
Article https://doi.org/10.1038/s41467-023-35953-y

Magmatic plumbing and dynamic evolution
of the 2021 La Palma eruption

Carmen del Fresno 1 , Simone Cesca 2, Andreas Klügel 3,
Itahiza Domínguez Cerdeña 4, Eduardo A. Díaz-Suárez 4, Torsten Dahm 2,5,
Laura García-Cañada 1, Stavros Meletlidis4, Claus Milkereit2,
Carla Valenzuela-Malebrán 2,5, Rubén López-Díaz1 & Carmen López1

The 2021 volcanic eruption at La Palma, Canary Islands, was the island’s most
voluminous historical eruption. Little is known about this volcano’s feeding
system. During the eruption, seismicity was distributed in two clusters at ~10-
14 km and ~33-39 km depth, separated by an aseismic zone. This gap coincides
with the location of weak seismic swarms in 2017-2021 and where petrological
data have implied pre-eruptive magma storage. Here we use seismological
methods to understand the seismic response to magma transfer, with 8,488
hypocentral relocations resolving small-scale seismogenic structures, and 156
moment tensors identifying stress heterogeneities and principal axes flips.
Results suggest a long-lasting preparatory stage with the progressive desta-
bilisation of an intermediate, mushy reservoir, and a co-eruptive stage with
seismicity controlled by the drainage and interplay of two localised reservoirs.
Our study provides new insights into the plumbing system that will improve
the monitoring of future eruptions in the island.

The 2021 La Palma eruption started on September 19 and lasted more
than 85 days1–4, forming a new edifice on the western flank of Cumbre
Vieja volcano. It was the longest historical eruption at La Palma5 and
the most voluminous, with extruded magma volume1 exceeding 0.2
km3 and forcing the evacuationof ~7000 residents. Despite hosting the
highest number of historical eruptions in the Canarian Archipelago5,
little was known of the Cumbre Vieja feeding system before the 2021
eruption. The only information was provided by petrological6–9 and
gravity studies10. Earthquakes accompanying the 2021 unrest reached
unprecedented rates andmagnitudes, they provide a uniquedataset to
map magma pockets and pathways improving our knowledge of the
dimensions and structure of the plumbing system as well as its
dynamics during the eruption.

The Canary Islands is an archipelago of volcanic origin at the
passive NW margin of the African plate. La Palma, NW of the archipe-
lago (Fig. 1), is the second youngest island, with an emerged surface of
706 km2 and a height of 2430m a.s.l. Its subaerial activity began

1.8 Myr11, following the formation of a seamount and its uplift during a
period of intensemagmatism, during which time the island underwent
alternating eruptive episodes and flank collapses11. The successive
formations of the Garafía, Taburiente, Bejenado and Cumbre Vieja
volcanoes show a North to South migration of volcanic activity11–14.
During the latest stage of island construction (123 kyr), the volcanic
activity was concentrated in the southern sector, forming the Cumbre
Vieja volcano, with eruption vents aligned along a ~20 km long NS
oriented rift15,16. All 8 historical eruptions of the island took place in this
region (Fig. 1), with the most recent ones in 19495,8, 19715,9 and 20211–4.

Barometric studies of lavas and xenoliths from Cumbre Vieja6–8

suggest pre-eruptivemagma storage occurs in uppermantle reservoirs
at ~15–26 km depth and possibly also down to 50 km9. During eruptive
episodes, magma ascends forming dikes and sills, temporarily stag-
nating at an accumulation or underplating zone at 7–15 km depth; this
is also the main horizon where evolved magmas are thought to form6.
Long-term seismicity precursors before the 194917,18 and 202114,19
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eruptions could indicate progressive magma accumulation in the pre-
eruptive reservoirs months-to-years prior to eruptions.

The 2021 eruption is the first to be locally monitored at La Palma.
In recent years, the Instituto Geográfico Nacional (IGN) seismic
network20 has been gradually improved, now counting 12 seismic sta-
tions on the island, plus 5 temporal stations installed during the
eruption to support real-time procedures during the emergency per-
iod (Fig. 1). According to the IGN seismic catalogue, pre-eruptive
anomalous activity beneath Cumbre Vieja began in October 201714,19,
with a seismic swarm with more than 300 weak earthquakes (Local
Magnitude,ML

