformation pattern related to the second component (ICA2) of decomposition. We again emphasise
the effectiveness of ICA in separating the contribution of individual sources, significantly reducing the intrinsic
ambiguity in geodetic inverse problems.

At Mauna Loa, previous studies emphasised the relevance of the rift zones as sources of ground deformation®*.
Our findings suggest a dike-like geometrical structure as a primary source during the interval considered (Fig. 4).
During our analysed period (2003-2010), the ICA decomposition detected only one component of ground
deformation in Mauna Loa. This is in agreement with Pepe et al.®, who, although proposing a more complex
geometrical model, showed that the main reservoir and the rift zone acted with synchronous behaviour.

Many authors have already suggested possible connections between Mauna Loa and Kilauea. Miklius and
Cervelli'? proposed a crustal-level interaction between them: pulses of magma in the plumbing system of Mauna
Loa may cause pressure variations in the Kilauea shallow magma system. Gonnermann et al.'* explained observed
related ground deformation patterns by considering a pore-pressure diffusion within a thin accumulation layer in
the asthenosphere. Since the magma composition at Kilauea is isotopically distinct from Mauna Loa”’, Gonner-
mann et al.’? suggested the interconnection between Mauna Loa and Kilauea must be explained by the transfer
of stress by pore-pressure variations. Shirzaei et al.*® explain the interconnection between the Mauna Loa magma
chamber and the Kilauea rift zone through pore pressure diffusion in an asthenospheric magma supply system.

We note that volcanic interconnection is even more evident if we consider the temporal evolution of the
ground deformation patterns. From 1983 until 2003, both volcanoes were deflating'>'*-'”. The time series of
DInSAR data (Fig. 3) shows the change of the ground deformation that took place in 2003 and was explained
by many authors as sudden inflation that started in Kilauea and lasted until 2007. That inflation resulted in an
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Figure 6. Inverse modelling of the Kilauea ground deformation source for four selected tracks: (A), (B),

(C): ENVISAT 093 orbit; (D), (E), (F): ENVISAT 343 orbit; (G), (H), (1I): ENVISAT 472 orbit; (J), (K), (L):
ENVISAT 200 orbit, respectively. Column 1 represents the first component (ICA2) encompassing a radius of 15
km from Halemauma'u Crater. Column 2 represents the inverse model. Column 3 shows the residuals.

eruption that started in the northern part of Makaopuhi Crater due to higher magma rates in ERZ?. While Kilauea
showed higher volcanic activity accompanied by ground deflation mostly represented by the continuous and
dotted line in Fig. 3 in Kilauea block, Mauna Loa was still experiencing gradual inflation of the ground - con-
tinuous and dashed line in Mauna Loa block (Fig. 3). Many authors have attempted to explain these opposing
ground deformation pattern behaviours, presenting models for the causes. Poland et al.'” stated that the 2003-
2007 episode was an unusual event, caused by the arrival of a new pulse of magma from the mantle. Dzurisin
et al.* found similar behaviour in the late 70s: when Kilauea experienced an increase in magma supply, inflation
of Mauna Loa was also observed. Poland et al.*> explained this similar behaviour by magma input to the deep
storage zone that affected both volcanoes.

The DInSAR SBAS time series analysis via the ICA decomposition technique provides a powerful tool for
assessing and highlighting the relationship between the magmatic systems of the two volcanoes, and can be used
to constrain the underlying physical mechanism of their possible connection. Interconnection between the two
volcanic systems is best shown by the first independent component of the ground deformation (ICA1). In con-
trast, ICA2 shows a ground deformation source affecting only Kilauea volcano. The rapid deflation of Kilauea
from 2007 to 2009 (Fig. 3) has a source located beneath Halema'uma'u Crater. Co-incident with deflation of
this source, the interconnected source of Kilauea and Mauna Loa (ICA1) was deflating more gradually (Fig.3).

The GPS strain area results support anticorrelated behaviour of these two volcanoes. The 2009 strain area
reduction in Mauna Loa and the opposite increment of the strain area in Kilauea indicates that while Mauna
Loa was undergoing a deflation, Kilauea was experiencing an inflation episode.
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Figure 7. 3D numerical modelling of strain fields. (A) The Digital Elevation Model of Hawai’i Island, with the
red line representing the trace (A-A’), used in panels (C-E). (B) tridimensional representation of the modelled
ground deformation sources of Mauna Loa and Kilauea volcanoes. The sources are numbered according to
Table S1 in the supplementary material. (1) the Mauna Loa dike-shaped source from ICA1; (2) the Kilauea
Mogi-like source from ICA1; (3) the Kilauea sill-shaped source from ICA2. Storage areas and topography

are exaggerated in size for clarity. (C) the volumetric strain field represented along the A-A’ trace due to an
overpressure applied to the Mauna Loa dike-like source. (D) volumetric strain field along the A-A’ trace due to
an overpressure applied to the Kilauea Mogi-like source. (E) volumetric strain field along the A-A' trace due to
an overpressure applied to the Kilauea sill-like source.

Finally, based on the inverse modelling results, we maintain that the pattern associated with the anticor-
related component ICA1 points to a very shallow source beneath Kilauea. This makes it unlikely that there is
a direct connection between the magmatic systems of the two volcanoes in the deeper crust. A direct connec-
tion at shallow depths would provide a further source of ground deformation, which has never been observed.
Furthermore, it would contradict petrological and geochemical evidence?’. On the other hand, the existence of
a second component, related to Kilauea alone, suggests a more complex configuration of the plumbing system
of Kilauea, characterised by multiple reservoirs.

The spatial configuration suggests a possible explanation for the observed anticorrelation between the ground
deformation sources related to ICA1 (numbered 1 and 2 in Fig. 7). Their respective geometries make the stress
field, caused by the inflation of one source, act on the other with forces directed inward along its external sur-
face. At the same time, because of its sill-like geometry, the source related to ICA2 (number 3 in Fig. 7) would
be less sensitive to these changes in the stress field, explaining its independent temporal behaviour. In practice,
the dike-shaped source of Mauna Loa would be capable of affecting the shallow volumetric (Mogi-like) source
of Kilauea, but not the deeper sill-shaped source.

To corroborate our hypothesis, we performed a quantitative numerical model of the interaction between the
plumbing systems of Mauna Loa and Kilauea. The Figs. 7 and S13 in supplementary material show the volumetric
strain and stress fields as the consequence of internal overpressure applied to each source independently. We
selected the overpressure values for each source to reproduce approximately the maximum observed ground
deformation above each source. Figure 7 shows the volumetric strain produced by a pressure change inside the
Mauna Loa dike-shaped source (see panel (C) in Fig. 7). It can be seen that the strain field in the surroundings of
the shallow source at Kilauea is perturbed. The Mauna Loa Okada source does not significantly affect the deeper
Kilauea reservoir. Furthermore, panels (D) and (E) in Fig. 7 show that pressure changes inside the Kilauea sources
does not significantly affect Mauna Loa. Therefore we conclude that the interaction through stress-transfer is
effective only between the Mauna Loa dike with respect to the shallow Mogi-shaped Kilauea reservoir. In the
supplementary Fig. S13, we also show the corresponding isotropic component of the perturbed stress field.

Conclusions

The application of ICA decomposition to four DInSAR SBAS datasets revealed an anticorrelated behaviour
between Mauna Loa and Kilauea volcanoes during the studied interval 2003-2010. At the same time, another
pattern of ground deformation has been identified and is linked to independent behaviour at Kilauea alone. The
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GPS dataset and inverse modelling results support these findings. Moreover, another significant result from our
analysis is the evidence of a single ground deformation source at Mauna Loa during the studied time interval.
This has been previously suggested by Pepe et al., who showed the central conduit dynamics and the dikes along
the rift zones displayed an almost synchronous inflation. Kilauea displays a greater complexity, with at least two
sources simultaneously active.

We highlight that the connection between Mauna Loa and Kilauea occurs at shallow depths in the first few
kilometers of the crust, through a stress transfer mechanism. Stress transfer at Mauna Loa and Kilauea has been
considered by various authors to explain the dynamics of intrusions along rift zones'*!® and the interaction
between earthquakes and eruptions®® at both volcanoes. This interconnection is created by the Mauna Loa
reservoir perturbing the Kilauea shallowest source. Conversely, the sources below the Kilauea do not effectively
influence the Mauna Loa reservoir. In practice, the inflation of Mauna Loa makes the stress field in the sur-
roundings of Kilauea less favourable for the ascent of magma into its shallow reservoir. The opposite mechanism,
with Kilauea affecting Mauna Loa, seems less favorable. The respective geometries of the sources (Fig. 7) make
an effective mechanical interaction possible only between the dike-shaped source of Mauna Loa to the shallow
volumetric source of Kilauea. The sill-shaped geometry of the deeper Kilauea source means it is less affected by
this interaction process, as also confirmed by numerical modelling.

An important result of this work is the application of ICA to ground deformation datasets. This statistical tool
has been demonstrated to effectively detect and separate individual independent sources within complex spatio-
temporal ground deformation patterns. This approach greatly simplifies the study of complex ground deformation
sources, whose components can be modelled independently. Using more advanced inverse modelling tools’ can
shed further light on the spatial complexity of the Kilauea plumbing system. Further studies should be devoted
to analyzing the interaction between ground deformation sources over a larger time span.

Methods

DInSAR SBAS time series. In this work, was utilised the large amount of satellite data acquired over
eight years (2003-2010) across Hawai’i Island. Specifically, C-band (wavelength of &~ 5.6 cm) ASAR ENVISAT
images from the European Space Agency (ESA) were acquired along both ascending and descending orbits
from 2003-2010 (see Fig. S3 in the supplementary material). Four tracks were selected: T093 along an ascending
orbit, and T343, T472, and T200 (Fig. S3 in supplementary material) along descending orbits. The tracks have
different swathes: 12, 17, I1, and 12, respectively (see Table S2 for tracks details). We analysed a catalog of 394
SAR images covering both Mauna Loa and Kilauea volcanoes, with look angles ranging from 15.0° (I1) to 45.2°
(17)°. All the interferograms of the considered tracks were analysed automatically, and noisy interferograms were
discarded. We performed a multitemporal analysis using the Small Baseline (SBAS) technique that provided a
Line-Of-Sight (LOS) time series for coherent pixels of the SAR images. SBAS algorithms allow the production of
a deformation time series for each coherent pixel*. For data processing, we employed the Grid Processing On-
Demand (G-POD) platform of ESA that applies the SBAS algorithm and can process large volumes of DInSAR
data®. Tracks covering only one of the two volcanoes were discarded from the analysis (see Figs. 4, S5, $6, and
Table S4 in the supplementary material).

Independent component analysis (ICA) of DINSAR SBAS time series. Independent Component
Analysis is a multivariate statistical tool that allows the separation of a spatio-temporal dataset into discrete com-
ponents, for which the relative statistical independence is maximised®. ICA is a widely recognized technique
that allows the detection of “hidden” patterns in complex datasets*. An advantage of using ICA in volcano geod-
esy is that it allows simplification of the inverse problem by separating the contribution of different causative
ground deformation sources. ICA was highlighted by Ebmeier®’ as a valuable tool in the detection of different
sources responsible for observed ground deformation patterns'. For Hawai’i Island, each track dataset consists
of a set of time series L(xi, tj), where L is the LOS displacement for a given track, xi is the spatial position of the
i-th DInSAR pixel, tj is the time of the j-th DInSAR image.

Using ICA, the original dataset can be decomposed into a finite sum of N components with a fixed spatial
pattern B(xi) and time-varying amplitudes. In practice, the observed LOS displacement time series for a given
track can be represented as:

N
LG, tj) = AgBr(x), 1)

k=1

where By is the normalised spatial pattern corresponding to the k-th ICA component, and Aj is the amplitude
of the k-th ICA component at time #;.

In the model of Eq. (1), the LOS displacement is expressed through a linear combination of the normalised
spatial patterns By, through the time-varying coefficients Aj. Once the By are known from ICA, the coefficients
Ajk can be determined by solving the linear system of Eq. (1) using a least-squares approach. This model implies
that using only a limited number of components, as is usual when performing ICA, the sum on the right side of
Eq. (1) cannot fully model the whole signal L. If the number of selected components is sufficient, this missing
value is generally related only to the incoherent noisy part of the signal.

The ICA components can be ordered based on their energy, defined as the sum of squared Aj for each k.
This allows a consistent sorting of the retrieved components, irrespective of the specific ICA algorithm used. In
our case, using three components was sufficient since additional components had negligible amplitude values.

The first and the second components (ICA1, ICA2) were associated with a clear and meaningful signal, while
the third component (ICA3) was mainly composed of noise; hence it was not considered further. In Table S3 (in
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supplementary material) we show the percentage of the energy of the ICA signal in every component for each
track of the study. It should be noted that for the purposes of ICA decomposition, it is recommended to have a
minimum of 3 components so that at least one of them includes the noisy part of the signal**%’.

Non-linear inverse modelling. To model the observed ground deformation, we tested four analytical
source models*: the Mogi point source®, the spheroidal source®, the closed pipe*” and the rectangular crack®?.
In all cases, we performed the modelling assuming a Poisson’s ratio of 0.25 within a half-space. We selected the
best model for each ICA and each volcano following the Akaike Information Criterion (AIC)*’. We performed
a non-linear inversion of each track for all previous source models for each ICA and each volcano. The inverse
method relies on a non-linear optimisation of a misfit function using the Nelder-Mead simplex algorithm. The
misfit function is defined as the sum of the squared residuals between the observed and synthetic data. The syn-
thetic data, computed using the aforementioned analytical models, were projected along the LOS corresponding
to each track. The final models resulted from averaging the results obtained for each track. We obtained a source
model for Mauna Loa, corresponding to ICA1, and two models for Kilauea, corresponding to ICA1 and ICA2,
respectively.

GPS data. GPS stations up to 10 km from the summit calderas of the two volcanoes were selected (Fig. S3
in supplementary material). For Mauna Loa and Kilauea volcanoes, 8 and 7 stations were selected, respectively,
with data from 2008 to 2011. The GPS daily solutions were downloaded from the Nevada University repository
(http://geodesy.unr.edu)*!.

We used horizontal components to compare results obtained through the ICA decomposition of DInSAR
SBAS data with GPS time series, since vertical components have a higher signal/noise ratio. The areal strain time
series was computed since it does not require the assumption of a reference point on the island. The areal strain
is a geodetic method widely applied in active volcanic areas and has been described by many authors*>~*. For
this purpose, we computed the area for triplets of GPS stations covering more than half of the summit calderas
(see Figs. S7, S8 in supplementary material). We did not use triplets with significant temporal data gaps or
whose signal was too noisy. Accordingly, we used 11 triplets for the main crater of Mauna Loa and 15 triplets for
Kilauea’s summit caldera. We studied the temporal variation in the area of a given triplet of stations, determining
the areal strain time series SA(t) as:

SA(t) = (A(h) — A%(to)), )

with §A(t) being the times series of the area of a given triplet and A(f) the area at the initial time of the series.
We did not consider the detailed spatial variations of the areal strain since we are making only a qualitative
comparison of the trend of DInSAR SBAS and areal strain data here. Most of the GPS stations at Kilauea began
operation in the first quarter of 2008. Hence, we computed the areal strain time series for this volcano begin-
ning in mid-2008, when the GPS network was fully operative. Therefore, we also begin the comparison with the
Mauna Loa time series from June 2008 (although more data is available).

Numerical modelling of the stress and strain fields. To validate the stress-transfer model, we real-
ized a finite-element tridimensional elastic modelling using the software COMSOL Multiphysics °. The model
includes the topography of Hawaii Island and the sources of the ground deformation determined by non-linear
inversion. The size of the computational domain was 100x100x70 km®. The linear elastic material characteristics
were assumed as isotropic, with elastic constants retrieved from the 1D velocity model of Lin et al.*®. The bound-
ary conditions of the domain were chosen to be fixed on the bottom and lateral sides. The computational domain
was built as tetrahedral mesh elements with dimensions ranging between 150 and 3500 m. As explained in the
“Discussion” section, we applied an overpressure to each source, calculating the corresponding perturbation of
the stress and strain fields.

Data availability

The DInSAR SBAS datasets used and/or analysed during the current study available from the corresponding
author on reasonable request. The GPS daily solutions were downloaded from the Nevada University repository
(http://geodesy.unr.edu).
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Geodetic imaging of magma ascent
through a bent and twisted dike
during the Tajogaite eruption

of 2021 (La Palma, Canary Islands)

Monika Przeor2*?, Raffaele Castaldo?, Luca D’Auria’?, Antonio Pepe?, Susi Pepe?,
Takeshi Sagiya“, Giuseppe Solaro?, Pietro Tizzani3, José Barrancos Martinez’? &
Nemesio Pérez'?

On Sept. 19th, 2021, the largest historical eruption on the island of La Palma began, which had a
significant scientific, social, and economic impact. The 2021 Tajogaite eruption was characterised

by short precursors, lasting only 8 days. The seismicity started on Sept. 11th with a westward and
upward migration of hypocenters. Permanent GNSS stations started recording deformation on Sept.
12th on the island’s western side, which reached more than 15 cm just before the eruption. After the
eruption onset, the ground deformation increased, reaching a maximum on Sept. 22nd and showing
a nearly steady deflation trend in the following months. To better understand the dynamics of the
eruption, we exploited a joint dataset of GNSS and Sentinel-1 SBAS time series along both ascending
and descending orbits. To obtain the geometry of the causative source of the ground deformation, we
combined the result of a preliminary non-linear inversion and the precise location of the seismicity.
The resulting geometry of the source is that of a twisted dike bending eastward. We performed inverse
modelling to obtain the spatiotemporal kinematics of the opening function of the dike. The forward
modelling has been realised using a 3D finite-element approach considering the island’s topography.
Our findings reveal a close correspondence between the magmatic intrusion and pre-eruptive
seismicity. The ascent of the magma occurred along two branches, and the rheology of a previously
identified ductile layer strongly affected the magma propagation process. Finally, we found evidence
of an early shallow deformation, which we interpret as the effect of ascending hydrothermal fluids.
Our findings highlight the need for advanced modelling to understand pre-eruptive processes in
basaltic volcanoes.

The Canary Islands are located off the northwest coast of Africa, 150 km from the African coastline (Fig. 1). The
Canaries originated in the intraplate region of the African plate and extend along a 500 km wide alignment from
East to West, in the framework of —13° W and — 18° W longitudes and 27° N and 30° N latitudes. The formation
of the Canaries started in the Oligocene and is still in process’2 The most ancient islands are Fuerteventura and
Lanzarote, the easternmost located of all Archipelago. Its formation continued with the direction to the West,
being the most recent islands of El Hierro and La Palma.

La Palma Island formation started in the Pliocene, 4 My ago, as a seamount sequence that lasted about 1 My?.
Between 3 and 2 My, the island emerged from the ocean, and a rapid elevation of the island caused the giant
landslide. The subsequent formation of the Garafia Edifice and Taburiente Domain was also interrupted by a
gravitational landslide. The formation of the Cumbre Nueva Domain was centred on the South of the Taburiente
Domain.

Consequently, the Cumbre Vieja Domain started its formation 0.123 My ago?. This N-S volcanic ridge is still
active and hosted all the historical eruptions of the island of La Palma. The latest eruption in La Palma in the past
century (Teneguia eruption of 1971) emerged in the southernmost part of the island (Fig. 1).

Instituto Volcanoldgico de Canarias (INVOLCAN), Granadilla de Abona, Tenerife, Canary Islands, Spain. ?Instituto
Tecnoldgico y de Energias Renovables (ITER), Granadilla de Abona, Tenerife, Canary Islands, Spain. 3lstituto
Per il Rilevamento Elettromagnetico dell’Ambiente (CNR-IREA), Naples, Italy. “Nagoya University, Nagoya,
Japan.®email: mprzeor@iter.es
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Figure 1. The geological map and the GNSS permanent stations location of La Palma. The lower right-hand
side panel shows the location of the island of La Palma (in red) within the Canaries. The legend explains the
meaning of the colour shades on the map and the GNSS station. The NW-SE alignment of the effusive fissure of
the 2021 eruption is represented by the red line (A-A).

On Sept. 19th, 2021, in the N.W. of the Cumbre Vieja ridge, a new volcanic eruption on the island started and
lasted 85 days’. The eruption’s consequences (gas emissions, a large volume of lava flows, and tephra dispersion)
resulted in one fatality due to indirect causes and enormous economic and social losses*. The volcanic precur-
sors, like ground deformation, seismicity, and gas emissions, were noticed 8 days before the eruption onset’.
The permanent volcano monitoring stations of Instituto Volcanoldgico de Canarias (INVOLCAN) assessed the
ground deformation and the pre-eruptive seismicity migration. The Global Navigation Satellite System (GNSS),
the Sentinel-1 (S-1) satellite constellation, and seismic stations collected the data of the pre-and early-eruptive
phases used in the present study. The first evidence of the magmatic intrusion began on Sept. 11th*, with a
seismic swarm of volcano-tectonic character, with a depth of 10 km or less. The upward migration of the hypo-
centers lasted only 8 days until magma emerged to the surface. Considerable ground deformation appeared on
continuous GNSS (cGNSS) stations of INVOLCAN on Sept. 12th and continued increasing to reach its maximum
3 days after the eruption onset.

This study analyses magmatic and hydrothermal sources that caused the pre-eruptive ground deformation
in La Palma. To this aim, we processed a sequence of Synthetic Aperture Radar (SAR) images collected by the
Sentinel-1 (A and B) satellites from January to November 2021. We used the multi-temporal differential inter-
ferometric SAR (DInSAR) and Small Baseline Subset (SBAS) method®. Subsequently, we analysed the InSAR-
driven ground displacement measurements and the available cGNSS dataset from Sept. 8th to Sept. 28th, 2021.
Accordingly, we performed a preliminary non-linear inversion to determine the dip of the shallow part of the
dike. The geometry of the deeper part has been constrained by using the relocated hypocenters of D’Auria et al.’.
Later on, following D’Auria et al.” and Pepe et al.®, we applied the Geodetic Imaging technique to the DInSAR
and cGNSS datasets to understand the ascent path of magma and the spatiotemporal dike aperture kinematics.

Previous studies evidenced the importance of advanced modelling of the ground deformation sources to
understand the dynamics of a magmatic plumbing system’~'!. The results of this study are supported by previous
studies about local earthquake seismic tomography (LET) of La Palma®, Ambient Noise Tomography (ANT)'2,
deformation inverse modelling'®!!, petrological studies'® and gravity surveys by Montesinos et al.**.
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In this study, we denote the 8 days preceding the eruption as the pre-eruptive phase and the dates between
Sept. 19th and 28th as the early-eruptive phase. Geodetic imaging proved to be an effective tool for understanding
and visualising the complex magmatic ascent process on La Palma island during both phases.

Results

Preliminary non-linear inversion and dike geometry

Based on the results of previous studies'’, we assume that the shallow part of the conduit consists of a southwest-
ward dipping dike. Therefore, we performed a non-linear inverse modelling to constrain the dip of this shallow
part of the conduit (see the Methods section for more details). Figures S1 and S2 in the supplementary materials
represent the data, the model, and the residuals for each displacement map for both orbits.

We modelled the source using a simple rectangular dike geometry'®, constraining the azimuth (125°), fol-
lowing the surface orientation of the eruptive fissures (Fig. 1)'°. The retrieved best-fit value of the dip was 50°
westward. The location and the geometry of the shallow dike have been adjusted to one of two shallow seismicity
clusters corresponding to the dike ascent. However, the second shallow seismicity cluster is unrelated to the dike
intrusion process. Previous studies®>” demonstrated that it is related to hydrothermal activity triggered by the
fluids released by the ascending magma. It is located to the South of the eruptive vents, and it is not relevant for
modelling the dike geometry (Fig. 2).

However, this shallow dike alone cannot accurately describe the pre-eruptive intrusion process. The 3D pre-
eruptive seismicity pattern® shows a north-westward and upward migration of the hypocenters until Sept. 18th.
This suggests that the lower part of the dike generated by the magmatic intrusion, starting at about 10 km depth,
has an eastward dip. Therefore, a curved dike is a more appropriate geometry for the ground deformation source.
To model the geometry of the lower part of the dike, we performed a geometrical fit with the hypocenters distri-
bution using a simple rectangular geometry. The best-fit azimuth and dip are respectively 89° and 67° southward.

The final geometry results from merging these two dikes at a depth of about 3 km. This depth was selected
based on the earthquake distribution, which shows a different trend starting from this depth®. The resulting
geometry is that of a bent and twisted dike schematically shown in Fig. 2.

Geodetic imaging

Using the dike geometry described in the previous section and applying the geodetic imaging technique described
in "Geodetic imaging" section, we obtained a spatiotemporal imaging of the dike opening function. In the follow-
ing, we describe in detail this result by showing both the absolute opening function (i.e., relative to the first image)
and the differential one (i.e., relative to the previous image) (Figs. 3, 4, 5, and 6). For clarity, the dike opening
function is shown on a 2D image. In each image, we also show the projection of all the earthquake hypocenters
(represented with black dots) recorded between 11 and 28th Sept. 2021, while the earthquakes recorded between
each image and the previous one are represented with green dots.

There is no visible deformation in the first two images of both orbits (Sept. 8th and 10th) (Fig. 3A-D). Until
Sept. 11th, neither seismicity indicated relevant magma movement at depth.

Between Sept. 11th and 14th, the most relevant precursor of the approaching eruption was the north-west-
ward and upward migration of the seismicity starting from a depth of about 10 km?®. The ground deformation
began to be significant on Sept. 14th, reflecting magma accumulation at a depth between 6 and 8 km (see R1 in
Fig. 4A). The seismicity comprised two clusters located between 6 and 10 km. The first one, denoted S1, con-
nects R1 with the magma chamber, located at more than 10 km depth by the local earthquake tomography’. The

Figure 2. Tridimensional representation of the dike geometry and the topography of La Palma island. Panel
A is a view from S.W., while B is from W. Earthquake hypocenters are represented as cyan circles. The axes are
represented in meters (m).
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Figure 3. Distribution of absolute and differential dike opening for the 8th (ascending orbit) and Sept. 10th
2021 (descending orbit). Grey dots represent the projection on the dike of all the seismic events located between
Sept. 11th and 28th. The seismic events colour in the images of Sept. 8th is represented with dark grey in order
to highlight the total of earthquakes produced in the analysed period. Orange stars indicate the future location
of the main eruptive vent.
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Blue ellipsoids and black squares represent, respectively, the features in the dike opening function and the

clusters of seismic events discussed in the text. Orange stars indicate the future location of the main eruptive

vent.
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Figure 5. Distribution of absolute and differential dike opening for the 20th (ascending orbit) and Sept. 22nd,
2021 (descending orbit). The volcano symbol indicates the position of the main eruptive vent.

second cluster, S2, corresponds to the location of the magma accumulation zone in R1 (see Fig. 4A). The dike
opening marked with the R2 is located along the primary magma pathway toward the surface. Conversely, the
R3 is situated to the SW of the primary pathway, between 3 and 6 km depth.

The descending orbit from Sept. 16th shows that the dike opening R1 increased its magnitude and extends in
depth between 5 and 8 km, with an approximate width of about 3 km (Fig. 4C,D). The R2 accumulation zone also
increases its magnitude and area, reaching a diameter of approximately 2 km. The magma ascent was associated
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Figure 6. Distribution of absolute and differential dike opening for the 26th (ascending orbit) and Sept. 28th,

2021 (descending orbit). The meaning of the symbols is the same as in Fig. 5.

with a new cluster of seismicity migrating upward from S2 to S3. In this interval, we also observe a sparse, shallow
cluster located between 0 and 3 km depth, represented by S4. The location of this cluster is spatially separated

from the main seismicity related to the dike intrusion process®'%.

On Sept. 20th, 1 day after the beginning of the eruption, the previously observed accumulation zones R1 and
R2 merged, forming a single accumulation zone extending between 3 and 9 km, with a width of about 3 km,
indicated as R4 in Fig. 5. The seismic cluster S5 is shallower than the previous ones, extended from the surface
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until 6 km depth. In this image, we can also observe a shallow magma accumulation zone (R5 in Fig. 5), which
extends between 0 and 2 km depth with a width of about 1 km and coincides with the location of the eruptive
vent. We also observe an increase in the dike aperture of the accumulation zone R3 located at a depth between
3 and 4 km.

Since the beginning of the eruption, the strong volcanic tremor prevented the detection of low-magnitude
seismici‘[y3 . However, on Sept. 22nd, the seismicity was mainly located at a shallow depth between 0 and 2 km,
which is denoted as S6 in Fig. 5. At the same time, the accumulation zone R4 shows a marked change, with a
decrease in the dike opening in the lower part and an increase in the upper part (see R4A and R4B in Fig. 5D).
We also observe a decrease in the opening in the R3 zone. We also observe the appearance of a new accumulation
zone (R6), between 2 and 4 km, located right above R3 Fig. 5C,D.

