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The 2021 Tajogaite eruption (La Palma, Canary Islands) provides a unique 
opportunity to investigate magma dynamics in magmatic systems where 
developed and monogenetic volcanoes coexist. Here, we present an integrated, 
interdisciplinary study combining petrological, geochemical, and geophysical 
data to reconstruct the pre- and syn-eruptive processes that controlled 
the evolution of the eruption. Whole-rock and mineral chemistry, diffusion 
chronometry in olivine crystals, gas geochemistry, GNSS, InSAR, seismicity 
and eruptive column height monitoring were jointly analyzed to constrain 
magma storage conditions, magmatic processes and the temporal evolution 
of the plumbing system. Our multidisciplinary results reveal a multi-stage 
magmatic history, involving at least three pre-eruptive intrusions (2017–2018, 
2020, and in the weeks before the 2021 eruption) that progressively revived 
the system. Olivine diffusion modeling indicates that the 2021 eruption was 
triggered by a late-stage intrusion in early September, with ascent times 
of 10–30 days. Throughout the eruption, additional deep magma injections 
were recorded through changes in crystal chemistry, ground deformation, and 
eruptive dynamics. The earliest erupted magmas of the 2021 eruption were 
more evolved and hosted olivine crystals with oscillatory zoning, reflecting 
conduit opening and rapid ascent. During the second half of the eruption, the 
system transitioned to a regime marked by the development of a crystal mush 
zone, where magma accumulated without immediate eruption. This evolution 
was evidenced by prolonged olivine residence times and a characteristic 5-
day lag between deformation peaks and maximum eruptive column heights 
during this period. Therefore, to further improve eruption forecasting in 
monogenetic systems and to resolve the formation of transient magma storage 
zones in the upper crust that might control the eruption dynamics, we
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highlight the critical importance of integrating petrological and geophysical 
monitoring.
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1 Introduction

Forecasting volcanic eruptions is usually concerned with three 
challenging questions: when, where, and how will an eruption 
occur? These questions are often approached independently 
due to the high specialization and limited perspective of any 
single discipline but might profit from an integrated multi- and 
interdisciplinary approach to disentangle the correlations existing 
between results from different disciplines and thus increase 
confidence in emergency planning and decision making at times of 
volcanic crisis. This article focuses on applying an interdisciplinary 
petrological, geochemical, and geophysical approach to improve 
the forecasting of future unrest and changes in eruption dynamics 
during monogenetic eruptions by using the 2021 La Palma 
(Tajogaite) eruption as a case study.

Compared to frequently erupting volcanoes, the scientific 
understanding of monogenetic fields is limited due to the diverse 
types of eruptions and the scarcity of witnessed eruptions in 
these volcanic systems. In fact, monogenetic volcanic fields, 
which can remain potentially active for millions of years, 
usually have short periods of magmatic unrest and activity 
compared to long relatively periods of inactivity (Kereszturi 
and Németh, 2012). Precisely predicting pre-eruptive timescales 
of unrest remains a significant challenge in volcanology, as 
monogenetic eruptions may occur with limited or no warning 
after variable periods of unrest, which can differ from case to case 
(e.g., Paricutin volcano; Luhr et al., 1993, and recent Icelandic 
fissure eruptions; Caracciolo et al., 2023; Kahl et al., 2023). 
Successful forecasting relies on the ability to interpret monitoring 
data and identify eruption precursors showing consistent 
changes from normal background levels of activity. Traditional 
monitoring techniques include geophysical, geodetic, and gas 
and water geochemistry methods for measuring seismic activity, 
ground deformation, gas emissions and changes in groundwater 
composition (Carbone and Greco, 2007; Nagaoka et al., 2012; 
Aoki et al., 2013; Cannavò et al., 2015; López et al., 2017; 
Torres-González et al., 2020; Reath et al., 2021). Recently, 
and due to its potential in identifying magma arrests and/or 
mixing at depth that can lead to changes in eruptive behaviour 
(Kahl et al., 2011; Pankhurst et al., 2018; Albert et al., 2019; 
Re et al., 2021; Mangler et al., 2022), petrology has also been 
included during ongoing eruptions as an important monitoring 
technique (Cashman and Taggart, 1983; Luhr and Carmichael, 1990; 
Saunders et al., 2012; Reubi et al., 2019; Liu et al., 2020; 
Berthod et al., 2021; Re et al., 2021; Bindeman et al., 2022; Corsaro 
and Miraglia, 2022). For this purpose, a detailed and consistent 
sampling during the eruption is mandatory (e.g., Day et al., 2022b; 
Ubide et al., 2023; Longpré et al., 2025).

To answer the questions of when, where, and how a monogenetic 
eruption will occur, it is necessary to understand not only the 

tectonic regime, but also the structure of the upper crust and how 
the new intruding magma will interact with it. This requires an 
inter- and multidisciplinary methodology capable of providing a 
comprehensive spatial and temporal model. This model should 
address how the crust structure and the absence or presence of 
previously emplaced magma bodies will influence the dyke path 
trajectory, and consequently: (i) the timescales of unrest preceding 
the eruption, (ii) the trajectory of the shallow dyke and the final 
location of the eruption, and (iii) the eruptive style and its changes 
through time, also related to syn-eruptive magma arrest and/or 
mixing at depth.

Through the study of the emitted materials during a 
monogenetic eruption, petrological and geochemical studies 
provide evidence of the thermodynamic conditions of magma 
storage such as temperature, oxygen fugacity, and pressure, 
which can be translated into depth. Moreover, petrology 
provides information on the plumbing system’s architecture 
by recording magma arrests and interactions with previously 
emplaced magma bodies, and magma dynamics via e.g., diffusion 
chronometry models on the crystals that allow calculating the 
timescales of the magmatic processes (Blundy and Cashman, 2008; 
Kahl et al., 2011; Albert et al., 2015; Albert et al., 2019; 
Albert et al., 2020; Albert et al., 2022; Cashman and Edmonds, 2019; 
Edmonds et al., 2019; Ubide et al., 2019; Larrea et al., 2021; Petrone 
and Mangler, 2021).

Furthermore, monitoring surveys including gas geochemistry, 
seismicity and geodesy may offer complementary views of 
the state and temporal evolution of the magmatic system, 
providing crustal models that reveal the spatial distribution 
of magmatic bodies at depth and variations in the system 
conditions (Malengreau et al., 1999; Fernández et al., 2002; 
Gottsmann et al., 2008; Barde-Cabusson et al., 2014; García-
Yeguas et al., 2017; López et al., 2017; Miller et al., 2017; 
Dumont et al., 2019; Torres-González et al., 2019; Torres-
González et al., 2020; Troll et al., 2024b). The integration of all 
these data and results can potentially lead to the identification of 
pre-eruptive signals and unrest patterns for each monogenetic field, 
allowing for the discernment of unrest episodes that will or will not 
lead to an eruption in the future.