21 < 2.0) lasting ~10 days occurred at ~20 km depth. With
the term swarmwe refer to a series of earthquakes occurring closely in
time and within a small volume, displaying a similar range of magni-
tude and not the usual mainshock-aftershocks pattern22. After some
quiescence, a second, more populated swarm occurred in February
2018 at 25–30 kmdepth. The 2017 swarmwaspreceded by increases in
hydrogen concentration and air-corrected helium isotopic ratio (R/Ra)
c in the epicentral region, while the 2018 swarm was followed by
increases of (R/Ra)c and thoron soil concentration, evidencing mag-
matic activity and unrest at depth14,19. Fivemore swarms occurred until
June 2021, all characterised by ML ≤ 1.9, 20–35 km depths and
2–10 days durations. On September 11, 2021, a new series started in the
region, now at shallower depths of ~10 km. This activity drastically
intensified in the following days and earthquakes migrated W, NW

and N, gradually approaching the surface. Ground deformation was
detected by 5 IGN GNSS stations, 1 inclinometer and InSAR measure-
ments of the island’s SW, suggesting dike intrusions2,23,24. On Septem-
ber 19, 2021, seismicity reached very shallowdepth and amaximumML

of 3.1 was widely felt. The eruption started at 14:10 UTC along a NW-SE
fissure and remained active for 85 days and8 hours, to date the longest
known eruption at La Palma. The eruption showed variable explosive
behaviour25, with a mean eruptive column height of ~3500m and
emissions of large lava flows (12.19 km2), forming 2 lava deltas on the
Western coast1.

The co-eruptive seismicity26 (19.09.2021–13.12.2021) included
7232 events with hypocentres distributed at two depth intervals of
~10–14 km and ~33–39 km beneath the central area of Cumbre Vieja; 13
earthquakes reached maximum intensity IV-V (EMS98) and a few were
felt even at El Hierro, La Gomera and Tenerife islands. Seismicity
reached a peak ML 4.1 on November 19, 2021. The eruption ended
abruptly on December 13 at 22:21 UTC, after two days of intensified
volcanic activity, reaching its maximum eruptive column (8500m
height).

Here we use seismological methods to analyse the whole volcanic
reactivation providing novel key results. We improved the preliminary
IGN catalogue by performing a relative location based on waveform
cross correlation. We also provide an unprecedented Moment Tensor
(MT) catalogue for La Palma and the whole Canary Islands. Based on

Fig. 1 | Seismotectonic settings of La Palma Island, Canary Islands, Spain. a, b
Shaded-relief elevation model overlaid by the seismicity record at La Palma from
the IGN catalogue (coloured dots) with seismic stations (triangles) and GNSS sta-
tions (squares) used in this workprior to (a) and after (b) eruption onset. Lavafields

of previous historical eruptions (a) and this eruption (b) are shown in grey. Inset
provides tectonic setting of the eruption within La Palma in the Canary Islands
archipelago. c, d Longitude vs depth scatter plots of the data shown in panels a and
b, respectively.
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our seismological results and considering geodetic and petrological
data, we finally develop a conceptualmodel of themagma feeding and
reservoir system beneath the island.

Results
Improvement of the seismic catalogue
The IGNseismic catalogue26 counts 9989earthquakes at La Palma from
1.1.2017 to 31.12.2021. The relative relocation of 350 earthquakes con-
strained the swarms in the pre-eruptive period since 2017 at depths of
15.7-35.9 km (Fig. 2). We used the relocations of 8488 earthquakes of
the 2021 volcano-seismic unrest (Supplementary Note 3, Supplemen-
tary Dataset 1) to resolve seismicity details in time (Figs. 2 and 3) and
space (Figs. 4, 5, Supplementary Fig. 3). The last swarmbefore eruption
started on September 11, 2021. Early earthquakes at ~11 km depth were
followed by upward and lateral migration to the eruptive vent (Figs. 2
and 3), triggered along a curved crustal dike path before the eruption
(1292 earthquakes). We will use the word cluster to refer to groups of
earthquakes, sharing similar properties, such as hypocentral locations,
moment tensors or waveforms.

Two large spatial seismicity clusters appeared after the eruption
onset. The shallow cluster (6145 earthquakes) has a roughly circular
shape, depths of 9.9–12.7 km (90% interval) and a diameter of ~3 km
(Figs. 2a, b; 4a). It was themost active one, where the seismicity started
on September 27 (Fig. 3b), after a tremor quiescence of ~10 hours
(Fig. 3e), with seismicity rates showing intensification in mid-late
November. It shows two major seismogenic volumes (Fig. 4a, b) and
three spatial subclusters (Supplementary Note 5, Supplementary
Fig. 9a, b). The activity in the deep cluster (1054 earthquakes), from
32.8–38.1 km depth, extends ~10 km towards NE. Here we observe a
more heterogeneous volume, with a number of small-size seismogenic
regions separated by less active ones (Figs. 2b, f; 5a, b). Three main
subclusters were found (Supplementary Note 5, Supplementary
Fig. 10a, b). The deep cluster activity did not start until October 5, with
highest rates in October–November 2021, when it reached the largest
earthquakes of the series (Mw> 4.0) (Fig. 3a; Supplementary Fig. 8)
and a peakmagnitude Mw 4.1 (03.11.2021). Within the deep cluster we
identify a number of earthquake doublets (Fig. 3c), here defined as
pairs of relatively large earthquakes (ML ≥ 3.5) occurring within a short