In the image of Sept. 26th, we observe a marked decrease in the dike opening right beneath the vent (R7 in
Fig. 6). The zone R4 shows a reversal in its behaviour, with replenishment of its lower part. Analogously, the
zones R3 and R6 show a similar reversal.

On Sept. 28th, we observed a renewed increase in the magnitude of R7, R6, and R3. The zone R4 shows a
deflation, except for its upper part, and a significant reduction in width. On this date, we also observed the
appearance of a deeper seismicity, located mainly below 6 km depth (Fig. 6C,D).

Discussion

The complex dike geometry depicted in this work results from a joint analysis of geodetic and seismic data. A
straightforward evidence that the geometry we depicted is realistic comes from the time series of horizontal
cumulative displacement of the ARID station (see supplementary Fig. S14). It can be seen that until Sept. 18th,
the displacement is mainly toward the W. After it changes abruptly to SW because the magma reached the upper
part of the conduit, having a different orientation.

Different factors can affect the propagation of dikes: the stress field, the mechanical properties of the rocks,
and the buoyancy of the magma'”. First, we notice that the dike bends around a high-velocity body identified by
the seismic tomography model of D’Auria et al.%. This can explain the north-westward migration of the intrusion
during the pre-eruptive phase. The subsequent deviation toward the East and the development of its twisted
geometry can be explained, taking into account the internal stress field of the volcano. Following Dahm et al.'8
and Maccaferri et al.'’, gravitational loads make magmatic intrusions move towards higher topography zones. In
the case of La Palma, the highest altitudes are located along the N-S dorsal of the Cumbre Vieja domain (Fig. 1).
Therefore, the eastward bending is compatible with the effect of gravitational loads due to the topography of the
volcano. Actually, the majority of the historical and prehistoric vents of Cumbre Vieja are located close to the
summit of the ridge'.

The geodetic imaging results (Figs. 3, 4, 5, and 6) give a detailed overview of the kinematics of the magma
movement within the dike and its relationship with seismicity. In Fig. 7, we represent, with a schematic cartoon,
our interpretation of this process on some key dates. Our study reveals that the magma started accumulating
beneath the Cumbre Vieja volcano at a depth of 6-8 km (zone R1 in Fig. 4) at least 5 days before the eruption
(Sept. 14th). The simultaneous seismicity, occurring between 7 and 10 km (S1 in Fig. 4), possibly reflects the
nucleation of the dike from the huge magma chamber, identified by D’Auria et al., beneath 10 km depth. On the
other hand, the cluster S2 can be related to the local stress field perturbed by the accumulation of magma within
the zone R1 (Fig. 7A). At the same time, the zones R2 and R3 seem to evidence a further minor accumulation
zone beneath 4 km depth (Figs. 4A and 7A). Considering previous studies concerning the internal structure of
La Palma®?°?!, we know that the first few km of the crust beneath Cumbre Vieja is characterised by low seismic
velocities corresponding to low resistivity and low-density values. As discussed by Rivalta et al.'’, the presence
of crustal layering can significantly affect the dike propagation speed. We postulate that the different rheology
of the first few km caused a temporary decrease in the dike ascent rate, causing the local accumulation in R2
and R3 (Figs. 4A and 7A).

The seismicity focused on two clusters on Sept. 16th (see Figs. 4C and 7B). The deeper one (S3) occurred
between 4 and 7 km deep and is located atop the accumulation zone R1. This cluster possibly reflected the pres-
surisation of R1 and the upward propagation of the crack tip. At the same time, we observe an increase in the
dike opening in R2 and R3, which we interpret as the transfer of magma toward a blind lateral branch of the
main dike (Fig. 7B). Conversely, cluster S4 does not seem to be directly associated with a magmatic process. Fol-
lowing Cabrera-Pérez et al.'?, we interpret this cluster as related to the ascent of the hydrothermal fluids exalted
from the magma itself that generated the pressurisation of a shallow hydrothermal system. The presence of this
hydrothermal system has already been highlighted by previous studies**"*. Furthermore, the study of Pankhurst
et al. (2021) revealed that the first stages of the eruption presented more hydrated minerals, meaning that the
ascending magma was fluid-rich.

The image of Sept. 20th is the first after the beginning of the eruption. The dike opening function clearly shows
the opening of the pathway toward the eruptive vent (zone R5 in Figs. 5 and 7C). The seismicity pattern indicates
that the magma approached the surface very quickly during the morning of Sept. 19th. This rapid acceleration in
the magma ascent rate when approaching the surface has been studied by Rivalta and Dahm?*, which explained
the physical mechanism of this process in terms of depth-dependent fracture toughness. The secondary blind
branch R3 in the southeastern direction of the main dike was also increasing its aperture. As mentioned before,
we believe this branch stopped its upward movement by a rheological boundary. Secondary branches departing
from the main magmatic reservoir were also observed by Fernandez et al.!. Their model shows two branches
of magma that appeared due to zones of structural weakness in the crust. Montesinos et al.', using gravity data,
showed the possible appearance of a blind magma ascent path in the Jedey zone that could coincide with the R3
branch found in the present study. Also, the observed secondary branch R3 was possibly linked to the sill-like
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Figure 7. Schematic model of the plumbing system dynamics for key dates. Orange stars represent the location
of the future site of the volcanic vent in the days preceding the eruption. The symbols of the volcano represent
the location of the actual volcanic vent. Yellow arrows represent the magma ascent directions, while the green
arrow indicates the incipient collapse of the magma reservoir. The blue dashed lines represent the limit of the
rheological boundary discussed in the text.

source mentioned by De Luca et al.'%. Also, Mufioz et al.'® suggest that the dike developed multiple paths that
could not reach the surface due to complex factors.

The main changes observed in the image of Sept. 22nd are the appearance of a further lateral branch (R6 in
Figs. 5 and 7D) and a change in the magma distribution within the main feeding conduit R4 (Fig. 5D). We also
observe the persistence of the lateral branch R3 (Figs. 5D and 7D).

Between Sept. 22nd and 26th, there was a visible reduction in the dike opening in the shallow part of the
conduit (Figs. 6 and 7E). On Sept. 27th, a temporal stop of the eruptive activity was observed, associated with a
marked drop in the volcanic tremor amplitude lasting about 10h*****. The reduction observed in the image of
Sept. 26th may be a precursor of the partial conduit collapse, which caused the temporary stoppage of volcanic
activity the next day. Also, the shallower part of the main magmatic conduit (R4B) and secondary branch R6
shows a reduction possibly related to the lack of magma in the portion of the conduit located above 4 km depth.

The eruptive activity resumed in the afternoon of Sept. 27th. The image of Sept. 28th shows a dike aperture
similar to Sept. 22nd, indicating that the primary process of the magma accumulation in the shallow crust
went back to the initial scenario. However, as shown by Pankhurst et al.'®, the magma erupted after Sept. 27th
proceeded from a deeper reservoir, as testified by petrological analysis. Therefore, we believe that the renewed
eruptive activity was driven by the arrival of a new magmatic batch with a more primitive composition. This also
agrees with the appearance of a new seismic cluster (S7 in Fig. 6C,D), which has been interpreted by D’Auria
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et al.® as the effect of the collapse of a magmatic reservoir located below 10 km depth because of its emptying
due to the withdrawal of magma.

The modelling of the ground deformation source associated with the 2021 Cumbre Vieja eruption has already
been analysed in previous studies, although using different approaches. In the following, we remark on the
similarities and differences between their findings compared with the results of our study. De Luca et al.'* used
a combination of elementary sources to perform a static imaging of the plumbing system. We used a complex
geometry, using finite-element modelling, to image the spatio-temporal evolution of the plumbing system before
and during the earliest phases of the eruption. De Luca et al.' showed the existence of the sill-like source during
the pre-eruptive phase and the presence of two dike-like sources active during the co-eruptive phases. The sill-like
source was located at the 4675 m depth b.s.l. and was active between the 8th and 16th of September, correspond-
ing mainly to the temporary accumulation of magma in its path towards the surface. This sill proposed by De
Luca et al.'” can be well explained by one of the lateral blind branches resulting from our inversion. Secondly,
in the co-eruptive phase, they found evidence that the shallow magmatic plumbing system feeding the eruption
was composed of two dikes and sills interconnected to the main reservoir, as also evidenced by the present study
with the interconnection of the dike to the lateral branches during the pre- and early-eruptive phases. Their
models encompass the 10 km depth limit, as well as the model presented in this study. However, De Luca et al.'’
only provided a static model of the ground deformation source, although the overall dike opening they retrieved
matches pretty well with our image of Sept. 22nd (Fig. 5).

Conversely, Fernandez et al.!! analysed the spatiotemporal evolution of the ground deformation source. How-
ever, they used a completely different modelling approach based on an improved version of the 3D multisource
modelling algorithm of Camacho et al.?’, which approximates the ground deformation sources as a combination
of elementary pressure and fault slip sources. We believe this approach to be not entirely appropriate with vol-
canological observations of the Tajogaite eruption, which clearly evidenced a dike as the most likely geometry,
at least for the shallow plumbing system. Therefore, in our approach, we tried to reproduce a physically realistic
geometry and mechanism for the causative source of ground deformation. Also, their model evidences the deep
source southward to the eruptive vent, as evidenced by the models presented in this study.

Additionally, we found the beginning of the deformation process related to the magmatic intrusion on Sept.
12th, while Ferndndez et al.!! found evidence of magma accumulation that started in May of 2021. However,
their overall results are in agreement with our findings, especially concerning the presence of lateral branches
in the plumbing system. Additionally, our approach allowed a direct computation of the dike opening function
and established its temporal and spatial relationship with the seismicity.

Montesinos et al.'* used gravimetric and GNSS data acquired before and after the eruption and took into
account the pre-eruptive seismicity to constrain the geometry of the plumbing system. They determined a com-
plex geometry of the feeding system composed of interconnected dikes and sills. Their model also evidences the
presence of a lateral blind branch of the plumbing system. Furthermore, they highlighted the temporary ascent
of the magma on Sept. 14th due to the presence of horizontal layering within the crust.

To assess the reliability of our findings, we performed several checkerboards and tests over the synthetic
dataset. In Figures S3, S4, S5, and S6 in the supplementary material, we represent the checkerboard test results
for different spatial resolutions. We notice that our dataset is able to resolve anomalies of about 1 km size until a
depth of 2 km (Fig. S3 in the supplementary material), anomalies of 2 km until about 4 km depth (Fig. S4 in the
supplementary material), anomalies of 2.5 km until about 5 km depth (Fig. S5 in the supplementary material)
and anomalies of 5 km along the whole model, until a depth of 10 km (Fig. S6 in the supplementary material).
This confirms that our model is able to resolve the features described above. Furthermore, we conducted some
additional synthetic tests to understand the limitations of our approach better. In Figure S7 of the supplemen-
tary material, we see that, except for the lower left corner, our inverse method is able to detect the presence of
magma along the whole domain. However, in Figures S8 and S9 of the supplementary material, we observe a
clear decrease in the spatial resolution at depth. This may justify the lack of evidence of the connection between
the main magma conduit (R4) and the deeper magma chamber. Finally, in Figure S10 of the supplementary
material, we perform a synthetic test over a realistic geometry of the magmatic system, showing that our inverse
model is able to retrieve all the relevant features.

We also need to mention, that the difference in the acquisition geometry between ascending and descend-
ing orbits can slightly affect the results. Actually, some of the minor variations observed in the differential dike
aperture models can be artefacts related to this effect.

Conclusions

We propose a novel model of the spatiotemporal evolution of the magmatic system preceding and accompanying
the first 10 days of the 2021 Cumbre Vieja eruption. For this purpose, we applied a Geodetic Imaging technique”2
to reconstruct the kinematics of the plumbing system during the pre- and early-eruptive phases. The main finding
of our study is that the causative source of the ground deformation was a dike with a bent and twisted geometry
connecting a magmatic reservoir located below 10 km depth with the surface. Its azimuth changed from E-W in
the deepest parts to NW-SE on the surface, while its dip changed from southward to southwestward.

We found an excellent agreement between the temporal evolution of the dike opening and the upward migra-
tion of pre-eruptive hypocenters. The upward propagation of the magma was very rapid (about 8 days) and
strongly accelerated during the last day. The overall geometry of the dike intrusion process shows the presence of
at least two blind lateral branches whose propagation stopped before reaching the surface. The eruption’s onset is
clearly evidenced by a dike opening right beneath the eruptive vent accompanied by intense shallow seismicity.
On Sept. 27th, the eruption stopped for a few hours. We interpret it as an effect of a temporary collapse of the
dike, as confirmed by the dike opening model, which shows an incipient collapse already starting the day before.
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In conclusion, we state that the Geodetic imaging technique is an excellent tool for better understanding
magma ascent processes. Our results provide evidence of the complexity of the dike propagation processes and
the temporal changes in the shallow plumbing system before and during an eruption.

Data and methods

Data and processing of GNSS time series

In this work, we used the permanent GNSS stations in La Palma island belonging to the Instituto Volcanolégico
de Canarias (INVOLCAN), the Nagoya University, and GRAFCAN (Fig. 1). Solutions are analysed by GAMIT/
GLOBK Software” . For processing, we used a total of 27 stations. We removed the regional tectonic component
from the solutions using the Nubian plate reference described by Saria et al.?®. We also used solutions from three
stations of Instituto Geografico Nacional (IGN) denoted LP03, LP04, and LPAL. We selected these three stations
of the IGN as the data from other stations of the IGN are not public. Figure 8 shows the time series of some of
the stations used in this study.

In Figure S11 (in the supplementary materials), we compare data and the synthetic model resulting from
the Geodetic Imaging technique for the three components of the GNSS data for all the stations used for this
study. The stations closest to the eruptive vent (ARID) experienced the most significant deformation (Fig. 8).
The deformation of ARID commenced on Sept. 14th (see Fig. 1) with 2.2 cm in the vertical component. It con-
tinued increasing in the following days, and on the day of the eruption, on Sept. 19th, the vertical deformation
was already 11.4 cm, 15.3 cm toward the West, and 3.2 cm to the South. During the first week of eruption, the
deformation continued increasing until it reached its maximum value in the ARID station, reaching 15.0 cm
in the vertical component on Sept. 22nd (Fig. 8). Some GNSS stations at a higher distance from the eruptive
vent also showed a deformation signal caused by the magmatic processes. Stations MOLU and FUEN (Fig. 1)
began showing significant deformation on Sept. 12th. MOLU reached its maximum on Sept. 28th with 3.6 cm
towards the East, 2.6 cm to the South, and 0.6 cm in the vertical component (Fig. 8). The deformed values did
not return to their pre-eruptive stage and fluctuated during the eruption, showing a nearly steady deflation in
the following months.

DInSAR Sentinel-1 data and processing
Two sets of synthetic aperture radar (SAR) images were acquired from complementary (ascending/descending)
orbits between January and November 2021 through the constellation of twin radar sensors S-1A and S-1B,
operating at the C band (wavelength of approximately 5.6 cm) and gathering images through the Interfero-
metric Wide (I.W.) mode. They were independently processed using the multi-temporal interferometric SAR
(Mt-InSAR) Small Baseline Subset (SBAS) technique®. The area covered by the used SAR images encompasses
the whole island of La Palma (Fig. 9). The relevant parameters of the SAR datasets are listed in Table S1 (in sup-
plementary material). For every detected coherent distributed scatterer (D.S.) on the ground, the corresponding
time-series of the LOS-projected ground displacement components were generated. According to Berardino
etal., Casu et al.” and Lanari et al.*, the implemented SBAS processing chain operates on sequences of multi-
look small baseline (S.B.) interferograms (in particular, 20 (range) x4 (azimuth) looks were considered in our
work) and includes specific steps for: (1) the space-time phase unwrapping®, (2) the estimation and compensa-
tion of phase artefacts in the generated SAR interferograms (i.e., the removal of residual topographic phases®),
(3) the space-time noise-filtering of the sequence of small baseline multi-look SAR interferograms® and (4)
the compensation of the atmospheric phase screen (APS). Specifically, before their inversion, the noise-filtered,
unwrapped interferograms were analysed to retrieve and compensate the APS components by implementing an
ad-hoc strategy. First, on every single interferogram, the phase components that are spatially highly correlated
with the topography were estimated and filtered out. Then, we applied the methodology proposed in Tymofyeyeva
and Fialko® that allows discriminating and filtering out the APS time uncorrelated components in a sequence
of SAR images by implementing a stacking operation on couples of S.B. SAR interferograms made with a com-
mon SAR image and characterized by the same time span (i.e., temporal baseline). The estimated tropospheric
and time-uncorrelated APS components were finally subtracted from the unwrapped interferograms inverted
through the SBAS method to obtain the relevant ground displacement time series. The residual APS components
were then further compensated with a space-time filter (e.g., see Ferretti et al.**, Berardino et al.5, Yang and
Buckley®*). Finally, the interferometric ground deformation products were geocoded, i.e., converted from radar to
geographical coordinates. Figures S12 and S13 of the supplementary material show the generated LOS-projected
mean displacement velocity maps from the ascending and descending orbit tracks, respectively. Then, we con-
centrated on the short interval between Sept. 8th and 28th, 2021, with an aim to analyse pre- and early-eruptive
ground deformation. Accordingly, we extracted the layers corresponding to the selected SAR acquisitions from
the generated LOS-projected ground displacement time series and performed the analyses detailed hereinafter.
Starting from the ground displacement time series obtained by separately processing through the SBAS
approach the available ascending/descending S-1 SAR images, we focused on the retrieved cumulative ground
deformations, calculated with respect to the first images of the two datasets acquired in January 2021. More
specifically, the analyses addressed in our study refer to the time interval Sept. 8th-Sept. 28th, representing the
core of the analyses shown in this study. Note that the obtained ground deformation values only represented
the projection of the ground displacement along the relevant radar-to-target line-of-sight (LOS) directions and
were calculated by assuming as a time reference the date of the first available SAR images of the ascending and
descending time series, respectively, collected on the first days of January 2021. Figure 9 shows the pre- and
early-eruptive cumulative LOS deformation maps for the processed ascending and descending orbits. The ground
deformation and the magma ascent were rapid. In Fig. 9A, on Sept. 14th, the deformation shows a slight defor-
mation. Two days later, on Sept. 16th, the descending orbit (Fig. 9C) captured a significant ground movement
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Figure 8. Solutions of some GNSS permanent stations solutions. Blue, red, and black horizontal lines show the
E-W, N-S, and U-D components of deformation, respectively. The vertical red dotted line marks the day the
eruption began, while the green dotted vertical line marks the day when the first significant deformation was
recorded at stations MOLU and FUEN.

on the southern side of the forthcoming eruptive vent. On Sept. 19th at 14:02 GMT, the eruption started, but
that day, Sentinel-1 did not acquire the data over the Canaries. One day after the eruption began, on Sept. 20th,
the ascending orbit captured significant deformation in the southwestern side of the eruptive vent (Fig. 9B). The
descending orbit that acquired the data on Sept. 22nd also captured considerable ground deformation (Fig. 9D).
Its spatial deformation map differs slightly from the ascending orbit due to differences in the illumination geom-
etries between the orbits and the different acquisition times that capture distinctive rapidly-evolving ground
displacement signals from one date to another.
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Non-linear inversion for the shallow dike geometry

To determine the inclination of the shallow part of the dike, we performed a non-linear inversion using the
analytical ground deformation model of Okada'®, fixing the azimuth and letting the inclination, the width, the
length and the opening to vary. We determined the best-fit model using the Nelder-Mead*® simplex algorithm.

Geodetic imaging
We applied a non-linear inversion technique of the spatiotemporal pattern of the dike opening following the
approach of D’Auria et al.”.

The dike opening function o(x,y,t) has been discretised into a set of 15 x 24 rectangular cells (Figs. 3, 4, 5 and
6) for each of the 8 DInSAR images used in this work. The computation of the Green’s function for each cell has
been performed within the finite element modelling environment COMSOL MultiPhysics®, using a 3D model
that takes into account the topography and the bathymetry around the island. We used a lateral extent of the
computational domain of 9 km. This width is sufficient to encompass all the areas affected by the eruptive phe-
nomena. Furthermore, enlarging this length would negatively affect the resolution and the reliability of the final
results. We performed the inversion using different sizes of the computational domain, obtaining similar results.

The opening function of the first image is constrained to 0, the first image being used as a reference for the rest
of the dataset. Therefore, this allows the inverse problem formulation as a linear system for a total of 15x24x7
unknown. We used a second-order Tikhonov regularisation for both space and time. As with any inverse method,
ours shows a trade-off between model resolution and fit with the data. The damping parameter controls this
trade-off. Low damping values lead to lower misfit but unreliable noisy models. Conversely, high damping values
lead to smoother models but high misfit values. In this work, we used the widely known L-curve approach® to
establish the optimal damping value. Since we used a positivity constraint for the opening function, we solved
the inverse problem through a non-linear Sequential Least Squares Programming (SLSQP) algorithm.

The final models cannot justify all the observed ground deformation because of the intrinsic limitations
related to the inverse method and the lack of details of the 3D model of the mechanical properties of the Cumbre
Vieja volcano.

To check the resolution, we performed various checkerboard tests (see Figs. S3-S6 in the supplementary
material) and a synthetic test with a realistic dike opening function (see Figs. S7-S10 in the supplementary
material). We used the same data acquisition geometry as the actual data (GNSS three components, Ascending
DInSAR and Descending DInSAR). The standard deviation of the Gaussian noise added to the synthetic data
mimics those assumed for actual data: 10 mm for DInSAR, 5 mm for horizontal GNSS components, and 10 mm
for vertical GNSS components.
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Independent component analysis
and finite element modelling of
the 2004-2005 ground
deformation unrest in Tenerife
(Canary islands)

Monika Przeor*?*, Luca D'Auria’?, Susi Pepe’, Pietro Tizzani’,
Andrea Barone?®, Andrea Vitale®, Raffaele Castaldo*® and
Nemesio M. Pérez'?

!Instituto Tecnoldgico y de Energias Renovables, Santa Cruz de Tenerife, Spain, ?Instituto
Volcanolégico de Canarias (Involcan), Santa Cruz de Tenerife, Spain, *Istituto per il Rilevamento
Elettromagnetico dellAmbiente (IREA-CNR), Napoli, Italy

Historic volcanic activity in Tenerife was concentrated within two of the island’s
three dorsals and on the Teide-Pico Viejo complex located inside Las Cafiadas
caldera. Eruptions on the island are primarily characterised by basaltic and
trachybasaltic fissural eruptions. However, the Teide-Pico Viejo complex also
hosted explosive and effusive phonolitic eruptions. Our study focused on the
analysis of the 2004-2005 unrest in Tenerife, which was characterised by an
onset of a ground deformation pattern, heightened on-land seismic activity,
changes in the chemical composition of fumaroles of the Teide composite
volcano, an increase in diffusive emissions of carbon dioxide along the NW
rift, and, significant gravity changes. We used the Envisat-ASAR satellite images
from 2003 to 2010 to generate the Line-Of-Sight SBAS-DInSAR deformation
time series to investigate the source responsible for ground deformation.
We applied the Independent Component Analysis (ICA) to separate distinct
ground deformation patterns. Specifically, we selected four components for the
Independent Component Analysis decomposition: the first one mainly affects
the stratovolcano’'s summit region of Teide and shows a circular symmetry;
the second and third components are possibly related to the topography and
atmospheric artifacts, while the fourth contains only a noisy signal. We employed
a non-linear optimisation approach in a Finite Element modelling environment
to determine the source geometry responsible for the first identified ICA pattern
of ground deformation within Las Cafladas. We used a three-axis ellipsoidal
geometry for the causative source. Our results revealed that the reactivation of
a horizontal magmatic body beneath the Teide volcano is the most likely source
for the observed deformation between 2004 and 2005.

KEYWORDS

DInSAR, volcano geodesy, tenerife, finite element modeling, independent component
analysis, DInSAR SBAS
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1 Introduction

Tenerife is the largest island in the Canaries. Due to its high
population density and five historical eruptions in the last five
centuries, it is considered a region with a moderate volcanic risk
(Carracedo et al., 2007). The island’s formation began as a Shield
Volcanic Complex (SVC) in the Miocene period, possibly consisting
of three independent islands: Anaga, Teno, and Roque del Conde
massifs (Barrera Morate and Garcia Moral, 2011). Its structural
evolution was completed during the Pliocene, followed by a stage of
formation of the central part of the island known as the Las Canadas
edifice. This building phase merged the previous shield volcanoes
into a single island. During the Pleistocene, the ongoing formation
of Las Canadas caldera was also marked by numerous strombolian
eruptions with vents located along the rifts (NE-SW, N-S and NW-
SE) connecting Las Cafiadas and the older shield volcanoes. The
rapid development of Las Cafnadas was later followed by destructive
episodes characterised by massive lateral collapses, leading to the
formation of the current Las Canadas Caldera (Barrera Morate
and Garcia Moral, 2011). Strombolian activity in the rifts remained
prominent, and Las Cafiadas Caldera was filled with salic eruptions,
creating the Teide-Pico Viejo complex and peripheral eruptions
within the Las Cafadas domain. The Holocene activity was
concentrated on eruptions occurring in the island’s rifts but also
affecting the Las Canadas domain. From the 16th century to the
present, five historical eruptions were concentrated mainly on the
NW-SE and NE-SW dorsals, with only one occurring on the Teide-
Pico Viejo complex. However, even though historical eruptions
displayed basaltic fissure volcanic activity, Teide-Pico Viejo's activity
included effusive and explosive eruptions of phonolitic magmas.
The most recent explosive eruption in Tenerife was the sub-Plinian
eruption of Montana Blanca, which occurred approximately 2000
years ago (Figure 1) (Barrera Morate and Garcia Moral, 2011). The
most recent eruption of the Teide stratovolcano complex occurred
roughly 800 years ago and is evident in the phonolitic lava flows that
descend from the summit cone (Barrera Morate and Garcia Moral,
2011). Currently, the Teide stratovolcano is dormant; its background
volcanic activity consists mainly of a continuous microseismicity
of Volcano-Tectonic (VT) and Long-Period (LP) events, fumarole
activity in the crater of Teide and diffuse degassing (Koulakov et al.,
2023).

At the beginning of 2001, anomalous seismic activity
on the island began, with higher-than-background seismicity
values registered by Instituto Geografico Nacional (IGN)
(Gottsmann et al., 2006; Almendros et al., 2007; Marti et al., 2009)
and geochemical anomalies (Weber et al., 2006; Melian et al., 2012;
Pérezetal, 2013). The most critical episode that prompted a
“volcanic unrest alert” to be issued to the local government was the
intense seismic activity that started in April 2004 and persisted until
July 2005 (Almendros et al., 2007; Marti et al., 2009; Pérez et al.,
2013). This seismicity was characterised by volcano-tectonic events
located within the Las Cafiadas domain and some long-period
events (Almendros et al., 2007).

During this period of seismic unrest, the chemical composition
of gases in Teide fumaroles indicated the presence of magmatic
SO,, and there was also an increase in diffuse CO, emissions
in the northwest rift zone (Pérezetal., 2013). Furthermore, in
the local galleries within the southern rift of the island, it was
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observed an increase in radon emission (220Rn and 222Rn) and
an increase in the SO,/Cl ratio in the groundwater (Melian et al.,
2012). Gottsmann et al. (2006) evidenced a gravity increase in the
northern flank of the Teide-Pico Viejo volcanic complex and a lack
of significant ground deformation. However, Fernandez et al. (2009)
identified evidence of ground deformation of just a few centimeters
in the Teide-Pico Viejo volcanic complex in 2004. At the same
time, these authors also identified continuous subsidence in Las
Canadas triggered by the compressional state of the volcanic edifice
(Ferndndez etal., 2009). The intense seismic activity persisted
until July 2005 and gradually decreased throughout the early
months of the following year (Almendros et al., 2007). The observed
volcanic crisis did not culminate in an eruption, and, as mentioned
by Melian et al. (2012), the possibility of the reactivation of the
Teide-Pico Viejo was low.

Even though a ground deformation in 2004 was observed
(Fernandez et al., 2009), until now, no modelling of the causative
source has been presented. We believe that a better understanding
of this episode would allow a better understanding of the dynamics
of the volcanic hydrothermal system of Tenerife and, consequently,
would provide a useful tool for the interpretation of future volcanic
unrest episodes on the island.

We first performed data processing employing the Differential
Interferogram Satellite Aperture Radar (DInSAR) by using the Small
BAseline Subset (SBAS) algorithm (Figure 2). Then we applied the
Independent Component Analysis (ICA) to the 2004-2005 ground
deformation occurring in Tenerife, obtaining the decomposition
of the signal in different components. Applying the ICA to this
dataset allowed us to identify a consistent ground deformation
pattern that we attributed to a causative volcanic source. We
modelled this pattern using a non-linear optimisation within a Finite
Element (FE) environment to study the geometry of the source in
detail.

