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Ambient noise correlation analyses are largely used to monitor temporal
medium changes generally associated with stress field variations and/or fluid
movement. Here, we analyze the 2021 eruption of La Palma, the most active
island in the Canary archipelago, to study its effects on the structure in a post-
eruptive stage. To date, most of the studies, whether in volcanic environments
or other geological systems, focus on determining seismic velocity changes that
can be associated with precursory signals. In our study, we are interested in
localizing the medium changes that permit constraining the depth of the most
affected structure and suggesting possible mechanisms capable of inducing
such alterations. The auto- and cross-correlation functions were computed
using the phase cross-correlation strategy. The correlations were linearly
stacked using a 3-day slidingwindow. The combination of these two approaches
proved to render the best results. The analysis of 3 years of data resulted in
the detection of occasional decorrelation before the eruption, followed by a
well-defined decoherence period after the eruption. In addition, the relationship
between the waveform correlation and lag time, using autocorrelations from
before and after the eruption, permits identifying phase shifts and waveform
distortion, which are sensitive to different parameters and, thus, have great
importance in inferring the possible mechanism. Phase shifts occur when there
is only velocity change without changing the structure, whereas waveform
distortion is caused by a structural (geological) change. We also inferred the
depths at which the most significant medium alterations occur. We observed
that the decorrelation occurs at lag times corresponding to changes localized in
depth. The surface structure appears to not have undergone significant medium
changes for depths until approximately 8 km, either before or after the eruption.

KEYWORDS

ambient noise, autocorrelations, volcanic activity, waveform similarity, temporal
medium changes, fluid migration

Introduction

Volcanic activity is a surface expression of the dynamic processes occurring within
the earth’s interior. This phenomenon is often accompanied by several recordable seismic
signals that can occur before, during, and/or after an eruption. These signals may reflect
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temporal medium changes in the subsurface seismic structure due
to the movement of magmatic or hydrothermal fluids, which can
modify the seismic velocity values by altering the elastic properties of
the surroundingmedium.Monitoring and studying these changes in
the seismic wave propagation process over time can provide a better
understanding of Earth’s inner state and the geodynamic processes
involved in volcanic activity and, in the future,may aid in forecasting
this activity.

Medium changes caused by both earthquake and volcanic
activities started to be measured by cross-correlating seismograms
of repeating earthquakes (e.g., Poupinet et al., 1984) or active
sources (e.g., Nishimura et al., 2000; Wegler et al., 2006). However,
repeating earthquakes do not occur so often, and explosions can be
both destructive and expensive, leading to limited and inadequate
data. The development of seismic interferometry overcomes this
limitation, allowing the conversion of ambient seismic noise or
the scattered coda wave field into meaningful seismic signals that
register the seismic velocity distribution within the medium of
propagation through the ambient noise cross-correlations (e.g.,
Lobkis and Weaver, 2001; Campillo and Paul, 2003; Wapenar,
2003; Shapiro and Campillo, 2004; Snieder, 2004; Wapenar, 2004;
Shapiro et al., 2005).

Over the past two decades, ambient seismic noise interferometry
has been widely applied to measure temporal changes in seismic
wave propagation associated with different activities, such as
volcanic eruptions (e.g., Sens-Schönfelder and Wegler, 2006;
De Plaen et al., 2016; Cubuk-Sabuncu et al., 2021; Ruiz et al., 2022),
earthquakes with different magnitudes (high [Ohmi et al., 2008];
moderate [Maeda et al., 2010]; or small [DHour et al., 2015]),
landslide monitoring (Bontemps et al., 2020; Le Breton et al.,
2021) groundwater fluctuations (Berbellini et al., 2021), and even
industrial operations like mining (Lynch andMendecki, 2001), CO2
storage (Zhao et al., 2022), geothermal energy (Taira et al., 2018;
Sanchez-Pastor et al., 2019), or oil and gas extraction (Maxwell et al.,
2010). In addition to the wide range of applications, this technique
has the advantage of being more sensitive to changes at depths
that do not produce measurable deformations of the structure at
the surface (Brenguier et al., 2008). Studies focusing on monitoring
structural changes typically use many stations and station pairs;
however, seismic noise interferometry can also be applied to a single
station, as demonstrated by Hobiger et al. (2012), D’Hour et al.
(2015), De Plaen et al. (2016), and Ikeda and Takagi (2019), among
others. In such cases, the distance between the two stations turns
zero, and the cross-correlation function becomes an autocorrelation,
providing a zero-offset empirical Green’s function (EGF) that
contains information about the local structure beneath the seismic
station (Claerbout, 1964; Wapenaar, 2004). For this study, we
employ the phase cross-correlation (PCC) technique (Schimmel,
1999) to compute the auto- and cross-correlation functions and
the classical correlation to measure the waveform similarity of
the noise correlations with respect to a reference waveform. The
classical correlation is less sensitive to small waveform changes
and, therefore, provides a smaller scatter in the waveform similarity
curves (Schimmel, 1999).

