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Abstract

In the recent years, coda-wave interferometry from seismic noise correlation functions has
been increasingly used for volcanic eruption forecasting through velocity changes
observed in the crust. Because La Palma Island in the Canary Archipelago is very well
instrumented, we studied the possible velocity variations related to the last Cumbre
Vieja eruption on 19 September 2021, aiming to obtain clear variations in the seismic
velocity. For this purpose, we used the moving-window cross-spectral analysis technique
for seismic noise within the 0.1-1.0 Hz frequency interval for determining two- and single-
station cross-component correlations. During the 2018-2022 observation period, we first
detected a seasonal seismic velocity variation possibly caused by annual rainfall and the
induced pore pressure change. On 12 September 2021, a dramatic decrease in the velocity
of —0.15% was detected, leading to the volcanic eruption at Cumbre Vieja seven days
later. The results are compatible with those of models proposed for rapid magma migra-
tion from a shallow reservoir at 11 km to the surface.
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Supplemental Material

Introduction possible velocity changes are either temporal repeated tomog-

Most historical and recent volcanic eruptions on La Palma in
the Canary Islands (Fig. 1a) were preceded by different man-
ifestations, such as ground fissures, ground changes produced
by subtle swelling, and notable earthquakes (Bonelli, 1950;
Romero, 1991; Rueda et al., 2020). These signals may be con-
sidered the result of deeper processes that usually occur prior
to an imminent volcanic eruption, such as underground move-
ment of magma (Brenguier et al., 2008, 2016), presence of
water or steam (Taira and Brenguier, 2016), and magma pres-
surization changes, which may be accompanied by associated
crack dilation or compression (Obermann et al, 2013;
Donaldson et al., 2017, 2019), thus modifying the elastic prop-
erties of media. Consequently, variations in the velocity of elas-
tic wave propagation are expected under volcanic unrest. In
particular, velocity changes were detected in inflation and
deflation processes associated with volcanic eruptions by
Patane et al. (2003), Brenguier et al. (2008), and Obermann
et al. (2013). The alternative methods for monitoring these
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raphy or seismic noise interferometry. Repeated tomography
using a dense instrument network around the volcanic edifice
may reveal the expected temporal velocity changes. However,
contrary to expectations, an irregular spatial-temporal local
seismicity distribution may introduce larger apparent velocity
changes than those corresponding with inner structural
changes (Berezhnev et al., 2023). On 19 September 2021, an
eruption occurred at Cumbre Vieja in La Palma in the Canary
Islands after a series of swarms starting in 2017 (Torres-
Gonzalez et al, 2020; Mezcua and Rueda, 2023). This
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Strombolian eruption was characterized by effusive lava emission
through fissures in a multicrater vent complex (Carracedo et al.,
2022). Several signs were observed before the 2017 and 2018
swarms, such as variations in the hydrogen concentration and
air-corrected helium isotopic ratio (Torres-Gonzalez et al., 2020).
In addition, deformation of several centimeters was observed
3.5 months before the eruption started (Ferndndez et al., 2022).
This long-term preparation process of the 2021 Cumbre Vieja
eruption should be reflected in changes in the elastic properties
of the structure that can be observed through variations in the
seismic velocity, as was detected recently by Cabrera-Pérez et al.
(2023). For this purpose, in this work, we use ambient noise
interferometry (ANI; Snieder, 2006) to observe the temporal
variation in the seismic velocity with high accuracy. In this study,
ANI analysis is performed using the cross correlations between
the fourteen possible pairs of the six selected stations and the
cross correlations between the different components of a single
station. The signals retrieved from the cross-correlation functions
are predominantly surface waves with the associated frequency-
depth dependence, and, consequently, it is possible to maintain
control of the sampled crustal depths. However, in the case of
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Figure 1. (a) Location of the Canary Islands (Spain). (b) Distribution of
Instituto Geografico Nacional (IGN) broadband stations at La Palma in the
Canary Islands (white stars); the six stations used in this study, with their
names, are denoted by black stars. Lines connecting different stations
represent the pair of stations used in this study. The Global Navigation
Satellite Systems (GNSS) stations in operation during the study are denoted
by white circles, and the stations considered in this analysis are LPO3 and
LPO4 (black circles). The meteorological station used in this study LP_EPAS is
represented by a black square. Topographic and bathymetric data are from
the National Geographic Institute, the Oceanography Spanish Institute, and
the Navy Hydrographic Institute of Spain. (c) Data availability for the seismic
stations used in this work showing the eruption interval.