The eruptive style can change over time during an eruption 
due to variations in magma supply, gas release, and syn-eruptive 
changes in the volcanic plumbing system (Cassidy et al., 2018). 
These changes may manifest as transitions between explosive and 
effusive eruptive phases, shifts in eruption intensity, or alterations in 
the vent configuration. In this study, we propose the identification 
of precursors to changes in the eruptive style during the Tajogaite 
eruption through a detailed chronological analysis of the eruptive 
style, the eruptive column height, the erupted deposits (petrological 
and geochemical studies), and the geophysical, geodetic and 
geochemical monitoring signals. 
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FIGURE 1
Geological map of La Palma showing the main volcanic edifices and formations, as well as the locations of historical eruptions. The map highlights the 
principal structural features, including the Cumbre Vieja rift zone, the Cumbre Nueva landslide scar, and the Taburiente caldera boundary. The inset 
shows the location of La Palma within the Canary Islands archipelago. Modified from Carracedo and Troll (2016).

2 Geological setting

La Palma is the north-westernmost of the Canary Islands, with 
an area of 706 km2 and reaching 2,430 m above sea level (m.a.s.l.). 
The island extends along a N-S axis and comprises two main volcanic 
units: the Taburiente domain in the north and the Cumbre Vieja 
monogenetic volcanic field in the south (Figure 1).

The initial stage of La Palma’s formation involved an early 
submarine stage, creating La Palma Seamount Series dated to 
the Pliocene (3–4 Ma) based on foraminifera (Staudigel and 
Schmincke, 1984; Staudigel et al., 1986; Tauxe et al., 2000). This 
seamount, formed primarily of pillow breccias, pillow lavas, and 
hyaloclastites, developed at depths between 4,000 and 1,800 m below 
sea level (m.b.s.l.), and was associated with metasomatism of the 
lithospheric mantle (Carracedo et al., 2001; Klügel et al., 2017). A 
significant hiatus marked the transition from submarine to subaerial 
volcanism (Carracedo et al., 2001; Guillou et al., 2001).

Subaerial volcanic activity began approximately 1.8 Ma on 
the northern side of the island, leading to the formation of the 
Garafía volcano, which collapsed partially 1.2 Ma ago towards 
the southwest (Ancochea et al., 1994). This collapse created a 
depression that was subsequently filled by intense volcanism, 
forming the Taburiente volcano, an edifice 25 km in diameter and 
approximately 3,000 m in height (Carracedo and Troll, 2016). The 
Taburiente volcano’s eruptions transitioned from mafic to felsic 
compositions, indicating magma evolution from basaltic to more 
differentiated types (Carracedo and Troll, 2016).

In the advanced stages of Taburiente’s development, volcanic 
activity migrated southward, culminating in the Cumbre Nueva 
edifice. This volcano experienced a significant landslide on its 
western flank 560 ka ago, creating the Valle de Aridane and leading 
to the growth of the Taburiente Caldera (Carracedo et al., 2001). The 
resulting caldera, an eroded structure, exposes part of the uplifted 
submarine edifice (Ancochea et al., 1994). From the landslide 
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deposits, the Bejenado volcano was formed, and after a period of 
quiescence, volcanic activity resumed around 123 ka ago, forming 
the Cumbre Vieja volcanic rift to the south (Figure 1).

Cumbre Vieja represents the most active monogenetic 
volcanic field in the Canaries (Carracedo and Troll, 2016). 
Its vents are primarily located along a 20 km north-south 
rift, reaching up to 1950 m.a.s.l. All La Palma documented 
historical eruptions, occurred in 1470, 1585, 1646, 1677, 1712, 
1949, 1971, and 2021 CE, have taken place along this rift 
(Romero Ruiz, 1990; Carracedo et al., 2022).

The geological evolution of La Palma involves intricate processes 
of magma storage and differentiation. Mineral-melt barometry 
studies indicate that magma was stored at shallower depths in 
the Bejenado and Cumbre Vieja units (500–800 MPa, 16–26 km) 
compared to the Taburiente units (1,170 MPa, 40 km), suggesting 
the development of a magma pooling system (Galipp et al., 2006; 
Klügel et al., 2017). The variation in major and trace elements is 
primarily explained by fractional crystallization models, though 
changes in factors such as oxygen fugacity, pressure of magma 
storage, and H2O activity are also noted (Klügel et al., 2017). 

2.1 Recent volcanism on La Palma: the 
20th century eruptions

La Palma experienced two significant volcanic eruptions in the 
20th century, occurring in June 1949 and October 1971 (Hernandez-
Pacheco and Valls, 1982; Carracedo et al., 2001).

The 1949 eruption, known as the San Juan eruption, involved 
three eruptive centres: Llano del Banco, Duraznero and Hoyo 
Negro (Figure 1). Precursory seismic activity was felt up to 
two and a half years prior to the eruption, intensifying from 
3 months before the eruption (Albert et al., 2016). By March 
of the same year, the seismicity was intense enough to cause 
property damages and created E-W oriented fissures in the 
terrain (Klügel et al., 1999). The eruption, which lasted from 
June 24 to July 30, was characterized by four distinct phases 
(Bonelli Rubio, 1950; Romero Ortiz, 1951). Initially, the eruption 
featured moderate phreatomagmatic explosions, ejecting ash, scoria, 
bombs, and lithics. This was followed by the opening of a 60-m-
long fissure, intense faulting, and graben formation, along with 
a decrease in lava viscosity. Subsequently, a new vent opened, 
leading to violent phreatomagmatic explosions and substantial 
ash expulsion. This third phase marked the peak intensity of 
the eruption. After a brief quiescence, the final phase involved 
primarily phreatomagmatic activity before the eruption concluded. 
Petrological studies of the 1949 eruption reveal the involvement 
of at least three distinct magmas, varying in composition across 
different vents. These magmas produced basanite, tephrite, and 
phonotephrite lavas and pyroclasts, some containing abundant 
xenoliths of crustal and mantle origins (Klügel et al., 2000). The 
primary melts are believed to have ascended from depths of about 
80–100 km. Fractionation of these magmas involved clinopyroxene, 
olivine, kaersutite and Ti-magnetite at pressures of 600–800 MPa, 
and possibly 800–1,100 MPa (Klügel et al., 2000). Towards the end 
of the eruption, xenoliths from the partial collapse of the magmatic 
plumbing system became common (Klügel et al., 2000). The three 

magma mixing events that were identified (Klügel et al., 2000) match 
the timescales of unrest activity (Albert et al., 2016).

The Teneguía eruption in 1971, preceded by felt seismicity 
several weeks prior to its onset (Albert et al., 2016), was 
primarily Strombolian and effusive (Afonso et al., 1974; Araña 
and Fuster, 1974; Araña, 1999), with an estimated volume 
of erupted material of 4.3 × 10−2 km3 (López Acevedo and 
Pellicer Bautista, 2014). The eruption had two phases. The first 
phase produced two eruptive centres along a fissure over 300 m 
long, with abundant lava effusion. The second phase saw the 
formation of several new vents, but without significant lava effusion, 
marked instead by intense gas emissions (Afonso et al., 1974; 
Araña and Fuster, 1974). The composition of the rocks varied 
between the phases. During the first one, pyroxene basanites 
with amphibole were emitted while, in the second one, pyroxene-
olivine basanites with less amphibole were produced. The MgO 
content ranged from 6.7 to 7.8 wt. % in the first phase to 
8.4–10.2 wt. % in the second phase (Fernández Santín et al., 1974; 
Ibarrola, 1974). The presence of sodic augite in the lavas suggests 
differentiation, while clinopyroxene indicates deeper magma storage 
compared to previous Cumbre Vieja eruptions (Barker et al., 2015). 
Xenoliths found during the eruption suggest the recycling of earlier 
magmatic systems (Barker et al., 2015). Magma storage depths 
during this eruption were comparable to those of the 1949 event. 
Pre-eruptive timescales calculated from the crystal components have 
never been calculated. 