The 2021 La Palma eruption offers a great opportunity for
examining structural changes over time in response to a series
of seismic swarms that were probably caused by the magmatic
movement. In our study, we analyze continuous data from January

2020 to November 2022, recorded by two stations deployed on
the island—TBT and EHIG. Such a time window was chosen to
be able to study the behavior within the volcanic structure before
the eruption and its recovery after the eruption. We computed
both auto- and cross-correlation functions and analyzed the time
evolution of the waveform similarity at different lag time windows.
Seismicity and ground deformation accompanying the volcanic
activity are compared to the waveform similarity results for a better
knowledge of the mechanisms capable of causing the detected
temporal changes.

Geological setting

The Canary Islands are an intraplate chain of seven volcanic
islands, islets, and seamounts located in the Atlantic Ocean, off
the northwest coast of Africa. The islands are underlain by the
Jurassic oceanic crust with an age of approximately 175–150 Ma
(Schmincke et al., 1998). The oldest islands are located to the east,
where the subaerial volcanic activity began at approximately 20 Ma.
The westernmost and youngest islands, La Palma and El Hierro,
are currently in the shield stage of growth (Ancochea et al., 1993;
Galipp et al., 2006) (Figure 1). The east-to-west age progression of
the Canary Islands suggests that they were formed by a slow-
moving African plate over a hotspot (Hoernle and Schmincke, 1993;
Carracedo et al., 2001).

Volcanic eruptions have occurred across all the Canary Islands
over the last million years, except for La Gomera. However, La
Palma stands out as the most historically active island, with several
relatively recent eruptions sourced by the Cumbre Vieja volcanic
rift, including the events in 1585, 1646, 1677–-78, 1712, 1949,
1971, (Carracedo et al., 2001) and, most recently, in 2021. The
volcanic history of La Palma began with the formation of the
older basal complex (4.0–3.0 Ma [Carracedo et al., 1999; Staudigel
et al., 1986]), followed by subaerial volcanic activity (1.8–0.5 Ma)
that contributed to the formation of the volcanic series: Garafía
volcano, Taburiente shield volcano, Bejenado edifice, and Cumbre
Nova (Carracedo et al., 2001). The decrease in volcanic activity at
the Taburiente and Bejenado volcanoes pushed the volcanism to
the southern part of the island, where the Cumbre Vieja volcanic
ridge formed at approximately 125 ka (Bonadonna et al., 2022, and
references therein).

The most recent and longest historical eruption of La Palma
lasted from 19 September to 13 December 2021; however, the
geophysical and geochemical precursory signals started years before.
After 50 years of quiescence, unusual seismic activity beganwith two
relatively deep seismic swarms (between 14 and 28 km of depth)
recorded in October 2017 and February 2018, with a maximum
magnitude of 2.7 (e.g., Torres-González et al., 2020; Carracedo et al.,
2022; DAuria et al., 2022). These events were considered the result
of magma migration from a deeper (upper mantle) reservoir
toward a shallower (sub-crustal) reservoir (Padrón et al., 2022). In
addition, changes in helium and carbon dioxide emissions were
registered, although no ground deformation was observed (Torres-
González et al., 2020). Padrón et al. (2022) suggested that in 2020,
3He-rich less degassed magma intruded at depth, causing a higher
degassing of 3He from both reservoirs. This episode may have been
responsible for another five seismic swarms, one of which included
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FIGURE 1
Location of the Canary Islands (A). Islands that compose the
archipelago with their respective names. The red square marks the
island of La Palma (B). Shaded relief map of La Palma (C). Red triangles
represent the seismic stations, and the inverted black triangles are the
GPS stations. The seismicity recorded from 2020 to 2022 is
represented by colored dots as a function of depth. The eruption
center from the 2021 eruption is marked by the volcano symbol.

long-period events. Furthermore, the combination of a fractured
crust and continuous 3He degassing maintained a low magmatic
volatile pressure, delaying the eruption. A week before the eruption,
ground deformation reached its maximum of approximately 20 cm,
and the seismicity became intense and shallower, indicating the
rapid magma movement toward the surface (Amonte et al., 2022;
DAuria et al., 2022).