Interferogram stacking (DInSAR SBAS) is a widely known
method for processing the SAR data in order to obtain time
series of cumulative deformation in the area of interest. In this
method, the multiple interferograms with the Small Baseline
between the SAR images are overlaid, allowing to obtain small
displacement information along the long time periods. The DInSAR
SBAS method was proposed by Bernandino etal. (2002) using
the SAR images acquisitions with a small orbital separation
(SBAS), allowing limiting the observed spatial decorrelation
phenomena. This method was widely applied to study volcanic
behaviours (Tizzanietal., 2007; Pepe etal., 2008; De Luca et al.,
2015; Pepe et al., 2018) where prolonged deformation in time within
the volcanic areas was observed.

The Independent Component Analysis (ICA) represents a
valuable statistical tool for analysing complex datasets (Comon,
1994; Hyviarinen and Oja, 2000). It allows the decomposition of
a mixture of signals under the assumption that the individual
sources are statistically independent and non-Gaussian (Ebmeier,
2016). ICA enables the separation of a dataset into non-
orthogonal components that exhibit minimal statistical dependence
between them. This valuable technique was first introduced
for computational signal processing. However, it has also been
applied in various geophysical applications like volcano seismology
(Acernese et al., 2004) and volcano geodesy (Bottiglieri et al., 2007;
Ebmeier, 2016; Przeor et al., 2022).
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triangles represent the volcanoes Pico Viejo, Teide, and Montafia Blanca. A dashed black line represents the three rifts.
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The ICA in the volcano geodesy context has been applied to
GNSS and DInSAR datasets and has shown its effectiveness in
reducing the noise and uncovering hidden ground deformation
patterns within complex DInSAR datasets. Ebmeier (2016)
showcased its effectiveness in separating the causative sources
of complex ground deformation. Subsequently, Przeor etal.
(2022) used ICA to separate independent components of ground
deformation in Hawaii, highlighting its ability to identify
simultaneous but independent sources acting beneath Mauna Loa
and Kilauea volcanoes.

The observed ground deformation was modeled within the
Finite Element environment in order to modelise the geometry and
the location of the source responsible for the observed anomalies.
This method is commonly applied to the DInSAR dataset, which
helps visualizing the magmatic or hydrothermal sources. The
application of this method to the DInSAR SABS dataset of Sentinel-
1 allowed modelise the magmatic source injection during the
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pre-eruptive episode in La Palma (Tajogaite eruption of 2021);
(De Luca et al., 2022).

2 Methodology
2.1 SBAS DInSAR time series

The data used in this study were collected by the European
Space Agency (ESA) through the ASAR sensor onboard the Envisat
satellite acquired on C-band wavelength (=5.6 cm). The satellite
images acquired along ascending orbits were analyzed by the Grid
Processing On Demand (G-POD) platform of ESA applying the
multitemporal analysis using the Small BAseline Subset (SBAS)
to obtain the Line-Of-Sight (LOS) time series for the coherent
pixels of the SAR dataset (De Lucaetal., 2015). The obtained
180 interferograms were processed with a maximum temporal
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1] >6

baseline of 150 days and a maximum spatial baseline of 400 m. We
achieved the time series for each coherent pixel for the ascending
orbit encompassing the island of Tenerife between 2003 and 2010.
However, since the ground deformation occurred between 2004 and
2005, we focused on the dataset encompassing this interval. We did
not evidence of any ground deformation pattern in the subsequent
period in the processed dataset.

2.2 Independent component analysis (ICA)
of SBAS DInSAR time series

In the context of an SBAS DInSAR dataset, the time series is
represented as L (x;, tj), where L denotes the Line-Of-Sight (LOS)
displacement, x; corresponds to the position of the ith DInSAR pixel,
and f; represents the time of the jth DInSAR image. The DInSAR
dataset can be decomposed into a finite sum of N components
characterised by fixed spatial patterns. If we denote B, the spatial
pattern of the kth and with A the time-varying amplitudes of the
kth component in time f;, we can write the ICA decomposition
result as:

Lxot;) = Y AxBilx) M

Once the spatial patterns have been normalised, the sum of
squared amplitudes Aj for each independent component k defines
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its energy. This enables us to sort the components based on
their energy and determine the optimal number of components
representing the whole signal. This can be realised by setting
a threshold below which the contribution to the total energy
is negligible. We opted to retain one more component, even if
characterised by negligible amplitude values, given that it would
host the noise inherent in each DInSAR dataset. In the case of
the ascending SBAS DInSAR dataset for Tenerife, we used four
components.

2.3 Non-linear source modeling through
the finite element modeling

To model a causative source of ground deformation, represented
by an individual ICA component, we employed the Comsol
Multiphysics® software environment. We built a three-dimensional
mesh taking into account Tenerife Island’s topography. The
computational domain had dimensions of 33,000 m along the EW
direction, 25,000 m along the NS direction, and 12,000 m in depth,
to cover all the Las Canadas caldera. We assumed isotropic linear
elastic material properties. The elastic constants are calculated
assuming an average P-wave velocity of 4,000 m/s, S-wave velocity
of 2,400 m/s, and a 2,700 kg/m* density. The seismic wave velocity
values have been estimated from the seismic tomography model
of Koulakov et al. (2023).
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The domain was discretised using tetrahedral mesh elements,
with a maximum element size of 1,200 m and a minimum
element size of 500 m. As a starting model, we chose a three-axis
body representing the causative sources of the observed ground
deformation. The parameters used to define the source model are
seven: the center position in UTM (X, Y, Z); the dimensions of
the ellipsoid axes along the X, Y, and Z-axes in meters; and the
overpressure in pascals (Pa). The best-fit model has been retrieved
through a non-linear optimisation using the Nelder and Mead
(1965) simplex algorithm. The number of iterations required to
reach the minimum was 1,000, and an objective function used was
the residual sum of squares.

3 Results
3.1 SBAS DInSAR time series

The 2003-2005 SBAS DInSAR mean LOS velocity map
computed along ascending orbit reveals four local deformation
patterns on the island (Figure 2). At first sight, three areas of
deformation with negative values are visible, one located in the NE-
SW rift and two in the NW-SE rift, highlighted by black squares
in Figure 2. These ground deformation anomalies were previously
identified by Fernandezetal. (2009) and associated with water
withdrawal from the island’s galleries. As this study aims to identify
ground deformation caused by volcanic or hydrothermal activity, we
chose not to focus on these hydric ground deformation behaviours.
The central area of Tenerife, in the Teide volcano, exhibits a positive
ascending LOS deformation of a few cm/year. The deformation
encompasses all of the Teide volcano area; however, the deformation
is interspersed with other patterns visible on the DInSAR dataset.
The application of ICA helped us to understand the geometry and
more precise location of the area affected by the ground deformation
at Teide. To better analyze the ICA patterns, we selected a radius
of 9 km from the summit cone of Teide, shown by the black circle
in Figure 2.

3.2 Application of the ICA to the DInSAR
dataset

The results of ICA decomposition to the SBAS DInSAR dataset
within the area of 9 km of radius from the summit of the Teide
volcano revealed the presence of at least four components (Figure 3),
sorted in descending order by their energy. Among these, three
exhibited significant ground deformation values, while the fourth
component had low amplitude energy and primarily consisted
of noise. The first component of the ICA decomposition (ICA1)
exhibits a highly localized and high-energy pattern, with the
maximum within the summit cone of the Teide volcano (see panel
A in Figure 3), displaying a circular symmetry with an approximate
radius of 3 km.

The second and third components of the ICA decomposition
(ICA2 and ICA3; panels B and C of Figure 3) likely represent
topographical or atmospheric artifacts with high ICA energy values
(Table 2). The ICA2 represents the negative values on the northern
flank of the complex volcano and higher positive values on the
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southern side of the Teide. The positive values are located exactly
in the edge of the Las Cafnadas rim while the negative ones are
located in the northern side of the flank of Teide. The topography
in Tenerife is abrupt and presents very complex features. The SBAS
method cannot eliminate the whole signal corresponding to the
topography, however, by applying the ICA we can discard the left
pattern of topography from the data. The ICA3 is less energetic
and does not have locally concentrated anomalies. However, as the
SBAS method can still allow having the atmospheric artifacts in the
dataset, we associate this pattern with the atmospheric noise. The
final component (ICA4; panel D of Figure 3) displays a negligible
signal pattern and possesses low energy (Table 2), indicating that it
primarily represents signal noise.

3.3 Non-linear optimization in finite
element modeling

The inverse modeling was carried out on the first component
of the ICA (ICA1) due to 1) its high ICA energy, 2) the location
in the area of the highest interest, and 3) the potential volcanic or
hydrothermal origin of deformation. In the following, we provide
details of the optimization results. The results of the inverse
modeling, as indicated by the local maximum in the Teide summit
cone, exhibit a substantial adjustment with the observed data
(Figure 4). The parameters defining the source responsible for the
observed deformation were determined based on an ellipsoidal
geometry positioned at 1,600 m a.s.l. This source is situated beneath
the summit zone of the Teide volcano, with dimensions of 1,420 m,
893 m, and 536 m along the X, Y, and Z-axes, respectively. The
location of the source in UTM was the following: X= 340075 mE;
Y= 3128959 mN (UTM zone 28R). The geometry of this source
demonstrated nearly perfect alignment with the ICA1 data, resulting
in low residuals (Figure 4C).

4 Discussion and conclusion

The detected ground deformation in Tenerife was analyzed
by applying ICA to the DInSAR dataset, which was achieved
by data processing of the ascending Envisat satellite images. The
main volcanic deformation source in Tenerife was identified in
the first ICA component, primarily concentrated between 2004
and 2005. The geometry of the source was derived through
inverse modeling, assuming a three-axial ellipsoidal source located
beneath the Teide and Montania Blanca volcanoes at 1,600 m
a.s.l. (Figure 5). Our results show a deformation source elongated
mainly along the E-W axis. The current study findings strongly
suggest that a ground deformation source was activated during
the seismic crisis in 2004-2005. These results are compatible
with the conclusions of previous studies, where a volcanic
or hydrothermal origin in the Teide volcano was distinctly
established through various geophysical and geochemical methods
(Garcia et al., 2006; Gottsmann et al., 2006; Tarraga etal., 2006;
Weber et al.,, 2006; Almendros et al.,, 2007; Carracedo et al., 2007;
Gottsmann et al., 2008; Marquez et al., 2008; Fernandez et al., 2009;
Marti et al., 2009; Dominguez-Cerdefa et al., 2011; De Barros et al.,
2012; Melian et al., 2012; Pérez et al,, 2013). In the following, we
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TABLE 1 Optimized source parameters.

X Y Depth
T™) (UTM) m)

Rxm) | Rym) Rzm)

340078 3128959 -1,603 1,421.6 893.5 536

TABLE 2 ICA components and their respective energy.

Component Energy (%)
ICA1 324
ICA2 31.9
ICA3 24.7
ICA4 11.0

describe the similarities and differences observed between the
previous studies and the present one.

The most significant feature during the crisis of 2004-2005 was
primarily focused on seismic activity in the area of the Teide volcano
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and the NW rift of the island (Tarraga et al., 2006; Almendros et al.,
2007). Térraga etal. (2006) postulated the existence of volcanic
tremor caused by convective processes in the reservoir beneath
the Teide-Pico Viejo volcanic complex triggered by new inputs
of magma. However, according to Almendros etal. (2007), the
2004-2005 crisis was marked by anomalous seismic events triggered
by deep magma injection under the NW flank of Teide. This
new input of magma triggered the VT earthquakes, the release
of magmatic gases, and, consequently, LP events. Ultimately, the
injection of magma into the crust disturbed the local aquifers in Las
Canadas and induced volcanic tremor beneath the Teide volcano.
Both authors confirm the evidence of the magmatic reactivation of
the Teide volcano.

Additionally, (2006),
microgravity and ground deformation surveys realized in May
2004 and July 2005, observed changes in the gravity field but
found no evidence of significant ground deformation caused by
volcanic phenomena. They could not detect these slight changes

Gottsmann et al. through  joint

in ground deformation due to the lack of a network covering the
area of interest and the temporary nature of the stations. However,
applying the Envisat ASAR dataset that covers all the areas of interest
and samples the data every 35 days during the 9 years of analysed
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FIGURE 4
Modelling result (A) data, (B) model, and (C) residuals for the inverse modeling of the first component of the ICA decomposition, respectively. The
amplitude of the ground deformation pattern components is normalized.

period, we were able to detect even small changes in the ground
deformation behavior. In addition, the ICA method decomposes
the raw DInSAR SBAS signal into independent signal behaviours,
letting the small changes in the ground deformation be noticed.

Gottsmann et al. (2006) proposed three possible scenarios for
the observed gravity increase: 1) new magma inputs, 2) migration
of hydrothermal fluids, or 3) a hybrid process involving both a
new magma input and hydrothermal fluid migration. To support
the hypothesis of hydrothermal fluid migration, the authors
conducted an inversion of the gravity data and determined that a
hydrothermal reservoir was responsible for the observed changes.
Their results indicate the existence of the source at a depth of 1,9
+- 0.12 km below the surface, which is approximately consistent
with our results showing the source at a depth of 1,600 m a.s.l.
Ultimately, Gottsmann et al. (2006) concluded that the movement
of hydrothermal fluids is the most likely scenario to explain the
gravity changes and the absence of ground deformation. However,
the present study allowed us to uncover hidden deformation patterns
in the Teide volcano, providing further insight into the dynamics of
the 2004-2005 unrest.

Additionally, Martietal. (2009) evaluated seismic and
microgravimetric observations, finding clear evidence of volcanic
activity on the Teide volcano. Their discussion was based on the
number and location of VT and LP events, tremor, and perturbations
in the gravity field. They also reported increased activity in the
fumaroles of Teide and the appearance of new fractures with gas
emissions in La Orotava. These anomalies were interpreted as
disturbances in the background activity of the Teide-Pico Viejo
volcanic complex. The authors postulate that new magma inputs
can trigger the reactivation of the phonolitic reservoir beneath the
Teide-Pico Viejo volcanic complex in the future.

Furthermore, Fernandez et al. (2009) identified three distinct
areas affected by ground deformation in Tenerife using DInSAR
SBAS data from the ERS-1 and ERS-2 sensors between 1995 and
2005. The primary one was characterized as the compressional state
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of the island, attributed to the gravitational load of the edifice.
Additionally, there were very localized subsidence zones in the
rifts of the island, which were attributed to water withdrawal
in the galleries, evidenced by Fernandezetal. (2009) and also
shown in Figure 2 in the present study. The authors also observed
disturbances in ground deformation in the Teide volcano associated
with the volcanic crisis; however, they did not perform modeling of
the causative source for the observed ground deformation between
2004 and 2005.

Finally, through the geochemical analysis, Melian et al. (2012)
observed a change in the composition of fumaroles in the Teide
crater, resulting in a higher contribution of magmatic gases between
2001 and 2005. Pérez etal. (2013) reported temporal changes in
the gas composition of Teide’s fumaroles, including increased
CO, efflux in the Teide summit cone and crater since 2001.
They highlighted that the Teide volcanic and hydrothermal system
undergoes temporal degassing episodes caused by magmatic fluid
injection into the hydrothermal system, which was evident in 2004
and triggered by magma movements beneath Teide. Additionally,
they rejected the previously proposed hypothesis by Marti et al.
(2009) regarding the reactivation of the phonolitic storage of Teide-
Pico Viejo due to the analysis of gas compositions in fumaroles
by Melian et al. (2012) and SO, emissions reported by Weber et al.
(2006).

The reactivation of an ellipsoidal-like source beneath the Teide
volcano offers a comprehensive understanding of the seismic,
gravimetric, and geochemical anomalies that occurred during the
2004-2005 crisis.

First of all, we observe that the ground deformation source we
identified is located at a shallower depth and is displaced about
5 km to the SE with respect to the northern seismic cluster active
during 2004 (Dominguez-Cerdena et al., 2011). This seismic cluster
has been interpreted by different authors as the effect of a magmatic
intrusion in the north-western part of Tenerife (Gottsmann et al.,
2006; Dominguez-Cerdena et al., 2011). The volume affected by
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this cluster has shown limited activity in the following years
(Koulakov et al., 2023).

Secondly, Gottsmann et al. (2006) evidenced that the observed
gravity variations are compatible with a density increase caused
by the filling of rock porosity with hydrothermal fluids. They
assume a volume fraction of 30% and infer a source having a
radius of around 80 m. Assuming a larger source volume, the
volume fraction decreases. Our source model has a volume of
approximately 2.8 x 10° m?, which implies a much lower volume
fraction. Another possibility is that the source thickness would be

Frontiers in Earth Science

much lower than its areal extension or, in other words, it consists
of a sill-shaped geometry. Unfortunately, geodetic data alone, are
not able to precisely constrain the thickness of the causative source.
However, both interpretations are compatible with the observed
ground deformation, gravity variations, and geochemical variations.

Concerning the source of the hydrothermal fluids, the most
likely mechanism is the degassing of the magma batch which likely
intruded at depth in the northwestern sector of the island. A
similar mechanism is possibly related to the recent seismological and
geochemical anomalies observed in Tenerife (D'Auria et al., 2019;
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Padron et al., 2021; Amonte et al., 2021). This magmatic injection
episode did not show up in the ground deformation pattern, possibly
because of the depth of the intrusion (>5km) and the limited
amount of magma involved. We note that eruptions occurring along
the NW dorsal of Tenerife have generally a Strombolian character
and are fed by basaltic magmas. This contrasts with the central Teide-
Las Canadas complex, where phonolitic eruptions with both effusive
and explosive typologies occurred in the past. This was explained
by Koulakov et al. (2023) by considering the difference in the crustal
structure beneath these two areas. In the former, the rigid crust
does not allow a long-term residence of primitive basaltic magmas,
which quickly reach the surface through a network of dikes. In the
latter, the presence of a ductile regime allows the stationing and the
differentiation of magmas toward phonolitic composition. In this
context, we postulate that the 2004-2005 unrest represents a “failed”
eruption along the NW dorsal in Tenerife.

Our work highlights two relevant points from the volcano
monitoring point of view. First, the most likely precursor of an eruption
in the NE dorsal of Tenerife is deep seismicity related to the magmatic
intrusion process. This is similar to what was observed during the
2021 Tajogaite eruption on the island of La Palma (DAuria et al,
2022). Second, the ground deformation pattern should be interpreted
carefully. We have shown how it can be related to a hydrothermal
causative source instead of a magmatic intrusion.
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Rapid magma ascent beneath La
Palma revealed by seismic
tomography
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For the first time, we obtained high-resolution images of Earth’s interior of the La Palma volcanic
eruption that occurred in 2021 derived during the eruptive process. We present evidence of a rapid
magmatic rise from the base of the oceanic crust under the island to produce an eruption that was
active for 85 days. This eruption is interpreted as a very accelerated and energetic process. We used
data from 11,349 earthquakes to perform travel-time seismic tomography. We present high-precision
earthquake relocations and 3D distributions of P and S-wave velocities highlighting the geometry

of magma sources. We identified three distinct structures: (1) a shallow localised region (<3 km) of
hydrothermal alteration; (2) spatially extensive, consolidated, oceanic crust extending to 10 km depth
and; (3) a large sub-crustal magma-filled rock volume intrusion extending from 7 to 25 km depth. Our
results suggest that this large magma reservoir feeds the La Palma eruption continuously. Prior to
eruption onset, magma ascended from 10 km depth to the surface in less than 7 days. In the upper

3 km, melt migration is along the western contact between consolidated oceanic crust and altered
hydrothermal material.

On 19 September 2021, an eruption of high social and scientific impact began on the island of La Palma, Canary
Islands, Spain (Fig. 1) and lasted 85 days until 13 December 2021. This eruption did not cause any casualties,
but it destroyed hundreds of homes, disrupted transport and communication networks, and affected extensive
areas of farmland that are key to the local economy. In less than three months, this fissure eruption formed a lava
field of > 12 km? with thicknesses of up to tens of meters at some points'. Among seven previous eruptions on
La Palma in the last 500 years?, the most productive one formed a lava field of just 4.4 km? (Fig. 1). The eruptive
style has been mainly effusive, but with numerous Strombolian explosions, extensive ash fall, and repeated partial
collapses of the cone®. Intense seismicity activity before and during the eruption has included earthquakes with
high magnitudes for this volcano type (up to M1=4.3).

Volcano seismology remains one of the most important tools for volcano monitoring. As one of its most
significant developments, seismic tomography provides a window into sub-surface structures and their links
to magmatic processes*®. However, obtaining tomographic images during eruptions is complex owing to the
requirement of high numbers of seismic stations and earthquakes with adequate spatio-temporal distributions to
provide sufficient resolution. In most cases, due to logistical problems, the deployment of arrays with a sufficient
number of stations for high-quality tomography study during the most active stage of an eruption is difficult and
especially rare when such a dense network operated prior to an eruption culmination. Fortunately, all stages of the
La Palma eruption were recorded by two high-quality networks that gave us a unique chance to observe details
of the spatial-temporary evolution of seismicity before, during and after the most active stage of the eruption
(Figs. 2, and S1-S3 in Supplementary). Furthermore, it provided sufficient material to implement high-quality
tomography inversion and to infer the 3D structure of the magma plumbing system during the active stage of
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Figure 1. Digital elevation map of La Palma Island with the locations of seismic networks INVOLCAN (green
triangles) and IGN (blue triangles). Black shading denotes lava flows from historical eruptions and red shading
denotes lava flows from the 2021 activity. The white star is the vent of the 2021 eruption. The digital elevation
model and historical lava flows were downloaded from the public graphic repository of GrafCan (www.grafc
an.es). The 2021 lava flow was downloaded from the European agency Copernicus Emergency Management
Service (httts://emergency.copernicus.eu/mapping/list-of-components/EMSR546). The software used to
generate this figure was QGIS 3.22 (https://www.qgis.org).

the eruption. Our results have great scientific and social impact and offer improved understanding of pre- and
syn-eruptive activity, along with the possible future volcanic scenarios in La Palma Island.

Previous studies of La Palma and surrounding islands. There is a lack of consensus on the origin
and evolution of the Canary Islands archipelago, in part because knowledge of deep structures is scarce and
inconclusive. One of the models supports the existence of a mantle plume beneath the western Canary Islands
(El Hierro and La Palma)®’. In this model, material flows from the plume to the east, crossing the north-western
African continent, travelling along the base of the oceanic lithosphere below the Canary Islands, and finally flow-
ing into a sub-continental lithospheric corridor beneath the Atlas Mountain system.

Using compressional to shear (P to S) converted seismic phases from teleseismic receiver functions, Lodge
et al.® studied the crustal and upper mantle structure below La Palma. They identified discontinuities at ~8 and
14 km depth, and interpreted the deeper one as Moho. However, it cannot be excluded that the discontinuity
at~ 8 km depth may correspond to the Moho, while that at 14 km might be the trace of magmatic underplating.

Based on P-receiver functions, Martinez-Arévalo et al.” suggested that the Moho discontinuity beneath the
Canary Islands deepens towards the east, varying in depth from 11.5 to 12.5 km beneath the western islands
(El Hierro and La Palma) and up to 20-30 km beneath the eastern islands (Lanzarote and Fuerteventura). They
identified a low velocity layer beneath the lithospheric mantle (at 45-65 km depth), which they interpret as a
large plume feeding the Canary Islands volcanic system.

From seismic velocity tomography of El Hierro Island, Garcia-Yeguas et al.'” determined the base of the
oceanic crust to be at 10-12 km depth. They did not observe a magma reservoir. Based on their results, they
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Figure 2. (A) Temporal and depth distribution of the used seismicity beneath La Palma (A) Seismicity in the
entire observation time divided in four periods depicted with different colours. (B) Precursory period, from
October 2017 to August 2021, plotted in green and zoomed in (B). (C) Pre-eruptive period in, the week before
the start of the eruption. , plotted in blue and zoomed in (C). (D) Syn-Eruptive and post-eruptive, the seismicity
occurred after the start of the eruption up to December 13th 2021, plotted in red, and the post-eruptive, the
seismicity after volcanic activity ceased, December 13-16, 2021, plotted in black, all of them represented in (D).

suggest that the magma intrusion responsible of the 2011 eruptive process warped the Moho below the island,
causing localised thinning of the oceanic crust to <8 km.

Numerous seismic tomography studies of volcanic regions have identified shallow low-velocity structures that
are interpreted as highly fractured, unconsolidated, and/or hydrothermally altered volcanic materials, including
those for Deception Island volcano''™** , Avacha group volcanoes'* and Mt. Etna'>!. Similar anomalies have
been observed beneath the island of Tenerife!”'s.

Most information on the internal structure of La Palma was derived based on the magnetotelluric sounding®.
The obtained 3D geoelectric model demonstrated high-resistivity zone beneath the Taburiente Caldera, which
was interpreted as a trace of old highly consolidated intrusive body. At the same time, this model revealed
contrasted low-resistivity anomalies around the Cumbre Vieja that may be associated with the presence of high-
fractured and/or hydrothermally altered rocks.

On La Palma, no seismic tomography models nor detailed structural geophysical models were previously
constructed. In this study, we present the first seismic velocity model for this area.

Data and algorithms. In this study, we merged datasets derived by the two governmental agencies oper-
ating on La Palma prior to and during the eruption: the Instituto Geografico Nacional (IGN; 11 stations) and
the Instituto Volcanolégico de Canarias (INVOLCAN; 12 stations) (Fig. 1). Both networks consist of three-
component broadband seismic stations sampled with a rate of 100 Hz. The dataset covers the time span from 8
October 2017 to 15 December 2021. The seismic activity (Fig. 2) begins with a seismic swarm at the end of the
year 2017. This seismicity, related to the magmatic reactivation process, shows two different space-time char-
acteristics. In the period from 8 October 2017 to August 2021 (Figure S1), seismic activity is recorded mainly
at depths between 15 and 20 km, and which in this work we will call precursory activity. On the other hand, we
used the term pre-eruptive for the seismic activity associated with the week prior to the eruption (Fig. S2), where
a clear migration of seismicity towards the surface is observed, marking the final path followed by the magma
until the eruption. Finally, the seismic activity that accompanies the eruptive process was called syn-eruptive
seismicity (Fig. S3).

When processing the data, these two agencies used different source location algorithms and different velocity
models. Therefore, they provided slightly different solutions for the coordinates and origin times of the same
events. When merging, we assumed that both agencies had recorded the same event if the difference between
the origin times in the provided solutions was <1 s. We analysed different values of this threshold and found that
when using a smaller value (0.5 s), the number of the common events were much smaller. On the other hand,
when using a larger threshold of 2 s, the number of the common events did not increase significantly. From this
analysis, we concluded that 1 s is an appropriate value suitable for this case. The merged dataset contains 13,681
events recorded by 23 stations, with 140,078 P wave and 155,231 S wave picks. Event magnitudes were based on
solutions provided by INVOLCAN.
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Tomographic inversion was based on the local earthquake tomography code LOTOS?, which has been used
to investigate dozens of different volcanoes!®*'~%. First, event locations in the reference 1D velocity model were
determined using a grid-search method and linear approximation of ray paths'®. We used the topography surface
to limit the depths of events; therefore, events can be located above the sea surface. During this step, we selected
events with eight or more picks and removed all data with absolute residual values of > 0.5 s for P waves and 0.7
for S waves. After removing outliers, the dataset used for the tomographic procedure included 11,349 events
with 121,572 P wave and 127,766 S wave arrival times (mean of 22 picks per event).

Next, we relocated event sources using the gradient method and 3D bending algorithm for ray tracing'’. In
the first iteration, the relocation was conducted in the starting 1D model; in subsequent iterations, calculations
were performed in the updated 3D model.

The 3D distributions of P and S wave velocity anomalies were parameterised using grid nodes irregularly dis-
tributed in the study area according to the ray density. Between the nodes, velocities were approximated continu-
ously using bi-linear interpolation. The minimum grid spacing in both the horizontal and vertical directions was
0.7 km, which is considerably smaller than the size of resolved anomalies in our model. To reduce the influence
of parameterisation on the results, we performed inversions in four grids with different basic orientations to the
azimuthal direction (0, 22, 45 and 67 degrees) and then averaged them into one regular grid.

The inversion was performed simultaneously for the P and S velocity anomalies, source parameters (correc-
tions of coordinates dx, dy, dz, and origin time dt), and station corrections. To stabilise the solutions, we used
two types of regularisation—amplitude damping and flattening—which were performed by adding the corre-
sponding equations to the general system. The values of the damping coefficients were determined from a series
of synthetic tests with realistic anomaly sizes and noise levels. The derived sparse matrix was inverted using the
Least Squares with QR-factorization (LSQR) method***.

The optimal 1D reference velocity model was derived after several runs of the complete tomographic proce-
dure. After each trial, we calculated the average P and S velocities at certain depths and used them for the next
iteration. As a result, we obtained a fair balance between high- and low-velocity anomalies at all depth layers.

After inversion in the four grids, the resulting P and S wave velocity anomalies were recalculated in a regular
grid and then used for the next iteration, which included source relocation, matrix calculation, and inversion.
In total, for the experimental and synthetic data, we performed five iterations, which was a compromise between
solution stability and calculation velocity. The calculations enabled considerable variance reduction. In the L1
norm, the average P wave residuals reduced from 0.2397 to 0.0860 s (64.12%) and those for S waves reduced
from 0.3058 to 0.1401 s (54.17%).