single-station cross correlations between the different compo-
nents, we register only singly and multiply scattered waves of
the media around the station.

Data and Methods

We investigated possible velocity changes dv/v using the seismic
stations operated by the Instituto Geografico Nacional of Spain
since mid-2017 as part of the National Seismic Network (Fig. 1b).
We selected six broadband stations around the volcanic edifice
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with complete data from the beginning of 2018 and during the
eruption (Fig. 1c). In this study, we considered microseismic
ambient noise in the 0.1-1.0 Hz frequency band, which is sen-
sitive to the structure at a depth of a few kilometers, where we
estimated the volcanic process. The six selected stations covered
the expected area of the volcanic process, delineated by the seis-
micity patterns recorded before and during the eruption (Mezcua
and Rueda, 2023). We avoided the use of long-distance pairs
for those stations located outside of the Cumbre Vieja unit
(Carracedo et al, 2022). In Figure 1b, we include all stations
belonging to the National Seismic Network. However, the six sta-
tions considered in this study are also shown with their names.
The selected stations covered the expected area defined by the
seismicity recorded before and during the eruptive process, with
the exception of two stations inside this area (open stars), because
they covered only a few months in 2021 and not enough data
were stored in this case. The data availability is shown in
Figure 1c.

The data are transmitted in real time to the headquarters in
Madrid, where a systematic analysis and location process is
performed. The sampling frequency is 100 Hz for the three
broadband components used. In the preprocessing process,
we eliminate single spikes. Upon data collection, a band-pass
filter between 0.01 and 8.0 Hz is applied, and the data are
finally resampled to 20 Hz.

Following the guidelines proposed in MSNOISE software
(Lecocq et al., 2014) used in this work, for measuring the seis-
mic velocity changes dv/v, several steps can be considered.
First, the original records are demeaned, spectrally whitened
and subjected to one-bit normalization processing to eliminate
possible earthquakes (Bensen et al., 2007). In the next step, we
obtain cross-correlation functions of the registered noise at
30 min intervals, and daily averaged for the vertical component
(ZZ) for each station pair is considered. We also obtain the
cross correlation for the different pairs of components (EZ,
NZ, and EN) of the selected stations. Third, to facilitate
enhancement, stacking is performed of the two- or single-sta-
tion correlations. Finally, temporal velocity variations are
obtained using ANI by measuring the apparent time shift
between the cross-correlation functions of the two-station
(NCEF) or single-station (ACF) and reference (RNCF) obtained
for a period of time without interference from seismic or vol-
canic events. To show the data stability over time of the NCFs
and ACFs, a correlogram of the EN cross correlation for station
CJED is shown in Figure 2, which is only interrupted during
the eruption interval. Coherence with respect to the RNCF is
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also shown by comparing the different moving-window stack-
ings of 1, 5, 10, and 15 days. The decreases in the correlation
coefficient starting on 19 September 2021 correspond to the
Cumbre Vieja eruption interval.