The impact of the eruption was huge, with lasting effects
that continue to affect people’s lives. In fact, according to the
air quality permanent monitoring network (https://volcan.lapalma.
es/pages/calidad-del-aire), the high concentrations of CO2 of
hydrothermal volcanic origin keep two villages uninhabitable
(Montesinos et al., 2023).

This eruption is considered one of the largest that has occurred in
La Palma. As the first sub-aerial eruption in the Canary Islands to be
documented in detail (Wadsworth et al., 2022), it represents a major
milestone in our understanding of volcanic activity in the region.

Its importance extends far beyond the local community as it has the
potential to serve as a valuable proxy for future eruptions not only
in the Canaries but also in other intraplate volcanic archipelagos.

Data and methodology

Seismic stations and data pre-processing

The seismic monitoring network in La Palma underwent
significant expansion in response to the increasing seismic activity
and ground deformation. Prior to October 2017, only five stations
were installed; however, during the second half of October 2017, the
Instituto Geográfico Nacional (IGN) deployed seven more stations.
All seismic stations are equipped with three-component broadband
seismometers, sampling at 100 Hz. Of the entire network, the
permanent seismic station (TBT) is the only station with free
access. Following the eruption, the volcanology group of the
IGN decided to grant public access to an additional seismic
station—EHIG. Unfortunately, in the EHIG station spectrogram,
we detected an atypical signal at approximately 2 Hz, present
in most of the days, which we cannot attribute to any specific
source. According to the information provided by the IGN, this
may be related to a local feature since this signal has been
present since 2008. The problem persisted even after changing the
instruments. Supplementary Figure S1 of Supplementary Material
shows the spectrogram of the unfiltered vertical component and
the probabilistic power spectral density (PPSD) of both stations. We
return to this topic in the following sections.

For pre-processing, the daily vertical component waveforms are
cut into 1-h-length segments.Thehourly files are then downsampled
from the original 100 Hz to 50 Hz, and the instrument response is
removed to obtain ground velocities. The data analyzed correspond
to a time of almost 3 years (January 2020 to November 2022), which
covers the period before and after the eruption.

GPS stations

GPS data for the Canary Islands are available from the
GRAFCAN (https://www.grafcan.es) and ERGNSS (https://www.
ign.es) reference networks and were included as part of a large
dataset processing scheme that involves stations from the IGS
network (https://igs.org) and EPN (https://epncb.oma.be) to ensure
a time series of positions in the ITRF2014 reference frame
(Altamimi et al., 2016). Data were processed using GAMIT/GLOBK
software (Herring et al., 2015; Herring et al., 2018) using the latest
models and methodology.

Phase cross-correlation and stacking

The auto- and cross-correlation functions were computed
through the PCC approach developed by Schimmel (1999).
PCC uses the concept of analytical signals, which enables the
decomposition of a real time-series into its instantaneous phase
and envelope function. PCC solely considers the instantaneous
phase of the analytic traces. It is, therefore, amplitude unbiased and
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eliminates the need for time- and frequency-domain normalization
procedures before computing the correlation functions. PCC
assesses the waveform similarity by measuring the closeness
between the instantaneous phases of two time series as a function
of lag time. In the case of autocorrelations, where the time series are
the same, PCC measures their self-similarity (e.g., Schimmel et al.,
2021).

Although the PCC approach is amplitude unbiased, applying a
bandpass filter is still recommended. Filtering allows the selection
of the frequency of interest, improving the waveform coherence by
attenuating noise from frequencies outside the band. Moreover, the
bandpass filter ensures that the time series are zero mean, which
is important for the split into instantaneous amplitude and phase
(Romero and Schimmel, 2018). Selecting an appropriate frequency
band for detecting temporal changes in the correlation functions
is often challenging due to the absence of standardized procedures
and differing characteristics from site to site. In general, the chosen
frequency should be selected according to the target depths where
the temporal changes occur. Additionally, it is important to avoid
frequency bands that are susceptible to intense source fluctuations
(Zhan et al., 2013). Monitoring studies rely on the assumption that
the seismic wave field is stable, which requires that the sources
do not vary too much over the considered data time windows.
Varying sources may change the noise correlation response, and
systematic changes can be especially misinterpreted as structural
variability.

