
1. Introduction
La Palma is one of the Canary archipelago, Spain (Schmincke, 1982; Schmincke et al., 1998). The oldest subae-
rial volcanism is recognizable in the northern sector of the island, which has been repeatedly involved in large 
lateral collapses (Ancochea et al., 1994; Carracedo et al., 2001; Day et al., 1999). Following the formation of 
Garafía and Taburiente volcanic edifices (Figure 1), the eruptive activity gradually moved southwards leading 
first to the formation of the Cumbre Nueva (Ancochea et al., 1994; Carracedo et al., 2001) and, subsequently, of 
the Cumbre Vieja volcanoes (Fernández et al., 2021; Klügel et al., 2005; Ward & Day, 2001). The eruptive activ-
ity in historical times was concentrated in the Cumbre Vieja ridge. The last eruption (Teneguía eruption) occurred 
in 1971 (Figure 1; Klügel et al., 1997) and was preceded by seismicity that began months before the eruption 
(Albert et al., 2016). Before the Teneguía eruption, the San Juan eruption (Klügel et al., 1999; Rubio, 1950), 
which took place in 1949, was particularly representative of the monogenic eruptive style of the Cumbre Vieja 
ridge. It was characterized by three eruptive centers and lava flows on both the western and eastern sides of the 
island (Figure 1). This eruption was preceded by seismic activity that began more than 2 years before the eruption 
onset (Albert et al., 2016). Torres-González et al. (2020) studied two seismic swarms that occurred in October 
2017 and February 2018, which were characterized by high b-values, suggesting the presence of magmatic fluids 
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in the seismogenic volumes. These swarms were concentrated in a sub-horizontal volume, located between 15 
and 25 km deep and elongated in an east-west direction. These swarms, together with some geochemical anoma-
lies recorded on the island in the same periods, have been interpreted as the first signs of unrest at the La Palma 
volcano due to magmatic intrusions.

On 19 September 2021 the Cumbre Vieja erupted from a vent located on the western side of the island in the area 
of Cabeza de Vaca, not far from the Llano del Banco eruptive center of the San Juan eruption in 1949 (Figure 1). 
The earthquake locations of the catalog and seismic bulletins of the Istituto Geográfico Nacional of Spain (IGN; 
https://www.ign.es/web/ign/portal/sis-catalogo-terremotos) together with the other geodetic and geochemical 
monitoring systems on the island allowed the Spanish researchers to forecast the eruption and to alert the civil 
protection authorities several days in advance.

In this work, we focus on the Differential SAR Interferometry (DInSAR) measurements obtained by processing 
the Sentinel-1 (S-1) image time series acquired from ascending and descending orbits, to retrieve the temporal 
evolution of the surface deformations and to obtain insights into the magmatic sources responsible for the inves-
tigated processes, with a clear focus on the pre-eruptive and co-eruptive Cumbre Vieja volcano phases.

2. Multi-Temporal DInSAR Analysis
To correctly identify the displacement field caused by the activity of the Cumbre Vieja volcano during Septem-
ber 2021, we exploit the advanced DInSAR technique referred to Parallel-Small BAseline Subsets (P-SBAS; 
Casu et al., 2014; Manunta et al., 2019). Such an algorithm analyses a sequence of multi-look interferograms 
for the retrieval of surface deformation time series and the corresponding mean deformation velocity map. The 
possibility to analyze with high accuracy the temporal evolution of the investigated deformation processes is of 
great relevance, especially in areas where the atmospheric contribution may drastically corrupt the interferomet-
ric phase (Zebker et al., 1997). Indeed, the complexity and magnitude of the tropospheric signals, which may 
affect the radar line-of-sight (LOS) measurements, can complicate the right identification of the displacement 
field, when using single interferograms, because the discrimination between deformation and atmospheric phase 
screen (APS) signals can be very difficult to be carried out (Zebker et al., 1997). More specifically, if we consider 
an erupting volcano located in an oceanic island with a significant topography, as for the La Palma scenario 
(maximum altitude = 2,430 m a.s.l.), the lateral variation of pressure, temperature and humidity, jointly with 
a topography-correlated component due to the variation of the pressure, temperature and humidity with height 
(Fernández et al., 2009; Hanssen, 2001), renders the APS interferometric component difficult to be identified and 
removed from the DInSAR interferograms without causing a deformation signal underestimation. Accordingly, 
for the eruption under investigation we decide to move from the conventional analysis of the LOS displacements 
retrieved from single interferograms to those obtained via the retrieval of the time series through the above-men-
tioned P-SBAS approach. Indeed, the join availability of spatial and temporal information allows us, through 
this technique, to effectively compensate from the APS delay when retrieving the LOS displacements (Casu 
et al., 2014; Manunta et al., 2019). In particular, the applied filtering approach includes two main steps. First of 
all, we remove from the retrieved (un-filtered) time series the signal component which is highly correlated with 
topography but poorly in time (Fernández et al., 2009). Subsequently, we filter out the residual APS component 
that we identify by excluding the pixels affected by significant deformations and by estimating the signal charac-
terized by a high spatial correlation but a low temporal one.