3 The Tajogaite eruption (2021)

The Tajogaite eruption, which occurred in the Cumbre Vieja rift 
system (Figure 1), began on 19 September 2021, following a period of 
intense and recurrent geochemical and geophysical anomalies (i.e., 
seismic swarms and changes in gas emissions) that had been ongoing 
since 2017 (Torres-González et al., 2020). During the week before 
the eruption onset the seismic and ground deformation activity 
strongly increased (Mezcua and Rueda, 2023). The eruptive process 
lasted for 85 days, ending on 13 December 2021, and involved 
the emission of primarily lava and tephra with a bulk basanitic 
composition (Carracedo et al., 2022; Day et al., 2022b). This eruption 
is the longest-lasting and produced the largest volume of erupted 
material in La Palma’s recorded history over the past 600 years 
(Carracedo et al., 2022). The eruption had a significant impact, 
leading to the evacuation of over 8,000 residents, the destruction of 
almost 3,000 structures (e.g., homes, auxiliary buildings, buildings 
linked to industry, manufacturing and agriculture, as well as public 
service facilities), and extensive damage to roads, communication 
infrastructures, agricultural crops and businesses, and the recurrent 
closing of the only airport in the island due to volcanic ash falling. All 
this resulting in economic losses amounted nearly one billion euros 
(Carracedo et al., 2022; Troll et al., 2024a).

The eruption was preceded by at least 18 seismic swarms since 
2017 which can be classified, according to both their depth and their 
temporal proximity to eruption, as long-term at subcrustal depths 
prior to 11 September 2021 and short-term at crustal depths after 
that date (Mezcua and Rueda, 2023). Changes in gas emission were 
also reported accompanying the seismic series registered during 
2017 and 2018 (Torres-González et al., 2020; Benito et al., 2023).
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The eruption commenced at 14:12 UTC on 19 September 2021, 
approximately 20 km northwest of the 1971 eruption site, after 
high energetic seismic swarms that began on 11 September 2021 
(del Fresno et al., 2023; Mezcua and Rueda, 2023). The eruption 
was primarily Strombolian to Violent Strombolian (following 
Valentine and Gregg, 2008), characterized by lava fountains and 
associated flows, explosions, and the emission of ash, lapilli, and 
lava bombs, although phreatomagmatic episodes were also recorded 
(Carracedo et al., 2022; Day et al., 2022a).

The formation of the Tajogaite cone began with the emergence 
of a fissure approximately 1.6 km in length on the northwest flank 
of Cumbre Vieja. Initially, five vents aligned in a 60°W direction 
were identified, ranging in elevation between 840 and 1,100 m a.s.l 
(Romero et al., 2022). During the initial days, explosive activity 
alternated between lava fountains and Strombolian explosions. Lava 
primarily flowed towards the western flank. Between September 
21 and 24, longer-lasting fountaining episodes, lasting several 
minutes to hours, became more frequent (Romero et al., 2022). 
Simultaneously, lava effusion and sporadic Hawaiian fountaining 
occurred from the north flank vent. The scoria cone rapidly 
grew to approximately 130 m in height, centred around the 
main vent (Romero et al., 2022). Several small-scale landslides were 
observed, but on September 25, a significant lateral collapse affected 
part of the cone’s western flank.

A complete halt in activity, accompanied by a decrease in 
the tremor signal, lasted approximately 10 h on September 27. 
Shortly afterward, the explosive activity resumed at the main 
vent and a shallow seismicity cluster was located between 9 
and 13 km depth (del Fresno et al., 2023) remaining active 
until the end of the eruption. On October 1, a second seismic 
cluster began between 33 and 38 km depth, lasting until the 
end of the eruption and showing the highest magnitude events 
during the eruptive process (del Fresno et al., 2023). At the 
same time, the fissure architecture became well-defined, with 
vent activity decoupling (Romero et al., 2022). The upper set of 
vents in the southernmost part of the fissure mainly produced 
explosive activity, exhibiting Strombolian activity and intermittent 
lava fountaining, generating ash columns varying in height. The 
lowermost northwestern vents were responsible for effusive activity 
and Hawaiian fountaining.

The final phase of the eruption took place on December 
13. A significant explosion produced the highest eruptive 
column during the whole eruption that reached a height of 
8.5 km a.s.l. (Carracedo et al., 2022). 

4 Methodology and monitoring 
network

4.1 Eruption sampling

Two sets of samples carefully collected during the Tajogaite 
eruption have been considered for this study. In both cases, sampling 
was systematically performed during the eruption, allowing for the 
collection of material that was frequently covered by subsequent 
emissions. The emission date of all samples is known (Table 1).

The first set, consisting of 42 samples, comprises ash, lapilli, and 
lava flows, and was collected by the IGN Volcano Monitoring Team 

(Instituto Geográfico Nacional, Spain). Ash and lapilli samples were 
recovered by placing clean plastic/paper films or containers over flat 
surfaces directly under the dispersion field of the eruptive column. 
Lava flows were sampled while they were still incandescent or hot, 
quenching the samples with water until they were cool enough to 
be handled. In cases where lava flows could not be sampled while 
incandescent, they were collected as soon as possible after their 
emission. From this set, 17 samples covering the whole eruption 
period were analysed for major and trace elements, including the 
first and last emitted materials.

The second set comprises seven samples selected from the full 
collection of lava samples included in Day et al. (2022b). These 
samples were obtained through systematic sampling carried out 
throughout the entire eruption period and were prepared and 
archived by the University of Las Palmas de Gran Canaria and the 
University of Barcelona. From this collection, we selected seven 
samples spaced in time throughout the eruption, including the 
first and last emitted materials. These samples were considered 
for petrographic description, electron microprobe analyses and 
diffusion chronometry models. To select the samples, we considered 
not only their temporal distribution throughout the eruption, but 
also their proximity to notable seismic events, periods of seismic 
calm, or shifts in the earthquake foci. Samples LP21-02 and LP21-
04 were chosen from a lava batch emitted shortly after the eruption 
commenced on September 20 and 21. Samples LP21-65 (October 
27) and LP21-77 (November 15) were collected following a peak 
in the number of earthquakes and after a period of quiescence, 
respectively. Sample LP21-91 (November 28) was collected during 
a period of quiescence following several seismic swarms and a shift 
in the earthquakes to a shallower level. Samples LP21-90 and LP21-
94 correspond to the final materials expelled from the eruption, 
comprising a lava sample and a porphyritic Strombolian bomb, 
respectively. 