Seismic tomography results.  Figures 3, 4 and 5 show the inversion results of experimental data, includ-
ing P wave velocity, and S wave velocity anomalies and Vp/Vs ratio in horizontal (Fig. 3) and vertical sections
(Fig. 4), as well as in the 3D representation (Fig. 5). In the context of magma-related structures, it is important to
present the Vp/Vs ratio, which was calculated by division of the derived P and S absolute velocities. The adequacy
of this method was determined by the similar volumes of P and S wave data, and was confirmed using synthetic
tests.

In the resulting tomography models, we observe highly heterogeneous structures with the deviations of veloci-
ties exceeding 20%. At shallow depths at 0.5 b.s.1. (or 1.5-2 km below surface in the central part of the island),
we observe very strong low velocities of P and S waves beneath the southwestern slope of the island (upper row
in Fig. 3). This anomaly almost perfectly matches with the locations of most vents of historical eruptions. It may
also represent the presence of unconsolidated volcanoclastic deposits®®?’. In the vertical sections (Fig. 4), we
see that these low-velocity anomalies propagate down to ~ 5 km depth. The Vp/Vs ratio in shallow layers looks
patchier but also exhibits a clear connection with the distributions of the vents. On the other hand, the area of
the Taburiente Caldera (Fig. 1) in the northern part of the study area coincides with the areas of high velocities
Vp and Vs and low Vp/Vs ratio. These findings are consistent with the results of magnetotelluric sounding.
An anomaly of positive dVp and dVs at the depth of 7 km depth in our results (Fig. 3, middle row) looks very
consistent with the high-resistivity anomaly in the deepest Sect. (4-5 km) in Fig. 2 found by Di Paolo et al."’.
At the shallower Sects. (0.5 km), the seismic anomalies are low in the south and high in the north (upper row
in Fig. 3); nearly the same geometry is observed in the MT results at 1.996-2.379 km in which the areas of high
resistivity were observed below Taburiente Caldera and low-resistivity anomalies were detected in the area of
Cumbre Vieja vents.

At 7 km depth, we observe a prominent high-velocity and low Vp/Vs anomaly beneath the central part of
the island. In vertical section A2-B2 in Fig. 4 and the 3D representation in Fig. 5, we see how this high-velocity
layer is dissected by a vertically oriented low-velocity anomaly coinciding with a narrow seismicity cluster (see
a zoomed fragment in the right column in Fig. 4). This seismicity probably represents the process of upward
magma propagation through a new conduit formed due to fracturing of rocks in a brittle “blue” layer. In the lower
part of this zone, we observe a “drop-shaped” anomaly of high Vp/Vs ratio that possibly indicates the ascent of
partially molten magmas.

In the lower part of the model, below Cumbre Vieja, we observe a prominent anomaly of very high Vp/Vs
ratio, which coincides with the distribution of deep seismicity (Fig. 5). Based on a similarity of this anomaly with
structures observed beneath many other active volcanoes, we can conclude that it represents a deep conduit that
delivers magma from deeper sources.

To assess the spatial resolution of the resulting models and to derive optimal values of controlling parameters
for the tomographic procedure, we performed a series of synthetic tests. In all cases, the synthetic model was
defined by a set of positive and negative anomalies with respect to the a priori 1D reference model. Synthetic
travel times were calculated for the same source-receiver pairs as derived in the main experimental model after
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Figure 3. Horizontal layers representing P wave velocity anomalies (left column), S wave velocity anomalies (central
column), and Vp/Vss ratio (right column) for three selected depths (0.5, 7 and 14 km depth b.s.1.). Black contour lines
represent the topography with the interval of 500 m. In section at 0.5 km depth, all historical lava flows are shown; in
other sections, only the flow of the 2021 eruption is presented. The yellow stars depict the vents of the 2021 eruption.
The dotted line highlights the resolved areas based on the results of the checkerboard tests. The digital elevation model
and historical lava flows were downloaded from the public graphic repository of GrafCan (www.grafcan.es). The 2021
lava flow was downloaded from the European agency Copernicus Emergency Management Service (httts://emergency.
copernicus.eu/mapping/list-of-components/EMSR546). The software used to generate this figure was the LOTOS code.
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Figure 4. Vertical projections representing P wave velocity anomalies, S wave velocity anomalies, and Vp/V's
ratio. The locations of the profiles are shown in Fig. 3. The central squares of the A2-B2 profiles mark the area
that is being zoomed in and is plotted in the right column. The black dots depict the event hypocenters located
at distances of less than 0.6 km from the profile. The yellow star indicates the location of the 2021 eruption vent.

five iterations. The derived data were perturbed by random noise with an average deviation of 0.03 s for both
Pand S data, which enabled the same variance reduction as in the experimental data inversion. Before starting
the synthetic model recovery, we “forgot” any information about the sources. Then, calculations were performed
based on the same workflow as in the experimental data processing, including source location in the starting
1D model using the grid-search method. During synthetic modelling, we tuned the values of the controlling
parameters to derive an optimal quality of the initial model recovery; then, the same controlling parameters
were used for the experimental data inversion.

We separately investigated the resolution in the horizontal and vertical directions. In the first series of tests,
we defined several checkerboard models with different anomaly sizes in map view. In Figure S4 of Supplementary,
we present three tests with anomalies of 2, 3, and 4 km separated by 1 km spacing with zero anomaly values. In
all cases, the amplitudes of anomalies were + 8%. We defined the opposite signs of the dVp and dVs anomalies
to enable contrasted variations of the Vp/Vs ratio. The recovery results are presented in two depth sections.
Anomalies of 2 km in size were only resolved in the central part of the study area, where most earthquakes were
located. For the models with larger anomalies, fair resolution was observed in most parts of the study area. Based
on the results of these tests, we defined a contour of the resolved area, in which the results of experimental data
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Figure 5. Upper figure. Three-dimensional image representing the main structures based on S waves velocity
anomalies. Yellow and orange denotes bodies with lower velocity and green denotes bodies with higher velocity.
The black line denotes the potential flexure of the Moho as a consequence of magma intrusion. Coloured dots
denote the relocated seismicity according the occurrence phases. Lower figure. Same as Upper figure but based
in the Vp/Vs ratio. Yellow bodies represent high Vp/Vs ratio and purple body represents low Vp/Vs ratio.

were plotted (dotted line in Fig. 3). From these tests, we confirmed that the distribution of Vp/Vs was correctly
recovered, demonstrating the adequacy of the method for this parameter calculation.

In another series of tests shown in Figure S5 of Supplementary, we explored the vertical resolution. Regard-
ing the trade-off between velocity and source coordinates in passive source tomography, as well as dominantly
vertical orientations of ray paths, we could expect poorer vertical resolution compared with horizontal resolution.
In particular, there was a concern about the capacity of the existing data to provide abrupt changes in velocity
at~ 10 km depth, as observed in the experimental data inversion. To address this problem, we defined models
with alternated anomalies defined in each of the vertical sections, in which the main results are presented. Along
these sections, the anomalies had a size of 4 km and a spacing of 2 km. In the vertical direction, they formed two
rows with an interval of zero values at depths between 6 and 10 km. This test confirmed that major anomalies
in the central part of the study area were correctly recovered; however, some diagonal smearing is observed in
marginal regions. This effect was taken into account during interpretation.

The synthetic test with realistic anomalies shown in Fig. 6 demonstrates the capacity of the tomography
inversion to recover the structures observed in the main model derived from the inversion of experimental data.
The synthetic model in this case was defined by a set of polygons distributed along the vertical Section A2-B2.
The anomalies of the P and S wave velocities were defined to enable the distributions of the recovered dVp, dVs
and Vp/Vs ratio similar to those in the main model in Fig. 4. We see that all structures, which will be used for
interpretation of the results in the Discussion section, could be robustly recovered in the case of this synthetic test.

As true event coordinates were presumed to be unknown in the recovery procedure, the synthetic tests
allowed us to assess the accuracy of source locations. Figure S6 of Supplementary shows the mislocations of
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indicates the location of the 2021 eruption vent.

events in the model with a vertical checkerboard in Sect. 2 with respect to the true locations. When using the
starting 1D velocity model, the average error of source coordinate determination in the L1 norm was 0.68 km.
In the final model, the average error reduced to 0.42 km. As expected, the maximum errors were observed for
events on the periphery of the network and at the greatest depths. These errors do not significantly affect the
interpretation of the results presented in this manuscript.

Discussion

Based on accurate relocations of the seismicity and magnitude determinations at different stages of the eruption
development, we have estimated the earthquake Benioff’s strain release® in selected earthquake clusters (Fig. 7).
We found that the released seismic strain of intermediate seismicity (5-15 km) is almost four times larger than
that of deep and shallow seismicity, suggesting that stress generation in this region is dominating the eruptive
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Figure 7. Earthquake magnitudes and Benioff’s strain release. (A) Magnitudes (Ml) of located earthquakes
separated by depth; (B) accumulated Benioft’s strain release for each depth class. The dashed lines limit the
active phase of the eruption.

process. One of the most important characteristics of this seismicity is the difference between pre-eruptive and
syn-eruptive seismicity. The pre-eruptive seismicity is of low magnitude and shows evident migrations from
the deep towards the surface (Fig. 2, SI and S2). The syn-eruptive seismicity is of much larger magnitude and
presents two focal depth clusters, 10-12 km depth and 20-25 km depth with no apparent migration (Fig. 2 and
S$3). Note that the upper cluster roughly corresponds to the depth where the pre-eruptive seismicity began on
11 September 2021.

Our seismic tomography results offer improved understanding of pre- and syn-eruptive activity, along with

the possible future volcanic scenarios in La Palma Island. Based on the calculated seismic velocity model and
the seismicity distribution, we can single out the following observations:

(1

2

3)

The western Canary Islands, including La Palma, are underlain by high-velocity oceanic crust. Beneath
most islands, the Moho (i.e., the base of the oceanic crust) is at ~ 10-12 km below sea level (bsl); this depth
is greater than that between and surrounding the islands and is the expected consequence of isostatic
equilibrium®'”1**. However, unlike the neighbouring island of El Hierro, where a volcanic unrest was
observed in 2012, there is no crustal thickening beneath La Palma. On the contrary, our tomographic
images suggest crustal thinning, with a high-velocity body extending from ~ 8 to 10 km bsl.

Underlying the volcanically active sector of La Palma is a spatially limited by an anomaly with high Vp/
Vs> 2 and low velocities with negative dVp and dVs of more than 10% extending from the surface to ~3 km
bsl. This structure has previously been identified as a low-resistivity hydrothermal zone'’.

The third structure, characterised by high Vp, very low Vs with the magnitude of more than 10%, and
high Vp/Vs>2.05, extends between 7 and 25 km b.s.I. beneath the volcanically active sector of La Palma
and represents partially molten material pooled at the base of oceanic crust. Based on our tomographic
images, we estimate the volume of this magma-filled rock volume to be around 400 km?, dwarfing the other
structures resolved by tomography. The calculation is a conservative estimate based on a simple geometric
approximation of the high Vp/Vs ratio beneath the Moho. We have not considered the entire low velocity
region for this estimate, but only the area covered by iso-lines larger than 1.98, as represented in Fig. 5b.
In addition, the upward bending of the Moho seems to indicate that the formation of magma chambers in
this same position occurred repeatedly during geological times, leading to a permanent modification of
the Moho shape.

Based on these findings, we developed a scenario of the ongoing volcanic activity on La Palma, which is

schematically demonstrated in Fig. 8.

(1

For ~ 2 million years, repeated accumulations of magma®! have deformed the base of the oceanic crust
beneath La Palma, as evidenced by upward displacement of the Moho and the shape of tomographic struc-
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Figure 8. A sketch of the eruptive process preceding and accompanying the 2021 La Palma eruption.
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as shown in Fig. 3. Dots are the projections of the event hypocenters in the corresponding time intervals at
distances of less than 0.6 km; their size represent the magnitude. (a) Precursor stage. (b) Pre-eruptive stage. (c)
Syn-eruptive stage. More description is presented in the main paper.

tures. Between October 2017 and August 2021, at least 9 earthquake swarms (producing ~ 700 well-located
earthquakes) recorded magma injections from the mantle to the base of the oceanic crust beneath Cumbre
Vieja volcano (the locus of all historical eruptions, including the present activity), causing the accumula-
tion of a large magma-filled rock volume (Fig. 8a). This process, although likely continuous, did not cause
significant stress changes, as evidenced by the sporadic and low-magnitude seismicity (Ml < 2.0). Initial
earthquakes delineate the upper limit of the reservoir (i.e., the Moho or lower limit of consolidated oceanic
crust). The foci of later precursory events trace fluid migration towards the surface and the exchange of
stress with consolidated oceanic crust in the months before the eruption (Figs. 8a and S1 of Supplementary).

(2) During the precursory phase (October 2017—August 2021), the seismicity was mostly grouped into short-
lived seismic swarms (Fig. 2). Earthquake hypocentres were mostly located in the depth range 10-25 km
and magnitudes were generally lower than 2. After a month of seismic quiescence, in the 7 days before
eruption onset (approximately at 14:00 UTC on 19 September), we observe rapid upward migration of the
pre-eruptive seismicity indicating magma ascent from 10 km bsl (i.e., the base of the Moho) to the surface
along a zone of structural weakness delineated by a low velocity tomographic anomaly associated with
seismicity that occurred a few months earlier (Figs. 8b and S2 of Supplementary). For the first 3 km, this
low-velocity anomaly is vertical, but close to the surface it follows a NNW-SSE trend and dips ~ 30 degrees
towards the current eruptive centre. The migration of seismicity in the shallow crust follows the boundary
between consolidated oceanic crust and the hydrothermally altered zone. Despite the highly fractured
and brittle nature of the hydrothermal zone, which theoretically offers low resistance to magma ascent,
we hypothesise that the contact zone must present even lower mechanical resistance, which is consistent
with the small magnitudes of earthquakes in a few days before the eruption that started to increase only a
few hours prior to the opening of the vent (Fig. 7a). Similar associations of active volcanic vents with the
contact zones between high and low seismic velocities are observed in many cases, such as Mount Saint
Helens*?, Tolbachik®® and Colima*, among other examples.

(3) Seismicity during the first few days of eruption was characterised by energetic volcanic tremor (Figure S7).
However, on 29 September, 10 days after eruption onset, an intense seismic swarm (in which most events
had magnitudes of M1> 3.0) occurred along the contact between the magmatic body and lower limit of the
oceanic crust (~ 10 km). This seismicity, which is ongoing just until reaching the current period of eruptive
calm on December 13, 2021, can be explained by the collapse of brittle crustal material above the reservoir
owing to the continuous extraction of magma to the surface as schematically shown in Fig. 8c. In addition,
since early October, a new earthquake cluster (M1>3.0) has been observed at ~ 17-30 km depth (Fig. 2d).
This deeper seismicity, which shows no preferential lineation or temporal migration, includes the highest
earthquake magnitudes recorded during the eruption (up to Ml=4.3) and is located above a deep upper-
mantle magma reservoir (close to the lithosphere base), as reported by previous studies®*~¢. We attribute
this cluster to two possible explanations.
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(4) Magma compression caused by the collapse of crustal material had a piston effect; increased pressure at
12-15 km pushed magma both upwards and downwards (Fig. 8c). The opposing force of magma ascend-
ing from the mantle created excessive pressure in the conduit between the upper and lower reservoirs,
which triggered fracturing of rocks around the conduit. We do not know any case where exactly the same
mechanism occurred. In some way;, it looks similar to the case of Katmai-Novarupta, where the collapse
of the crater in Katmai pushed the magma in the reservoir and triggered a strong explosive eruption of
Novarupta in June 1912%. The existing estimates of focal mechanisms of events during this period show
very complex and variable patterns that might take place in the case of an internal collapse presuming the
existence of all types of displacements.

(5) Alternatively, by invoking stress propagation model similar to that of the 2011-2014 eruption of neighbour-
ing El Hierro®, this activity could record the collapse of magmatic reservoir owing to magma withdrawal
and corresponding depressurization. It is interesting to note that earthquakes hypocentres during the
precursory phase were mostly located within the depth range delimited by the two syn-eruptive clusters.
This suggests that precursory seismicity was related to magma-transfer episodes which led to a progres-
sive filling of the intermediate magma chamber, until the onset of the eruption. During the eruption the
only significant occurrence of earthquakes within this depth range was observed at the end of November
(Fig. 2).

Conclusions
Our tomographic images mark a milestone in the field of volcano seismology, and provide valuable insight into
the short-term evolution of a magma plumbing system from the upper mantle to the surface. In particular, given
the large size of the magma reservoir that feeds the volcanic eruption it is not possible to discard this magmatic
system could cause future new volcanic eruptions on the Island of La Palma.

Among the lessons learned, of relevance for volcano monitoring are:

1. The pre-eruptive stage can be faster than expected. In the case of Cumbre Vieja 2021 eruption, it was about
7 days. Furthermore, we observe the rapid ascent of the hypocenters in the very few hours preceding the
eruption (Fig. 2). Therefore, we conclude that the decision-making process during a volcanic emergency
should not rely on more or less constant trends: sudden changes can occur any time.

2. The 3D relocation of hypocenters, is fundamental for understanding precisely the evolution of the seismicity
and therefore the dynamics of the magmatic system in near-real-time. A tomographic model, if not already
existing, can be obtained quickly, just few days after the onset of a volcanic unrest, if a sufficient number
(>500) of earthquakes is available.

3. Seismic tomography can identify crustal structure relevant for the propagation of magmatic intrusions.
Hence, it provides a valuable tool for volcanic hazard studies.

Data availability

The seismic catalogue of IGN is publicly available at: https://www.ign.es/web/ign/portal/sis-catalogo-terremotos.
The seismic catalogue of INVOLCAN is available under request to Dr. Luca D’Auria (ldauria@iter.es). The
LOTOS code is publicly available at: www.ivan-art.com/science/LOTOS. An online version of the code with
the La Palma dataset is available in: Koulakov Ivan. (2022). Data and program codes to reproduce the results of
seismic tomography for La Palma Island [Data set]. Zenodo. https://doi.org/10.5281/zenodo.6589367. The digital
elevation model used in all figures and historical lava flows of Figs. 1 and 3 were downloaded from the public
graphic repository of GrafCan (www.grafcan.es). The 2021 lava flow was downloaded from the European agency
Copernicus Emergency Management Service (httts://emergency.copernicus.eu/mapping/list-of-components/
EMSR546). The software used to generate Fig. 1, Figs. S1, S2 and S3 was QGIS 3.22 (https://www.qgis.org). The
software used to generate Figs. 3,4 and 6, Figs. S4, S5 and S6 is the LOTOS code.
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Spatio-temporal velocity variations
observed during the pre-eruptive
episode of La Palma 2021 eruption
inferred from ambient noise
interferometry

Ivan Cabrera-Pérez'™, Luca D'Auria’?, Jean Soubestre®“, Monika Przeor?, José Barrancos?,
Rubén Garcia-Hernandez?, Jesus M. Ibaiiez®®, lvan Koulakov®®7, David Martinez van Dorth?,
Victor Ortega®, German D. Padilla?, Takeshi Sagiya'® & Nemesio Pérez?:2

On Sept. 19th, 2021, a volcanic eruption began on the island of La Palma (Canary Islands, Spain).

The pre-eruptive episode was characterized by seismicity and ground deformation that started only
9.5 days before the eruption. In this study, we applied seismic interferometry to the data recorded by
six broadband seismic stations, allowing us to estimate velocity variations during the weeks preceding
the eruption. About 9.5 days before the eruption, we observed a reduction in the seismic velocities is
registered next to the eruptive centers that opened later. Furthermore, this zone overlaps with the
epicenters of a cluster of volcano-tectonic earthquakes located at shallow depth (<4 km) and detached
from the main cluster of deeper seismicity. We interpret the decrease in seismic velocities and the
occurrence of such a shallow earthquake cluster as the effect of hydrothermal fluid released by the
ascending magma batch and reaching the surface faster than the magma itself.

La Palma is one of the youngest islands among the volcanic archipelago of Canary Islands (Spain). On Sept. 19th,
2021, a volcanic eruption began on the island, which had a significant social and scientific impact. This eruption
also had a catastrophic economic impact generating significant economic losses. The eruptive dynamics were
mainly characterized by effusive phases interspersed with more explosive activity, during which eruptive columns
dispersed ashes up to tens of kilometers away from the volcano.

The precursory phase of this eruption was characterized by intense volcano-tectonic seismicity, with magni-
tudes exceeding 4 M; and hypocenters located at a depth of less than 10 km, together with ground deformation
up to 16 cm on the vertical component of GPS stations. This phase lasted about a week and caught by surprise
the scientific community for its short duration. However, given the large amount of scientific instrumentation
(seismometers, GPS, etc.) operated by the Instituto Volcanoldgico de Canarias (INVOLCAN) and other scientific
institutions, the entire pre-eruptive episode was accurately monitored and the civil protection authorities were
notified in near real-time about the development of the volcanic unrest.

This work aims to detect seismic velocity variations during the pre-eruptive phase through seismic ambient
noise interferometry and to compare these changes with the local seismicity detected before the eruption (D’Auria
et al.!) and ground deformation. Seismic interferometry has been applied satisfactorily in different fields such
as groundwater level??, fault zones*, the lunar environment®, geothermal exploration®, landslides monitoring’
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and volcano monitoring. The first application of ambient noise interferometry to a volcano was realized by
Sens-Schonfelder and Wegler®, who observed velocity variations in Merapi volcano produced by changes in
hydrological conditions. After this study, several investigations highlighted the effectiveness of the ambient noise
interferometry method to monitor volcanoes®™“. The velocity variations observed before the eruptions generally
consist of a reduction in the seismic velocity caused by the effect of the dilatation or compression of a part of the
edifice resulting from the dynamics of the magma chamber®’, pressurization of a magma pocket'®!, intrusion
of magma'"'®, topographic changes produced by a caldera collapse'? or to the effect of hydrothermal fluids'>®.

Geological settings and the recent eruption
La Palma is located in the extreme NW of the Canary Islands. It is the third smallest island of the archipelago and
one of the most active from a volcanological point of view, with eight historical eruptions in less than 600 years'”.
It is composed of two main geological domains: the Taburiente Domain and the Dorsal Domain (Fig. 1).

The Taburiente Domain is the oldest domain. It is located in the northern part of the island and it is com-
posed of the superposition of stratovolcanoes with a semicircular base and a large depression in the central part
(Caldera de Taburiente) (Fig. 1). This domain consisted of a submarine phase (4 Ma), represented by the Bassal
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Figure 1. Geological map of La Palma island (modified from Padrén et al.*?). The white triangle represents

the location of the 2021 eruptive vent and white squares represent the location of historical eruptive vents. The
blue and green triangles represent the location of the GPS ARID and seismic stations, respectively. The digital
elevation model and historical lava flows were downloaded from the public graphic repository of GrafCan
(http://www.grafcan.es). The 2021 lava flow was downloaded from the European agency Copernicus Emergency
Management Service (https://emergency.copernicus.eu/mapping/list-of-components/EMSR546). The software
used to generate this figure was QGIS 3.22 (https://www.qgis.org).
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complex, and a subaerial phase, which originated the big insular edifices conformed by Taburiente (from 1.77
to 1.20 Ma) and Bejenado (from 0.56 to 0.49 Ma) stratovolcanoes'®.

The Dorsal Domain is more recent and currently volcanically active. It is located in the southern part of the
island, south of the Taburiente Domain. This volcanic ridge has a North-South orientation and an elongated
shape. It is divided into two sectors: in the northern sector is the Cumbre Nueva with an arched shape, while in
the southern sector is the Cumbre Vieja with a North-South direction and an extension of 21.5 km. Its forma-
tion began 0.123 Ma ago and continues with a high volcanic activity until today'®. This domain hosted seven
historical eruptions, including the most recent 2021 eruption (Fig. 1).

The last 2021 eruption of La Palma was announced in 2017, by the first appearance of seismicity'®. The back-
ground seismicity of the island was practically non-existent during the last decades, as reflected in the seismic
catalogues of the Instituto Geografico Nacional (IGN). Conversely, between 2017 and 2021, nine seismic swarms
took place on the island, with approximately 700 earthquakes located beneath Cumbre Vieja sector at depths
between 10 and 20 km. This seismicity was located under the Cumbre Vieja volcano. The 2021 pre-eruptive
unrest started on Sept. 11st, only 9.5 days before the eruption (Fig. 3C). During this episode, seismicity quickly
migrated from a depth of 10 km to the surface, following the ascending path of the magma'. On Sept. 15th, we
observed earthquakes located at very shallow depth (<4 km) and detached from the main seismicity cluster
which was located at depths of 6-8 km (Fig. 3C). A very energetic co-eruptive volcanic tremor also began with
the eruption onset on Sept. 19th.

Methodology and data processing

The seismic data used in this work come from the Red Sismica Canaria (C7) operated by INVOLCAN (Instituto
Volcanolégico de Canarias, 2016). We used recordings from six broadband seismic stations (Nanometrics © Tril-
lium Compact 120 s and Giiralp ©, 3ESPC Series) with a sampling rate of 100 Hz (Fig. 1). The time range used
for the analysis covers the interval from Aug. 1st to Sept. 25th, 2021. We analysed the data using the MSNoise
python package!? to estimate relative velocity variations. This software has been applied successfully in different
studies of ambient noise interferometry'+2°-2,

Estimation of the relative velocity variations. The procedure to estimate relative velocity variations
(dv/v) has been carried out using the following workflow. Recorded data were downsampled to 20 Hz, bandpass
filtered in the 0.1-1.0 Hz frequency range, and pre-processed applying spectral whitening followed by one-bit
temporal normalization®. Then, we computed the cross-correlation of ambient noise recordings among pairs of
stations to obtain the empirical seismic Green’s Functions (GFs), using the vertical-vertical (ZZ) components.
To estimate dv/v it is necessary to compare the coda of the obtained GFs with a Reference Green’s Function
(RGF), which has been computed stacking over the first twenty days of the data in our case (from Aug. 1st to
20th). Assuming a relative velocity variation dv/v in a homogeneous space, one can prove that**:

dv dr
— =" (1)
v T
where dt represents the measured time delay and 7 the traveltime. Actually, there are two methods to extract
dv/v from the empirical GFs: the stretching technique (Sens-Schénfelder and Wegler”) and the moving window
cross-spectral analysis (MWCSA)?*-%8. In both methods, the dv /v is estimated using the GFs part corresponding
to the scattered wavefield at different time lags. Duputel et al.” showed that both methods provide similar results
and therefore concluded that both approaches are equivalent. However, Clarke et al.”® demonstrated that the
MWCSA method is more efficient to detect very small dv/v. For this reason, in this study, we use the MWCSA
method. The error of this estimation can be determined using the squared misfit of the modeled slope of the
linear regression of the time-delay (dt) measurements®.

For each day, we computed cross-correlations on two minute-long windows, which were subsequently stacked
over the previous 5 days. The use of shorter stacking windows led to excessive uncertainty over the retrieved dv/v
values. Then, we compared GFs with the RGF using the aforementioned MWCSA method on five-second-long
windows and a step of two-second-long over the whole 240 s (- 120 s+ 120 s) of the cross-correlation functions to
estimate a value of dv/v. This window length was selected as being the best compromise between resolution and
uncertainty. Figure S1 in the supplementary materials shows three examples of interferograms for station pairs
PLPI-PPMA, PLPI-PCOR and PPMA-PCOR (Fig. 1) within the 0.1-1.0 Hz range. We can observe that after the
start of the eruption, the GFs show an erratic shape, where the causal and acausal parts are not correctly defined.
This is a consequence of the volcanic tremor, which started just at the beginning of the eruption. The tremor
acts as a source of contamination due to a persistent coherent signal with a localized source in the 0.3-4.0 Hz
frequency range, which encompasses the frequency range of our study (see Fig. S2 in the supplementary materi-
als). For this reason, we decided to limit our interpretation of dv/v values until the start of the eruption. All the
daily dv/v for all the pairs of stations are shown in Fig. S3 in the supplementary materials.

Spatial distribution of dv/v. In order to determine the spatial distributions of dv/v we applied a linear
inversion technique. We used the analytical approach of Del Pezzo and Ib4fiez* to calculate the sensitivity ker-
nels for the propagation of scattered waves between each station pair:
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where (x;, y;) and (x;, yj) represent the coordinates of the (virtual) sources and receivers, § represents the spatial
aperture of the weighting function and D represents the source-receiver distance. Figure S4 in the supplemen-
tary materials shows an example of sensitivity kernel for the station pair PCOR-PLPI (Fig. 1). Del Pezzo and
Ibafiez* used this kind of kernel for imaging the spatial distribution of the intrinsic attenuation parameter Q.
However, this formulation can be useful for imaging dv/v as well, being both quantities related to the scattered
wavefield. The kernel of Del Pezzo and Ibéafiez*® assumes diffusion as a scattering regime. Since we computed
the dv/v overtime windows of 120 s, which is many times the ballistic travel-time for our network, we conclude
that this assumption is correct in our case. The authors suggested using a value of 0.2 for the parameter 8. Using
this kernel we can express the observed dv/v for a station pair (s;s;) as:

dv _ dv
7(5,‘,5]‘) =n 1//Knum(x,y,xi,yi,xj,yj)7(x,y)dxdy (3)

Koum (%, y, xi yi> X5, yj) =

with n being a normalization factor:

n=//Knum(x,y,xi,yi,xj,yj)dxdy (4)

We discretize this forward problem by representing the continuous function dv/v as a mesh of 19x27 km
regular tiles having a size of 1.4 x 1.8 km®!. The supplementary materials show the ray path and the 2D kernel
density map in Figs. S5 and S6, respectively. The resulting discrete inverse linear problem was solved using the
Truncated Singular Value Decomposition, selecting the appropriate number of eigenvalues with the L-curve
approach’.