For this study, we process the overall set of space-borne Synthetic Aperture Radar (SAR) data collected from 
January 2017 up to the beginning of October 2021 along the ascending and descending Sentinel-1 (S-1) tracks. 
The main characteristics of the exploited S-1 datasets are reported in Figure 2. Moreover, to highlight the large 
impact of the APS component over the La Palma Island, we show the pre- and co-eruptive differential inter-
ferograms and the corresponding LOS displacement maps obtained without (Figure 2) and with (Figure 3) the 
implemented filtering of the identified atmospheric artifacts, which was applied to the long term S-1 data set. 
We also remark that in our analysis the pre-eruptive interferograms are those showing the first evidence of the 
surface displacements caused by magma intrusion (on the order of a few centimeters), while the co-eruptive 
ones reveal the deformation patterns relevant to the eruption onset. By comparing the results shown in Figure 2 
with those of Figure 3, it is evident the importance of an effective APS signals removal, particularly for what 
attains the pre-eruptive signals which are otherwise completely corrupted by the atmospheric noise component 

Validation: E. Valerio
Writing – original draft: C. De Luca, E. 
Valerio, F. Giudicepietro, G. Macedonio, 
R. Lanari

https://www.ign.es/web/ign/portal/sis-catalogo-terremotos


Geophysical Research Letters

DE LUCA ET AL.

10.1029/2021GL097293

3 of 10

(see Figures 2b and 2f). As an additional remark, we show other pre-, co- 
and post-eruptive interferograms in Figures S1–S4 of Supporting Informa-
tion  S1, to even more highlight the effectiveness of the approach that we 
followed. This effectiveness is further confirmed by comparing our results 
with respect to those obtained through the straightforward estimation of 
the APS component correlated with topography (see Figures S5 and S6 in 
Supporting Information S1).

Furthermore, to fully assess the validity of the DInSAR products generated 
through the P-SBAS approach and presented in Figure 3, we also show the 
comparison between the retrieved DInSAR displacements and the meas-
urements of available Global Navigation Satellite System (GNSS) stations 
(https://www.ign.es; Figure S7 in Supporting Information S1) located in the 
area where the major deformations occur. The good agreement between the 
P-SBAS and LOS-projected GNSS measurements is evident, not only for the 
post-eruptive acquisitions, but also for the pre-eruptive ones where a small 
deformation signal is clearly detected (see Figures 3 and S8 in Supporting 
Information S1). For the sake of completeness, in Table S1 of Supporting 
Information  S1 we report the standard deviation values of the difference 
between the P-SBAS and LOS-projected GNSS time series.

Note also that to simplify the readability of the comparison between the 
P-SBAS and the GNSS measurements, in the plots presented in Figures 3 
and S8 in Supporting Information S1 we focus on the results obtained from 
the last S-1 acquisitions relevant to the May–October 2021 time interval and 
the corresponding GNSS measurements. Moreover, in Figure S9 of Support-
ing Information S1 we also show the overall S-1 DInSAR time series.

3. Analytical Modeling
We investigate in the following the geometry and characteristics of the 
sources responsible for the observed pre- and co-eruptive DInSAR deforma-
tion patterns by inverting, through an analytical modeling, the corresponding 

LOS displacement maps shown in Figure 3. Note that, due to the satellite orbit characteristics, the ascending and 
descending S-1 SAR acquisitions relevant to La Palma island show a two-day time shift which is neglected when 
we jointly invert the ascending and descending LOS displacement maps.