4.2 Petrography and geochemistry

Seventeen samples (lava, lapilli, and ash) from the IGN (Instituto 
Geográfico Nacional) set were sent to the Instituto Andaluz 
de Ciencias de la Tierra (UGR-CSIC; Spain) for whole-rock 
geochemical analysis of major elements by X-Ray Fluorescence 
(XRF) using a WDXRF S4 Pioneer BRUKER equipment, after 
crushing, mill-grinding with a tungsten ball-mill, mixing with 
lithium tetraborate for melting at 1,000 °C and re-solidifying the 
material in vitreous beads by quenching. Loss On Ignition (LOI) was 
also measured and found to be negligible (16 samples with LOI < 
0.08%, one sample with LOI = 0.79%; see Table 1). Instrumental 
precision for major elements was 0.3% (0.5% for Na2O). Trace 
elements were analysed by Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS) at the Centro de Instrumentación Científica 
of the Universidad de Granada (UGR) using a NexION 300D 
instrument, with a precision of 2% at 50 ppm concentration.

Petrography was conducted on thin sections from the 17 
samples analysed in Day et al. (2022b) with an optical petrographic 
microscope to determine the main textural characteristics of the 
studied deposits. A detailed compositional study of the olivine 
crystals was conducted at the Scientific and Technological Centers 
of the University of Barcelona using a JEOL JXA 8230 Electron 
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24 Probe Microanalyser (EPMA) with acceleration voltage of 20 kV 
and 20 nA beam current, calibrated with reference minerals. In 
total we analysed 27 olivine crystals appertaining to the seven 
selected samples described in the previous section. Additionally, 
we performed compositional profiles in 14 olivine crystals from 
six samples (punctual analyses every 2 µm). Data can be found as 
Supplementary Material (Supplementary Table S1).

Electron backscattered diffraction (EBSD) patterns of olivine 
were obtained at the Department of Materials Science and 
Engineering of the Universitat Politècnica de Catalunya (UPC) 
using a JEOL JSM-7001F equipped with an Oxford/HKL detector 
and HKL CHANNEL5 software. In total, 10 determinations were 
successful, as the EBSD method works only when surface conditions 
are optimal. 

4.2.1 Diffusion chronometry
We modelled the Fe-Mg, Ni and Mn concentration gradients 

using the program DIPRA (Girona and Costa, 2013) including 
the effects of diffusion anisotropy by processing the EBSD data. 
We report the uncertainty on diffusion times that accounts for 
analytical and temperature uncertainty as calculated by DIPRA. In 
addition, DIPRA also calculates a parameter called “discrepancy”, 
which represents a goodness of the fit (Girona and Costa, 2013) 
and which is reported in Table 2. All the Fe-Mg and Ni diffusion 
times were obtained from fits with a discrepancy of ≤10%, except 
for one (LP21-90-2; 15%). Because of the analytical resolution 
of the data, we were not able to achieve this standard for the 
Mn models. These models were fitted with a discrepancy value 
under 18%. The temperature, pressure, and oxygen fugacity ( f O2) 
buffer used for modelling are 1,170 °C ± 10 °C, 3 kbar (upper 
magma stagnation level), and QFM+1, respectively, based on 
previous publications (Klügel et al., 2005; Castro and Feisel, 2022; 
D’Auria et al., 2022; Day et al., 2022b; Romero et al., 2022; 
Burton et al., 2023; Dayton et al., 2023; Fabbrizio et al., 2023; 
González-García et al., 2023; Sandoval-Velasquez et al., 2023; 
Ubide et al., 2023; Bonechi et al., 2024; Zanon et al., 2024). 
Reasonable variations in pressure and oxygen fugacity for this 
geological context are expected to have a secondary effect relative 
to the temperature uncertainty.

4.3 Dissolved gasses

Since the beginning of 2016, the IGN has been sampling 
groundwater from a tide-pool (QP63) located 5 km southwest 
from the Tajogaite eruption vents (Figure 2). Total composition 
of dissolved gases has been analysed. In this work, He and CO2
concentrations in groundwater dissolved gas are reported.

Gas samples were obtained every two-three months, using the 
method described in Capasso and Inguaggiato (1998). The analyses 
were carried out at INGV laboratories at Palermo (Italy) following 
the methodology described in Paonita et al. (2012). 

4.4 GNSS

In September 2021, the GNSS (Global Navigation Satellite 
System) monitoring network deployed at La Palma Island was 
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composed by the dual frequency receivers LPAL, LP01, LP02, LP03, 
LP04, LP05, LP06 and MAZO, which are represented in Figure 2. 
Real-time communication allows the RINEX data acquisition. All 
these GNSS permanent stations are IGN owned, except the Canarian 
Regional Government publicly available MAZO (GRAFCAN, 2019).

The RINEX observation data were processed as described 
in Lamolda et al. (2017) for the case of El Hierro Island. We 
obtained subdaily (30 s sampling) coordinate solutions in ITRF2014 
reference frame (Altamimi et al., 2016). Finally, we used a Kalman 
filtering strategy to enhance the subdaily position estimates. In this 
case, for La Palma GNSS network, as reference stations we have 
opted for the permanent stations of IZAN (Tenerife Island) and 
MAS1 (Gran Canaria Island), as both have a long time series dataset. 

4.5 InSAR

Surface deformation has also been measured using InSAR data. 
A dataset of 101 Sentinel-1 images (SLC IW) from the relative orbit 
numbered 60 was used. This dataset covers the period from 16 May 
2020 to 05 February 2022 and it was processed using GAMMA 
software and applying the multi-temporal methodology called Small 
Baseline Subset (SBAS; Wegmüller et al., 2004).

Multi-temporal (MT) techniques can help to mitigate the 
disturbances which affect differential interferograms caused by 
atmospheric effects and spatio-temporal decorrelation noise. SBAS 
approach uses a large number of small perpendicular and temporal 
baselines interferograms as a way to overcome the differential 
interferometry (DInSAR) limiting factors (Ferretti et al., 2001; 
Berardino et al., 2002; Hooper et al., 2012). As a result, we obtain 
time series of deformation between May 2020 and February 2022 
for selected pixels in the images. These time series are calculated in 
the Line Of Sight of the satellite (LOS) as this is the direction of the 
measurement signal (Hanssen, 2001).

In this case, we considered multi-looked differential 
interferometric phases using 11 range and 3 azimuth looks and 
a maximum baseline of 250 m. In order to include redundant 
observations, we use each scene 5 times as the master scene with 
the result that a maximum temporal baseline for the scene pairs 
used is 54 days. According to these conditions, the total number 
of interferograms used for the time series generation is 487. We 
have not applied any further advanced refinement to the time series 
in order to allow the detection of any sudden deformation caused 
by magma displacement and to preclude it to be distributed over 
time. We selected a reference point centred in the scene, showing 
good coherence and a quite stable behaviour (Figure 2D). To remove 
the topographic phase from the interferograms, a high-resolution 
derived model from MDT05 5-m was used (Civico et al., 2022).

4.6 Real-time visual monitoring of the 
eruptive column height

IGN, as part of its official duties monitoring the volcanic activity, 
performed the quantitative description of the volcanic eruptive 
column, required for PEVOLCA (Special Plan for Civil Protection 
and Emergency Response to Volcanic Risk in the Canary Islands) 
Committees during the crisis. These results were also included in 
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FIGURE 2
(A) Distribution of GNSS permanent stations and dissolved gas and water sampling point. The 2021 lava flows are marked in blue. (B) Seismicity located 
on La Palma during the 9 days of unrest preceding the eruption. A migration of the seismicity from E to W, and later to N can be observed (colours 
represent time-evolution). (C) Sentinel 1 wrapped interferogram between 8 and 20 September 2021. (D) LOS Ground displacements derived from (C).

the VONA (Volcano Observatory Notice for Aviation) emissions 
and in the regular reports to Toulouse VAAC (Volcanic Ash 
Advisory Centre) (Felpeto et al., 2022).