Results

Figure 2A shows the daily seismic velocity variations corresponding to the median of all the station pairs (Fig. 2A,
black line) and specific station pairs (Fig. 2A, coloured lines) from Aug. 1st to Sept. 25th. The median time
series does not show significant velocity variations at the beginning, with mean values generally remaining
within+0.01% until Sept. 10th (Fig. 2A, black line). Since Sept. 10th, dv/v started decreasing evidently in the
PCOR_PLPI pair, reaching a minimum of — 0.4% on Sept. 18th (Figs. 2A and 3A). Between Sept. 18th and 19th,
the average dv/v attains a minimum with an average value of — 0.21% (Figs. 2A and 3A). We note that the days
in which significant variations on the average dv/v are observed the error values are generally lower than 0.075%
(color-coded in Figs. 2A and 3A).

Figure 4 shows the results of the spatial mapping of daily dv/v from Sept. 8th to 19th. The spatial distribu-
tion of dv/v between Sept. 8th and 9th shows low dv/v values in the eruption zone and in the eastern part of
Cumbre Vieja (Fig. 4A and B). We consider these low dv/v values as artifacts produced during the inversion
process because we don’t have enough resolution to observe such minor anomalies. Similar anomalies consid-
ered as artifacts are observed in the month prior to the eruption (see Fig. S8 of supplementary materials). On
Sept. 10th, we observe low dv/v values located in the southern part of the eruption site, with an average value
of — 0.059% (Fig. 4C). During this day, no seismicity was recorded and no deformation was observed (Figs. 2B
and 3B). Between Sept. 11th and 14th, the dv/v values observed in this zone with the station pair PLPI-PCOR
(Fig. 1) decreased, reaching — 0.38% in Sept. 14th (Fig. 3A). During this period, a deep seismic swarm (>4 km)
was recorded and deformation began to occur (Figs. 2B and 3B). Between Sept. 15th and 16th, the average dv/v
started to decrease, reaching — 0.41% in some station pairs (Fig. 3A). We started recording shallow earthquakes
(<4 km) during these days, and the deformation continued increasing. On Sept. 17th, there was a generalized
decrease of the dv /v values in most of the station pairs (Fig. 4]), with an average dv/v value of — 0.148%. This gen-
erated a much larger anomaly distribution, encompassing most of the Cumbre Vieja volcanic complex. Between
Sept. 18th and 19th, the dv/v values continued decreasing, reaching — 0.43% in some station pairs (Fig. 3B).

Discussion and conclusion

The most important result of this work is the relevant decrease of dv/v observed 9.5 days before the eruption
onset. This decrease started on Sept. 10th, the day before the onset of the seismicity. Between Sept. 10th and 14th,
the dv/v continued decreasing. During this period, the deep seismicity (>4 km) continued increasing and ground
deformation started to be recorded on Sept. 14th. Then, on the 15th of September, the values of dv/v were still
decreasing and a shallow seismicity (<4 km) was observed (Fig. 3C). This seismicity was distributed between 1
and 5 km south of the eruptive center (Fig. 4). Between the 12th and 15th of September, we observed a velocity
increase in the southeastern part of the island. The most likely explanation is that this increase in velocity is
related to negative volumetric strain (compression) due to the ground deformation.
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Figure 2. Comparison of daily dv/v with the seismicity and deformation produced during the pre-eruptive and
eruptive periods (vertical black dashed line showing the eruption onset). The vertical gray dashed line represents
Sept. 10th. (A) Statistical analysis of daily dv/v for all the station pairs (median, black line), together with some
dv /v for specific station pairs (PCOR_PLPI: red line, PLPI_PPMA: blue line, PCOR_PPMA: green line). Each
boxplot represents the minimum and maximum values of dv/v (lower and upper horizontal lines), its lower and
upper quartiles (lower and upper box limits), and its median. The color of the boxplots represents the estimated
error on dv/v. (B) Time series of GPS ARID deformation appear as blue, orange and black lines for the E-W,
N-S and U-D components, respectively. The histogram bars indicate the seismicity possibly related to the fluid
injection (green dots) and magmatic intrusion (black dots). The relative velocity variation curves were obtained
using MSNoise software!® (http://www.msnoise.org).

We exclude the stress/strain field variation in the volcanic edifice as a dominant mechanism to explain the
observed decrease in dv/v, due to the lack of significant ground deformation between Sept. 10th and 14th. Actu-
ally, we observe that the station pair showing the most evident decrease (PCOR_PLPI) is located to the south of
the area of the eruptive vent, where the highest ground deformation was observed® (Fig. 4). Furthermore, we
discard the effect of ground shaking produced by earthquakes as a causative mechanism for the velocity drop,
as the earthquakes that occurred during this period had a magnitude generally lower than 2.5 M (see Fig. S7 of
supplementary materials), their hypocenters were deeper than 5 km (Fig. 3C) and their frequency content was
above the higher limit of 1 Hz considered for dv/v estimations (Fig. S2). Moreover, the most important velocity
drop occurs a few kilometers to the south of the area of most intense seismicity (Fig. 4C-I). Another possible
mechanism which can be invoked to justify the velocity drop is the magmatic intrusion itself, with the associ-
ated fracturing process. Again, we consider this mechanism unlikely before Sept. 19th since the hypocenter
depths (Fig. 3C) clearly show that the magma reached shallow depths (<4 km) only the day before the eruption.
Considering the velocity model of D’Auria et al.! for the given range periods used in the analyses (1.0-10.0 s),
the penetration depth of the Rayleigh waves is just a few kilometers (see Fig. S9 of supplementary materials).
Therefore, we can exclude the direct involvement of magma in the process since, as also testified by the hypo-
center depths (Fig. 3C), the magma reached the surface only on the day of the eruption (19th of Sept.). Moreover,
this explanation is also not compatible with the fact that the most relevant velocity variations are located a few
kilometers to the south of the eruptive vents (Fig. 4). However, the marked drop of dv/v observed on the day
before the eruption could be related to the magmatic intrusion reaching the surface.

Thus, we consider that the observed velocity drop can be explained by the ascent of hydrothermal fluids
towards the surface through areas of weakness, such as those imaged in the Vs model obtained by D’Auria
et al.! (Fig. 5) and the resistivity model of Di Paolo et al.** (see Fig. 2C of Di Paolo et al.**). Both models show

Scientific Reports |

(2023) 13:12039 | https://doi.org/10.1038/s41598-023-39237-9 nature portfolio



www.nature.com/scientificreports/

A)

0.4

[— PCORPPMA | T

=—— PCOR_PLPI
—— PLPI_PPMA !

400

ty

Def. {cm)

i
[ 1
N-5 1
e {1300
! .
— _ | F200]

100

micy

Seis

<)

#
»
#
]
e®
:‘é‘i%
v

1
-
13
a s

oy

s
“
-

09 10 1 12 13 14 15 16 17 18 19 20
2021-September

Figure 3. The temporal window of Fig. 2 has been zoomed in to highlight the comparison of dv/v with
seismicity and deformation between Sept. 8th and 19th. This time window encompasses the pre-eruptive period.
(A) Daily dv/v for all station pairs (median, black line) and specific station pairs (red, blue and green lines).

(B) Deformation times series (GPS ARID) and seismicity histograms. (C) Depth distribution of the seismicity
related to the fluid injection (green dots) and magmatic intrusion (black dots).

that this area could have hosted a hydrothermal reservoir prior to the eruption, at a depth of about 2 km b.s.l.
The area affected by the decrease in dv/v is mostly located between the station PLPI and PCOR, and extends
approximately between 2 and 12 km south of the eruptive center (Fig. 4), coinciding with the previously identi-
fied hydrothermal reservoir.

The source of these hydrothermal fluids can be ascribed to the ascending magma batch itself. The upward
migration of hypocenters and the increase in the ground deformation clearly suggest that the magma was rising
at least since Sept. 13th. The consequent depressurization of the magma must have produced the exsolution and
the release of the dissolved gases, which migrated upward through fracture systems faster than the magma itself.
Recent petrological observations realized by Pankhurst et al.*> determined that the magmas emitted during the
initial phase of the eruption were more hydrated, as evidenced by the presence of amphibole®. This mineral
disappeared from the emitted products during the later phases of the eruption, testifying a lower water content.
This supports our hypothesis about the pressurization of a shallow hydrothermal system by the injection of gases
released by the ascending magma at depth. Note that a decrease in the average seismic velocities due to the input
of hydrothermal fluids is already documented in the scientific literature’>'%*”. The same holds for the triggering of
earthquakes caused by the injection of hydrothermal fluids®®. In Fig. 5 we represent a north-south cross-section
of the S-wave tomographic velocity model from D’Auria et al.!. It can be observed that the horizontal extent of
a low-velocity anomaly (map on the left side of Fig. 5), which has been interpreted as a hydrothermal reservoir,
coincides with the area of greater velocity decrease before the eruption (Fig. 4). From this figure, it is also clear
that the hypocenters, which we attribute to the injection of hydrothermal fluids, are located on the northern-
most side of this reservoir. Therefore we conclude that fluid-induced earthquakes are located only within the
zone where hydrothermal fluids, exolving from the magma, are injected into the reservoir. This possibly occurs
because of the stronger fluid pressure gradients associated with this area.

From Fig. 3C, we observe that the earthquakes (an therefore the magma) approach quickly the surface
between 18 and 19th of Sept. Therefore, as we mentioned before, the mechanism that caused the decrease of
dv/v the day before the eruption can be strongly affected by the magmatic intrusion. The intrusion of magma at
shallow depth generates structural damage and elastic strain changes in the crust which could explain the rapid
drop of dv/v. The decrease in the average seismic velocities due to magmatic intrusion is already documented
in the scientific literature'>*.

The results of our analysis demonstrate once again the usefulness of ambient noise interferometry as a volcano
monitoring tool. The sensitivity of this method in detecting velocity variations related to volcanic processes and,
in particular, to magmatic or hydrothermal fluid injections, makes it a valuable tool for better understanding
the volcano dynamics. In our case, it was fundamental to correctly interpret the swallow seismicity observed,
9.5 days before the eruption onset. A major drawback of this technique is that it is negatively affected by coher-
ent sources like a volcanic tremor. For this reason, this method was not applied for the syn-eruptive monitoring
of La Palma 2021 eruption.
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Figure 4. Spatial distribution of dv/v for different dates in September 2021. The green and black dots represent
the seismicity related to the fluid injection and magmatic intrusion, respectively. Seismic stations appear like
black triangles, and a red triangle shows the 2021 eruptive vent. The black line represents the approximate
raypath of the station pair PLPI-PPMA, which is the closest to the eruption site. The digital elevation model was
downloaded from the public graphic repository of GrafCan (http://www.grafcan.es).
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Key points

Imaged velocity anoma-
lies are related to the
main geological structures
of the Gran Canaria
island.

Low-velocity zones
observed in Tenerife
could be associated to a
shallow clay cap.

Two low-velocity zones
observed in the southern
part La Palma island can
be related to hydrother-
malized clays.
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Las anomalias de
velocidad observadas en
Gran Canaria estan
relacionadas con las
principales estructuras
geoldgicas de la isla.

Las zonas de baja
velocidad observadas en
Tenerife podrian estar
asociadas a una clay cap
superficial.

Las dos zonas de baja
velocidad observadas en
la parte sur de la isla de
La Palma podrian estar
relacionadas con arcillas
hidrotermalizadas.
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ABSTRACT

Ambient Noise Tomography is a geophysical exploration technique that has proven to be highly
efficient for studies at different scales and for multiple purposes, such as geothermal exploration.
In this article, we introduce this technique by reviewing its various steps. Additionally, we present
some examples of applications from studies conducted in the Canary Islands (specifically in
Tenerife, Gran Canaria, and La Palma) for geothermal exploration purposes.The study realized
in Gran Canaria reveals a series of low-velocity zones in the southern and eastern parts of the
island, which could be linked to convective cells. In Tenerife, a low-velocity zone has been ob-
served, potentially associated with a superficial clay cap that could facilitate the ascent of gases
to the surface. Finally, the study carried out in La Palma highlights the existence of two low-velo-
city zones in the southern part of the island, possibly related to hydrothermally altered clay zones,
indicating a circulation of hydrothermal fluids.
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RESUMEN

La tomografia de ruido sismico es una técnica de exploracion geofisica que ha mostrado ser muy
eficiente para estudios a diferentes escalas y para multiples propésitos, como la exploracion
geotérmica. En este articulo hacemos una introduccion de esta técnica repasando sus diferentes
pasos. También, se muestran algunos ejemplos de aplicaciones de estudios realizados en las
Islas Canarias (concretamente en Tenerife, Gran Canaria y La Palma) con fines de exploracion
geotérmica. El estudio realizado en Gran Canaria muestra una serie de zonas de baja velocidad
en la parte sur y este de la isla que podrian estar vinculadas a células convectivas. En Tenerife
se ha observado una zona de baja velocidad que podria estar relacionada con un clay cap su-
perficial que podria permitir el ascenso de gases a la superficie. Por ultimo, el estudio realizado
en La Palma muestra la existencia de dos zonas de baja velocidad en la parte sur de la isla que
podrian estar vinculadas con zonas de arcillas hidrotermalizadas, lo que podria indicar una cir-
culacion de fluidos hidrotermales.
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1. Introduccién

La tomografia sismica es un método de explo-
racion geofisica que reconstruye las velocidades
de las ondas sismicas que viajan a través de la
Tierra para inferir las propiedades mecanicas del
subsuelo. Para realizar la tomografia sismica se
pueden utilizar fuentes artificiales, cuya localiza-
cion y caracteristicas son bien conocidas. La uti-
lizacion de fuentes artificiales (explosiones, ca-
miones vibroseis...) permiten simplificar el
problema inverso relacionado, pero a menudo
conlleva costes altos y campafias de medida con
una logistica complicada. Por otro lado, la utiliza-
cion de terremotos como fuentes sismicas permi-
te la realizacién de tomografia sismica con costes
muy reducidos. Sin embargo, la utilizacién de la
sismicidad natural es imposible en entornos geo-
l6gicos donde dicha sismicidad sea escasa 0 au-
sente. Ademas, el problema inverso relacionado
es mas complicado, siendo las fuentes mismas
parte del problema inverso.

Sin embargo, la vibracion ambiente del suelo
de la Tierra, llamado ruido sismico (seismic am-
bient noise en inglés), representa un tipo diferen-
te de sefal sismica disponible en cualquier lugar
del planeta y sin costes. El ruido sismico puede
ser utilizado para construir modelos de velocidad
de la Tierra mediante una técnica denominada
tomografia de ruido sismico o ANT, de sus siglas
en inglés (Ambient Noise Tomography). La técni-
ca ANT ha demostrado ser eficaz para obtener
modelos de velocidad de estructuras a escala
continental (Yang et al., 2007; Saygin and Kenne-
tt, 2010), escala regional (Shapiro et al., 2005;
Sabra et al., 2005; Lin et al., 2007) y escala local
como volcanes (Brenguier et al., 2007; Masterlark
etal., 2010; Stankiewicz et al., 2010; Cabrera-Pé-
rez et al., 2022) o sistemas geotérmicos (Yang et
al., 2011; Planes et al., 2020).

El primer trabajo de ANT aplicado para la ex-
ploracion geotérmica fue realizado por Yang et al.
(2011) y obtuvo un modelo de Vs superficial del
campo geotérmico de Coso (California). Este es-
tudio revel6 la existencia de anomalias de baja
velocidad relacionadas con alteracién geotérmi-
ca. A este trabajo le siguieron otros estudios que
permitieron descubrir la presencia de nuevos re-
servorios geotérmicos (Cal6 et al., 2013), anoma-
lias de temperatura relacionadas con la circula-
cion de fluidos hidrotermales (Lehujeur et al.,
2018; Cabrera-Pérez et al., 2023), reservorios de
agua (Wahida et al., 2018), zonas de fusion par-
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cial (Martins et al., 2020) y el espesor de un de-
posito sedimentario relacionado con un sistema
geotérmico (Planes et al., 2020). Estos estudios
muestran el gran potencial de la ANT como mé-
todo geofisico para la exploracién geotérmica.

El objetivo de este articulo es introducir la
ANT, explicando la metodologia que constituye
esta técnica y que consta de los siguientes pasos:
(i) el preprocesamiento de datos de ruido sismico,
(i) la correlaciéon cruzada de sefiales de diferen-
tes parejas de estaciones, (iii) la extraccion de las
curvas de dispersion, (iv) la obtencién de los ma-
pas de velocidad de grupo o fase de ondas super-
ficiales para diferentes periodos y (v) la inversion
en profundidad (Shapiro et al., 2005). Ademas, se
muestran algunas aplicaciones de esta técnica en
Canarias con fines de exploracion geotérmica,
centrandose en estudios realizados en La Palma,
Tenerife y Gran Canaria.

2. Tomografia de ruido sismico
2.1. Ruido sismico

El ruido sismico es la vibracion ambiente del
suelo compuesta principalmente por ondas super-
ficiales. Esta sefial puede estar generada por mul-
tiples fuentes como pueden ser el ruido de origen
antropogénico, atmosférico y el microsismo ocea-
nico. La principal caracteristica que diferencia las
sefales generadas por las diferentes fuentes es
su rango de periodos caracteristicos. En la Figura
1 mostramos la densidad espectral de energia o
Power Spectral Density (PSD) para las sefales
de ruido sismico registradas durante el 2020 por
la estacion GSNT. A periodos cortos (0,1 - 1 s),
se observa principalmente el ruido sismico rela-
cionado con fuentes antropogénicas como vehi-
culos o maquinarias (Figura 1A). La distribucién
de amplitud de esta fuente de ruido es bimodal
debido a las variaciones diurnas de la actividad
humana. En este rango de periodos también se
puede generar ruido sismico como consecuencia
de fuentes atmosféricas, que es producido por la
interaccion del viento con arboles o estructuras
que pueden causar vibraciones del suelo (Nakata
et al., 2019).

Por otro lado, para periodos méas largos
(1 - 30 s) el ruido es producido principalmente por
el oleaje océanico y se suele nombrar como micro-
sismo oceanico. El microsismo oceanico de mayor
amplitud se genera como consecuencia de los
enérgicos sistemas ciclénicos que poseen grandes
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gradientes de presién provocando fuertes vientos
en la superficie, lo que genera una transferencia
de energia desde la atmésfera al oleaje oceanico
(swell en inglés), que posteriormente se convierte
en ondas sismicas (Kedar et al., 2008). EIl micro-
sismo oceanico posee dos picos dominantesa 7y
14 s, denominados respectivamente pico primario
(Figura 1B) y secundario (Figura 1C). El pico pri-
mario es generado cerca de la costa en aguas
poco profundas como consecuencia de la interac-
cién de ondas de gravedad con la corteza, produ-
ciendo ondas sismicas con el mismo contenido
espectral que las olas oceanicas originales. Al con-
trario, el pico secundario puede producirse en

— 1Es0ow

30

25

n
S

o
Probabilidad (%)

Periodo (s)

Figura 1. El mapa muestra la localizacion de la estacion
sismica GSNT (triangulo rojo) en la isla de Gran Canaria. La
gréafica muestra la distribucién de probabilidad de la PSD
para un afio de datos de esta estacion. Las lineas grises
muestran los valores minimos y maximos del modelo proba-
bilistico de ruido de fondo de Peterson (1993). Las marcas
blancas representan el rango de periodos para el ruido sis-
mico generado por fuentes antropogénicas y atmosféricas
(A), segundo microsismo (B), primer microsismo (C) y el hum
de la Tierra (D). La linea discontinua blanca indica el limite
a 120 s, que es el periodo maximo de respuesta del sensor.

Figure 1. The map shows the location of the seismic station
GSNT (red triangle) on the island of Gran Canaria. The graph
shows the probability distribution of the Power Spectral Den-
sity (PSD) for one year of data from this station. The gray
lines represent the minimum and maximum values of the
background noise probabilistic model by Peterson (1993).
The white markers represent the range of periods for seismic
noise generated by anthropogenic and atmospheric sources
(A), the second microseism (B), the first microseism (C), and
the Earth’s hum (D). The white dashed line indicates the
limit at 120 seconds, which is the maximum period response
of the sensor.

aguas tanto profundas como poco profundas ya
que resulta de la interaccion no lineal entre olas
oceanicas propagandose en sentidos contrarios,
generando ondas de presion que se propagan ver-
ticalmente hasta el fondo marino con una frecuen-
cia doble a la de las olas oceanicas originales. Por
Ultimo, a periodos mas altos (> 50 s) la fuente de
ruido esté relacionado con el “hum” de la Tierra
(Figura 1D), que son las oscilaciones libres del
planeta generadas de manera aleatoria por impor-
tantes perturbaciones oceanicas y/o atmosféricas.
Para la ANT, la principal fuente de ruido que se
utiliza es el microsismo oceénico, dado su rango
de periodos y la buena distribucion temporal y es-
pacial de las fuentes. No obstante, la fuente de
ruido utilizada dependera de la escala de estudio
y el rango de frecuencias que se quiera utilizar.

2.2. Pre-procesamiento de los datos

Para obtener informacion de la velocidad de
propagacion del ruido sismico, es necesario que
las fuentes se encuentren distribuidas homogeé-
neamente de forma espacial y temporal, habiendo
unas condiciones de isotropia del campo difuso
para reconstruir correctamente las funciones em-
piricas de Green. Estas funciones empiricas de
Green se obtienen apilando durante un periodo
de tiempo suficientemente largo las correlaciones
cruzadas de la sefial de ruido sismico para las
diferentes parejas de estaciones que componen
una red sismica. Sin embargo, previamente es
necesario normalizar la sefial en el dominio del
tiempo y la frecuencia (Bensen et al., 2007).

La normalizacién en el dominio del tiempo se
aplica con el fin de reducir el efecto de las senales
como terremotos que se encuentran geografica-
mente localizadas y que son excepcionalmente
fuertes. Tradicionalmente, se han utilizado dos
normalizaciones en el dominio del tiempo W (t):
running absolute mean normalization and one-bit
normalization. La normalizacién running absolute
mean en el dominio del tiempo es definida como:

“(tj )’

donde el tiempo se representa a través de una
secuencia discreta. Por lo tanto, para un punto en
esta secuencia t;, la normalizacion se realiza divi-
diendo la sefal por la media absoluta del sismo-
grama en una ventana de tiempo de longitud N.

1 n+N/2

N +1zj:n—N/2 @)

wit,)=
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Por otro lado, la one-bit normalization consiste en
reemplazar cada muestra de un registro sismico
por su signo, en el cual la amplitud de la sefial se
convierte en £1.

La normalizacion en el dominio de la frecuen-
cia es aplicada por dos razones: para ampliar el
ancho de banda de las funciones de Green y para
disminuir el efecto de las fuentes con frecuencias
dominantes. Uno de los métodos mas utilizados
es el spectral whitening, que es aplicado para
normalizar la amplitud del espectro de Fourier de
la sefial. Para realizar esta normalizacion se utili-
za una version suavizada de la amplitud espectral
de la sefial de ruido. En este caso en espectro
normalizado de la sefial resulta ser:

N(w) =

S(w)/ ‘ssm (W)‘ )

donde [S°™ (w? es la amplitud espectral suavizada
a través de diferentes tipos de filtros. La amplitud
espectral suavizada corresponde a la envolvente
del espectro de la sefal.

La dltima etapa del pre-procesamiento consis-
te en eliminar las ventanas de tiempo que todavia
contienen fuentes sismicas impulsivas (ej. terre-
motos). Esto se puede hacer de forma manual o
automatica.

2.3. Correlaciones cruzadas

Después de que los datos hayan sido pre-pro-
cesados, el siguiente paso es calcular la correla-
cién cruzada del ruido sismico para multiples
ventanas de tiempo que son posteriormente api-
ladas.

Varios estudios tedricos y experimentales han
demostrado que, en un sistema lineal con una
atenuacion débil, la derivada temporal de la co-
rrelacion cruzada de un campo de onda aleatorio
0 ruido sismico registrado por dos estaciones
converge en la funcién empirica de Green (Wea-
ver y Lobkis, 2001; Gouédard et al., 2008). Esto
puede ser escrito como:

© Cua(t)=F(1)*[Gy 1)+ ()] @

lim —
Toe Jt

donde Cy; (t) es la correlacion cruzada entre las
sefales registradas por dos estaciones A y B,
calculadas para una ventana de tiempo de longi-
tud T. Gag (t) es la funcién de Green entre ambas
estaciones y Gz (—t) es su reciproco. F (t) es una

funcién en el dominio del tiempo que tiene en
cuenta las caracteristicas del espectro del ruido
sismico (Weaver and Lobkis, 2001; Snieder,
2004; Wapenaar, 2004). Este procedimiento pue-
de ser aplicado para cada pareja de estaciones
de unared sismica. La correlacion cruzada puede
ser calculada en ventanas de tiempo un poco mas
largas que el tiempo de propagacién de ondas
superficiales entre las estaciones A y B (tipica-
mente unos minutos en unared local), usando las
componentes vertical (Z), transversal (T) y radial
(R) en todas sus posibles combinaciones (ej. ZZ,
ZR, TT, TZ, etc..). Para ondas de Rayleigh se
puede obtener la funcién de Green utilizando las
componentes ZZ, mientras que para la ondas de
Love es conveniente utilizar las componentes TT.

En la Figura 2A se muestra la funcion empirica
de Green para la componente ZZ para todas las
parejas de estaciones que fueron instaladas de
forma temporal en el 2020 en Gran Canaria. Es-
tan ordenadas en funcion de la distancia entre las
estaciones con respecto a la diferencia de tiempo
(lag de tiempo). La parte negativa (lag de tiempo
< 0 s) de esta sefial es la parte anticausal, mien-
tras que la parte positiva (lag de tiempo > 0 s) es
la causal. Estas correlaciones muestran sefiales
coherentes constituidas por trenes de ondas de
Rayleigh. Estos trenes de ondas estan bien defi-
nidos en ambas partes causales y anticausales,
lo que valida la homogeneidad de la distribucién
espacial y temporal de las fuentes de ruido, como
es requerido por la teoria del campo difuso para
que las correlaciones cruzadas converjan en las
funciones de Green (Weaver and Lobkis, 2001;
Snider, 2004; Wapenaar, 2004).

2.4. Curvas de dispersion

Después del calculo de las correlaciones cru-
zadas y su apilamiento, el siguiente paso es ob-
tener la curva de dispersion para cada pareja de
estaciones. Esta curva de dispersién expresa la
velocidad de grupo o fase en funcién del periodo.
Hay diversos métodos para extraer la curva de
dispersion, sin embargo, aqui describimos el mé-
todo mas utilizado, el cual es un andlisis en fre-
cuencia-tiempo llamado FTAN, de sus siglas en
inglés (Frequency-Time ANalysis) (Levshin et al.,
1992). El primer paso para calcular la FTAN es
cambiar la funcién de Green del dominio del tiem-
po al dominio de la frecuencia a través de la trans-
formada de Fourier: s(t)—S(w). El segundo
paso es la aplicacion de una serie de filtros gaus-
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Figura 2. A) Correlaciones cruzadas de todas las parejas de
estaciones sismicas ordenadas de acuerdo con la distancia
entre las estaciones. Las velocidades de 1,0 y 3,0 km/s estan
marcadas con lineas continuas y discontinuas, respectivamen-
te. B) Grafica FTAN obtenida de la correlacién cruzada extrai-
da de la pareja de estaciones sismicas de GGAL y GSNT. La
linea blanca representa la curva de dispersion para esta pare-
ja de estaciones. C) Los triangulos negros representan la dis-
tribucion de la red sismica temporal utilizada para obtener la
Figura 2A. Los triangulos rojos representan la localizacion de
las estaciones sismicas permanentes de GGAL y GSNT.