Fig. 2 | Spatiotemporal evolution of seismicity at La Palma. a, b Relocated
seismicity and location of the first vent (black star) inmap view (a) and vertically by
longitude,where the aspect ratio is conserved (b). c Seismicity rate during the 2017-
2021 swarmperiod. dDepth of 2017-2021 swarm events over time. e Seismicity rate
during September-December 2021, includingdike intrusion, eruptive (a dashed line

marks the eruption onset) and post-eruptive periods, and f Evolution of the depth
of seismicity during the same time period. Red, dark violet, blue and green colour
correspond to shallow dike-related seismicity, shallow cluster, 2017–2021 swarms
and deep cluster, respectively.
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Fig. 3 | Eruption chronology. Plots show the temporal evolution of: a earthquake
magnitudes (red, dark violet and green circles correspond to dike-related, shallow
cluster and deep cluster seismicity, respectively, after relocation).b, cHypocentral
depths for the different types of seismicity: dike-related shallow events, earth-
quakes at the shallow and deep cluster, and deep doublets. dDaily seismicity rates
(dark violet and green diamonds mark temporary increases in the rate of shallow
and deep events, respectively). e Normalised Real-time Seismic Amplitude

Measurement (RSAM) as an indicator for the amplitude of eruption tremor at
station CENR. f–h Vertical and horizontal displacements, and the azimuth of the
horizontal displacement as recorded at different GNSS stations. Displacements are
shown relative to the eruption time, horizontal dashed lines in panel h indicate the
azimuth of the average location of the shallow cluster from the two GNSS stations.
The onset and the end of the main stages are marked by blue vertical dashed lines
and the blue numbers mark the four main eruption stages.
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time (from a few seconds to one minute). The shallow and deep co-
eruptive cluster were previously identified27. However, we located
them at larger depths (9–13 km and 33–38 km respectively, compared
to27 7–11 km and 20–25 km), possibly because of a different velocity
model (Supplementary Note 2, Supplementary Fig. 2).

The spatial clustering identifies a few broad regions of seismic
activity both at the shallow and deep clusters (Supplementary Note 5;
Supplementary Figs. 9a, b and 10a, b). Each of these regions can be
further classified based on the waveform similarity. This analysis
confirmed the presence of at least 20 families both within the
shallow (Supplementary Fig. 9c, d) and the deep seismic clusters
(Supplementary Fig. 10c, d). Each of these smaller families display a
highwaveformsimilarity (Supplementary Fig. 11), which implies similar
locations and similar focal mechanisms28.

Moment tensor solutions and stress partitioning
Bodywave MT inversion was obtained for 156 events (Supplementary
Note 4; examples and fitting in Supplementary Figs. 4c, d and 5c, d)

sampling both the shallow (73 earthquakes, Supplementary Dataset 2)
and deep (83 earthquakes, Supplementary Dataset 3) clusters. Shallow
cluster MTs can be classified into four families (Supplementary Fig. 6),
the two largestmatchingwell with the twomajor seismogenic volumes
(Fig. 4) and results found by spatial clustering (Supplementary Fig. 9a,
b). Focal mechanisms are characterised as oblique to strike-slip, plus a
positive compensated linear vector dipole (CLVD) and overall, nega-
tive isotropic components. The most populated family (light blue in
Fig. 4c, d) is located in the SW and at depths of 11.9 ± 0.6 km; focal
planes strike ESE-WNW and NNE-SSW. The second more populated
family (dark green in Fig. 4c, d) is shallower (depths 11.2 ± 0.6 km), to
the NE, and presents similar focal mechanisms, but with opposite
polarities. Hypocentres are not aligned, excluding the activation of a
single fault. The two remaining families are smaller and show thrust
and normal faulting components (Fig. 4c, d).