Travel-time delays are performed for different arrivals
between the individual NCFs/ACFs and a previously defined
cross correlation of the RNCF using moving-window cross-
spectral analysis. The time delay dt detected at the center of
the time ¢t window “d#/t” is equivalent to “~dv/v’—the change
in the velocity for the sampled crust (Ratdomopurbo and
Poupinet, 1995). The selected time-window length was 12 s with
a step of 2 s for the three filters. In Figure 3a, we show the
weighted mean velocity variation (ZZ) obtained for the fourteen
pairs of stations for the 2018-2022 period, which includes the
reference period. The data considered for the RNCF are selected
for the time interval of 1 March 2018-30 June 2020, which is
considered free of significant seismic or volcanic events, as
corroborated by the seismic spectral-amplitude measurement
(0.5-15.0 Hz) for the reference period at station CENR, close
to the volcanic edifice (Fig. 3b). As expected, no velocity varia-
tions are observed during the reference period, and the observed
minor velocity variations may be considered the noise level of
the velocity variations. In Figure 3a, we also show the rainfall
observed at meteorological station LP_EPAS (Fig. 1b) close
to the volcanic edifice, indicating a probable negative correlation
involving a positive time lag with the dv/v values obtained over
the same period, following Andajani et al. (2020). In Figure 3c,
we show the NCFs for the different pairs (Z component) of sta-
tions used in the 0.1-1.0 Hz interval ordered by the interstation
distance (in km) over the reference period. Clear direct arrivals
(mainly Rayleigh waves) are observed on both the sides (causal
and acausal). The observed symmetry between the positive and
negative values suggests that similar sources are present on both
the sides of the island. We also include the travel times corre-
sponding to wave propagation at 1, 2, and 3 km/s through the
island.

Velocity Changes Observed Prior to the
Cumbre Vieja Eruption on 19 September
2021

The calculated mean + 2 standard deviations and the weighted
mean of the velocity changes dv/v using the fourteen pairs of
stations for the ZZ components are shown in Figure 4 for 1,
5, 10, and 15 days moving windows in the 0.1-1.0 Hz frequency
interval. In the same figure, we include the daily seismic activity,
the vertical deformation observed at Global Navigation Satellite
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Figure 2. Cross-correlation functions (ACFs) for the EN components as a 1-, 5-, 10-, and 15-day moving windows. The eruption period is also
function of time for the CJED station for the period 2018-2022. shown with lower correlation coefficients (pink box).
Correlation coefficients with the reference (RNCF) are determined for
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Figure 3. (@) Weighted mean of the velocity variation obtained for the
fourteen pairs of stations for the 2018-2022 period and daily precipi-
tation registered at nearby meteorological station LP_EPAS. (b) Seismic
spectral amplitude measurement (SSAM) for the frequency interval of

0.5-15 Hz at station CENR for the vertical component during the same
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time interval. (c) Cross-correlation functions for the vertical components
obtained in the 0.10-1.0 Hz frequency band for the different pairs of

stations plotted against the interstation distance for the reference period.
The travel times of 1, 2, and 3 km/s correspond to the different ballistic
waves arriving before the noise used in this study.
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Figure 4. Mean with +2 standard deviation (blue) and the weighted mean
of dv/v (red line) detected for 2021 at a window frequency band of
0.1-1.0 Hz for different moving windows showing the eruption time
(pink box). The daily seismic activity, the vertical deformations observed at
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the LP0O3 and LPO4 GNSS stations, and the precipitation at the LP_EPAS
meteorological station are also included. The date of the start of the
decrease in velocity is also marked (brown bar).
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Systems (GNSS) stations LP03 and LP04, and the precipitation
observed at meteorological station LP_EPAS for La Palma
Island. The locations of the LP03 and LP04 GNSS stations and
LP_EPAS meteorological station are also shown in Figure 1b. As
usually occurs, with increasing time window, the fluctuation in
the observed velocity change decreases. We observe that the 10-
day window provides the best coincidence for both the results,
showing a clear decline in the velocity starting on 12 September
2021. This time coincides with the shooting of a shallow swarm
of 366 events located at an average depth of 9.5 km (Mezcua and
Rueda, 2023). The GNSS stations also indicate that vertical
deformation starts on this date, indicating that this velocity
variation is clearly related to magma ascent. On 18 September
2021, another swarm of 328 located events (Mezcua and Rueda,
2023) was also detected, with a shallower depth of 4 km and
ending on 19 September 2021, when the eruption of Cumbre
Vieja started. This date corresponds with the maximum vertical
displacement at both the GNSS stations (De Luca et al., 2022).
We also present the precipitation at a nearby meteorological
station (LP_EPAS) with no significant values since May 2021
(four months before the eruption). The maximum velocity
change observed was dv/v = —0.15%.