The eruptive column-height monitoring network consisted of 
three calibrated webcams providing scaled images of the eruptive 
column at real time. A webcam of E.U. EELabs project, coordinated 
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by the Instituto de Astrofísica de Canarias (IAC), located at the 
Roque de Los Muchachos facilities, 16 km to the north of the 
eruptive process and installed prior to the eruption, was used as the 
reference webcam. Its north-south orientation was perpendicular 
to the predominant winds and its altitude and distance from 
the volcano avoided inclination of the images, therefore the 
camera allowed a proper estimation of the column height and 
its morphological variations. In addition, two other cameras were 
installed at different locations by IGN, to have secondary measures 
from other perspectives, and thus to obtain a better understanding 
of the influence of the winds.

The scale of each image was calculated by knowing the 
camera’s internal optical parameters and its distance from the 
vent. Then, a scaled grid was automatically superimposed on the 
images, providing immediate measures. On this grid we included 
the wind direction and speed at different heights provided by 
AEMET (Agencia Estatal de Meteorología), which are useful for 
the correct estimation of the column height. To check and calibrate 
the scale obtained, geodetic techniques (trigonometric levelling) 
were applied (Kähmen and Faig, 1988). Different altitudes (in 
m.a.s.l.) were measured along the eruptive column simultaneously 
with a theodolite and on the scaled images. 

5 Results

5.1 Petrographic description of the erupted 
lava

The volcanic products emitted during the 2021 La Palma 
eruption and studied in this work exhibit a range from massive 
to highly vesicular textures, with vesicle contents reaching up 
to 40%–50%. The samples display porphyritic textures and a 
typical mineral assemblage consisting of clinopyroxene, olivine, 
Fe-Ti oxides, and occasionally amphibole phenocrysts (Figure 3), 
the latter primarily observed in the earliest lavas (i.e., the first 
20 days of the eruption; samples LP21-02 and 04) and in the 
volcanic bomb from the last days of the eruption (LP21-94). 
Plagioclase is restricted to microlites within a glassy to fine-
grained groundmass, accompanied by microcrysts of clinopyroxene, 
olivine, and Fe-Ti oxides. Phenocrysts mostly occur as individual 
subhedral crystals, but crystal clots and glomerophyric aggregates 
are also common (Figure 3C).

Clinopyroxene is the main mineral phase in the 2021 La Palma 
products, with multiple clinopyroxene populations consistently 
present in all volcanic products, reaching up to 20 vol.% and sizes 
ranging from 5 to 6 mm. The presence of multiple populations 
is indicated by complex crystal textures, including zoning and 
disequilibrium features such as sieve textures. Phenocrysts range 
from colourless or light brown to green, with subhedral to anhedral 
core shapes.

Olivine primarily occurs as subhedral complex zoned crystals 
with sizes up to 1 mm and abundances ranging from 6 to 8 
vol.% in all the studied 2021 La Palma products. However, in 
the lavas emitted during the first week of the eruption (samples 
LP21-02 and 04), olivine content is scarce (less than 1 to 2 vol%), 
with some exhibiting skeletal crystal growth. The olivine content 
and size increased as the eruption progressed. In some samples, 

anhedral olivine cores are mantled by Fe-Ti oxides intergrown with 
clinopyroxene crystals (LP21-65, 77, 90 and 91).

Amphibole is present only in the lavas erupted during the 
first 2 weeks (LP21-02 and 04) and in the final explosive event 
on 13 December 2021 (sample LP21-94). Subhedral to anhedral 
amphibol crystals, up to 6 mm in size and comprising less than 2–5 
vol%, show typical disequilibrium textures with Fe-Ti oxide reaction 
rims suggesting destabilization of amphiboles during magma ascent 
towards the surface (e.g., Fabbrizio et al., 2023).

Fe-Ti oxides occur as euhedral to subhedral phenocrysts and 
microlites in all lavas. While some are isolated, Fe-Ti oxide 
glomerocrysts are abundant. They also appear as minute inclusions 
in olivine and clinopyroxene crystals or as a mineral phase in some 
of the cumulate fragments spanning the entire volcanic eruption. 

5.2 Geochemical evolution of the erupted 
material

Bulk rock major and trace element contents are reported for 
17 new volcanic products (lava N = 9, ash N = 6, and lapilli N = 
2) spanning the 85 days of the 2021 Tajogaite eruption (Table 1), 
along with the data reported in Day et al. (2022b) for comparison. 
The analysed samples fall within the tephrite/basanite field of the 
TAS diagram (le Maitre et al., 1989) and exhibit a transition towards 
more mafic compositions from the beginning of the eruption. MgO 
contents range from up to 6.1 wt% in lavas emitted during the 
first days of the eruption (tephrites represented by samples IGN-3a 
and 3b) to 8.6 wt% in lavas emitted at the end of November 2021 
(basanite sample IGN-40) (Figure 4). Subsequently, in December 
2021, there is a slight shift towards less mafic compositions till the 
end of the eruption (e.g., ∼7.8 and 6.1 wt% for IGN-41 and 42, 
respectively; Figure 4).

General trends indicate low MgO with high alkalis (Na2O 
∼4.2 wt% and K2O ∼1.7–1.8 wt%), TiO2 (∼3.75 wt%), and Al2O3
contents (∼14.5 wt%) in lavas from the onset of the eruption 
(samples IGN-3a and 3b), with a gradual increase in MgO and 
decrease in the other listed elements as the magma transitioned 
to more mafic compositions. Incompatible trace elements such as 
Ba, Th, Rb, and the rare earth elements (REE) show the highest 
contents in the earliest lavas (Ba ∼630 ppm, Th ∼8.1 ppm, Rb 
∼37 ppm, and ƩREE ∼448 ppm), exhibiting positive correlations 
with Zr (Figure 5). In contrast, compatible elements display the 
lowest contents in lavas from the initial days of the eruption (e.g., 
Ni ∼56 ppm, Co ∼43 ppm, Cr ∼226 ppm), increasing to higher 
concentrations as the compositions become more mafic (e.g., Ni 
∼150 ppm, Co ∼51 ppm, Cr ∼505 ppm) (Table 1; Figure 5).

5.3 Olivine compositional zoning and 
diffusion chronometry models

The analysed olivine phenocrysts from the entire eruption have 
a compositional range of 69–86 Fo mol% [Fo = 100 × Mg/(Mg + 
Fe2+)] with NiO varying from 0.03 to 0.27 wt% and CaO from 0.15 to 
0.56 wt%. The phenocryst compositions are plotted in the CaO and 
NiO (wt%) vs. Fo mol% bivariate diagrams (Figure 6) where we also 
differentiate the eruption date to show their temporal distribution. 
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FIGURE 3
Photomicrograph of representative samples of the 2021 La Palma eruption. (A, B) The earliest lavas (until Day 20) with brown amphibole crystals 
(pleochroic) with partially resorbed rims in (B) and some skeletal colourless olivine embedded in a dark brown to black fine-grained groundmass. (C)
Glomerocrysts of subhedral beige to light brown clinopyroxene, and anhedral olivine showing a thin mantle of small opaque Fe-Ti oxide and 
clinopyroxene microcrysts. Rounded vesicles are also shown. (D) Subhedral colourless olivine and euhedral to subhedral complex zoned 
clinopyroxene (pale to medium brown) crystals. In the studied samples, plagioclase is always restricted to the groundmass. (E, F) BSE images of zoning 
patterns in olivine crystals from the first days of the eruption (LP21-02 and LP21-04, respectively).