Different frequency bands were tested to compute the
autocorrelations for each hourly file: [0.5–2.0 Hz], [0.8–3.0 Hz],
[1.0–3.0 Hz], and [2.0–4.0 Hz]. The autocorrelations were linearly
stacked using a 3-day moving data window to obtain daily
autocorrelation functions (ACFs). Supplementary Figure S2 of
Supplementary Material shows the comparison between the daily
autocorrelation functions of station TBT for the mentioned
frequency bands. All frequency bands, except for (2.0–4.0 Hz),
exhibit distinguishable and stable waveforms, enabling the
identification of stable structures or signals. For a better
visualization,we plotted only the data from2021 before the eruption.

Among the tested frequency bands, the 1.0–3.0-Hz band appears
to be most suitable, allowing the clear identification of different and
coherent signals throughout the non-eruptive period. In addition,
it allows the identification of stable signals even at greater lag times,
unlike the lower frequency bands. Furthermore, wewill not consider
the eruptive period in the analysis to avoid bias by the volcanic
tremors as they may change the correlation response if they occur
with similar waveforms and on a regular base.

Waveform similarity

Either before or after an eruption, the structure undergoes
alterations due to the movement of magma or hydrothermal fluids,
which can cause changes in the seismic velocities and/or the position
of scatterers. These seismic structure changes translate into phase
shifts and altered waveforms in the noise auto- and cross-correlation
functions that can be measured through the waveform similarity.
Here, we measure waveform similarity by comparing each noise
correlation function to a reference trace that we obtain by stacking
correlation functions from a stable period, i.e., without volcanic

and seismic activity. To this end, we stacked 40 days of the pre-
eruptive period of 2021 (from May to mid-June). Other reference
traces were tested, but the differences in the results are insignificant,
and the main patterns remain the same (Supplementary Figure S3).
The similarity of the daily auto- and cross-correlations to their
corresponding reference was computed using the zero-lag classical
cross-correlation strategy (e.g., Eq. 1 of the study by DHour et al.,
2015).That is, the time-dependent waveform similarity as a function
of lag time and day is obtained by comparing each daily correlation
functionwith the reference trace as the zero lag-cross correlation in a
predefined lag-timewindow (5-s-long lag time slidingwindowswith
3-s overlapping).Thedegree ofwaveform similarity is represented by
values ranging from −1 to 1, where 1 indicates that the seismic noise
response is similar to the reference, which represents a proxy for the
unperturbed medium.

Results

Auto- and cross-correlations

The daily ACFs permit identifying temporal variations that can
be caused by different noise source conditions and/or structural
variability. Furthermore, they facilitate the inspection of specific
lag times that are worth further investigation. Figure 2 displays the
plot of the daily auto- and cross-correlation functions for the entire
period under analysis and for both stations.

In both autocorrelograms, it is possible to identify signals that
stay stable for several days and, in some cases, even for extended
periods of months. In general, prior to the eruption (indicated
by the black arrow in Figure 2), the waveforms are quite stable.
However, in the post-eruptive period, some signals get disturbed.
For instance, for station TBT, stable signals can be identified at
the 23-s and 32-s lag time, but they disappear or become weaker
after the eruption. Because station EHIG is noisier and exhibits
slightly higher waveform variability, some signals are more difficult
to isolate; yet, similar to TBT, after the eruption at the 32-s lag-time,
the waveforms present smaller amplitude. This is probably related
to medium changes caused by the eruption. Another noteworthy
observation is that the phases identified in one station may not be
present in the other. For example, at 17 s, station EHIG exhibits a
clear, stable, and consistently present signal, while station TBT does
not show any corresponding feature. Conversely, at the lag time of
28 s, station TBT exhibits a clear signal, whereas EHIG does not,
possibly indicating a different structure beneath each station. In
addition, station EHIG seems to have been more disturbed by the
seismicity than TBT (see Figure 1 for station location).