The single-station cross-component correlation permits us
to expand the frequency interval and to compare the results
with those previously obtained with the fourteen pairs of sta-
tions (ZZ components). Station CJED is close (5 km) to the
volcanic edifice (Fig. 1b) with enough data extended back in
time and is selected to study the single-station cross correlation
between the three components (EN, EZ, and NZ), discarding
the noisy autocorrelation ZZ. However, we also include the rest
of the stations in the supplemental material, available to this
article. The results are shown in Figure 5 for a moving window
of 10 days and for three frequency intervals: 0.1-1.0, 0.5-1.0,
and 0.1-0.5 Hz. The best results correspond to the 0.1-1.0 Hz
frequency interval, in which the three possible cross correla-
tions show a clear velocity decrease starting on 12 September
2021, with a very low standard deviation of the velocity change,
reaching the minimum value of —0.3% on 19 September 2021,
when the eruption started. The possible influence of moderate
earthquakes in the observed velocity decrease (Flinders et al.,
2020) can be ruled out, because we locate only three M; 1.0
earthquakes during the previous 73 days of velocity decrease
detection. The observed change in the velocity for the EN
and EZ components in 0.5-1.0 Hz frequency interval, which
corresponds to the shallow part of the crust, reaches —0.3%,
further decreasing to —0.45% for the NZ cross correlation.
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The low values observed all stations and for all components
within the 0.1-0.5 Hz frequency interval are the result of
the shallower location where the velocity decrease is produced.

Results

The results presented here favored a classical interpretation
given the different velocity variations observed during many vol-
canic eruptions (Donaldson et al, 2017, 2019; Olivier et al.,
2019; Flinders et al., 2020; Berezhnev et al., 2023; among others).
The first result is that the seasonal velocity change over the
2018-2022 period, with the exception of the eruption period,
reaches ~+0.1% using the fourteen pairs of stations. However,
the velocity variation detected on 19 September 2021 clearly
exceeds —0.15% or even —0.45% for the NZ cross correlation
at the CJED station, which is the nearest station to the volcanic
edifice. A similar velocity change observation at the closed sta-
tion is also observed in other volcanic eruptions, de Plaen et al.
(2016, 2019). We also detect a velocity decrease from 12 to 19
September 2021 at the rest of the stations (albeit lower values),
which suggests that the sources of velocity variation were spa-
tially distributed around the volcanic edifice, with the maximum
value at the nearest station. Moreover, the amplitude of the
velocity variation at single stations is larger when using the Z
component, which is interpreted as the consequence of the
anisotropy of the velocity behavior due to the pressurization
of the volcanic edifice (Machacca-Puma et al., 2019).

Another important result is the correlation between the
velocity variation and the short-term swarms detected from
12-19 September 2021, with decreasing average depth as we
approach the eruption start time (Mezcua and Rueda, 2023).
In addition, the b parameter, which is related to the stiffness of
the material in which the activity is occurring, continuously
decreases from 1.5 + 0.2 to 0.9 + 0.1, which may be related
to magma cooling as it ascends from ~9 km up to 4 km above
sea level.