Lower Fo values correspond to the beginning of the eruption (LP21-
02 and 04), while the highest Fo olivine crystals are hosted in the 
bomb erupted at the end of the eruption (LP21-94). Olivine crystals 
from intermediate dates show fluctuating Fo values (Figure 6).

Olivine phenocrysts are compositionally zoned, and three 
zoning types have been recognized: normal, reverse and complexly 
zoned crystals (see Figures 3E,F). Olivine crystals from the 
early erupted lavas differ from the rest of the samples in 
composition and zoning patterns. The bigger crystals (600–800 µm 
from rim to rim) we analysed display a reversely zoned core 
(from 78.5 to 80.5 Fo mol%) followed by oscillatory and sharp 
variations resembling those found in the early tephra erupted 

from the Paricutin volcano indicating the dyke opening process 
(compare Figures 3E, F and Fig. 1 in Albert et al. (2020). These 
oscillatory patterns suggest that the external part of these 
profiles is recording fast crystal growth with limited intra-crystal 
diffusion (cf. Albert et al., 2020). A smaller crystal (ca. 200 μm) 
from the beginning of the eruption displays, instead, normal zoning 
from a higher Fo core (81.7 mol%), followed by oscillations in 
composition toward the rim.

Olivine crystals from the subsequent lava flows show both 
normal and reverse zoning (shoulder-like profiles). Normally zoned 
olivine phenocrysts have cores at ca. 84 Fo mol% and rims below 
80 Fo mol%. In contrast, cores from reversely zoned olivine crystals 
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FIGURE 4
Total Alkali vs. Silica (TAS) diagram and selected major element variation diagrams for the studied samples. Data from Day et al. (2022b) have been 
included for comparison (grey dots). The colour palette indicates the evolution with time of the erupted magma composition (from blue to red) from 
MgO values of 6 wt% at the beginning of the eruption (September) to ca. 9 wt% in November, and 7–8 wt% in December.

FIGURE 5
Selected trace element variation diagrams of the analysed samples. As for the major elements, the more evolved nature of the earliest erupted lavas 
and the transition to more mafic compositions with time can be observed from the trace elements concentration.

range from 80 to 82 mol%, mantles (shoulder) are at 83–84 Fo mol%, 
and external rims below 80 Fo mol%.

Ten olivine crystals were selected to calculate the timescales 
of the magmatic processes according to chemical diffusion. The 
initial and boundary conditions were chosen to represent the 
different core plateau compositions and the observed composition 
at the “shoulder,” when present, and rim for Fo (Mg/Fe), Ni and 
Mn concentrations. Although our choice of initial and boundary 

conditions is non-unique, the time differences between the possible 
ranges of initial and boundary conditions that properly match the 
data are small and typically within error. Modelling of Fo, Ni and 
Mn zoning towards the crystal rims give consistent results (Figure 7; 
Table 2), with low discrepancy values and times ranging from 23 to 
81 days (for nine of the ten modelled crystals; Table 2).

Calculated timescales from olivine crystals from samples LP21-
65 and −77, point to the same pre-eruptive intrusion (1–2 weeks 
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FIGURE 6
(A) Frequency histograms displaying the distribution of Fo (mol %) in olivine crystals from the seven selected samples (profiles and punctual analyses).
(B, C) Fo content (mol %) vs. CaO and NiO (wt. %) for olivine crystals. Different trends can be observed for each sample. (D) Olivine Fo (mol %) profiles 
from rim to core. Lower core compositions can be found in the earliest lava, while intermediate lavas include olivine crystals with both low and high Fo 
cores. Zoning patterns thus vary from normal to complex.

FIGURE 7
Compositional profiles (Fo, Ni and Mn) and diffusion models of two representative olivine crystals from La Palma 2021 eruption. Best-fit diffusion 
models were computed using DIPRA (Girona and Costa, 2013). Locations of the Fo, Ni and Mn compositional changes are consistent. The analytical 
errors considered for modelling are ±0.2 for the Fo (mol %) and ±0.015 for the NiO and MnO (wt. %).
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before the eruption). The crystals in these samples record the mixing 
between two distinct magma pockets emplaced within the crust: 
one in equilibrium with olivine cores of Fo81-82 and the other 
with olivine cores of Fo84. Crystals with Fo81-82 cores exhibit 
reverse zoning toward Fo83 at the rim, while the crystal with a Fo84 
core displays normal zoning. Notably, the olivine compositions in 
both cases are not consistent with primitive mantle-derived melts, 
supporting a scenario of interaction between magma batches that 
had been stored and differentiated at upper mantle and crustal levels, 
thus underscoring the role of shallow crustal dynamics in triggering 
the eruption.

Timescales retrieved from the two subsequent samples (LP21-91 
and LP21-90) point to new magma injections of a more mafic crustal 
magma (presence of reversely zoned olivine crystals). According 
to the diffusion models, sample LP21-91 recorded an intrusion of 
a more mafic magma ca. 46 days before its eruption (i.e., middle 
October). Crystals from sample LP21-90 instead show a broader 
range of diffusion timescales, spanning from late October to mid-
November, suggesting prolonged residence in a storage region 
undergoing continuous recharge.

One crystal hosted in the last erupted lava sample (LP21-90-
2) represents an exception. The crystal has a low Fo core and the 
highest Fo and broadest plateau on the shoulder compared to the 
other crystals. From this second plateau inconsistencies between 
Fo, Ni and Mn are observed. This suggests a growth component 
that brings to the higher discrepancy value in the Fo model. The 
calculated timescale indicates a residence time in the system of ca. 
2 years, which is a maximum time, since crystal growth contribution 
is neglected. 

5.4 Dissolved gasses

From January 2019 until December 2021, dissolved helium 
sampled at QP63 ranged from ≤2 to 112 ± 6 ppm (Figure 8, 
lower panel). The maximum value was reached in April 2021 
while the lowest one was measured in January 2019. Values saw 
an initial ascent from January (≤2 ppm) to April 2019 (32 ppm) 
staying stable until the beginning of 2020. Afterwards, helium values 
showed a sharp increase in June 2020 (92 ppm) remaining at higher 
values until November 2020 when values experienced a decrease. A 
renewed increase was then again recorded in February 2021 with 
helium values remaining high (97 ppm) until the eruption onset 
in September 2021. During the eruptive period, helium showed 
fluctuations but, in general, concentration values were relatively high 
relative to those in 2019 (39–93 ppm) and similar to those recorded 
in late 2020.

Regarding carbon dioxide concentration (Figure 8, lower), its 
maximum value was recorded on 3 November 2021, 24.2% ± 0.7%, 
while the minimum was measured in January 2019, 3.8% ± 0.1%. 
In April 2019, CO2 concentration showed its first clear increase 
reaching values between 11% and 13% staying in this range until 
the beginning of 2020. During that year, concentration values were 
clearly higher reaching a relative maximum in August, 22.6% ± 
0.7%, and then, during 2021, carbon dioxide showed fluctuations 
but with a marked increase until the eruption onset. In the eruptive 
period, values remained at around 20% reaching a maximum
in November. 