The cross-correlation functions show higher amplitude and
more coherent and stable waveforms in the causal lag, revealing
that the strongest sources are most likely located to the east of the
EHIG station. The acausal lag shows significant fluctuations in both
amplitude and coherence. For this study, in the case of the cross-
correlations, we are interested in the coda between 10 s and 45 s,
where we detect small-amplitude waveform fluctuations.

To assess the waveform stability and systematic changes, we
stacked groups of data: all data for 2020, all data for 2020 plus the
first 3 months of 2021, the previous data plus the next 3 months of
2021, and so on until finishing all data. The eruptive period was not
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FIGURE 2
Daily autocorrelation functions computed using phase cross-correlation (PCC) strategy for station TBT (A) and station EHIG (B), and daily
cross-correlation functions for station pair EHIG–TBT (C). The blank spaces correspond to days with no data available or problematic data removed
from further computations. The eruptive period was discarded, but the eruption is properly marked (black arrow). The positive and negative amplitude
lobes are colored in red and blue, respectively.

considered. Figure 3 shows thewaveforms for the different stackings.
The stacks considering data before the eruption are represented in
black (2020) and blue, and those including data after the eruption
are represented in red.

It is possible to observe that the waveforms corresponding to the
pre-eruptive period (black and blue lines) overlap with each other,
whereas the ones representing the post-eruptive data (red lines),
for some lags, appear deviated, revealing changes in the waveform
shape and/or amplitudes. For station TBT, the waveforms are quite
stable until the 16-s lag time, when the variations start to appear,
becoming even clearer above 22 s. Curiously, station EHIG exhibits
stable waveforms for lag times between 16 s and 27 s, yet they are
clearly unstable below 16 s and above 27 s.These resultsmay indicate
that for certain depths, which are different depending on the station

location, the structure underwent alterations caused by the eruption
and did not recover to its initial state (before the eruption).

Volcanic eruptions disturb not only the seismic velocity but also
the scattering properties of themedium (e.g., Obermann et al., 2013,
2014; Brenguier et al., 2016; Ikeda and Takagi, 2019). A mechanical
change in the medium (e.g., variation in the fluid or rock velocities
due to pore pressure changes or rock stress alterations caused
by the deformation of the surrounding material) will be noticed
in the waveform as a time shift and refers to a velocity change
in the medium. In opposition, structural changes are reflected in
the waveforms as small changes in amplitude or shape, which are
responsible for waveform distortion (or decoherence) and result
from small changes in the scattering properties of the medium.
The ability to detect these changes is useful for monitoring material
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FIGURE 3
Averaged autocorrelation functions for both stations (TBT and EHIG). In black, the stack representing the entire 2020. In blue, the stackings representing
the pre-eruptive period (2020 and 2021). In red, the stackings representing all data (2020, 2021, and 2022). Each line corresponds to another 3-months
of data added to the stack. The eruptive period was not considered. The plots are separated in groups of lag times for a better visualization.

damage such as the crack appearance or fluidmigration (Obermann
and Hillers, 2019).

To inspect if the ACF waveforms exhibit time shifts and/or
decoherence, and in which lag times they occur, we compared data
from 50 days before the eruption (2021) and the exact same 50
days after the eruption (2022). Figure 4 presents the results of this
comparison.

For station EHIG, the time shifts are visible around
19–21-s lag times, but the changes in amplitude or waveform
shape dominate the signals. Station TBT exhibits time shifts
at 19-s and 24-s lag times, but the waveform decoherence
is dominant.

In addition to the autocorrelations, we also computed the cross-
correlation functions (CCFs), which also provide information about
the structure between the station pair. The cross-correlations were
computed following the same processing steps as theACFs but in the
frequency band of 0.1–1.0 Hz. Auto- and cross-correlation functions
were further analyzed, together with the waveform similarity, and
compared to other observables, such as seismicity and ground
deformation, as well as documented geological and geophysical
information.

Temporal evolution of waveform similarity

The time evolution of the waveform similarity can provide
information about the structural changes occurring throughout
time. Figure 5 shows the results of waveform similarity for each
single station (autocorrelations) and for the station pair EHIG–TBT
(cross-correlations) at several lag times. The cross-correlations
(CCs) are more sensitive to medium changes along the inter-
station trajectory than the autocorrelations (ACs). The CCs have a
stronger contribution of surface waves, while in the AC, the body
waves may dominate, which can explain the differences observed
in the similarity results. For this reason, we calculated the CC
in a broader frequency band (0.1–1.0 Hz). The sensitivity kernels,
based on the 1-D mean S-wave velocity model calculated for La
Palma (DAuria et al., 2022b), show that for the frequency band of
0.1–1.0 Hz, the Rayleigh waves are sensitive to a structure down

to approximately 8 km (Supplementary Figure S9 of the study by
Cabrera-Perez et al., 2023a).