Figure 2. A) Cross-correlations of all pairs of seismic sta-
tions sorted according to the distance between the pairs of
stations. Velocities of 1.0 km/s and 3.0 km/s are marked with
solid and dashed lines, respectively. B) FTAN graph obtained
from the cross-correlation of seismic stations GGAL and
GSNT. The white line represents the dispersion curve for this
pair of stations. C) The black triangles represent the distribu-
tion of the temporary seismic network used to obtain Figure
2A. The red triangles represent the location of the permanent
seismic stations GGAL and GSNT.

sianos de banda estrecha con una frecuencia
central wy:

S, (w.0,) = S(a))(1+ sgn(w))G(w —w,), (4)
donde

G(w -w,) = exp —a[% , )

0

a es un parametro relacionado con el ancho del
filtro y sgn es la funcion signo. Posteriormente, se
aplica la inversa de la transformada de Fourier
para convertir cada funcion S, (o, coo) al dominio
del tiempo y se calcula la envolvente por cada una
de estas sefales. Este proceso se repite para
diferentes frecuencias centrales obteniendo una
amplitud en funcion de la frecuencia y el tiempo.
A través de la representacion grafica de esta fun-
cion se puede determinar de forma manual o au-
tomatica el tiempo de viaje, t,, de las ondas entre
la pareja de estaciones, seleccionando la posicidén
de los valores maximos por cada frecuenciatg (w)
Eso permite obtener la curva de dispersion de la
velocidad de grupo que se define como
U(a))z rit, (w) siendo r la distancia entre las
estaciones. Un ejemplo de aplicacion de la FTAN
esta representado en la Figura 2B para la funcion
de Green obtenida entre la pareja de estaciones
GSNT y GGAL (Figura 2A).

2.5. Mapas 2-D de velocidad de grupo o fase
de ondas superficiales

El siguiente paso en ANT consiste en realizar
la inversion utilizando las curvas de dispersién
con la finalidad de obtener mapas de velocidad
de grupo para diferentes periodos (Shapiro et al.,
2005). Este procedimiento es similar a la tomo-
grafia de tiempo de viaje con terremotos, aunque
en este caso el problema, siendo bidimensional,
es mas sencillo. El método de inversion estandar
consiste en una aproximacion con una linea recta
de la trayectoria superficial del rayo sismico entre
la fuente y el receptor, lo que en el caso de la ANT
equivale a una pareja de estaciones. El problema
directo de la tomografia de ondas superficiales se
basa en predecir el tiempo de viaje, que es de-
pendiente de la frecuencia, para un modelo de
velocidad de fase o de grupo:

t(w)=

ds

) o)

(6)

donde w es la frecuencia, x e y son las coordena-
das de la posicién en la superficie, t(w) es el tiem-
po de viaje de fase o grupo de las ondas superfi-
ciales, v(w,x,y) es el mapa de velocidad, p es la
trayectoria del rayo y s es la distancia a lo largo
del rayo sismico (Wang and Dahlen, 1995; Wood-
house, 1974; Nakata et al., 2019). Discretizando
la distribucién de velocidad v(w,x,y) con un nume-
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ro finito M de funciones elementales, se obtiene
un sistema de M ecuaciones, que puede ser in-
vertido para encontrar el modelo de velocidad de
grupo para una frecuencia especifica w basando-
se en N medidas de tiempo de viaje (Aster et al.,
2018; Nakata et al., 2019).

Los primeros estudios de ANT se basaron en
la utilizacién de una inversion lineal, o también
llamado regionalizacién. La validez de la utiliza-
cion de una inversion lineal se basa en el su-
puesto de gque existen pequenfas perturbaciones
0 variaciones de velocidad con respecto a un
modelo de referencia (Nolet, 2008). Una aproxi-
macion lineal puede ser suficiente para un estu-
dio a escala global o regional debido a las limi-
tadas variaciones relativas de velocidad. Sin
embargo, a escala local, en entornos geoldgicos
muy complejos como los volcanes o zonas geo-
térmicas, las perturbaciones de velocidad de
grupo o fase pueden exceder el 30% , por lo que
una inversion lineal no es adecuada para realizar
la inversion (Mordret et al., 2015; Spica et al.,
2015).

El primer estudio de ANT en el cual se uso
una inversion no lineal fue el de Stankiewicz et
al. (2010) sobre el lago Toba, donde se uso el
método Fast Marching Method (FMM), desarro-
llado por Sethian (1996) para calcular el tiempo
de trayecto de las ondas sismicas, teniendo en
cuenta las heterogeneidades del modelo de ve-
locidad. Este método esta basado en la solucién
por diferencias finitas de la ecuacion eikonal,
que describe el tiempo de trayecto de las ondas
sismicas y que se ha utilizado para estudiar es-
tructuras volcanicas (Shomali and Shirzad 2015;
Spica et al., 2015; Li et al., 2016; De Siena et
al., 2018). Por otro lado, Fang et al. (2015) pro-
puso un método donde no es necesario realizar
el paso de la inversiéon para obtener los mapas
de velocidad de grupo. EI método consiste en
invertir los datos de dispersiéon de ondas super-
ficiales directamente para las variaciones tridi-
mensionales de la velocidad de onda de corte.
Este método fue aplicado, entre otros, por Li et
al. (2016) para invertir el modelo 3-D de veloci-
dad de onda en el area urbana de Hefei, en
China.

Otro enfoque para la inversion de las curvas
de dispersion es el propuesto por Cabrera-Pérez
et al. (2021), que es el esquema de inversion
utilizado en las zonas de aplicacion que se expo-
nen mas adelante. Este enfoque consiste en una
inversion no lineal multiescala que permite obte-
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ner mapas de velocidad de grupo fiables, incluso
para modelos de velocidad con variaciones de
velocidad muy fuertes al mejorar progresivamen-
te el modelo. El modelo inicial consiste en un
modelo de velocidad homogéneo. La parametri-
zacién del modelo se mejora en los pasos poste-
riores de inversion no lineal agregando nodos de
control sobre una cuadricula regular. El resultado
de cada paso se utiliza como modelo inicial para
el siguiente paso de inversion.

2.6. Inversion en profundidad

El tltimo paso es el proceso de inversion en
profundidad, que consiste en invertir las curvas
de dispersion de velocidades de grupo o fase,
extraidas de los mapas por cada punto, para ob-
tener perfiles 1-D de velocidad de onda P (Vp) y
onda S (Vs) en profundidad. Las velocidades de
grupo o de fase de las ondas superficiales estan
vinculadas con las velocidades Vp y Vs, asi como
con la densidad (p) del medio, U = f (Vp, Vs, p),
y se puede extraer la informacion de las velocida-
des de las curvas de dispersion.

El procedimiento para realizar la inversion en
profundidad consiste en buscar el modelo 1-D de
Vs, cuya curva de dispersion sintética se ajuste
mejor a la obtenida para cada punto. Existen va-
rios métodos para calcular las curvas de disper-
sion sintéticas para modelos 1-D, cada uno con
un coste computacional diferente frente a una
mejor precision y fiabilidad del célculo. En este
trabajo se utiliza el método de Ke et al. (2011) que
utiliza una modificacion del método tradicional de
Thompson-Haskell, con una mayor estabilidad
numeérica y un tiempo de calculo inferior a otros
métodos.

Existen multiples métodos para la inversion en
profundidad del modelo 1-D. En este articulo nos
centraremos en la inversion transdimensional ba-
yesiana (Bodin et al., 2012), que es la que se ha
utilizado para la inversién en profundidad de los
modelos de Gran Canaria, que se muestran mas
adelante. Este enfoque permite obtener una dis-
tribucién de probabilidad a posteriori, que es en
gran medida independiente de una parametriza-
cién especifica. De hecho, el enfoque transdimen-
sional incluye la propia parametrizacion en el pro-
blema inverso (Sambridge et al., 2006). Los
resultados de la inversién transdimensional con-
sisten en una distribucion de probabilidad para la
velocidad a cada profundidad (Zheng et al., 2017;
Kim et al., 2016).
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3. Aplicaciones en Canarias
3.1. Gran Canaria

Gran Canaria es la tercera isla del archipiélago
en extension y altitud, alcanzando su cota maxima
a 1956 m sobre el nivel del mar y cubriendo un
area de 1560,1 km?. La isla de Gran Canaria pre-
senta dos dominios geoldgicos muy bien diferen-
ciados: el dominio suroeste o Paleocanarias, que
es la parte geolégicamente mas antigua; y el do-
minio Noreste o Neocanarias, donde se localizan
las erupciones holocénicas de los ciclos mas re-
cientes (Figura 3). La historia volcanica subaérea
de Gran Canaria se agrupa en tres grandes ciclos
constructivos: el primer ciclo incluye emisiones del
Mioceno superior (14,5 - 8,28 Ma) y se caracterizo
por la emision de un gran volumen de flujos basal-
ticos que constituyeron un escudo volcanico; el
segundo ciclo o ciclo del Roque Nublo, consistié
en emisiones producidas en el Plioceno (5-4,5a
3,5 -3 Ma) y destacd por ser un periodo volcénico
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explosivo y por la generacidén de multiples desliza-
mientos gravitacionales (Schmincke and Sumita,
2010); y por ultimo, el tercer ciclo comprende emi-
siones de edad de <3,2 Ma, emitidas después del
Ciclo Roque Nublo y ciclo reciente. Este ciclo se
caracteriza por la ocurrencia de todas las erupcio-
nes holocénicas que tuvieron lugar en la isla. Este
vulcanismo se concentra en la parte Noreste de la
isla o Neocanarias (Figura 3).

3.1.1. Campafias de medida y procesamiento
de los datos

Los datos utilizados en este trabajo derivan de
una campafa de exploracion geotérmica realiza-
da por el Instituto Volcanol6gico de Canarias (IN-
VOLCAN) en el afio 2019 y 2020 en Gran Cana-
ria. En esta campafia se instalaron 28 estaciones
sismicas de banda ancha (Nanometrics © Trillium
Compact 120s y Giralp ©, Serie 3ESPC) en dos
fases (Figura 3). En la primera fase, se instalaron
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Figura 3. Mapa geologico de Gran Canaria modificado de Bacells et al. (1990). Las edades de las principales unidades
volcano estratigréficas fueron obtenidos de Schmincke and Sumita (2010). Los tridngulos azules, verdes y naranjas repre-
sentan la localizacion de la red sismica temporal desplegada en diferentes fases durante la campafia de exploracion geotér-
mica. Los triangulos rojos representan la ubicacion de la red sismica permanente operada por INVOLCAN para la monitori-

zacion volcanica del archipiélago.

Figure 3. Geological map of Gran Canaria modified from Bacells et al. (1990). The ages of the main volcano-stratigraphic
units were obtained from Schmincke and Sumita (2010). The blue, green, and orange triangles represent the location of the
temporary seismic network deployed in different phases during the geothermal exploration campaign. The red triangles rep-
resent the location of the permanent seismic network operated by INVOLCAN for volcanic monitoring of the archipelago.
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20 estaciones que cubrian toda la isla. Después
de dos meses de registrar datos, se trasladaron
8 estaciones a la parte Este y sureste de la isla
para aumentar la densidad de los rayos sismicos
en estas zonas de interés. El motivo de esta de-
cision es la existencia de anomalias geofisicas y
geoquimicas observadas en estudios previos de
exploracién geotérmica (Ledo et al., 2021; Rodri-
guez et al., 2021). Ademés, se usaron dos esta-
ciones permanentes operadas por INVOLCAN
que se utilizan para la monitorizacion volcanica
del archipiélago (Figura 3). Los datos se adquirie-
ron a una frecuencia de muestreo de 100 Hz.

Seguidamente, los datos registrados fueron
preprocesados para quitar las ventanas con terre-
motos de manera automética. Los datos se ana-
lizaron sobre un rango de frecuencias entre 5-10
Hz y 0,02-0,05 Hz para detectar terremotos vol-
cano-tectdnicos y telesismos, respectivamente.
En total, se detectaron y eliminaron automatica-
mente un total de 97 terremotos locales y 106
telesismos.

Posteriormente, se aplico un filtro para un ran-
go de frecuencia de 0,01 a 2,0 Hz y se normalizé
la sefial aplicando los métodos one-bit normaliza-
tion y spectral whitening (Bensen et al., 2007).
Seguidamente, se calcularon las correlaciones
cruzadas de los datos preprocesados para todas
las parejas de estaciones en ventanas de 5 minu-
tos y se apilaron durante dos meses para la fase
1 y un mes de duracion para la fase 2. Algunas
estaciones estuvieron registrando durante ambas
fases (estaciones temporales: Fase 1-2 en la Fi-
gura 3), por lo que para estas estaciones se rea-
lizé un apilamiento durante tres meses. Este ana-
lisis se realiz6 sobre componentes ZZ para 325
parejas de estaciones (Figura 2A). Luego se ob-
tuvieron 279 curvas de dispersion mediante la
técnica FTAN (Levshin et al., 1992) para la com-
ponente ZZ. La inversiéon para obtener los mapas
de velocidad de grupo se ha realizado para perio-
dos entre 0,7 y 3,2 s. Nuestro andlisis se limito a
rangos de periodos con al menos 50 mediciones
fiables.

3.1.2. Mapas 2-D de velocidad de grupo de
ondas de Rayleigh

Después, se aplico unainversion no lineal mul-
tiescala (Cabrera-Pérez et al., 2021) para obtener
los modelos 2-D de velocidad de grupo para dife-
rentes periodos. La Figura 4 muestra los mapas
2-D de velocidad de grupo de ondas de Rayleigh

BOLETIN GEOLOGICO Y MINERO
(GEOLOGICAL AND MINING BULLETIN)

obtenidos con la componente ZZ para periodos
deT=0,70s,T=1,00s, T=2,00sy T=3,00s.
Los mapas muestran una anomalia de baja velo-
cidad ubicada en la Caldera de Tejeda. Se obser-
va muy bien a periodos cortos de T=0,70sy T
= 1,00 s (ver Figuras 4A y B). Esta zona de baja
velocidad cambia a zona de alta velocidad a pe-
riodos mas altos, correspondiendo a profundida-
des mas importantes. También existe la presen-
cia de zonas de baja velocidad en la parte norte
y sur de la isla, aunque solo a periodos menores.
Sin embargo, en la parte Noreste (donde se ubica
la capital de Las Palmas de Gran Canaria), se
observa una zona de baja velocidad en todos los
periodos. Ademas, a un periodo de T = 3,00 s
observamos la presencia de una zona de alta
velocidad ubicada en la parte central y sureste de
la isla (Figura 4D).

3.1.3. Modelo 3-D de velocidad de onda S

El ultimo paso que se ha realizado es la inver-
sién en profundidad utilizando los mapas de ve-
locidades de grupo obtenidos para diferentes
periodos. Para ello, se extrajo la curva de disper-
sién de los mapas de velocidad del grupo 2-D
para 120 puntos, que se utilizaron para la inver-
sion 1-D en profundidad. Cada curva de disper-
sién se invirtié utilizando un método transdimen-
sional bayesiano (Bodin et al., 2012).

Las Figuras 5A y 5B muestran un corte hori-
zontal y vertical del modelo 3-D de Vs, respecti-
vamente. Como se puede observar, existe un alto
contraste de velocidad en la isla donde se alcan-
zan en algunas areas anomalias negativas de
velocidad con un valor del 40% inferior al prome-
dio (2,96 km/s). La Figura 5A muestra también la
presencia de una zona de alta velocidad en la
parte central de la isla, siguiendo una direccion
NO-SE, en la que el area de anomalia aumenta
en profundidad (H1). Otra zona de alta velocidad
(H2) se observa en la parte central de la isla, si-
guiendo una direccion SO-NE (Figuras 5Ay B).
A poca profundidad estas dos anomalias estan
bien diferenciadas, sin embargo, a mayores pro-
fundidades se unen en una sola. Por otro lado,
se observa una anomalia de baja velocidad que
se encuentra en la parte occidental de la isla,
situada en la Caldera de Tejeda (L1). La veloci-
dad aumenta considerablemente en profundidad,
pasando de anomalias negativas del 30% a va-
lores positivos con 30% de variacion relativa de
velocidad de Vs. Ademas, existe otra anomalia
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Figura 4. Resultados de la tomografia de velocidad de grupo de ondas de Rayleigh para diferentes periodos: A) T = 0,70 s,
B)T=1,00s,C)T=2,00syD)T=3,00s. Los triangulos negros representan la localizacion de las estaciones sismicas. Las
lineas negras indican la localizacién del conjunto de diques y la pared de la caldera de Tejeda.

Figure 4. Results of Rayleigh wave group velocity tomography for different periods: A) T=0.70s,B) T=1.00s, C) T = 2.00
s, and D) T = 3.00 s. The black triangles represent the location of seismic stations. The black lines indicate the location of the
dike set and the wall of the Tejeda Caldera.

de baja velocidad en la parte norte y este (L3) de  con antiguas intrusiones fisurales compuestas por
la isla con -20% de variacion relativa de Vs en densos materiales basalticos. Por otro lado, la
algunas éreas, a una profundidad de 0 m.a.s.l. zona de baja velocidad L1 podria estar relaciona-
Se puede observar la existencia de una anomalia  da con una zona de fracturacion provocada por el
de baja velocidad en la parte suroeste de laisla  colapso de la Caldera de Tejeda. Las otras dos

(L2) que aparece a diferentes profundidades (Fi-  zonas de baja velocidad L2 y L3 podrian estar
gura b). vinculadas con zonas fracturadas generadas por
El modelo de Vs obtenido de la ANT se corre- la actividad volcénica reciente (Camacho et al.,

laciona muy bien con estudios geofisicos previos ~ 2000), con lava subaérea mas débil o porosa
de gravimetria (Camacho et al., 2000), tomografia  (Krastel et al., 2002), o bien con la presencia de
sismica (Krastel et al., 2002), aeromagnetismo  fluidos hidrotermales (Ledo et al., 2021). Ledo et
(Blanco-Montenegro et al., 2003) y magnetoteld-  al. (2021) observaron algunas estructuras de baja
rica (Ledo et al., 2021). Al igual que el modelo de resistividad casi verticales en la parte sur y este
ANT, estos estudios observan la existencia de de la isla (<10 ohm m). Los autores afirman que
una anomalia (H1 y H2) que divide laisla en dos:  estas estructuras verticales podrian estar asocia-
Paleocanarias y Neocanarias, y que se vincula  das a alteraciones hidrotermales y arcillas gene-
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Figura 5. A) Seccién horizontal a 1 km por debajo del nivel del mar del modelo de variacion relativa de velocidad de onda S.
Las lineas negras continuas representan la pared de la caldera y el complejo de diques. Las lineas blancas representan las
fallas. La linea discontinua negra representa el trazado de la seccidn vertical mostrado en la Figura B. B) La linea discontinua
representa el limite de mayor resolucion del modelo que se encuentra a 2 km por debajo del nivel del mar. A mayor profundidad

la resolucién del modelo es menor.

Figure 5. A) Horizontal section at 1 km below sea level of the model showing relative variation of S-wave velocity. The con-
tinuous black lines represent the caldera wall and the dike complex. The white lines represent faults. The black dashed line
represents the trace of the vertical section shown in Figure B. B) The dashed line represents the limit of higher resolution of
the model, which is located at 2 km below sea level. At greater depths, the resolution of the model decreases.

radas por pequefias células convectivas aisladas.
Ademas, Cabrera-Pérez et al. (2023) observaron
una correlacion espacial entre las anomalias con-
ductivas observadas en el modelo de resistividad
de Ledo et al. (2021) y fuertes gradientes laterales
en el modelo de velocidad de onda S. Estas ano-
malias conductivas podrian representar eviden-
cias de circulacion hidrotermal y anomalias térmi-
cas, asociadas a contactos laterales entre
diferentes unidades geoldgicas y/o fallas. Es por

ello que este estudio ha permitido corroborar la
existencia de zonas de anomalias que podrian
estar relacionadas con estructuras de posible in-
terés para la explotacion geotérmica.

3.2. Tenerife - Dorsal Norte-Sur

Tenerife es la isla mas grande del archipiélago
con una extensiéon de 2036 km?2. En esta isla se
pueden distinguir varios dominios geolégicos, te-
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niendo en cuenta su evolucién temporal y su his-
toria geoldgica. El dominio de los edificios anti-
guos esta relacionado con la primera fase
volcanica subaérea que formaron los macizos de
Anaga, Teno y Roque del Conde (Figura 6). El
dominio Cafadas corresponde a todo el material
generado por las erupciones volcanicas del edifi-
cio Canadas, que conforman el complejo volcani-
co central de laisla, y comenz6 a crecer hace 3,5
Ma (Ancochea et al., 1990). Este complejo volca-
nico posee una gran depresion volcanica de 16
km x 9 km, que se produjo como resultado de
multiples colapsos verticales, que posteriormente
fue rellenado por materiales durante el dominio
de las erupciones post caldera. Durante esta ac-
tividad se formaron, en la parte norte de la Calde-
ra de Las Cafadas, los estratovolcanes Teide y
Pico Viejo (Ablay and Marti, 2000). EIl Gltimo do-
minio lo conforman los ejes de rift que constituyen
todas las erupciones volcanicas ocurridas a tra-
vés de los principales ejes estructurales de la isla.
Los tres ejes estructurales son el rift NE o Dorsal
de Pedro Gil, rift NO y rift NS, donde se localiza
la zona de estudio (Figura 6). En estos ejes es
donde se han concentrado todas las erupciones
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histéricas ocurridas en la isla, siendo la ultima la
del volcan Chinyero, en 19009.

La isla de Tenerife ha sido estudiada amplia-
mente utilizando multiples métodos de exploracién
geofisica. Con respecto a la tomografia sismica,
durante la ultima década se han realizado una
serie de estudios sismicos basados en datos de
fuentes activas (Canales et al., 2000; Ibafiez et al.,
2008; Garcia-Yeguas et al., 2012). El primer estu-
dio fue realizado por Canales et al. (2000) que
reveld la presencia de un complejo pluténico de-
bajo del complejo volcanico Teide-Pico Viejo. Pos-
teriormente, Garcia-Yeguas et al. (2012), utilizan-
do los datos obtenidos durante el experimento de
fuentes activas TOM-TEIDEVS (lbafiez et al.,
2008), descubrieron la presencia de un cuerpo de
alta velocidad debajo del centro de Tenerife que
es consistente con estudios previos de gravimetria
y magnetotellrica. La existencia de este cuerpo
de alta velocidad fue corroborada por un estudio
de tomografia de terremotos locales realizado por
Koulakov et al. (2023), que permitid, ademas, des-
velar la existencia de un reservorio de magma
fonolitico a una profundidad de ~5 km. Ademas,
Prudencia et al. (2015) realizaron una tomografia
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Figura 6. Mapa geologico de Tenerife modificado de Ablay and Marti (2000). Los triangulos azules representan la localizacién
de la red sismica temporal desplegada durante la campafa de exploracion geotérmica. Los triangulos rojos representan la
localizacién de la red sismica permanente operada por INVOLCAN.

Figure 6. Geological map of Tenerife modified from Ablay and Marti (2000). The blue triangles represent the location of the
temporary seismic network deployed during the geothermal exploration campaign. The red triangles represent the location of

the permanent seismic network operated by INVOLCAN.
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de atenuacion utilizando los datos obtenidos en el
experimento TOM-TEIDEVS permitieron revelar
que la corteza superior hasta ~5 km de profundi-
dad se caracteriza por una baja atenuacién, mien-
tras que la corteza mas profunda esta compuesta
principalmente por rocas altamente atenuadas.
Todos estos estudios han mostrado que la geolo-
gia de Tenerife es muy compleja, caracterizada
por unos contrastes de velocidad muy fuertes.

3.2.1. Campafia de medida y procesamiento de
los datos

En este estudio se han utilizado los datos de una
campanfa de exploracién geotérmica realizada por
el INVOLCAN en el 2018 y en el 2019 en Tenerife.
En esta campafia se instalaron 23 estaciones sis-
micas de banda ancha (Nanometrics © Trillium
Compact 120s) que estuvieron adquiriendo datos
durante tres meses a una frecuencia de muestreo
de 100 Hz. Ademds, usamos cuatro estaciones
permanentes operadas por INVOLCAN que se uti-
lizan para la monitorizacién volcanica (Figura 6).

El procesamiento de los datos aplicados a los
datos de Tenerife es similar al realizado en Gran
Canaria. En este caso, se aplicé un filtro para un
rango de frecuencia de 0,01 a 5,0 Hz y se extra-
jeron 133 curvas de dispersion. Ademas, se rea-
lizé la inversién para obtener los mapas de velo-
cidad de grupo para un rango de periodos de 0,5
- 2,5 s (Figura 7).

3.2.2. Mapas 2-D de velocidad de grupo de
ondas de Rayleigh

La Figura 8 muestra los mapas de velocidad
de grupo para diferentes periodos T=0,50s, T =
1,00s, T=150sy T=2,00s. Las velocidades
de grupo de ondas de Rayleigh oscilan entre 0,5
km/sy 2,0 km/s. A periodos cortos (Figura 8A), el
modelo es casi homogéneo y no se observa nin-
guna anomalia. A periodos mas altos, se incre-
mentan las variaciones de velocidad de los mo-
delos. La Figura 8B muestra una anomalia de
baja velocidad en la parte norte, casi en el limite
del modelo. Esta zona de anomalia se mantiene
casi constante para los diferentes modelos. Por
otro lado, en la zona costera se observa una ano-
malia de alta velocidad que, a periodos altos (Fi-
gura 8D), se extiende por toda la parte central de
la zona de estudio.

El estudio de magnetotellrica de Pina-Varas
et al. (2014) realizado en la isla muestra una es-
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Figura 7. A) Correlaciones cruzadas de todas las parejas
de estaciones instaladas en la Dorsal Norte-Sur (Tenerife)
ordenadas segun la distancia entre estaciones. Las lineas
continuas y discontinuas negras marcan velocidades de 1,0
y 3,0 km/s, respectivamente. B) Las lineas grises marcan las
curvas de dispersion de ondas de Rayleigh utilizadas en este
estudio. La linea roja y las barras azules representan la
curva de dispersion promedio y desviacion estandar, respec-
tivamente. C) La linea verde representa el nimero de medi-
das en funcion del periodo y el cuadrado gris representa el
rango de periodos utilizado en la inversion (0,5-2,5 s).

Figure 7. A) Cross-correlations of all station pairs installed
in the North-South Ridge (Tenerife) sorted by pair-station
distance. The solid and dashed black lines mark velocities of
1.0 and 3.0 km/s, respectively. B) The gray lines represent
Rayleigh wave dispersion curves used in this study. The red
line and blue bars represent the average and standard devi-
ation of the dispersion curve, respectively. C) The green line
represents the number of measurements as a function of
period, and the gray square represents the period range used
in the inversion (0.5-2.5 s).

tructura de baja resistividad en la zona de estudio
interpretada como una capa de arcilla (clay cap)
producida por alteracion hidrotermal. Esta capa
de arcilla no es continua y en algunas zonas de
la Dorsal Norte-Sur llega a localizarse de forma
muy somera, llegando a encontrarse solo a 0,9
km de profundidad. Rodriguez et al. (2015) obser-
varon que la continuidad y extensién de esta capa
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Figure 8. Rayleigh wave group velocities maps in the North-South Ridge for different periods: A) T=0.50s, B) T=1.00 s,
C)T=150s,and D) T =2.00 s. The black triangles represent the location of seismic stations.

de arcillas influye en la manifestacion superficial
de las emisiones de algunos gases como el helio
en la Dorsal Norte-Sur de la isla. Las anomalias
de baja velocidad de onda de Rayleigh observa-
das en los modelos obtenidos de la ANT podrian
estar asociados con una capa de arcilla mas so-
mera. Este clay cap mas superficial podria ser de
gran interés desde el punto de vista geotérmico.

3.3. La Palma

La Palma es una de las islas mas jévenes y la
tercera isla mas pequefia del archipiélago canario
con un area de 706 km2 y una altura maxima de
2426 metros sobre el nivel del mar. En esta isla
se pueden distinguir dos dominios geoldgicos:
Dominio Taburiente o parte septentrional de la

isla y Dominio Dorsal o parte meridional (Barrera
Morate and Garcia Moral, 2011). La evolucion
geoldgica de la isla comenz6 hace 4 Ma, con la
emisién submarina de materiales que constituye-
ron el complejo basal de la isla (Figura 9). Poste-
riormente, hace 2-3 Ma, los materiales submari-
nos ascendieron por encima del nivel del mar y
empezaron a ser erosionados. Entre 0,77 - 0,56
Ma aparecidé un nuevo centro de emisiéon que se
trasladé hacia el sur y gue acabaria conformando
el edificio Cumbre Nueva. Tras la formacion de
este edificio se produjo un deslizamiento de la
parte occidental, creando una gran depresion en
la parte central de la isla. La ultima parte de la
formacion de la isla se produjo hace 0,12 Ma
cuando se comenzd a formar el edificio Cumbre
Vieja, siguiendo una direcciéon N-S (Barrera Mo-
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Figure 9. Simplified geological map of La Palma (modified from Padron et al., 2012). The green, blue, and yellow triangles
represent the location of temporary seismic stations installed during different campaigns. The red triangles represent the lo-

cation of permanent stations.

rate and Garcia Moral, 2011). Este periodo se
caracterizo por la emision de un gran volumen de
material y un crecimiento muy rapido de la parte
sur de laisla. El edificio Cumbre Vieja esta forma-
do por una cresta montafiosa de 21,5 km de lon-
gitud donde se localizan todas las erupciones
historicas ocurridas en la isla, incluida la ultima
erupcion de la isla que comenzo el 19 de septiem-
bre y terminé el 13 de diciembre de 2021.