3.1. Pre-Eruptive Modeling

To reproduce the measured pre-eruptive deformation pattern shown in Figure 3, we employ the non-linear inver-
sion codes for spheroidal (Yang et  al.,  1988) and sill-like (Fialko et  al.,  2001) sources by using the dMOD-
ELS software package (Battaglia et al., 2013), and for spherical (Mogi, 1958) and horizontal tensile dislocation 
(Okada, 1985) sources by using the SARscape® modeling module. Both software implement these analytical 
solutions in a homogeneous elastic half-space and allow the user to consider several geodetic data sources, 
including DInSAR. In particular, we jointly invert the S-1 DInSAR measurements retrieved from the ascending 
and descending acquisitions.

The results of the performed non-linear inversions are reported in Table S2 of Supporting Information S1, and 
in Figures 4 and S10 in Supporting Information S1, where we show the LOS-projected observed and modeled 
DInSAR measurements, as well as their residuals obtained as difference between the original and the modeled 
data.

The analysis of the retrieved results (i.e., the comparison between the computed residuals) allows us to identify 
the best source able to cause the measured ground deformations, which is characterized by the minimum value 
of the computed rms residuals. This is a sill-like source (Fialko et  al.,  2001) located at 4,675 m depth b.s.l. 
and characterized by a 788 m-radius, with a volume change of 5.62 × 10 6 m 3 (Figures 4, S11 and Table S3 in  

Figure 1. Map of La Palma Island. The inset indicates the position of La 
Palma in the Canary Islands (Spain). The lava flows of the last two eruptions 
and the current one are shown on the map. The 2021 lava flow map was 
updated on 17 November. The yellow triangles represent two of the Global 
Navigation Satellite System stations of the Istituto Geográfico Nacional of 
Spain network (Spain) considered in the following analysis.

https://www.ign.es/
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Figure 2. Differential Interferometric Synthetic Aperture Radar results generated without atmosphere phase screen delay filtering. In the upper part we present the 
maps generated from the Sentinel-1 images acquired on 08, 14 and 20 September 2021 for ascending orbits. In the bottom part we show those generated from the 
Sentinel-1 images acquired on 10, 16 and 22 September 2021 for descending orbit. In particular, panels (a, c, e and g) are relevant to the wrapped interferograms while 
(b, d, f and h) to the corresponding line-of-sight displacement maps. The overall products are shown in radar coordinates and the white squares identify the position of 
the reference pixel. Panel (i) summarize the main characteristics of the overall analyzed data set S-1.
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Figure 3. Same Differential Interferometric Synthetic Aperture Radar results of Figure 2 but generated through the Parallel-Small Baseline Subsets processing, including a 
space-time atmosphere phase screen delay filtering. Panels (a, c, e and g) are relevant to the wrapped interferograms while (b, d, f and h) to the corresponding line-of-sight 
(LOS) displacement maps. The overall products are shown in radar coordinates and the white squares identify the position of the reference pixel. The plots in (i and j) and in  
(k and l) show the comparison between the Parallel-Small Baseline Subsets (black triangles) and the LOS-projected Global Navigation Satellite System (GNSS) (red stars) 
surface deformation time-series over descending and ascending orbits, respectively. The labels LP03 and LP04 indicate the position of the considered GNSS stations (Figure 1).
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Figure 4.
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Supporting Information S1). We remark that this solution presents the minimum value of residuals, and is also in 
very good agreement with already known. Geophysical (Cabrera-Pérez et al., 2021; Di Paolo et al., 2020; Torres-
González et al., 2020) and petrological (Galipp et al., 2006; Klügel et al., 2005) evidence.

The projection on the surface of the retrieved sill-like source and its in-depth location are shown in Figure 5, as 
well as its position with respect to that of the main seismic events.