For the AC and before the eruption, it is possible to observe that
with a few exceptions, the similarity values are close to 1, and thus,
they are well correlated.The exceptions are between days 90 and 120
of 2020 and around days 40 and 100 of 2021 for both stations, where
clear decorrelation can be observed. These results are even stronger
in the CC. For station TBT, there are some intriguing results at lag
times of 16 s and 24 s, where the similarity exhibits several days of
decorrelation not observed for other lag times or days. For lag times
of above 32 s, both stations show higher values of decorrelation.

The lowest similarity values correspond to the eruptive period,
which is indicated by the shaded gray rectangle.The beginning of the
eruption (262/2021) is clearly distinguishable by a sharp decrease
in the waveform similarity. However, pinpointing the exact end of
the eruption (347/2021) is more challenging due to the continued
decorrelation for a few days thereafter.

After the eruption, station TBT exhibits decorrelation for lag
times above 16 s. These results persist for the entire post-eruptive
period considered. For station EHIG, the similarity values are not as
low as those for station TBT, but the decorrelation is also visible, yet
for longer lag times.

For the CC waveform similarity, the eruptive period is less
obvious, yet distinguishable. However, there are a few days before
the eruption exhibiting decorrelated signals for all lag times (e.g., 100
and 250 of 2020 and 000–050 and 100 of 2021). After the eruption,
the decorrelation predominates in all days but is largely concentrated
between 12-s and 28-s lag times.

Seismicity, ground deformation, and
precipitation

La Palma was dormant for 46 years when in 2017, the
seismic silence was interrupted. Between 2017 and 2021 (before
the eruption), nine seismic swarms were registered, reflecting
the magmatic ascent from the mantle to the oceanic crust base.
The seismic events were relatively deep (25–35 km) and of low
magnitude (<2.7), causing no significant stress changes (e.g.,
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FIGURE 4
Autocorrelation functions (ACFs) at stations EHIG (A) and TBT (B). The panels on top of each ACF show the averaged ACFs for a period of 50 days
before the eruption (orange) and the same period after the eruption (green). The eruptive period was removed from the representation, but its
beginning is marked by the black arrows.

Carracedo et al., 2022; DAuria et al., 2022). Intense seismic activity
started only in the week preceding the eruption. The increase
in the seismicity was accompanied by an increase in the vertical
ground deformation, which reached a maximum value of 20 cm
in the days before the eruption (Amonte et al., 2022). The ground
deformation was more intense near the eruption location, affecting
mostly the NW side of the Cumbre Vieja ridge toward the coast
(Carracedo et al., 2022). Both seismicity and ground deformation
are likely caused by magmatic movement, and they are capable
of changing the internal state of the earth through changes in
the stress state, pore fluid movement, and even the occurrence
of small cracks and fractures. Figure 6 shows the comparison of
the waveform similarity results for station TBT with the seismic
activity and ground deformation measured in the GPS station
MAZO for the period between 2020 and 2022. Ground deformation

was computed by taking the norm of the differences in the three
components of position with respect to ALJR, which is located
on the island of La Gomera. Figure 6 (bottom panel) displays
the evolution of this spatial deformation since the beginning
of 2020, arbitrarily selected as zero. The ground deformation
results show the increasing deformation for the eruptive period
corresponding to inflation signals in agreement with the intense
seismicity for the same period, which is possibly related to the
magmatic rise toward the surface. Notably, the volcano inflation
state seems to continue after the eruption as the deformation
signal maintained a considerable value and did not return to
values prior to the eruption, as also revealed by the seismic
waveforms (see Figure 3) that are stable for the entire period before
the eruption, yet after the eruption, they do not return to the
previous state.
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FIGURE 5
Lag-time-dependent waveform similarity from autocorrelations [(A) TBT and (B) EHIG] computed in the frequency band of 1.0–3.0 Hz and from
cross-correlations [(C) EHIG–TBT] in the frequency band of 0.1–1.0 Hz. Blank spaces correspond to periods without data. The positive and negative
lags were averaged for representation. The color scale varies from red (decorrelation) to blue (perfectly correlated). The shaded gray rectangle marks
the eruptive period.