At the deep cluster we find similar results (Supplementary Fig. 7)
where MTs are also classified into four families, with location and
depth shifts and, in some cases, a focal mechanism flip (reversed

Fig. 4 | Seismicity distribution at the shallow cluster. a Normalised density of
relocated hypocentres (darker regions corresponding to higher density) in map
view and b vertically by latitude; hypocentral location of earthquakes associated to
the dike intrusion are shown in grey. c Moment tensor solutions (small focal
spheres) in map view. Focal spheres are coloured according to the moment tensor
clustering, with four clusters identified, plus a few unclustered moment tensors
(grey). Thick lines show the projection of the corresponding pressure axes. Large

focal spheres show the overlay of moment tensors pertaining to each family, with
black lines denoting the mean mechanism. Inset shows the stress inversion results
(σ1 star, σ3 hexagon) based on available moment tensors for the two main active
regions (panel a). See Supplementary Fig. 12 for R-values of the stress inversion.
dMoment tensor solutions and mean mechanisms for each family are plotted in a
cross-section (same as in b).

Article https://doi.org/10.1038/s41467-023-35953-y

Nature Communications |          (2023) 14:358 5



polarity). The majority of focal mechanisms in the deep cluster are
strike-slip to oblique, but others show large thrust or normal compo-
nents. The family at the top (35.2 ± 0.3 km depth) displays a strike-slip
mechanism with tension and pressure axes oriented ESE-WSW and
SSW-NNE, respectively (Fig. 5c, d; dark blue), where polarity is reversed
compared to the strike-slip mechanism of the largest and deeper
(36.5 ± 0.8 km) family (Fig. 5c, d; red). The two remaining families have
ESE-WSW pressure axes but include thrust to oblique components.
Scattered CLVD andminor isotropic components provide no evidence
for any robust non-double couple component (Supplementary Fig. 7).

The 73 and 83 moment tensor solutions of the shallow and deep
clusters, which separate families in different depth ranges, were used
to estimate the shape anddirectionof stresses in the upper anddeeper
volumeof the clusters (Supplementary Note 6, Supplementary Fig. 12).
Results only roughly confirm the expected stress orientation. At the
shallow cluster, the roughly NS oriented compressive stress agrees
with the stress orientation inferred from dike paths, while at the deep
cluster the NW-SE orientation is slightly rotated compared to the
~N25°W orientation of regional compressive stresses29. Results indi-
cate stress rotations in both shallow and deep clusters as a function of
depth and time. While the volume of shallow activity is characterised

by a horizontal stress system, for the deeper activity cluster there are
indications of a transition between strike-slip and normal/thrust
faulting.

Discussion
The evolution of seismicity over ~5 years (Fig. 2) shows a substantial
change from the pre- to the co-eruptive phase. We developed a con-
ceptual model that accounts for our observations (Fig. 6). Seven
earthquake swarms lasting 2–10 days occurred since 2017, and more
frequently from 2020 until August 2021. Most swarm earthquakes
were located in the uppermost mantle at 18–32 km depth, coinciding
with the depth of pre-eruptive magma storage as inferred from pet-
rological data7,9. Changes in gas emissions reported before and after
the swarms19 suggest that seismicity could be caused by transient
pressurisations of the magma storage system and intrusions to shal-
lower levels14,19. Pressurisation may reflect magma recharge and con-
comitant exsolution of a CO2-dominated fluid30,31. We propose that
repeated intrusions since 2017 progressively formed amushy reservoir
in a storage zone that was already hot due to previous volcanic
activity7,9 (Fig. 6a). By September 2021, the reservoir was sufficiently
mature and pressurised to cause further magma ascent into the crust

Fig. 5 | Seismicity distribution at the deep cluster. a Normalised density of
relocated hypocentres (darker regions corresponding to higher density) in map
view and b vertically by latitude. c Moment tensor solutions (small focal spheres)
for the moment tensor catalogue as in Fig. 4; the larger families are identified in

blue, indigo, violet and red with the rest of the earthquakes in grey. Inset shows the
stress inversion results (σ1 star, σ3 hexagon) based on available moment tensors.
dMoment tensor solutions andmeanmechanisms for each family plotted in cross-
section (as in panel b).
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and destabilisation of the upper plumbing system. Immediate pre-
eruptive seismicity beganon 11 September 2021. Progressivemigration
of seismic foci (Figs. 3 and 4) indicates that dikes propagated from
~12 km depth and reached the surface at Cabeza de Vaca (municipality
of El Paso) on September 19, at 14:15 UTC1,23 (Fig. 6b). The curved path
of the dikes (Fig. 2a) suggests they propagate through a strong stress
heterogeneity. The final N–S trend of the path (Fig. 2a), away from the
stress perturbation introduced by the deeper plumbing system, indi-
cates that the background crustal stress at La Palma has the maximum
compressive stress σ1 oriented ~NS and the minimum principal stress
σ3 oriented ~EW.