3.2. Co-Eruptive Modeling

To retrieve also the sources responsible for the measured co-eruptive deformation field, we jointly invert the 
corresponding S-1 DInSAR ascending and descending measurements (Figure 3) through a two-step approach. 
First, we carry out a non-linear optimization to constrain the sources geometry and, then, a linear inversion to 
compute the opening distribution on the retrieved volcanic sources (Atzori et al., 2009). In this case, the over-
all modeling procedure is implemented through the SARscape® modeling module. Starting from a non-linear 
inversion algorithm based on the Levenberg–Marquardt least squares approach (Marquardt, 1963), we search for 
the source parameters and the related results are shown in Figure 4 (see also Table S3, Figures S12 and S13 in 
Supporting Information S1).

Despite the unavoidable approximations introduced by the analytical models, the retrieved results reveal that 
a two-dike source permits to properly reproduce the measured deformation patterns, as it can be seen from the 
computed residuals (see Figure 4). In particular, a shallower dike is located approximately at 950 m depth a.s.l. 
(i.e., the depth of the center of the source plane) and presents a strike of 144°, a dip of 64°, and a uniform opening 
of about 1.8 m, distributed over a source of about 1,054 × 2,427 m.

The deeper dike is located at 1,419 m depth b.s.l. (i.e., the depth of the center of the source plane) and is charac-
terized by a strike of 116°, a dip of 62°, and a uniform opening of about 0.7 m, distributed over a source of about 
3,088 × 8,852 m.

To compute the non-uniform opening distribution along the retrieved dikes, the second step of our approach 
consists of a linear inversion process, which is realized by starting from the modeling obtained from the previ-
ously performed non-linear inversion. We considered patches of 0.2 × 0.2 km 2, after extending sources to let the 
opening dislocation to vanish at the edges. The solutions found for our sources show a maximum opening value of 
about 2.5 m and its distribution is clearly visible in Figure 5, where the projection on the surface of the retrieved 
two dikes and their in-depth location, as well as their position with respect to that of the main seismic events and 
of the eruptive vent, are also presented.

4. Discussion and Conclusions
Thanks to the effective removal of the atmospheric artifacts, the retrieved S-1 DInSAR measurements and their 
analytical modeling allow us to investigate, from the occurrence of the first detectable surface deformations 
(pre-eruptive phase) to the opening of the vent (co-eruptive phase), the temporal evolution of the unrest that 
culminated in the eruption of 19 September 2021 at the Cumbre Vieja volcano.

In particular, we first identify a sill-like source in the pre-eruptive phase, which is relevant to the 8−16  
September 2021 time interval (Figures 5a and 5b). This source is located in correspondence with a low-resistivity 
anomaly highlighted in Di Paolo et al.  (2020). This anomaly was measured through a magnetotelluric survey 
carried out between June and August 2018, that is, following the seismic swarms of 2017 and February 2018, 
which were considered the first signs of reawakening of the Cumbre Vieja volcano and interpreted as due to 
magmatic intrusion (Torres-González et al., 2020). We interpret this sill-like source as the effect of the tempo-
rary accumulation of magma during its transport toward the surface. Note that, in the pre-eruptive phase, the  