There is no clear correlation with the swarm occurrence in the
waveform similarity before the eruption. After the eruption, the
seismic activity continues at shallow depths; yet, again, these events
do not seem to affect the similarity.

In addition, we compared our results with the precipitation
data (AEMET, 2023) over the 2 years to investigate whether
there is any connection between the waveform similarity results
and the amount of rain. Intense rainfall can cause changes
in the groundwater mass, pore pressure, and water table level,
which can consequently change the seismic velocities (Hirose et al.,
2022, and references therein). Normal levels of precipitation, if
affecting the waveform similarity, are only visible at very short
lag times and for short periods of time. The Canary Islands
generally experience mild winters and warm summers. The levels
of rainfall differ due to the northeasterly winds, but, in general,
the precipitation in the summer months is almost non-existent
and is not abundant even during the winter. Due to the low
precipitation rate and the absence of heavy rainfall in La Palma,
for the period under study, we did not find any significant
correlation between the similarity results and the precipitation data.
In Supplementary Figure S4 of Supplementary Material, we present
the waveform similarity results for station EHIG, together with
seismicity, ground deformation registered in LP01 GPS stations
(IGN), and precipitation.

Discussion

Possible mechanisms driving the medium
changes

In a volcanic environment, medium changes related to volcanic
activity are generally attributed to stress, deformation, andmagmatic
or hydrothermal fluid migration (e.g., Yukutake et al., 2016;
Yates et al., 2019; Caudron et al., 2022; Cabrera-Perez et al., 2023a).
If there is no structural change, e.g., due to the dislocation of
seismic wave scatterers, then medium changes are likely related to
seismic velocity variations. Determining whether the decorrelation
is accompanied by an increase or decrease in the seismic velocities
is out of the scope of this study. Seismic velocity changes lead
to a special case of waveform decorrelation as noise correlation
responses are either stretched or compressed due to velocity
changes within a larger volume. We believe that structural medium
alterations due to fracturing through the pressuring of magma, an
overall changed stress regime, and the presence of earthquakes are
more likely than pure velocity changes and, therefore, focused on
waveform decorrelation. Our results distinguish temporal medium
changes occurring at different lag times (different depth ranges in
the case of autocorrelations) and, thus, suggest some possible driving
mechanisms causing them.
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FIGURE 6
Comparison of the waveform similarity for station TBT (A) with the seismicity (B) and the ground deformation detected in GPS station MAZO (C).

The waveform similarity given in Figure 5 shows consistent
results among the single stations (ACs) and the station-pair (CCs).
Before the eruption, there are a few groups of days that interrupt the
almost perfectly correlated waveforms at lag times shorter than 36 s.
Cabrera-Perez et al. (2023a) presented results and possible causes
for the velocity variations observed during the pre-eruptive episode.
The authors discarded the magmatic intrusion itself as the magma
reached the surface only on the day of the eruption. Dilatation
or compression of the edifice resulting from the magma chamber
dynamics was excluded due to the absence of ground deformation,
and seismicity does not seem an option since the earthquake
magnitude is generally lower before the eruption. In addition, our
study also excluded precipitation as a possible driving mechanism.
Our results seem to point to a punctual process disturbing the
structure for a short period of time, such as pockets of hydrothermal
fluids from a hydrothermal reservoir, which is in agreement with
previous results (Cabrera-Perez et al., 2023b; Cabrera-Perez et al.,
2023a).

After the eruption, the similarity results suggest that the
shallow structure beneath the stations was not disrupted by
the eruption. Despite being more evident in station TBT, the
similarity values decreased for both stations for lag times above
16–20 s. The cessation of the eruptive activity results in reduced
pressurization of the plumbing system (De Plaen et al., 2019), with
parameters such as deformation restored to the previous values.
A possible explanation for our results is that at deeper levels, the
structure remains altered after the eruption, and thus, the system
can still be pressurized. During an eruption, a huge portion of
fluids and melts from higher depths migrate toward the surface,

causing fluid saturation in the upper structure and a deficit of
liquids deep down (Serrano et al., 2023). In addition, the magma
intrusion at shallow depths and the posterior eruption can cause
structural damages that can take several days or even months
to recover. Another possible explanation is related to heating
and degassing, which can increase the pore pressure, reducing
the effective normal stress. Under such conditions, rocks can
be characterized by high fluid pore pressure, thus altering the
medium conditions (Ruiz et al., 2022), but this is only probable
when the degassing is continuous after the eruption for a long period
of time.