Most of the co-eruptive seismicity occurs within the shallow
(9–13 km) and deep (33–38 km) clusters, located above and below the
depths of the pre-eruptive swarms (Fig. 2). The lack of earthquakes at
~18–32 km during the co-eruptive period indicates little wall-rock
fracturing, probably reflecting that an open magma pathway was
established and maintained at high temperature, allowing aseismic
magma transfer (Fig. 6c). We denote these three distinct magma sto-
rage levels as shallow (9–13 km), intermediate mushy (18–32 km), and
deep (33–38 km) reservoir systems. A shear wave velocity anomaly at
~13 km depth was recently resolved by a tomographic study27, sup-
porting the interpretationof a reservoir at thisdepth.Our results stress
the relevance of the intermediate mushy reservoir for magma storage
and the build-up of an eruption, even though it is not mirrored in the
co-eruptive seismicity.

The chronology of the co-eruptive seismicity (Fig. 3a–e) has four
stages. Stage 1, starting at eruption onset and lasting ~1 week, is char-
acterised by a sharpdecrease in seismicity (Fig. 3d) andhigh amplitude
tremor (Fig. 3e). In stage 2, starting September 27, 7:15 UTC when the

tremor amplitude decreased drastically, and remained at minimum
level with nomagma emission for ~10 h. The shallow cluster seismicity
appeared at ~11.8 km depth (Fig. 3b). Simultaneously, subsidence and
lateral deformation transients towards the shallowcluster are detected
at GNSS stations up to ~15 km (Fig. 3f–h), suggesting that the shallow
reservoir started to drain. On October 1 (stage 3), the deep cluster
appeared (Figs. 3 and 5). Shallow and deep clusters delimit zones of
magmaaccumulation, providing constraints on their size and shape. At
the shallow cluster, seismicity follows a roof-shaped distribution, at or
just above the region reached by the magma during the pre-eruptive
period. We interpret this as evidence for a volumetric reservoir at
~12 km depth. Our results of pre-eruptive seismicity location suggest
this shallow reservoir was established early, although it was silent and
undetected before the eruption. Its location, hypothesised by
petrological6,7 and deformation14 studies, corresponds to the starting
point of the dikes that reached the surface (Fig. 2a, b). Early erupted
magma, characterised by amphibole in addition to clinopyroxene and
olivinemacrocrysts, was likely originated at that depth32,33. Subsidence
(Fig. 3, Supplementary Note 8, Supplementary Fig. 14) and negative
isotropic MT components (Supplementary Fig. 6) are consistent with
magma drainage from the shallow reservoir and incomplete refill from
the mantle reservoirs during stage 3. The deep and more spatially
extended cluster is interpreted to reflect a deep, more distributed
reservoir system, consisting of multiple magma pockets7,9. The ~4-day
delayed onset of deep seismicity suggests this was triggered by the
partial drainage of the shallow and intermediate reservoirs, resulting in
recharge from below. A lower deformation rate by early November
may indicate the shallow reservoir was approaching an unstable
equilibrium, balancingmagma in- andoutflow. At the same time, short-

Fig. 6 | Interpretation of the reactivation process. Evolution of seismicity and
magmatic plumbing at different stages: a from October 2021 to August 2021;
b from 11 to 19 September 2021; c during the 2021 eruption. Drainage of the

magmatic system was controlled from top to bottom in the early phase of the
eruption, and from bottom to top from early November on. Vertical projection by
longitude as in Fig. 1b.
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term seismicity rate anomalies alternated at the shallow and deep
cluster (Fig. 3d). Seismicity bursts (Fig. 3a–d) were shortly followed by
increased lava emission and/or opening of new vents25,34, which may
reflect structural instabilities resulting from increased magma with-
drawal from the deep reservoir. An increase of the shallow seismicity
rate by late November 2021 (Fig. 3b), reaching 4–8 km depth, may
indicate fracturing processes at the roof of the depleting reservoir35–37.
Stage 4 comprises from the eruption end and the drop of tremor
(December 13) to the end of the deep seismicity (December 21). After
Stage 4, shallow seismicity became progressively more sporadic.