5.5 Surface deformation

After a period without significant changes in deformation during 
2019, LP06 permanent GNSS station registered an accumulated 
deformation of 4 mm to the east and 3 mm to the south from April 
to May 2020 (Figure 8). InSAR time series cannot confirm LP06 
displacements during this period, likely due to the small magnitude 
of the deformation. Afterwards, in September 2021, during the days 
preceding the eruption, the main observed deformation took place 
in the same direction, mainly towards the east and to a lesser extent 
towards the south, but with much greater intensity.

On 13 September 2021, a strong deformation began to be 
registered in several GNSS permanent stations of the monitoring 
network (Figure 2). Figures 2C,D show accumulated deformations 
between September 8 and 20 2021 measured by InSAR. Station LP03 
is located inside the maximum deformation area and very close to 
the eruptive centers (Figure 2C). From this day until the onset of 
the eruption on 19 September 2021, the deformation in LP03 was 
predominantly vertical. On 19 September 2021, several hours before 
the onset of the eruption, LP03 horizontal deformation suddenly 
changed towards the south reaching a total displacement of more 
than 2 cm to the southeast and 20 cm of vertical, since the beginning 
of the unrest (Figure 9). This deformation is also observed in the 
time series obtained using InSAR for the same area (Figure 10). 
Although InSAR deformation is recorded in the LOS (Line of Sight) 
of the satellite and is thus a composition of vertical and horizontal 
displacements, InSAR and GNSS vertical time series fit well, as 
deformations are mainly vertical.

From September 20 to 22 December 2021, a total of eight non-
cumulative and transient deformation pulses were recorded in LP03, 
mainly as inflation in the vertical component, but also towards the 
south. The last of these pulses was also the longest one (4 days) and 
began on 19 December 2021, 6 days after the eruption ended. In 
the north-south component, the pulses corresponding to October 
14 and 26 2021 are clearer; from this date on, a slight but continuous 
deformation began towards the south until the eruption ended. Since 
26 October 2021, the magnitude of the pulses in this horizontal 
component significantly decreased.

These transient deformation pulses recorded in LP03 were not 
observed using InSAR. Coherence loss, due to the presence of 
ash, and not an appropriate time-schedule of image sampling, are 
probably the main causes. 

5.6 Eruptive column height

IGN eruptive column database includes 347 records 
corresponding to the altitude above sea level of the 
top of the eruptive column, from September 20 to 13 
December 2021 (Figure 9). Each observation was made at the time 
of detection of an appreciable change in the height of the column, 
so it can be assumed that the series does not significantly vary in the 
interval between two consecutive measurements.

The overall mean is 3,337 m.a.s.l., with a vent altitude of nearly 
1,000 m.a.s.l. More records and maximum heights are concentrated 
in the first half of the eruptive process, showing a more unsteady 
behavior. Until November 1, the mean value is 3,951 m.a.s.l. and the 
range is 2,200–7,500 m.a.s.l. From November 1 to December 13 the 

Frontiers in Earth Science 16 frontiersin.org

https://doi.org/10.3389/feart.2026.1677805
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Albert et al. 10.3389/feart.2026.1677805

FIGURE 8
Comparison between GNSS data recorded at LP06 (red and green for North and East components, respectively), seismicity (frequency histogram 
plotted on the background), dissolved He and CO2 (QP63), and calculated diffusion timescales (Fo, NiO and MnO content modelling) during 2019, 
2020 and 2021. Black lines indicate the onset (19 September 2021) and the end (13 December 2021) of the eruptive process. The period from the 
beginning of April to the end of August 2020 has been highlighted (see Section 6.1). GNSS data show a slight horizontal deformation during April and 
May 2020, which consolidated as a permanent displacement starting in June. In September 2021, during the days preceding the eruption, the main 
deformation occurred in the same direction, but with much greater intensity. In the shown period, maximum concentration of dissolved CO2 was 
reached in August 2020 when a relative maximum in dissolved He was detected. After that episode, both levels saw a decrease but did not return to 
previous values. Regarding He, the absolute maximum was measured in April 2021. Only one olivine crystal recording this pre-eruptive activity was 
found. The older date regarding the other parameters might be due to the growth component (see main text). From the other calculated timescales, at 
least another three intrusion episodes can be distinguished before the onset of the eruption and during the eruption itself (see Figure 10).

mean value is 2,682 m.a.s.l. and the range is 1,100–6,000 m.a.s.l., plus 
the maximum altitude of 8,500 m.a.s.l. achieved hours before the end 
of the eruption.

In addition to the onset and end of the eruption corresponding 
height measurements, several local maximum values were observed 
related to the eruptive dynamics (Figure 9). When compared to the 
deformation registered in LP03 GNSS, we noticed that about 5 days 
(mean value of 5.1 days, σ = 0.57) after every maximum value in the 
transient vertical displacement events detected in LP03, a maximum 
value in the column height was reached (see Figures 9, 10 and the 
Discussion section). 

6 Discussion

6.1 Magmatic activity leading to eruption

6.1.1 Pre-eruptive activity in 2017–2018
Pre-eruptive magma intrusions occurred between 2017 and 

2018 were indicated by geochemical variations in dissolved gases 
and seismic activity. As stated by Torres-González et al. (2020), 

geochemical analysis of dissolved gases showed increases in 
corrected 3He/4He isotopic ratio and dissolved CO2 and H2
concentration linked to the two seismic swarms that were registered 
in October 2017 and February 2018. The GNSS network did not 
detect any deformation during that period, which is compatible 
with a magma intrusion at ca. 25 km depth and an estimated 
maximum volume ranging between 5.5 × 10−4 km3 and 3 × 10−2 km3

(Torres-González et al., 2020). Diffusion timescales retrieved 
from modelling olivine crystals have not revealed such long-
timescales. Nevertheless, the earlier erupted material corresponded 
to a more evolved magma where dominant mineral phases were 
clinopyroxene and amphibole. This magma might be the result of 
the fractional crystallization of previous intrusions at ca. 21–26 km 
according to seismic data of Mezcua and Rueda (2023). This 
magma accumulation depth matches the deep level proposed from 
petrological studies for the previous historical eruptions occurred in 
the island of La Palma (Klügel et al., 2005; Barker et al., 2015). 

6.1.2 Pre-eruptive activity in 2019–2020
After no significant changes throughout 2019, a second 

magmatic activity period can be identified during 2020. LP06 GNSS 
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FIGURE 9
Volcanic eruption column height (m.a.s.l.) and LP03 GNSS permanent station time series from August to December 2021. The duration of the eruption 
is highlighted in grey. Stars indicate maximum values for vertical deformation and the eruption column height. About 5 days (5.1 days, σ = 0.57) after 
every maximum value in the blue line, follows a maximum value in the column height (see main text for details).

station recorded a slight surface deformation, with 4 mm horizontal 
displacement eastward and 3 mm southward in April and May 2020 
(Figure 8), consolidated as a permanent displacement after June 
2020. This horizontal deformation at LP06, predominantly eastward 
and to a lesser extent southward, aligns with the pressure center 
proposed by Torres-González et al. (2020) and is compatible with 
the observed deflation area associated to the drainage of a proposed 
reservoir at 10–15 km depth, which was active during the eruption 
process (del Fresno et al., 2023; Charco et al., 2024). This suggests 
that the observed deformation in LP06 between April and May 2020 
could be related to the emplacement of a magma body and to surface 
inflation prior to the 2021 eruption. Furthermore, it preceded the 
longest seismic swarm in terms of duration and number of events 
before the eruption onset (long swarm number five in Mezcua and 
Rueda, 2023). This seismic series was located at a similar depth to 
that of the February 2018 swarm.