The decorrelation occurring on the same days in both stations
but at different lag times reinforces the previously mentioned
hypothesis that the structure beneath the stations can be affected
by the same driving mechanism, but due to its location relative
to the source mechanism site, the medium changes occur at
different distances.

Hypothetical location of the medium
changes

Quantifying the temporal changes is a challenging task; however,
considering an empirical apparent velocity of 1 km/s for scattered
waves (Zhan et al., 2013) and the two-way travel time, it is possible
to roughly estimate some depths at which perturbations occur.
Analyzing the results of the ACF waveforms (Figure 4) and the
waveform similarity (Figure 5) together, it is possible to make
some important considerations. Before the eruption, both stations
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exhibit decorrelation at higher lag times (above 32 s), which can be
attributed to medium changes occurring at higher depths. However,
for some specific days, the stations also exhibit decorrelation at
shorter lag times (see Figure 5). Between days 90 and 120 of 2020
and days 45 and 100 of 2021, station EHIG showed decorrelation
for lag times at approximately 4–16 s, which corresponds to a
depth between 2 and 8 km. On the other hand, station TBT shows
decorrelation not only on the same days but also for several days
but in two specific lag times: 16 s and 24 s (approximately 8–12 km
depth). These results may indicate the presence of a large volume
of magma accumulation due to the magma injections from the
mantle to the base of the crust (∼10 km depth) beneath station
TBT, whereas beneath station EHIG, the decorrelation should
be related to occasional ascent of fluids toward the surface, in
agreement with the previously published pre-eruptive model in
Figure 2B of the study by DAuria et al. (2022). We also believe
that the reason why most of the time the waveform similarity
appears almost perfectly correlated is because of the pre-established
ascent pathways, which allows magma movement without causing
stress changes.

After the eruption, the surface structure seems to not have
experienced significant detectable changes, with the exception of day
165 for station TBT, for which we do not have enough information
to attribute an explanation. Comparing both stations, TBT shows
decorrelation for lag times higher than 16 s, whereas for EHIG, the
similarity values are higher and the decorrelation starts to appear
at 24 s. Our results show that the structure beneath station TBT
may have underwent more medium changes than the structure
beneath station EHIG, which rapidly recovers its state prior to the
eruption.

Conclusion

In this study, we calculated auto- and cross-correlations of
continuous ambient seismic noise data recorded in La Palma from
January 2020 to November 2022. We analyzed the time evolution
patterns of both autocorrelograms and the waveform similarity to
identify possible medium changes before the eruption and how
the structure behaves after the eruptive episode. Our results were
compared with the cataloged seismicity, ground deformation data,
and precipitation.

Before the eruption, we observe a few days exhibiting
decorrelation, to which we attribute a punctual process, such as
hydrothermal fluid ascent, in agreement with previous studies. We
could not find any correlationwith the seismic swarms or the ground
deformation for these days. The beginning of the eruption is clearly
distinguishable with the increasing decorrelation, seismicity, and
ground deformation. After the eruption, our results show that at
deeper levels, the volcanic system can still be pressurized, possibly
due to heated and vaporized hydrothermal water occupying the
plumbing system, which was previously filled with magmatic
material. At shallow depths, the structure appears not to have
undergone significant changes, thus quickly recovering from
the eruption.

We show that variations in pore pressure, saturation, andmicro-
structures driven by gas release, fluid circulation, and pressure
perturbations associated with the unrest subsurface volcanic

system trigger relative changes in the propagation of seismic
waves generated by ambient seismic noise. Thus, seismic noise
interferometry from auto- and cross-correlation functions is a
promising and suitable method to determine medium changes and
improve our knowledge of the pre- and post-eruptive process in
active volcanoes, even when the number of stations is limited.
In addition, this analysis can be applied to study not only other
volcanoes around the world but also restlessness induced by
seismic volcanic swarms, fluctuations of the groundwater systems,
landslides, geothermal energy, and even carbon sequestration.
As future work, it could be interesting to include a detailed
anisotropic study to better understand the structural changes. This
would be helpful not only to validate our results but also to
define a strategy to implement this type of studies as real-time
monitoring.
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