We have resolved the fine structure of themagma systembeneath
Cumbre Vieja and discuss its temporal evolution. The upper bound of
the shallow seismic cluster outlining a shallow reservoir became pro-
gressively shallower during the eruption while leaving a low activity
range in its centre (Fig. 2f). The upwardprogression of seismicity could
indicate increased faulting at the reservoir’s roof as a consequence of
its drainage, a scenario supported37 by steep tension axes in this upper
volume (Fig. 4c, d, light green focal spheres). The decrease of the
seismicity rate within the centre of the shallow cluster may be related
to changes in the rheological conditions, due to sustainedmagmaflow.
Negative isotropic moment tensor components suggest the depletion
of the shallow reservoir, confirming the geodetic-based inference of its
drainage (Supplementary Fig. 14), and can be related to the high
volatile component of the magma in Cumbre Vieja38. Indeed, volatiles
can explain negative co-seismic isotropic components if adjacent
earthquake ruptures weaken the mechanical stability of the reservoir
building, and, as a result, reservoir pressure temporarily increases so
that the pore volume of the volatiles is co-seismically reduced.

The seismicity chronology (Fig. 3) resolves the dynamic activation
of the magmatic system, controlled from top to bottom in the early
phase of the eruption. Drainage, strain and pressure loss at the shallow
reservoir triggered, with some delay, the drainage of the deeper
reservoir (stage 3) and consequently deeper seismicity. Conversely, a
bottom to top control was observed from early November when
seismicity bursts were followed by increased lava emission. Likewise,
after the eruption ended, drainage and seismicity stopped first at
depth, and only later at the shallow cluster. The discontinuous evolu-
tion of seismicity rates at both clusters suggests discontinuousmagma
flow, which is also confirmed by variable effusion rates25,34. The
occurrence of doublets (Fig. 3c), observed for the first time at La
Palma, can be interpreted in the frame of a pulse-like magma flow, as
doublets may be activated over short time intervals by ascending
magma batches.

Shallow cluster seismicity mostly occurs in two regions (Fig. 4,
Supplementary Fig. 9) with reversed focal mechanism polarity. Earth-
quakes located in the bottom part of the cluster have NNW-SSE pres-
sure axes (light blue focal spheres in Fig. 4c, d; Supplementary Fig. 12a),
consistent with regional tectonic stresses in the upper crust, which
we infer from the N–S orientation of the dike paths away from the
reservoir. Conversely, pressure axes of earthquakes at the top of the
shallow cluster are rotated by ~90° (dark green focal spheres in Fig. 4c,
d; Supplementary Fig. 12b). This striking observation requires a strong
stress perturbation, which we attribute to the reservoirs and their
drainage. Similar results are found at the deep cluster: again, focal
mechanisms of earthquakes located at the bottom of the cluster (red
focal spheres in Fig. 5c, d; Supplementary Fig. 12d) have NW-SE pres-
sure axes, roughly consistent with the background stress29, and those
at the top are rotated by ~90° (blue focal spheres in Fig. 5c, d; Sup-
plementary Fig. 12c). This similarity suggests drainage also at the deep
reservoir. The observation of ~90° rotated focal mechanisms in vol-
canic environments39–42 has been explained by faulting ahead of
magma conduit narrowing, failure of solidified basalt plugs42, intrusion
along sub-parallel fractures and movement on small jogs between
adjacent dykes42, but has also been attributed to stress field rotation
driven by high-viscous magma flow40,41, which is not the case of La

Palma25. We argue that the focal mechanism reversal is a consequence
of local stress heterogeneity introduced by a depleting reservoir
(Fig. 6). Our model of stress heterogeneities (Supplementary Note 7)
can first explain the curved dike paths when the shallow reservoir is
pressurised (Supplementary Fig. 13a). During its depletion we can
reproduce higher seismicity towards Northeast and Southwest and
reversed focal mechanisms (Supplementary Fig. 13b).

Seismicity, moment tensors and geodetic data provide the key to
understanding the behaviour of the complex magma storage system,
with a shallow, and intermediate mushy and a more distributed deep
reservoir. Our model involves three reservoirs whereas previous
interpretations27 suggested only one large magma reservoir. The 2021
La Palma eruption provides an example of interplay between magma
accumulation and withdrawal, pressure increase and release, inter-
mittent magma storage, deformation, seismicity, eruption tremor and
effusive lava outflow. Conceptual models obtained from a multi-
disciplinary approach, such as the one proposed in this work, help to
understand a volcano’s behaviour and to improve the early warning
and volcano monitoring in oceanic islands.