3.3.1. Campaias de medida y procesamiento
de los datos

Los datos utilizados en este trabajo provienen
de dos campafias de exploracion geotérmica reali-
zadas por INVOLCAN en el 2018 y en el 2020 (Fi-
gura 9). En 2018 se instalaron 22 estaciones sis-
micas de banda ancha (Nanometrics © Trillium
Compact 120s) en el volcan Cumbre Vieja en dos

fases (Figura 9). En una primera fase se instalaron
11 estaciones en un perfil en la parte norte de Cum-
bre Vieja y una estacion de referencia en el sur que
se mantuvo durante toda la campafa. Transcurrido
un mes, se inicid la segunda fase donde se trasla-
daron las estaciones del perfil a la parte central de
Cumbre Vieja durante dos meses (Figura 9). En el
afo 2020 se instalaron 15 estaciones sismicas re-
partidas por diferentes partes de la isla y se man-
tuvieron durante dos meses. Ademas, se utilizaron
las seis estaciones permanentes operadas por IN-
VOLCAN, que tenian en aquel momento, para la
monitorizacion volcanica. En ambas campafas se
registraron datos a una frecuencia de muestreo de
100 Hz.

El procesamiento de los datos aplicados a los
datos obtenidos en La Palma es similar al aplica-
do en las islas de Gran Canaria y Tenerife (Figu-
ra 10). Se realiz6 la inversién para obtener los

BOLETIN GEOLOGICO Y MINERO 134 (3), 2023, 7-25. ISSN: 0366-0176. http://dx.doi.org/10.21701/bolgeomin/134.3/001

20



BOLETIN GEOLOGICO Y MINERO

(GEOLOGICAL AND MINING BULLETIN)

Ambient Noise Tomography
in the Canary Islands

mapas de velocidad de grupo para un rango de
periodos de 0,4 - 3,2 s (Figura 10).

3.3.2. Mapas 2-D de velocidad de grupo de
ondas de Rayleigh

La Figura 11 muestra los mapas de velocidad
de grupo de ondas de Rayleigh para diferentes
rangos de periodos, de T=1,20s, T=2,00s, T
=2,50syT=3,00s. A periodos cortos (Figuras
11Ay B), se observa una zona de baja velocidad

\ i

A} i

L

= e

A
o i | . A o
A
e a-_“_...

e

I
. ,._..__‘4 S A e S

Distancia entre estaciones (km)

=== 3 kmyjs §

01 T T - = T T 1

20 30

Velocidad de
grupo (km/s)

<)

M
Qo
o

Medidas

—

—T
10°
Periodo (s)

0
1071

10!

Figura 10. A) Correlaciones cruzadas de todas las parejas
de estaciones de La Palma ordenadas segun la distancia
entre estaciones. Estan marcadas velocidades de 1,0y 3,0
km /s. B) Curvas de dispersion de ondas de Rayleigh (lineas
grises) utilizadas en este estudio. La linea roja representa la
curva de dispersion promedio y las barras azules represen-
tan la desviacion estandar. C) Numero de medidas en fun-
cion del periodo (linea verde). El cuadrado gris representa
el rango de periodos utilizado en la inversion (0,4-3,2 s).

Figure 10. A) Cross-correlations of all station pairs in La
Palma sorted by pair station distance. Velocities of 1.0 and
3.0 km/s are marked. B) Rayleigh wave dispersion curves
(gray lines) used in this study. The red line represents the
average dispersion curve and the blue bars represent the
standard deviation. C) Number of measurements as a func-
tion of period (green line). The gray square represents the
period range used in the inversion (0.4-3.2 s).

en la zona sur de la isla, abarcando el complejo
volcanico de Cumbre Vieja. A periodos mas lar-
gos (Figuras 11C y D), las bajas velocidades se
concentran en los flancos este y oeste del com-
plejo (L1). Esta zona de baja velocidad coincide
con zonas conductivas del modelo de resistividad
obtenido por Di Paolo et al. (2020), zonas de baja
velocidad (D’Auria et al., 2022) y también con las
anomalias de baja densidad observadas en Ca-
macho et al. (2009). Tales estructuras de baja
resistividad se vinculan con capas de arcillas y
pueden estar relacionadas con procesos de alte-
racién hidrotermal, que podrian indicar un movi-
miento de fluidos hidrotermales que seria de gran
interés desde el punto de vista geotérmico. Por
otro lado, se observa una zona de alta velocidad
(H1) en el norte de la isla, localizada bajo el es-
tratovolcan Taburiente. Esta anomalia correspon-
de con un cuerpo resistivo (Di Paolo et al., 2020)
y una zona de alta densidad (Camacho et al.,
2009), el cual se extiende hasta una profundidad
de ~10 km. Esta anomalia ha sido interpretada
como un cuerpo intrusivo del Plioceno relaciona-
do con el antiguo vulcanismo de laisla.

4. Conclusiones

La tomografia de ruido sismico ha demostrado
ser una excelente herramienta de exploracion
geofisica para el estudio a diferentes escalas y
para multiples finalidades. Desde el punto de vis-
ta de la exploracion geotérmica, la ANT ha proba-
do ser una técnica complementaria a otras técni-
cas geofisicas como la magnetotellrica, la
tomografia sismica convencional, la gravimetria,
etc. En Canarias, la ANT ha sido utilizada con
éxito en las tres zonas de estudio: Gran Canaria,
Tenerife y La Palma. El estudio realizado en Gran
Canaria ha desvelado la existencia de zonas de
baja velocidad en las partes sur y este de laisla,
que corresponden con zonas de baja resistividad
observadas en los modelos obtenidos por Ledo
et al. (2021), que podrian estar asociadas con
células convectivas. Por otro lado, el modelo ob-
tenido en la Dorsal Norte-Sur de Tenerife muestra
una zona de baja velocidad que podria estar vin-
culada con un clay cap mas superficial, lo que
sugiere la presencia de discontinuidades de per-
meabilidad en esa area donde los gases y fluidos
hidrotermales podrian migrar mas facilmente ha-
cia la superficie. Por ultimo, el modelo de La Pal-
ma muestra una zona de baja velocidad localiza-
da en los flancos este y oeste del complejo
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Figura 11. Mapas de velocidad de grupo de ondas de Rayleigh en La Palma para diferentes periodos: A) T=1,20s,B) T =
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Figure 11. Rayleigh wave group velocities maps of La Palma for different periods: A) T=1.20s,B) T=2.00s,C) T = 2.50
s, and D) T = 3.00 s. The black triangles represent the location of seismic stations.

volcanico Cumbre Vieja que podrian estar rela-
cionadas con arcillas hidrotermalizadas. Esto po-
dria estar vinculado con una circulacién de fluidos
hidrotermales, lo cual podria ser de gran interés
desde el punto de vista geotérmico.

El método de ANT proporciona informacion muy
util y relativamente econémica para la localizacion
de recursos geotérmicos. Los resultados obtenidos
pueden ayudar a definir las areas méas apropiadas
que son susceptibles de mas investigacion deta-
llada para minimizar la incertidumbre sobre la ubi-
cacion de una futura perforacion exploratoria.
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Geothermal and structural
features of La Palma island (Canary
Islands) imaged by ambient noise
tomography

Ivan Cabrera-Pérez'™, Jean Soubestre??, Luca D’Auria’*, José Barrancos®,
Alba Martin-Lorenzo*, David Martinez van Dorth*, German D. Padilla*, Monika Przeor* &
Nemesio M. Pérez'*

La Palma island is located in the NW of the Canary Islands and is one of the most volcanically active of
the archipelago, therefore the existence of geothermal resources on the island is highly probable. The
main objective of this work is to detect velocity anomalies potentially related to active geothermal
reservoirs on La Palma island, by achieving a high-resolution seismic velocity model of the first few
kilometres of the crust using Ambient Noise Tomography (ANT). The obtained ANT model is merged
with a recent local earthquake tomography model. Our findings reveal two high-velocity zones in the
island’s northern and southern parts, that could be related to a plutonic intrusion and old oceanic
crust materials. Conversely, four low-velocity zones are imaged in the southern part of the island. Two
of them can be related to hydrothermal alteration zones located beneath the Cumbre Vieja volcanic
complex. This hypothesis is reinforced by comparing the S-wave velocity model with the seismicity
recorded during the pre-eruptive phase of the 2021 Tajogaite eruption, which revealed an aseismic
volume coinciding with these low-velocity zones. Another low-velocity zone is observed in the
southern part of the island, which we interpret as highly fractured rocks which could favour the ascent
of hot fluids. A last low-velocity zone is observed in the central part of the island and associated with
loose deposits generated by the Aridane valley mega landslide.

The Canary Islands archipelago comprises seven islands located close to the northwest coast of Africa, between
latitudes 27°38'N and 29°25°N, and longitudes 13°20°W and 18°90°W (Fig. 1). All these islands have a volcanic
origin. Volcanism in the Canary Islands began during the Oligocene and is still active'. La Palma island is
located in the western part of the archipelago and is one of the youngest islands. The island has an elongated
shape following a North-South direction with a maximum height of 2426 m a.s.l. (above the sea level). Two
very well differentiated geological domains can be distinguished on La Palma island: the Taburiente Domain,
which is the oldest domain located in the northern part of the island, and the Cumbre Vieja volcanic complex,
which is constituted by the most recent volcanic materials in the southern part of the island (Fig. 1). The island’s
formation began with submarine lava emissions 4 My ago. The first subaerial material was emitted 1.77 My ago,
forming the Taburiente stratovolcano. Between 0.77 and 0.56 My, the Cumbre Nueva volcanic complex formed
to the South of the Taburiente stratovolcano. During this period, a landslide occurred on the western flank of
Cumbre Nueva, creating the large Aridane valley in the central part of the island” Between 0.56 and 0.49 My,
the Bejenado stratovolcano was formed on top of the Cumbre Nueva edifice. Finally, the Cumbre Vieja volcanic
complex started its formation 0.12 My ago. It is currently the only volcanically active zone of the island, where
all the historical eruptions took place.

The last volcanic eruption on La Palma island started on September 19th, 2021, and lasted approximately three
months up to December 13th. This eruption, named Tajogaite eruption, resulted in significant social, economic
and scientific impacts. Pre-eruptive unrest started on September 11st, 2021, eight days before the eruption’.
During this unrest, the seismicity quickly migrated from 10 km depth to the surface, following the ascending
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Figure 1. Geological map of La Palma island (modified from Padrén et al.*®). The white star represents the
location of the Tajogaite eruption, the last eruption which took place on the island between September 19th and
December 13th, 2021. The triangles represent the location of temporal and permanent seismic stations, with
colors corresponding to different phases as described in the caption.
path of the magma. Finally, a fissural eruption began on September 19th at about 14:00 UTC, with a dominantly
strombolian activity and episodic phreatomagmatic pulses*”. This latest eruption has reminded the potential of
this island to host geothermal resources. By the way, the interest for geothermal exploration had recently been
renewed in the Canary Islands, as testified by several geophysical and geochemical studies realized on Gran
Canaria island®8, Tenerife island”*~!? and La Palma island"’.

The present study aims at determining the geological structure of La Palma island through seismic ambient
noise tomography (ANT), focusing on velocity anomalies possibly related to geothermal reservoirs. The ANT
has proven to be an efficient method to image structures at different scales e.g.,'*"2*. The first ANT dedicated to
geothermal exploration was realized by Yang et al.?® at the Coso geothermal field (California) and revealed the
existence of shallow low-velocity zones related to geothermal alteration. Other studies of ANT inferred the pres-
ence of temperature anomalies related to deep hydrothermal circulation e.g.,%?”%, water reservoirs e.g.,”’, new
geothermal reservoirs e.g.,*’, pockets of partial melt e.g.,’! or deep heat sources e.g.,*>. These studies evidenced
the potential of ANT as a complementary geophysical method for geothermal exploration.

Data acquisition was realized between 2018 and 2020, by deploying 38 broadband seismic stations during
different campaigns (Fig. 1). The methodology used for the ANT is detailed in the "Methods" section. The ANT
first comprises a non-linear multiscale inversion taking the topography into account® to retrieve the 2-D group
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velocity maps at different periods. Those group velocity maps are then inverted at depth using a transdimensional
approach. The obtained 3-D S-wave velocity model of the island is exposed and discussed in the following
sections. It is compared with previous geophysical studies>'** to determine common features. Furthermore,
the ANT model is combined with a recent local earthquake tomography (LET) model?, having ANT a higher
resolution at shallow depth but a limited penetration depth compensated by the LET.

Results

This section illustrates the results of the ambient noise tomography. Figure 2 shows the obtained maps of S-wave
relative velocity variation at different depths. The relative velocity variation at each depth is calculated with
respect to the mean velocity at the corresponding depth. The main anomalies observed in the S-wave velocity
model are marked in Figure 2C, distinguishing between high (H) and low (L) velocity anomalies. It can be seen
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Figure 2. S-wave relative velocity maps at different depths. (A) The black lines and white star represent the lava
flows of the historical eruptions and the location of the Tajogaite volcano, respectively. The black triangles show
the location of seismic stations. The white and green lines in subplots (B-D) represent the high and low-density
anomalies from a previous density study™, respectively. The white and black points in subplots (B-D) represent
the high and low resistivity zones from a previous magnetotelluric study'®, respectively. The different seismic
velocity anomalies obtained from this study and discussed in the text are shown in subplot (C). Vertical cross-
sections corresponding to Figs. 3 and 4 are shown in subplot (D).
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Figure 4. Vertical E-W cross-sections (cf. B-B’ in Figure 2D) of the S-wave relative velocity model. The black
dashed line represents the depth at which the model resolution is maximum and below which it starts to
decrease.

on Figure 2 that the island shows very strong velocity variations, reaching 40% in some areas. The mean S-wave
velocity is 2.24 km/s in superficial zones (Fig. 2A), while it reaches 3.28 km/s for deeper zones (Fig. 2D).

Figures 3 and 4 show two vertical cross-sections of the 3-D S-wave velocity model, which positions are
indicated in Fig. 2D. A high-velocity zone (H1) extends from the surface to a depth of 5000 m b.s.1. (below sea
level) in the island’s northern part, with relative velocities that vary between 20% and 40% (Fig. 3). Another high-
velocity zone (H2) is present between 2000 m b.s.1. and 5000 m b.s.l. in the island’s southern part (Fig. 3). On the
other hand, two low-velocity zones (L1 and L2) can be observed in the southern part of the island, located on the
western (L1) and eastern (L2) flanks of the Cumbre Vieja volcanic complex (Fig. 2C). These velocity anomalies are
found at a depth ranging from 0 down to 3000 m b.s.1. (Fig. 4) with relative velocity variations ranging between
—20% and —40%. A third low-velocity anomaly (L3) is located in the southern part of the Cumbre Vieja volcanic
complex at a depth between 0 and 1000 m b.s.., with relative velocities of less than —20% (Fig. 3). Finally, a fourth
low-velocity anomaly (L4) can be observed in the central part of the island, with a depth not exceeding the sea
level and relative velocity variations of —20% (Fig. 3). As detailed in the "Methods" section, some resolution tests
confirmed the capacity of the used network configuration to image all the previously mentioned anomalies (Figs.
S$4, S5 and S6 from the supplementary materials).

Figure 5 shows a vertical cross-section of the unified ANT+LET S-wave velocity model together with the
hypocenters of the earthquakes recorded during the Tajogaite eruption pre-eruptive unrest (11-19 Sept. 2021).
This seismicity was relocated by D’Auria et al.® using a tridimensional velocity model obtained from LET. This
allowed determining the path of the ascending magma to the surface. The unified S-wave velocity model (Fig. 5)

Scientific Reports |

(2023) 13:12892 | https://doi.org/10.1038/s41598-023-39910-z nature portfolio



www.nature.com/scientificreports/

Z=-3kma.s.l.|

3182000 3195000

UTM Northing (m)
3169000

Earthquakes - magma

Earthquakes -

Hydrothermal fluids
— +— Hydrothermal zone

Path of ascending
)magma

Path of ascending
> hydrothermal fluids

15 20 25 30 35

3170 3165 3160 S-wave velocity (km/s)
Northing UTM (km)
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shows some relevant velocity anomalies. A high-velocity zone is observed below 5 km b.s.l., whose depth increases
in the southern part of the island. D’Auria et al.’ related this feature to the geometry of the Moho beneath the
island. In addition, a low-velocity anomaly is clearly observed at shallow depth (< 5km b.s.1.) and coincides with
anomalies detected by other geophysical studies in the same area'**, as discussed in the next section.

Discussion

The 3-D S-wave velocity model of La Palma island reveals a great complexity of the geological structure with
six principal velocity anomalies: two high-velocity anomalies located in the northern and southern parts of the
island, and four low-velocity anomalies associated with the Cumbre Vieja volcanic complex in the southern
part of the island. The approach we used for the tomographic inversion takes into account the topography of the
island. Furthermore, the use of a transdimensional approach for depth inversion does not require establishing
an “a priori” parametrization and provides velocity profiles in a Bayesian fashion, which allows a quantitative
non-linear estimation of the uncertainties. In the following, we discuss the volcanological and geothermal rel-
evance of such anomalies, making a comparison with the resistivity model of Di Paolo et al."* and the density
model of Camacho et al.®>.

The anomaly H1 is one of the most relevant due to its giant size. It has already been observed by other geo-
physical studies. Camacho et al.’> observed a high-density body in this zone, with values above 300 kg/m". In
the same zone, Di Paolo et al.'® imaged a high-resistivity anomaly, with peak values exceeding 316 Qm (Fig. 2).
Considering these studies and our S-wave velocity model, this anomaly is interpreted as linked to the plutonic
intrusion related to the ancient volcanism of the island during its basal complex formation (ca. 4.0 to 3.0 Ma)"*.

Another group of significant high-velocity anomalies (H2) coincides with a high-resistivity zone (Figs. 2C and
D) with values higher than 316 Q2m (Di Paolo et al.'*). We note that the density model of Camacho et al.** doesn’t
show any anomaly in this zone. Di Paolo et al.'’* suggest that this anomaly could be related to the upper part of
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a shallow intrusive magmatic complex. This hypothesis is compatible with our velocity model. Such intrusive
bodies were observed in other ANT studies realized in Sneefellsjokull volcano®, Eyjafjallajokull volcano®®, Misti
volcano?, and other volcanic and geothermal environments.

From a geothermal point of view, the most relevant features are the low-velocity anomalies L1 and L2 (Fig. 2).
Both anomalies coincide with zones of low resistivity and low density. Camacho et al.*® associated these anomalies
with zones of shallow fractures following the direction of the N-S rift structure of Cumbre Vieja. On the other
hand, Di Paolo et al."” interpreted these anomalies as clay alteration caps (illite and illite-smectite). Because of
the geophysical characteristics detailed hereafter, we consider that these low-velocity anomalies are related to
a hydrothermal alteration zone which could indicate the presence of an active or fossil hydrothermal system
in the Cumbre Vieja volcanic complex. Previous studies demonstrated that hydrothermal fluids could decrease
the S-wave velocity**. This hypothesis matches observations from our unified S-wave velocity model and its
comparison with the hypocenters of the pre-eruptive seismicity (Fig. 5). The seismicity recorded during the pre-
eruptive episode of the Tajogaite eruption indicates a nearly vertical ascent of the magma to the surface (Fig. 5,
black dots), which rose through a network of interconnected sills and dykes*'. However, the seismicity south
of the eruption site (Fig. 5, green dots) was associated with the ascent of hydrothermal fluids**2. Cabrera-Pérez
et al.*? indirectly confirmed the existence of a possible geothermal reservoir in the western flank of the Cumbre
Vieja volcanic complex through ambient noise interferometry by computing relative velocity variations (dv/v)
during the pre-eruptive phase of Tajogaite eruption. The authors observed a decrease of dv/v in this zone prior
to the eruption, which they interpreted as the ascent of hydrothermal fluids exsolved from the magma, which
reached the surface only a few days later. Furthermore, recent petrological observations realized by Pankhurst
etal.*® determined that the magmas emitted during the initial phase of the Tajogaite eruption were more hydrated,
which could indicate that this hydrothermal alteration zone is still active, with the current presence of fluids.
These fluids would travel faster through zones of high permeability caused by intense fracturing, such as the low-
velocity anomaly L1 imaged by our S-wave velocity model. Moreover, the number of earthquakes is considerably
reduced in this low-velocity zone (Fig. 5, green dots). This could be a consequence of the presence of hydrother-
mally altered material characterized by a lower rigidity, which could explain the reduced seismogenic capability
of this zone. Conversely, the microseismic activity is higher and more important outside of this zone (Fig. 5,
black dots), indicating a more fragile behaviour. Those different geophysical and petrological observations sustain
our hypothesis of the existence of an active hydrothermal system beneath the Cumbre Vieja volcanic complex.

Another low-velocity anomaly is L3, located in the southern part of the island (Fig. 2C), beneath the two his-
torical eruptions of San Antonio (1677) and Teneguia (1971) volcanoes (Fig. 3). This zone of low velocity does not
coincide with any resistivity or density anomaly observed in the studies of Di Paolo et al.”* and Camacho et al.%.
However, subsidence was detected by InSAR beneath Teneguia volcano by Prieto et al.*%, which they related to a
thermal source. In addition, Padrén et al.*> measured an anomaly of diffuse CO, emission (> 800 g m~2day~")
in the area of Teneguia volcano prior to the Tajogaite eruption (2001-2013). Moreover, they sampled anomalous
temperatures varying between 90°C and 130°C at 40 cm depth in this zone. It should be noted that a hot spring
(Fuente Santa) is present in the southern part of the Tenegula volcano (Figs. 1 and 3 ), where water temperatures
reaching 40°C and concentration levels of HCO3 and SO;~ exceeding 2000 mg/L were measured*®, which could
indicate the circulation of underground water through high-temperature rocks. Our hypothesis to explain the
low-velocity anomaly L3 is that high-temperature rocks and a series of fractures through which hydrothermal
fluids and gases are rising to the surface are present under the Teneguia and San Antonio volcanoes, which would
explain the observed geochemical anomalies*>*® and subsidence**.

Finally, the low-velocity anomaly L4 is located in a valley zone of the island’s central part (Fig. 2C). This val-
ley was produced by at least two destructive episodes related to huge landslides that formed the arc of Cumbre
Nueva and the Taburiente caldera, partially destroying the existing volcanic edifices®. This anomaly could be
related to landslide deposits mostly composed of conglomerate materials.

Considering the previous geophysical models>'** and the S-wave velocity model obtained from ANT in this
study, we argue for the highest geothermal potential of La Palma island to be located on both the western and
eastern flanks of the active Cumbre Vieja volcanic complex at a depth of 2000 m b.s.l., approximately. In addition,
the southern part of this volcanic system also seems to host some shallow geothermal resources, as evidenced
by this study and additional geophysical** and geochemical*>*® observations.

Conclusions

A 3-D S-wave velocity model of La Palma island was obtained by unifying results from a new ANT model
obtained in this study and a LET model obtained by D’Auria et al.>. We applied ANT on data recorded by 38
broadband seismic stations to extract the dispersion curves of all the station pairs. Subsequently, we obtained
the 2-D group velocity maps through a non-linear multiscale inversion taking the topography into account®.
Finally, we derived some S-wave 1-D profiles using a Bayesian tridimensional inversion. The final 3-D S-wave
velocity model shows the presence of two high-velocity zones (H1 and H2) and four low-velocity zones (L1,
L2,L3 and L4).

The high-velocity anomalies H1 and H2 are interpreted as related to a plutonic intrusion related to the island’s
ancient volcanism and more recent solidified intrusive dyke complexes, respectively. From the point of view of
geothermal exploration, the most interesting imaged features are the low-velocity anomalies L1, L2, and L3. The
low-velocity zones L1 and L2 are interpreted as hydrothermal alteration zones associated with the presence of
an active or fossil hydrothermal system in the Cumbre Vieja volcanic complex. Velocity variations estimated
before the Tajogaite eruption seem to favour the hypothesis of an active hydrothermal reservoir. The anomaly
L3 is interpreted as associated with fractured rocks favouring the ascent of hot fluids toward the surface in the
island’s southern part. This hypothesis could also explain the geochemical and geophysical anomalies observed
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in previous studies*~*. Finally, the low-velocity anomaly L4 could be related to landslide deposits produced
during destructive episodes of the island’s geological history.

It would be necessary to carry out more detailed geophysical and geochemical exploration surveys at the
scale of the Cumbre Vieja volcanic complex in order to further advance in the characterization of the geothermal
potential of La Palma island. This is especially true in the southern part of the island, where S-wave low-velocity
anomalies are shallower. Furthermore, it would be necessary to apply clustering and machine learning techniques
to realize a quantitative comparison of the resistivity, density and S-wave velocity models, in order to better
interpret the geological context.

Methods

Data acquisition. In 2018 we installed 23 seismic stations in the southern part of the island, in two phases
of one month each, focusing on the Cumbre Vieja volcano. In 2020 we installed 15 stations distributed through-
out the whole island which were recording during two months. The goal was to characterize the zones that were
not sampled during the first two campaigns. Considering the distribution of the seismic stations, the highest
density of stations and ray path anisotropy is in the Cumbre Vieja volcano (Fig. S1 in the supplementary materi-
als), which is the most active part of the island from a volcanological point of view. Furthermore, we used six
permanent stations operated by Instituto Volcanoldgico de Canarias for volcano monitoring (Fig. 1).

Ambient noise data processing. In order to realize the ambient noise data processing we pre-processed
the data, cross-correlated all the station pairs and extracted the dispersion curves', as detailed hereafter. We
used an automatic network-based method**® to remove time windows containing earthquakes (Fig. S2 in the
supplementary materials). Subsequently, a bandpass filter was applied in the 0.01-5.00Hz frequency range and a
standard ambient noise pre-processing composed of temporal one-bit normalization and spectral whitening was
applied to the remaining data to reduce its non-stationarity®.

Afterwards, the cross-correlations of pre-processed data were computed for all station pairs on five-minute-
long windows and stacked over one month for the 2018 campaigns and two months for the 2020 campaign. We
performed this analysis on vertical-vertical components for 578 station pairs. The obtained cross-correlations
appear in Figure S3.A, evidencing coherent wavetrains of dispersive Rayleigh waves. In order to verify that the
noise sources distribution was close to isotropy, which is a fundamental assumption when doing ANT**!, we
calculated the amplitude ratio of the causal and acausal parts of cross-correlations as a function of the azimuthal
distribution of station pairs (Fig. S3B). Figure S3B shows an excellent azimuthal distribution for all orientations
of station pairs. Furthermore, it seems that there is no specific dominating noise source, as the amplitude ratio
is mostly close to 1 for all the station pairs (Fig. S3B).

Then, the Rayleigh wave group velocity dispersion curves were determined through frequency-time analysis
(FTAN)>% We extracted 415 dispersion curves shown in Figure S3.C. The red curve represents the mean disper-
sion curve with its standard deviation at each period (blue line). Figure S3.D shows the number of measurements
as a function of the period. We limit our analysis to reasonably covered period ranges with at least 50 measure-
ments, restricting us to periods between 0.35 s and 3.2 s for the tomographic inversion.

2-D group velocity maps. We applied a non-linear multiscale inversion taking the topography into
account® to obtain the 2-D group velocity maps at different periods. The starting model consists of a homoge-
neous velocity model. The model parametrization is refined at subsequent non-linear inversion steps by adding
control nodes over a regular grid. In other words, at each step, we refine the model by increasing the scale, which
means increasing the number of parameters used to define the model. The result of each scale is used as a start-
ing model for the following inversion scale. This inversion method was applied satisfactorily in different studies
of volcanic areas®>.

We performed different tests on synthetic models to determine the spatial resolution of the tomographic
images. First, checkerboard tests (Fig. S4 in the supplementary materials) and a test on a synthetic model com-
posed of a pattern of low and high-velocity diamond-shaped anomalies (Fig. S5 in the supplementary materials)
were performed. We used three different linear sizes for both tests, namely 0.05° x 0.05°, 0.1° x 0.1° and 0.2°
x 0.2°, corresponding approximately to sizes of 5.5 km x 5.5 km, 11.1 km x 11.1 km and 22.2 km x 22.2 km,
respectively, with a maximum velocity of 2.1 km/s and a minimum of 1.9 km/s (Figs. S4 and S5 in the supple-
mentary materials). Both models with a resolution of 0.1° x 0.1° and 0.2° x 0.2° were correctly retrieved (Figs.
$4.D, S4.F, S5.D and S5.F in the supplementary materials). Conversely, the checkerboard test with a resolution
0f 0.05° x 0.05° was not correctly retrieved in the island’s northern part (Figs. S4.B and S5.B) due to a lower ray
path density in this zone (Fig. S1), but it was correctly retrieved in the southern part of the island where the ray
path density is higher (Figs. S4B, S5B and S1 in the supplementary materials). Furthermore, a resolution test was
realized on a synthetic model composed of anomalies similar to anomalies H1, L1, and L2 imaged from real data
(Fig. S6A in the supplementary materials). Figure S6.B shows that the three anomalies were correctly retrieved.