The starting time of the mean velocity decrease coincides
with that of an almost linear increase in the vertical deforma-
tion at the nearby GNSS stations LP03 and LP04 (De Luca
et al., 2022), finishing the day of eruption for LP03 with
+0.20 m, whereas the vertical deformation reached +0.10 m
on 15 September 2021 for LP04. This time difference in reach-
ing the maximum vertical displacement can be interpreted as
the north-south ascending magma along the northern direc-
tion first passing LP04 and then LP03. This result shows that
an increase in stresses occurred in the eruption preparation
process.
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Finally, another important result is the suggested seasonal
variation in the velocity changes observed over the 2018-2022
period using the fourteen pairs of selected stations covering
the area. It is very important to provide of long-term data for
excluding possible velocity changes not related to a volcanic epi-
sode. The velocity variation with the rainfall periodicity is on the
order of £0.1%, exhibiting a negative correlation with a positive
time lag, which suggests that a decrease in the velocity (dv/v) fol-
lows several days after the maximum rainfall. This result can be
interpreted as the increase in the pore pressure due to ground
water recharge by rainfall, after which a change in the velocity
can be observed. However, more work is needed to verify this

relationship after filtering.

Conclusions
In the model proposed by Mezcua and Rueda (2023), magma
ascended from the magma reservoir in the lower crust (at a
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Figure 5. Mean seismic velocity variations dv/v (%) (blue line) with +2
standard deviation (blue band) obtained for the station CJED cross

components (EN, EZ, and NZ) in the 0.1-1.0, 0.5-1.0, and 0.1-0.5 Hz
frequency bands and 10-day moving window from 1 August 2021 to 1
November 2021, showing that part of the eruption process started (pink
box) and the line corresponding to 12 September 2021 (red dotted line).
The rest of the stations are included as the supplemental material.

depth of ~11 km) to the surface starting on 12 September 2021,
along dual pathways at an average velocity of 0.21 km/hr, sug-
gesting propagation under high-stress heterogeneity, which was
also accompanied by increasing vertical deformation at the two
GNSS stations; this process ended on 14 September 2021. This
shallow reservoir at 4 km, also proposed by Fernandez et al.
(2022) and Benito et al. (2023), may have been filled through
dikes opened during the previous activity. From this depth,
an accelerating ascent was accompanied by continuous
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seismicity and a rapid decrease in the velocity caused by notable
magma ascent with a corresponding pressure increase, creating
areas of normal extension as well as crack opening. The magma
followed a complex system of dikes and sills in its ascent before
reaching the surface on 19 September 2021, when the eruption
started. This magma ascent track was also considered in other
models, such as Fernandez et al. (2022) and Montesinos et al.
(2023). This model explains the velocity decrease observed in
this study. However, the study of Cabrera-Pérez et al. (2023)
focusing on the 2021 Cumbre Vieja eruption excluded the
stress/strain variation produced by magma ascent as the dom-
inant mechanism for the observed velocity decrease due to the
lack of significant deformation between 10 and 14 September
2021, which contradicts our observations at the GNSS stations.
The model of Cabrera-Pérez et al. (2023) involves a velocity
decrease due to the ascent of hydrothermal fluids toward the
surface, although the decrease in the velocity on the day before
the eruption can be notably affected by magmatic intrusion. We
believe that both the models are compatible because the possible
hydrothermal fluids can be ascribed to magma ascent, and no
large differences in the final results are observed except for the
dates of the possible stages of velocity variation.

The suitable results obtained indicate that the implementa-
tion of a model involving near real-time velocity variation is a
promising volcanic forecasting method that should be consid-
ered in volcanic surveillance of the Canary Islands.

Data and Resources

The earthquake seismic locations are obtained from the
National Geographic Institute (IGN), Spanish seismic catalog
at doi: 10.7419/162.03.2022 (last accessed July 2023). The
seismic and Global Navigation Satellite Systems (GNSS) data
used are hosted at the IGN data center, Spain, 1999, Spanish
Digital Seismic Network, International Federation of Digital
Seismograph (FDSN) Networks, Dataset/Seismic Network at
doi: 10.7914/SN/ES. Some of the data are open-access data,
and the remaining station data can be obtained upon request
at volcanologia@mitma.es. GNSS data can be found at doi:
10.5281/zen0do.6123266 (De Luca et al, 2022). The supple-
mental material contains the three cross-components for the
six stations considered in this paper at three frequency bands.
The time period shown is 1 May-1 November 2021.
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