Methods
Hypocentral relocation
A relative relocation of the IGN seismic catalogue since 2017 was per-
formed using a double-difference method, using the HypoDD
algorithm43. This algorithm improves the hypocentral location by
minimising residual travel-time differences of earthquake pairs at a
common station with a weighted least square method. Given the sig-
nificant temporal evolution of the seismic network and the difference
among earthquakes and waveform patterns due to variable locations,
depths and focal mechanisms over the pre- and co-eruptive sequence,
we used different stations for the relocation. For the earthquakes of
the pre-eruptive swarms (October 2017 to June 2021), we used seismic
records at all stations installed at La Palma and La Gomera at these
times. In the case of the shallower seismicity in the weeks preceding
the eruption onset (2021.09.11–2021.09.19), as well as for the co-
eruptive seismicity located in the shallower cluster, only the stations
located on the island of La Palmawere used. Finally, for the co-eruptive
deeper seismicity we used all stations at La Palma, one at La Gomera,
three at El Hierro and four at Tenerife (Supplementary Note 1, Sup-
plementary Fig. 1). In this case, including stations at larger distances
was possible due to the larger magnitudes of these earthquakes.

Thewaveform correlation on P and S phases was performed using
time window lengths of 2 and 3 s, respectively. Different pairs were
weighted depending on their waveform correlation44 and only con-
sidering waveforms with a correlation of at least 0.75 and corre-
sponding earthquake pairs separated by a maximum distance of 1 km.
For time differences based on phase picks, we only considered
strongly linked event pairs, with more than 8 common phases and a
maximum distance of 3 km between hypocentres. The velocity model
used for the relocation was the same as in the IGN catalogue45 (Sup-
plementary Note 2, Supplementary Fig. 2). Overall, we used 16 million
time differences, including ~15 million based on waveform correlation
and ~1 million travel-time based on phase picks. On average, we
counted with 20 phase data and 2000 time delays per event.

Moment tensor inversion and stress partitioning
A full moment tensor inversion was performed using the Grond
software46 for earthquakes above a threshold localmagnitude ofML 2.5.
We relied on the seismic network by the National Geographic Institute
(IGN)of Spain20,whichwas complementedbya temporal installationby
theGeoForschungsZentrum(GFZ) Potsdam47.Weuse in total 13 seismic
stations on La Palma and 6 stations at neighbouring islands up to a
distance of 130 km (Supplementary Note 1, Supplementary Fig. 1). The
majority of these stations are equipped with broadband seismometers,
and a few with short period sensors. Due to the lack of clear surface
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waves, the inversion was performed by simultaneously fitting P and S
waveforms in the time domain. Displacement seismograms were
computed by deconvolving the instrumental response function.
Instrument responses were empirically checked by comparison of high
frequency teleseismic P phases. Data have been manually revised to
exclude single traces in the presence of gaps, large seismic noise, tilt,
saturation or overlap with the waveforms of other earthquakes. P and S
phases have been manually picked to align waveforms with synthetics.
Synthetic seismograms have been computed for a regional velocity
model45 (Supplementary Note 2, Supplementary Fig. 2) using the QSEIS
code48. The inversion was performed by fitting 1-s time windows on P
phase vertical components and S phase transversal components, after
applying a 4th order Butterworth bandpass filter between 1 and 5Hz.
The Grond optimization ran over 100,000 iterations, the first 10,000
iterations searching randomly in full parameter space and the later
90,000 progressively increasing the number of searches towards the
best fitting solutions. Robust high-quality solutions were found for 156
earthquakes, 73 in the shallow cluster and 83 in the deep cluster. The
moment tensor inversion provides the following parameters for each
earthquake: centroid depth, centroid time and the 6 independent
moment tensor components. Note that the epicentral coordinates of
the centroid are fixed to those of the original catalogue and are not
inverted, because the inversion setup, which only uses bodywaves and
has amanual alignment of synthetic and observedwaveforms, has little
power to resolve lateral shifts of the location. The so-called best solu-
tions to which we refer above, were obtained using all available data.
This best inversion is accompanied by simultaneous inversions using
100bootstrap chains,wheredata aredifferentlyweighted toprovide an
ensemble of 100 additional solutions for each earthquake; these solu-
tions can be used to estimate mean solutions and parameter uncer-
tainties. For this application, mean solutions are not substantially
different from best ones.

For the stress inversion we used a least squares optimization
method (see also Supplementary Note 6 and Supplementary Fig. 12),
assuming that slip on an unfavourably oriented fault would occur in
the direction ofmaximal strain energy release.We divide the 73 and 83
moment tensor solutions of the shallow and deep activity cluster,
respectively, into spatially concentrated subvolumes, separated by
depth, and assume that stress within each subvolume was homo-
geneous. The method then resolved the direction and relative mag-
nitude of the principal stresses for each subvolume. However, because
the stress close to reservoirs and within the plumbing systems are
highly perturbed and heterogeneous, the estimated stress tensors and
their rotations are approximative. The true stress field is likely even
more heterogeneous. To understand the possible reasons and controls
of the stress rotations, we employed a simplified analytical model of
stress in a tectonic loaded infinite block with a circular, pressurised
reservoir at its centre. We have thus developed stress models that can
roughly explain the observed stress rotations, the migration path of
the eruptive dikes, and the patterns of seismicity clusters at the
reservoirs (Supplementary Note 7, Supplementary Fig. 13).