Figure S7 of the supplementary materials shows the results of the 2-D mapping of the Rayleigh wave group
velocity obtained using a checkerboard test at different scales of 4, 5 and 6. Maps of scales 4 and 5 are pretty simi-
lar and correctly retrieve both the geometry and velocity. Conversely, the map of scale 6 shows artefacts, and the
velocity pattern cannot be retrieved correctly. Therefore, we limit our inversion process on real data to a scale of 5.

Figure S8 shows four Rayleigh wave 2-D group velocity maps obtained from real data for periods between T =
1.2sand T = 3.0 s. The variance reduction(VarRed) and mean velocity are indicated on each panel of Figure S8.
For all the considered periods, the VarRed is higher than 50%. On the other hand, the mean velocity increases
with the period, from 1.22 km/s to 1.81 km/s, consistently with the global trend of the average dispersion curve
shown in Figure S3.C.
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Regarding the spatial patterns in the 2-D group velocity maps (Fig. S8 in the supplementary materials), we
observe important velocity contrasts at different periods. At short period corresponding to shallow depth, the
T = 1.2 s map does not show significant anomalies, predominating the low-velocity zone in the great majority
of the island with a mean velocity of 1.2 km/s. At higher period, the T = 2.00 s map shows a velocity increase in
the island’s northern part, which increases again at higher periods. Between the periods of T=2.5sand T = 3.0
s, we can observe the presence of two low-velocity zones on both flanks of the Cumbre Vieja volcanic complex,
with a velocity lower than 1.25 km/s.

Depthinversion. The last step in the inversion process involves inverting the group velocity maps to obtain
S-wave 1-D profiles in depth. We extracted a dispersion curve corresponding to each of the 347 control points
of the 2-D group velocity maps to perform the inversion using a transdimensional approach®. This approach
allows obtaining an “a posteriori” probability distribution of the seismic velocities, largely independent of a
specific parametrization, namely the number of layers. The transdimensional approach includes the parametri-
zation itself among the inverse problem parameters™. In this work, we explored models having a number of
uniform horizontal layers ranging between one and five. The calculation of the forward model used for the
computation of dispersion curves was performed using a modified Thomson-Haskell matrix method*, which
allows for improving the numerical stability of the computation and accelerating the calculation of the disper-
sion curves. Figures S9 and S10 in the supplementary materials show some examples of the transdimensional
inversion result, which consists of a probability distribution and the position of discontinuities for the S-wave
velocity at each depth. The selected 1-D S-wave velocity model corresponds to the median probability value at
each depth.

Figures S9A-B and C-D in the supplementary materials show the transdimensional inversion results cor-
responding to high-velocity anomalies H1 and H2, respectively. Figure SOA shows a rapid increase in S-wave
velocity, starting from 1 km/s at the surface and reaching 4 km/s at 2 km depth. Three main discontinuities can
be observed between the depths of 0 and 2 km (Fig. S9.B). Conversely, Figure S9.D shows a greater number
of discontinuities in the superficial part above 1 km depth. At a depth of 1 km, the velocity begins to increase
reaching approximately 3.0 km/s (Fig. $9.C).

Figure S10 shows four examples of transdimensional inversion results corresponding to low-velocity anoma-
lies L1, L2, L3, and L4. Figures S10.A-B show the 1-D S-wave velocity profiles in depth for anomaly L1. A shallow
discontinuity appears between 0 and 1 km depth, where the velocity increases rapidly, starting at 1 km/s and
increasing until 2 km/s. Between 1 km and 3 km depth, the velocity is almost constant. At depths greater than 3
km, there is a velocity increase related to anomaly H2. Conversely, Figures S10.C-D show the 1-D S-wave velocity
profiles in depth for anomaly L2. At shallow depths less than 1 km, there are multiple discontinuities with velocity
increasing from 1 km/s to 2 km/s. At greater depths, the velocity remains almost constant. Figures S10.E-F and
G-H show the 1-D S-wave velocity profiles in depth for anomalies L3 and L4, respectively. In both profiles, the
velocity increases rapidly at shallow depths and does not vary significantly at greater depths.

In order to determine the depth resolution of our S-wave velocity model, we computed the group velocity
sensitivity kernels for the fundamental mode of Rayleigh wave at different periods using the software sensker-
nel-1.0% (Fig. S11 of the supplementary materials). We note that the kernels have a sufficient resolution down
to 3 km depth and no resolution below 5 km.

Unification of S-wave velocity models. The S-wave velocity models obtained by ANT (this study) and
LET? have different resolutions as a function of depth. The ANT model has a higher resolution at a shallow depth
of less than 4 km, while the LET model has a higher resolution at greater depths. The two models are therefore
unified following the procedure described by D’Auria et al.*®, where the two models are joined into a single one
through a weighted averaging:

M
_ i» Vi Z Vi Z
v(xi,yj,zk) = mel V’;;xl Jj k) Wi (X; Vi k) o
D me1 Wi (Xi> ¥j> 2k)

where M is the number of models at the point (x;, yj, zk), vm (i, ¥j» 2k) is the S-wave velocity and w, (x;, yj, zk) is
the weight of the m-th model. Figure S12 in the supplementary materials shows the weight as a function of depth
for both S-wave velocity models. The S-wave velocity model unification was performed down to 5 km depth with
weights varying between 0 and 1 (Fig. S12 in the supplementary materials). The unified S-wave velocity model
has therefore a good resolution at both shallow and great depth, revealing the geometry of various low-velocity
anomalies (Fig. S13 in the supplementary materials).
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Cartuja, University of Granada, Granada, Spain

El Hierro island is one of the most active islands in the Canary Islands from a
volcanological point of view. This is the reason why the imaging of the internal
crustal structure is of huge importance. The geophysical exploration methods
employed on El Hierro Island, such as gravimetry and seismic tomography,
allowed obtaining the high-resolution characterization of the crust’'s deep
part. However, these methods did not yield significant information about the
surface and the shallower part of the crust. To gain a deeper insight into
the shallow geological structure of El Hierro island, we employed Ambient
Noise Tomography to construct a 3D S-wave velocity model. Our investigation
revealed the presence of seven significant seismic velocity anomalies, partly
identified by previous studies. We identified two high-velocity anomalies located
in the eastern and western parts of the island at a depth between 0 and
3 km below sea level (b.s.l.). We interpreted these anomalies as dense intrusive
complexes of dikes, possibly linked to the Tanganasoga volcano and the
formation of the Tiflor edifice. Additionally, we observed two high-velocity
anomalies in the northern and southern parts of the island at a depth between 3
and 4 km b.s.l., which we related to the accumulation of solidified igneous rocks.
On the other hand, a low-velocity anomaly was observed in the Golfo valley,
between 0and 0.5 km b.s.l., and we interpreted it as megalandslide deposits. This
anomaly was evidenced for the first time in the present study. Finally, two low-
velocity anomalies were observed in the southern part of the island at different
depths, between 0-0.5 km b.s.l. and 0-2 km b.s.l. These were interpreted as
fractures generated by Quaternary volcanism along the SSE Rift. Also, one of
them was evidenced for the first time in this study, corresponding to the zone of
the fractures produced during the Quaternary volcanism. This study has allowed
us to gain a more detailed understanding of the shallow geological structure of
the island. Even if most of the anomalies had been evidenced previously, we
could observe the existence of two low-velocity zones in the shallow crust that
have not been observed before.

KEYWORDS

ambient noise tomography, El Hierro island, intrusive bodies, fractures zones,
megalandslide
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1 Introduction

The first instance of Ambient Noise Tomography (ANT)
applied to a volcano was conducted by Brenguier et al. (2008).
In this study, they successfully imaged a high-velocity intrusive
body beneath the Piton de la Fournaise volcano on La Réunion
Island, France. Subsequent ANT investigations have been carried
out on numerous other volcanoes to identify anomalies in shear
wave velocity. Typically, high-velocity anomalies observed in
ANT are commonly interpreted as cooled igneous intrusions
(Brenguier et al., 2008; Mordret et al., 2015; Wangetal.,, 2017),
consolidated dike complexes (Mordretetal., 2015; Cabrera-
Pérez et al., 2022), or solidified magma chambers (Mordret et al.,
2015). On the other hand, low-velocity anomalies detected in
ANT are associated with various volcanic features, including
hydrothermal systems, e.g., (Spicaetal., 2015; Wang etal., 2017;
Cabrera-Pérez et al.,, 2022; Cabrera-Pérez et al., 2023a), caldera-
related structures, e.g., (Masterlarketal., 2010; Koulakov et al.,
2014; Benediktsdottir et al., 2017), porous and highly fractured
materials, e.g., (Cabrera-Pérez et al., 2023b), shallow crustal magma
reservoirs, e.g., (Masterlark et al., 2010; Stankiewicz et al., 2010;
Spica et al., 2015; Fallahi etal., 2017; Obermann et al., 2019), or
fractures, e.g., (Cabrera-Pérezetal,, 2023a). The Ambient Noise
Tomography was applied to El Hierro island (Canary Islands) in
order to shed light on the internal structure of the shallow crust, up
to5kmb.s.l.

The Canary Islands, situated around 100 km from the African
coast, exhibit characteristics typical of an active oceanic island

10.3389/feart.2023.1326634

chain. Their formation is associated with a hot spot or plume,
leading to the intrusion of unusually hot mantle material into
the African plate. The islands are predominantly composed of
mafic rocks and encompass elevated submarine volcanic structures,
above-water shield volcanoes, and remnants of substantial lateral
collapses (Troll and Carracedo, 2016). El Hierro island (27°43.6'N,
18°1.0'W) is located in the western part of the Canary Islands
(Figure 1) and is the youngest island of the archipelago and has
a “Y” shape with a maximum height of 1,501 m a.s.l. (above sea
level), (Figure 1). El Hierro island can be categorized into three
distinct and differentiated geological domains: i) Tifor edifice
(1.12-0.88 Myr), ii) El Golfo-Las Playas edifice (545-176 kyr),
and iii) Rift volcanism (158 kyr to the present) (Figure 1). The
island’s formation began in the lower and middle Pleistocene
with the construction of the Tiflor volcanic edifice. Subsequently,
the El Golfo and Las Playas volcanic edifices were formed
during the middle Pleistocene. Finally, the dorsal volcanism
started during the middle and upper Pleistocene in the three
principal rifts of the island (NE, WNW and SSE rift), where all
the recent eruptions have been located (Figure 1). During this
period (21-133 kyr), a megalandslide occurred as a consequence
of the rapid growth of the El Golfo volcano and generated
a great depression in the northern part of the island (Golfo
Valley). The Holocene volcanism on El Hierro island is limited
to just a few eruptions: Tanganasoga volcano and the Montafia
Chamuscada volcano (Figure 1), 4,000 and 2,500 years before
present, respectively (Guillou etal., 1996). No historical subaerial
eruptions were observed.
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The black and blue square represents the location of the maximum height of the island and the Tifio volcano, respectively.
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The last eruption in El Hierro was the Tagoro volcano submarine
eruption which took place 4 km away from the island’s southern
extremity (Figure 1). The pre-eruptive episode lasted 83 days,
starting on 17 July 2011, with more than 11,000 earthquakes
(Ibanez et al.,, 2012). The seismicity migrated from the north (EI
Golfo) to the southern part of the island following the movement
of magma at depth (Ibafez et al., 2012). Furthermore, the Instituto
Geografico Nacional (IGN) registered an uplift of ~2-4 cm motion
toward the northeast (Gonzalezetal., 2013), and the Instituto
Volcanoldgico de Canarias (INVOLCAN) observed an increase in
endogenous gas emissions (Melidan et al.,, 2014; Pérez et al., 2014)
during this pre-eruptive period. The eruptive process began on
12 October 2011, and lasted about 5 months until 5 March 2012.
During the eruptive process, floating pyroclasts emerged on the
sea surface near the place of eruption. These volcanic bombs and
slags were named Restingolites (Pérez et al., 2012). In addition to
the volcanic materials emitted, the huge emissions of volcanic gases
produced a change in the color of the seawater (Somoza et al,
2017). The Tagoro volcano formed alternating between constructive
and destructive episodes produced by effusive and explosive stages,
respectively. During the final effusive stage of the eruption, a
principal cone formed underwater, reaching a maximum height of
89-120 m above the sea floor (Somoza et al., 2017).

Many of the studies of El Hierro island focused on the Tagoro
eruption process, analyzing the seismicity, e.g., (Ibdfez et al., 2012;
Lopez et al., 2012), deformation patterns, e.g., (Gonzalez et al., 2013;
Cerdena et al., 2018), and geochemical anomalies, e.g., (Pérez et al.,
2012; Padilla et al.,, 2013; Padrén et al., 2013; Melian et al., 2014;
Rodriguez-Losada etal., 2015). Only a few studies applied
geophysical methods to study the geological structure of El Hierro.
The first one was carried out by Montesinos etal. (2006), who
obtained a 3-D density model through the inversion of gravity
data. Subsequently, Gorbatikovetal. (2013) studied the deep
structure of the island using a microseismic-sounding method.
Finally, Garcia-Yeguas et al. (2014) and Marti et al. (2017) applied
local seismic tomography (LET) to reveal the deeper geological
structures of the island. However, all of these methods have poor
resolution at shallow depths. In this study, we carried out the first
Ambient Noise Tomography (ANT) of El Hierro Island to gain a
more detailed understanding of the surface structure and geology
of the island.

2 Methods
2.1 Data collection and pre-processing

In this study, we used a dataset obtained from permanent
broadband stations completed by temporary stations installed in
two campaigns. We used eight temporary stations (Giiralp© 3ESPC
Series) installed on the island by the Helmholtz Center for Ocean
Research Kiel Germany (GEOMAR) and the Instituto de Productos
Naturales y Agrobiologia (CSIC) (Dietrich and Vicente, 2019)
that were recording between 1 January 2015 and 30 December
2016 (Figure 1, campaign 2015-2016). Moreover, seven temporary
seismic stations (Nanometrics© Trillium Compact 120s) were
installed by the INVOLCAN and recorded between March and
June 2021 (Figure 1, campaign 2021). Additionally, during the
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4 months of the 2021 campaign, six permanent stations managed by
INVOLCAN for volcanic monitoring (Figure 1), remained in active
operation. Those data were used in this study. Data were collected at
a sampling rate of 100 Hz.

We carried out data pre-processing, conducted cross-
correlations between all station pairs, and extracted the dispersion
curves, as outlined by (Shapiro et al., 2005). First, we downsampled
the data from 100 to 25Hz to reduce the computational time.
Then, we used a network-based method (Seydouxetal., 2016;
Soubestre etal,, 2018) to remove time windows containing
earthquakes automatically. Subsequently, we applied a bandpass
filter within the 0.1-5.0 Hz frequency range, covering the frequency
range of the microseism ambient noise (Gutenberg, 1958). We
implemented a standard ambient noise pre-processing procedure.
This pre-processing included temporal one-bit normalization and
spectral whitening to mitigate non-stationarity in the remaining
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Processing of ambient noise data. (A) Vertical empirical Green'’s

functions sorted according to the distance between stations. The
black solid and dashed lines represent the velocities of 1.0 and

3.0 km/s, respectively. (B) Amplitude ratios of causal and acausal parts
of vertical cross-correlations as a function of azimuthal distribution of
station pairs. The white circle represents the unitary value of the
amplitude ratio. (C) Rayleigh wave dispersion curves (grey lines),
together with their mean (red line) and standard deviation at each
period (blue vertical bars). (D) Number of measured dispersion curves
as a function of the period (green line). The grey area represents the
range of periods with at least 25 measurements were used in the
inversion (0.6-2.7s).
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data, as discussed by Bensen etal. (2007). Following these steps,
we computed cross-correlations for all station pairs on 5-min-
long windows, stacking over 1 year for the 2015-2016 campaign
and 4 months for the 2021 campaign. This analysis was conducted
specifically on the vertical-vertical components of 112 station pairs.
The resulting cross-correlations are illustrated in Figure 2A, clearly
displaying coherent dispersive Rayleigh waveforms.

Moreover, we computed the amplitude ratio between the
causal and acausal segments of the cross-correlations, examining
its dependence on the azimuthal arrangement of station pairs
(Figure 2B). This analysis was conducted to confirm that the
distribution of noise sources closely approximated isotropy, a
critical prerequisite for performing ANT (Lobkis and Weaver,
2001; Derode et al., 2003). Figure 2B shows an acceptable azimuthal
distribution of station pairs with a slightly dominant northeast-
there
predominant noise source, as all station pairs amplitude ratio

southwest orientation. Nonetheless, is no discernible
remains consistently near 1 (Figure 2B).

Subsequently, we employed the Frequency-Time Analysis
(FTAN) method, as outlined by Levshin et al. (1992), to determine
the Rayleigh wave group velocity dispersion curves. A total of
105 dispersion curves were extracted (Figure 2C). Among these,
the red curve represents the average dispersion curve, with its

10.3389/feart.2023.1326634

associated standard deviation indicated by the blue line at each
period (Figure 2C). In Figure 2D, the number of measurements is
illustrated in relation to the period. To ensure the reliability of
our analysis, we considered periods within a reasonably covered
range, requiring a minimum of 25 measurements. As a result,
our tomographic inversion was limited to periods spanning
from 0.6 st0 2.7 s.

2.2 2-D group velocity maps

We applied a non-linear multiscale inversion methodology,
which considers the topography, as Cabrera-Pérez etal. (2021)
detailed, to generate 2-D group velocity maps at various periods.
Initially, our model assumed a uniform velocity structure. We
refined the model parameters in successive iterations of the
non-linear inversion process by introducing control nodes
distributed across a regular grid. We improved the model at
each stage by increasing the scale, which entailed augmenting
the number of parameters employed for model characterization.
The result obtained at each scale served as the initial model
for the subsequent inversion scale. This inversion approach has
demonstrated its efficacy in numerous investigations of volcanic
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regions (Cabrera-Pérez etal., 2022; Cabrera-Pérez etal.,, 2023a;
Cabrera-Pérez et al., 2023b).

Initially, we conducted synthetic checkerboard tests to evaluate
the spatial resolution of the tomographic images. Three distinct sizes
of checkerboards were employed, measuring 0.05° x 0.05° 0.1° x
0.1°, and 0.3° x 0.3°. These dimensions approximately correspond
to areas of 5.5km x 5.5km, 11.1km x 11.1 km, and 33.3 km x
33.3 km, respectively. In these tests, the checkerboards featured a
maximum velocity of 2.1km/s and a minimum of 1.9 km/s, as
depicted in Figure 3. The checkerboard experiments conducted at
resolutions of 0.1° x 0.1° and 0.3° x 0.3°, as shown in Figures 3D, F,
respectively, yielded accurate results. In contrast, the checkerboard
test at a resolution of 0.05° x 0.05° failed to correctly retrieve the
outer areas due to lower ray path density in those regions (Figure 3B
and refer to Supplementary Figure S1). However, it is worth noting
that the checkerboard was accurately retrieved in the central part of
the island (Figure 3B), where the ray path density was higher (see
Supplementary Figure S1).

In Supplementary Figure S2, you can observe the results of
our 2-D mapping of Rayleigh wave group velocities derived from
a checkerboard test conducted at different scales, 4, 5, and 6.
The maps produced at scales 4 and 5 show significant similarity
and effectively represent the geometric structure and the velocity
distribution. In contrast, the map generated at scale 6 displays
noticeable artifacts, and has difficulty determining the velocity
pattern accurately. Consequently, we have decided to confine our
inversion process for actual data to a scale of 5.

Figure 4 displays four 2-D group velocity maps of Rayleigh
waves, each corresponding to periods ranging from T = 0.6 s to

10.3389/feart.2023.1326634

T = 2.7 s. In each panel of Figure 4, you can find information about
the variance reduction (VarRed) and the mean velocity. It is worth
noting that, for all the investigated periods, the variance reduction
exceeds 50%. However, the mean velocity exhibits an upward trend
as the period increases, ranging from 0.87 to 1.35km/s. This
pattern aligns with the overall trend in the average dispersion curve
presented in Figure 2C.

Regarding the spatial anomalies observed in the 2-D group
velocity maps (Figure 4), we discern noteworthy variations in
velocity, particularly at longer periods. At the shorter periods,
corresponding to shallower depths, the maps for T = 0.6 and
T = 1.20 s do not exhibit substantial anomalies (Figures 4A, B).
Instead, a prevalent low-velocity region dominates most of the
island, with mean velocities of 0.87 and 0.90 km/s, respectively. At
longer periods, the T=2.7 map reveals an increase in velocity in the
western and eastern parts of the island (refer to Figure 4D).

2.3 1-D depth inversion

The final stage of the inversion process entails deriving 1-D S-
wave profiles in depth from the group velocity maps. To perform
this task, we extracted a dispersion curve associated with each of
the 449 control points on the 2-D group velocity maps and carried
out the inversion using a transdimensional approach, as outlined
by Bodin et al. (2012). The transdimensional approach allows us to
derive a “posterior” probability distribution for seismic velocities,
and this distribution remains largely uninfluenced by particular
parameterization choices, such as the number of layers. Notably,
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parametrization becomes one of the parameters within the inverse
problem (Sambridge et al., 2006). In this study, we explored models
featuring uniform horizontal layers ranging from one to five.

The forward model used for computing dispersion curves
was based on a modified Thomson-Haskell matrix method
(Keetal, 2011), which not only enhances numerical stability
but also expedites the calculation of dispersion curves. An
example of the transdimensional inversion outcome is presented in
Supplementary Figure S3. It illustrates a probability distribution for
S-wave velocity at various depths.

To gauge the depth resolution of our S-wave velocity model,
we computed the group velocity sensitivity kernel using the
disba software developed by Luu (2021). Supplementary Figure S4
depicts this sensitivity kernel, highlighting that it provides adequate
resolution down to 4 km depth, with the highest resolution observed

10.3389/feart.2023.1326634

at 2 km depth. Finally, the 3-D S-wave velocity model is constructed
by interpolating the 1-D S-wave velocity profiles within a 3-D mesh.

3 Results

This section presents the findings from the ambient noise
tomography. Figure 5 shows the maps of S-wave velocity acquired at
various depths. Figures 5C, E highlight the primary anomalies in the
S-wave velocity model, categorizing them as either high (H) or low
(L) velocity anomalies. As depicted in Figure 5, the island exhibits
significant variations in velocity, with fluctuations of up to 25% in
certain regions (refer to Supplementary Figure S5). In the surface
areas, the average S-wave velocity stands at 2.10 km/s (Figure 5A),
whereas it escalates to 3.0 km/s in the deeper regions (Figure 5E).
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Figure 6 depicts three vertical slices of the 3-D S-wave velocity
model, with their positions referenced in Figure 5B. The island
features two elevated-velocity regions (H1 and H2) on its western
and eastern flanks (Figure 5C) spanning from 0 to 3 km below sea
level (b.s.l.) as shown in Figures 6A, C. These regions exhibit an
S-wave velocity fluctuation of 25%. Furthermore, two additional
high-velocity regions (H3 and H4) were found on the island’s
northern and southern sectors, found between 3 and 4 km b.s.l.
(Figure 6B). Conversely, a low-velocity zone (L1) is situated in the
Golfo Valley at the island’s center (Figure 5A), ranging from 0 to
0.5 km b.s.l. in depth (Figure 6B). Two more areas with low-velocity
(L2 and L3) lie in the island’s southern region, spanning depths of
0-0.5 km b.s.I. and 0-2 km b.s.L, respectively (Figure 6B).

4 Discussion

El Hierro island’s 3-D S-wave velocity model unveils the
complex geological structure, characterized by the presence of
seven prominent velocity anomalies with high-velocity variation
reaching to +25% (see Supplementary Figure S5): four high-velocity
and three low-velocity anomalies. We discuss the volcanological
relevance of such anomalies hereafter, comparing our results with
geophysical models from previous studies.

The anomalies H1 (~2.7 km/s) and H2 (~2.6 km/s) found in the
present study are located on the western and eastern sides of the
island (Figure 5C) between 0 and 3 km b.s.. (Figures 6A, C) wtih an
S-wave relative velocity variation of 25% (Supplementary Figure S5).
These high-velocity anomalies were already observed by other
geophysical studies such as Montesinos etal. (2006), Garcia-
Yeguas etal. (2014) and Martietal. (2017). Garcia-Yeguas et al.
(2014) and Marti et al. (2017) imaged these high-velocity anomalies
by LET (Figure 5D), between 1 and 5 km b.s.1, that they interpreted
as intrusive magmatic bodies. Furthermore, Montesinos et al. (2006)

Frontiers in Earth Science

observed high-density anomalies (> +220 kg/m?, Figure 5B) in the
same zone interpreted as basaltic dikes. Taking into account the
previous studies, the imaged high-velocity anomalies H1 and H2 are
interpreted as dense intrusive complexes of dikes possibly linked to
the Tanganasoga volcano (Figure 5B) and the formation of the Tifor
edifice formed between 1.20 and 0.88 Myr (Figure 5B).

Our study observes another group of significant high-velocity
anomalies, denoted as H3 (~2.4 km/s) and H4 (~2.4 km/s), located
in the northern and southern part of the island, at a depth
between 3 and 4km b.sl. (Figure 6B). These are also imaged
by the LETs from Garcia-Yeguasetal. (2014) and Martietal.
(2017). Garcia-Yeguas etal. (2014) related these high-velocity
zones to the accumulation of solidified igneous rocks. Moreover,
Marti et al. (2017) linked them to deep zones of solidified magma.
Consequently, we interpret these anomalies as plutonic intrusions
associated with the island’s early volcanic activity during the
formation of its basal complex. Note that similar high-velocity
anomalies imaged in ambient noise tomography studies of La
Palma and Gran Canaria islands were also interpreted as plutonic
intrusions (Cabrera-Pérez et al., 2023a; Cabrera-Pérez et al., 2023b).

On the other hand, we imaged three low-velocity zones. The L1
anomaly (~1.3 km/s) is located in the Golfo Valley, in the central
part of the island (Figure 5A), at a shallow depth between 0 and
0.5km b.s.]. (Figure 6B). This anomaly was not observed in other
geophysical studies, and we consider that it may be associated with
mega-landslide deposits, predominantly composed of conglomerate
materials. These deposits can extend up to 500 m in thickness.

The second low-velocity anomaly L2 (~1.3 km/s) is located in
the southern part of the island (Figure 5A), at a shallow depth
between 0 and 0.5 km b.s.l. (Figure 6B). Montesinos et al. (2006)
observed a low-density anomaly in the same zone (< —55 kg/m?,
Figure 5B), which they related to the concentration of fractures
produced by Quaternary eruptive vents. We also relate this anomaly
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to fractures generated by the Quaternary volcanism in the southern
part of the SSE Rift (Figure 1). This interpretation is supported by a
recent study documenting 69 volcano-tectonic features such as dikes
and eruptive fissures in the SSE Rift (Abis et al., 2023). Alternatively,
this L2 anomaly could also be partly due to fractures generated
during the El Julan and Las Playas megalandslides (Figure 1). Finally,
the L3 anomaly (~1.8 km/s) located in the southern part of the island
(Figure 5C) at a depth between 0 and 2 km b.s.l. (Figure 6B), which
was not observed in previous geophysical studies. We consider that
this anomaly is possibly associated with deeper fissures and fractures
produced during the Quaternary volcanic activity.

5 Conclusion

Our ANT of El Hierro island provides a high-resolution S-wave
velocity model for the first 5 km below the island’s surface. Our
dataset incorporated 21 seismic stations equipped with broadband
sensors. We employed a non-linear multiscale inversion technique
to generate the 2D group velocity maps, and a transdimensional
approach was applied for the depth inversion process.

Our 3-D S-wave velocity model reveals the presence of seven
velocity anomalies. We detected two high-velocity anomalies in the
island’s eastern and western regions, ranging in depth from 0 to
3 km below sea level (b.s.l.). Our interpretation suggests that these
anomalies represent dense intrusive complexes of dikes, potentially
associated with the Tanganasoga volcano and the formation of the
Tinor edifice. Furthermore, we noted two high-velocity anomalies in
the northern and southern sections of the island at a depth between 3
and 4 km b.s.l., which we attributed to the accumulation of solidified
igneous rocks.

On the other hand, a low-velocity anomaly was observed in
the Golfo valley, within the depth range of 0-0.5km b.s.l, and
we construed it as megalandslide deposits. Lastly, two low-velocity
anomalies were identified in the southern part of the island at
varying depths, spanning from 0-0.5 km b.s.l. to 0-2 km b.s.l. These
were interpreted as fractures generated by Quaternary volcanism
along the SSE Rift.

The anomalies observed in various previous geophysical studies
were also evidenced in the present work, demonstrating the
effectiveness of ambient noise tomography in imaging crustal
features. Moreover, the increased sensitivity of ANT in the shallower
crust enabled the identification of two previously unseen low-
velocity anomalies.
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