Figure 4. Pre-eruptive and co-eruptive source modeling. For the pre-eruptive phase, we report the wrapped interferograms for ascending (a) and descending (e) 
orbits, the line-of-sight (LOS) projected displacement maps for S-1 ascending (b) and descending (f) orbits interferograms, and the LOS-projected displacement maps 
computed from the retrieved analytical model for the S-1 ascending (c) and descending (g) orbits interferograms. The corresponding residual maps are shown in (d and 
h), respectively. The red dot indicates the center of the retrieved sill-like source. For the co-eruptive phase, we report the wrapped interferograms for ascending (i) and 
descending (m) orbits, the LOS-projected displacement maps for S-1 ascending (j) and descending (n) orbits interferograms, and the LOS-projected displacement maps 
computed from the retrieved analytical model for the S-1 ascending (k) and descending (o) orbits interferograms. The corresponding residual maps are shown in (l and 
p), respectively. The retrieved dike solutions are also marked by magenta rectangles.
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Figure 5. Source modeling results. (a) The main volcanic features, the related seismicity and the pre- and co-eruptive sources are superimposed on the 1 arcsec Shuttle 
Radar Topography Mission (SRTM) Digital Elevation Model (DEM) of the zone. 3D view of the retrieved (b) pre-eruptive and (c) co-eruptive sources responsible 
for the detected deformation patterns. The related seismicity and the lava field contour are also shown. (d) Plane view of the opening distribution along the retrieved 
co-eruptive dikes.
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highly fractured zone characterized by the low-resistivity anomaly (Di Paolo et al., 2020) could have favored 
the intrusion of a sill. However, magma settled in the sill just for a short time (some days) before the eruption 
onset, and did not form a large reservoir. This can explain the small retrieved volume of the sill-like source 
compared to the much larger volume of magma erupted to date, deduced from the dimension of the lava field 
provided by Copernicus (https://emergency.copernicus.eu/mapping/list-of-components/EMSR546). This is also 
confirmed by the petrographic analyses performed on the collected lava samples (Pankhurst et al., 2022), which 
testify a mantle origin of the erupted products. Moreover, the seismicity occurred in the same pre-eruptive period 
is consistent with our interpretation (see Figures 5a and 5b). In particular, the catalog and seismic bulletins of 
IGN (https://www.ign.es/web/ign/portal/sis-catalog-terremotos), show the occurrence of a seismic swarm in the 
interval 12–15 September. During this swarm, the earthquake hypocenters migrated horizontally from east to 
west with depths in the range 7–10 km. We interpret the hypocenter migration as due to the intrusion of magma 
which fills the sill. In particular, from 13 to 15 September, the hypocenters were concentrated in a volume close 
to the retrieved sill-like source. The short duration of the magma accumulation phase in the sill-like structure is 
also consistent with observational (Acocella et al., 2015), statistical (Sandri et al., 2017) and modeling studies 
(Giudicepietro et al., 2016; Macedonio et al., 2014), carried out on caldera volcanic systems, which indicate that 
eruptive unrest are generally short-lived.

For what concerns the co-eruptive deformations, we identify two eruptive dikes (Figures 5c and 5d). We inter-
pret these sources as due to the formation of the shallowest part of the 19 September eruptive conduit. Basically,  
these two dikes could be the fingerprint of a structure with a not strictly planar geometry that propagates 
changing size and shape until it reaches the surface, causing the eruptive vent opening. Note that, consistently 
with this remark, the trace on the surface of the retrieved shallow dike matches very well the location of the 
eruptive vent. Moreover, by considering the data taking rate of our DInSAR data set, which can only record 
the cumulative effect of the dike propagation in 17–19 September, we cannot exclude a partial contribution of 
the sill-like source, which is now drained but that can still work as a secondary source of deformation. Also 
in this phase, the seismicity is consistent with the retrieved deformation data. Actually, between September 
18 and 19 another seismic swarm was recorded and  showed a migration of the hypocenters from south to 
north. Moreover, during this swarm the hypocentral depths became gradually shallower, passing from about 
7 to 1 km in the area where the eruptive vent finally opened. This observation strongly suggests that the two 
main swarms (12–15 and 18–19 September) accompanied the propagation of the sill and dikes that formed the 
magma conduit of the eruption. In the Canary Islands, clear migrations of the swarm earthquake hypocenters 
were also observed before the eruption of El Hierro in 2011 (López et al., 2012; Martí et al., 2013), where 
the eruptive vent opened into an underwater zone. In the case of La Palma, the migration of the hypocenters 
outlined the path of the magma toward the surface even more clearly than in the case of El Hierro. After the 
eruption began, the seismicity was mainly concentrated in two seismogenic horizontal volumes located at 
different depths below the island. This suggests that even in the deepest part of the volcanic system, magma 
moves through a network of interconnected sills and dikes.

Data Availability Statement
The GNSS and seismological data used in this study are freely available from the Instituto Geografico Nacional 
website at the following link: http://www.ign.es/web/resources/volcanologia/html/PA_serie_DEF_20210911.
htmland http://www.ign.es/web/resources/sismologia/tproximos/prox.html, respectively. The dMODELS soft-
ware package can be freely downloaded at https://pubs.usgs.gov/tm/13/b1/. All the datasets generated and/or 
analyzed during the present study are available in the Zenodo repository (https://doi.org/10.5281/zenodo.6123266).
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