Seismicity classification
Weused a density-based clustering algorithm49 to classify the relocated
seismicity upon the hypocentral location and the moment tensor cat-
alogue upon the similarity of the focal mechanism50 (Supplementary
Note 5). Given the heterogeneity of the seismicity’s spatial distribution,
the shallow and deep seismogenic volumes were considered sepa-
rately. For the spatial clustering (Supplementary Figs. 9a, b and 10a, b)
we used the following clustering parameters: Nmin = 150, ε =0.0002
for the shallow cluster, implying a cluster is formed when one hypo-
centre is surrounded by at least 150 other earthquake within 200m
distance; and Nmin = 50, ε =0.0004 for the deep cluster, these differ-
ent values were chosen according to the smaller size and less uniform
distribution of the deep seismicity. For the moment tensor clustering

(Figs. 4c, d and 5c, d), we set the clustering parameters to: Nmin = 2,
ε =0.2 for the shallow cluster, where a cluster is formed when for one
focal mechanism there are at least 2 more differing by a Kagan angle50

k ≤ 24° and Nmin = 2, ε =0.15 for the deep cluster.
We also classified the earthquakes based on their full waveform

cross correlation (Supplementary Figs. 9c, d and 10c, d)51. A high
waveform correlation at multiple stations implies both a similar
hypocentral location and a similar focalmechanism52. Thismethod has
been successfully applied to different types of seismic signals at many
volcanoes, including volcano-tectonic51 and long-period events53,54. We
consider time window lengths of 8 s to ensure that the whole seismic
signal of the earthquake at more distant stations are also included. A
band-pass filter between 6 and 16Hz was applied to remove the most
energetic band of the eruption tremor. Finally, the classification was
performed considering a different station list for each seismogenic
volume. For the shallower cluster we used 10 stations in La Palma and
one in La Gomera while 4 stations in La Palma, one in La Gomera and
one in Tenerife were used for the deepest cluster (Supplementary
Fig. 1). In this procedure51 an average correlationmatrix is constructed
as aweighted linear combinationof the differentmatrices obtained for
each station. While average correlation values may lower those at a
single station, this approach strengthens the results by ensuring a
simultaneous high similarity at many stations. After a hierarchic ana-
lysis we chose a threshold of 0.7 for the correlation factor to create the
families in both clusters.

Eruption tremor
The eruption tremor was recorded at all seismic stations since Sep-
tember 19, with largest amplitudes closest to the eruptive vent. We
evaluated the evolution of eruption tremor amplitude using con-
tinuous seismic data of station CENR, which belongs to the IGN per-
manent seismic network and is located closest to the eruption vents.
We tracked the temporal evolution of the eruption tremor using the
Real-time Seismic Amplitude Measurement (RSAM)55, which was
computed with a dedicated software (ThomasLecocq/ssxm: RSAM/
RSEM - SSAM/SSEM easy code), using 10-min time windows. Time
series were normalised by subtracting the median and dividing by the
standard deviation.

Deformation
In order to get daily GNSS time series, GNSS data were processed with
Bernese software v5.256 considering a regional GNSS network consist-
ing of more than 30 GNSS stations located in the Canary Islands and
surrounding areas (Azores, South of Spain and North of Africa).
Coordinates were computed in the ITRF2014 reference frame57

applying ocean-loading model FES200458, the IGS (International GNSS
Service) absolute antenna phase centremodels and IGS satellite orbits.

Data availability
The seismic catalogue of IGN is available at https://www.ign.es/web/
ign/portal/vlc-catalogo. Data used in this study are hosted at IGN data
center and part of them at GEOFON data center. Some of the data are
open access and for the remaining station data can be obtained upon
request (volcanologia@mitma.es). The advanced data generated in
this study (seismic relocated catalogue and moment tensor catalogue
at the shallow and deep cluster) are provided as Supplementary
Datasets 1–3.

Code availability
All seismological software used in this work is open source. The codes
used to generate individual results are available through the contact
information from the original publications. Fig. 1, Supplementary
Figs. 1 and 14 were obtained using Generic Mapping Tools (GMT)59.
Requests for further materials should be directed to C.d.F.
(cdelfresno@mitma.es).
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