Dissolved gas analyses reveal an initial increase in He and 
CO2 concentrations coinciding with the February 2019 swarm 
(long swarm number 4 in Mezcua and Rueda, 2023). Subsequent 
significant rises in dissolved CO2 and He concentrations between 
February and June 2020 could be linked with the seismic activity 
and the deformation observed at LP06 (Figure 8). Therefore, 
both geophysical and geochemical data could suggest that a new 
magmatic intrusion took place during this time span in the same 
way as the 2017–2018 episode. Between the end of 2020 and the 

beginning of 2021, both He and CO2 concentrations record a 
relative decline.

In the case of the 2020 intrusion, there is evidence from one 
olivine diffusion model. The compositional profile of crystal LP21-
90-2 indicates mixing with a more mafic magma from late 2019 
to early 2020. However, this large crystal exhibits both diffusion 
and growth based on the inconsistencies between the Fo, Ni and 
Mn compositional profiles, and the high discrepancy of the Fo 
computed timescales (Table 2). This results in an overestimation of 
the calculated timescale due to the crystal growth component and 
suggest that the mixing event might in fact fit the May 2020 intrusion 
recorded by the monitoring network. 

6.1.3 Pre-eruptive activity in 2021
In December 2020 and January 2021, seismic swarms 9 

and 10 (Mezcua and Rueda, 2023) were recorded at depths of 
28 km and 23 km, respectively, both showing b-values of 2.1 
consistent with fluid-driven processes (Mezcua and Rueda, 2023). 
Following these swarms, in February and April 2021, geochemical 
monitoring revealed two significant peaks in He concentration also 
accompanied by increases in CO2 recorded values.

The following pre-eruptive activity episode occurred in June 
2021, when a new seismic swarm was recorded. This seismic series 
(long swarm number 11, Mezcua and Rueda, 2023) was located at 
a depth of 30.2 ± 4.1 km and showed a b-value of 2.2, indicating 
a possible fluid contribution to the origin of that seismicity. This 
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FIGURE 10
Integrated temporal evolution of magmatic and monitoring parameters during the 2021 Tajogaite eruption. (a) MgO content (wt.%) in whole-rock 
samples plotted by emission date (black and grey squares). Computed olivine diffusion timescales (Fo, NiO and MnO content modelling) are projected 
backward from the sample’s emission date with coloured symbols corresponding to the different samples. Pre-eruptive and syn-eruptive intrusions, as 
well as the inferred development of a crystal mush zone, are indicated. (b) Temporal variations in dissolved He (black squares, left axis) and CO2 (cyan 
squares, right axis) concentrations from groundwater at station QP63. (c) Seismic data including cumulative seismic energy (blue line), depth of 
individual seismic events (grey dots), and seismic event histograms for shallow (<15 km; yellow bars) and deep (>15 km; black bars) seismicity. (d)
Vertical ground deformation at GNSS station LP03 (blue line, left axis) and InSAR-derived deformation (blue dots), compared with eruptive column 
height (yellow-green line, right axis, m.a.s.l.). Stars indicate maximums for vertical deformation and the eruption column height. The eruption column 
height data has been plotted after subtracting 5 days to the real date (real date can be found in Figure 9). After this modification, there is a match 
between the maximum values from vertical displacement and the column height (see main text).

swarm was followed by a shorter seismic series (long swarm 
number 12, Mezcua and Rueda, 2023) on 27 August 2021, with a 
shallower average depth.

About 2 weeks later, on September 11, there was an exponential 
increase in shallow (<15 km) seismicity, and the elevated gas (He 
and CO2) levels were maintained. Shallow seismic events were 
not recorded during previous years until this day, indicating 
that the magma intruded during the previous episodes of 
magmatic activity was accumulating at the intermediate and 
deep pockets (Klügel et al., 2005). Since 13 September LP06 
shows clear displacements towards east and south, similar to 
those observed during the 2020 proposed intrusion, but of higher 
magnitude (Figure 8).

On September 13 deformation is observed at the GNSS network, 
particularly in LP03 which moves mainly vertical and slightly 
eastwards (Figure 9). Displacements agree with the existence of a 
sill-like source centered below El Remo (close to the QP63 sampling 
point, Figure 2A) at a depth of 4 km (De Luca et al., 2022). This area 
is characterized by a low-density body, which could have favored 

the trapping of magma (Di Paolo et al., 2020; D’Auria et al., 2022; 
Montesinos et al., 2023). During the following days the deformation 
increased vertically (Figures 9, 2D) until it finally ruptured north of 
the station, causing sudden deformation southward on September 
19, with the magma reaching the surface within hours.

On September 18, seismicity was recorded at shallower 
levels and began migrating northward (del Fresno et al., 2023; 
Suarez et al., 2023). The kink in the ascending conduit from 
west to north recorded by the seismicity (Figure 2) matches the 
location of LP03 at the vertex of the direction change. Hours 
before the eruption, vertical deformation at LP03 accelerated and 
turned south and west (Figure 9), indicating a new deformation 
source where magma could have pressurized for a period ranging 
from hours to a day before the onset of the eruption, forming an 
ephemeral sill located at the boundary of the low-density body 
(Montesinos et al., 2023). The area of maximum deformation 
displayed in Figures 2C,D, north of LP03, could indicate the location 
of this accumulation body. Following the decline recorded by the 
dissolved gases in 2020, there was a significant increase of the helium 
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concentration. This gaseous species reached its maximum value, 
112 ± 6 ppm, on 20 April 2021, 2 months before the June 2021 
seismic series (long swarm number 11 in Mezcua and Rueda, 2023). 
Regarding the carbon dioxide concentration, during the same time 
span, it showed a synchronized trend with the helium concentration 
marking a clear increase.

These similar signals, expected due to their deep origins (cf. 
Federico et al., 2023; Rizzo et al., 2008; Scarpa et al., 1996), increased 
as the eruption date approached, indicating an intensification of a 
magmatic contribution with ongoing magma emplacement, ascent, 
and/or degassing (Torres-González et al., 2020).

The diffusion timescales calculated from olivine crystals in 
samples LP21-65 and LP21-77, which were erupted on October 
27 and November 15 respectively, indicate a pre-eruptive magma 
intrusion that ultimately triggered the eruption. These lava samples 
exhibit a predominant group of crystals with reverse zoning and 
a subordinate group with normal zoning. The “shoulders” in the 
reversely zoned crystals, showing higher Fo values than their cores, 
align with the Fo core values of the normally zoned crystals. The ratio 
between these two crystal families might indicate that the volume of 
the intruded magma was smaller than the magma already presents 
in the crust, but was sufficient to destabilize the system and trigger 
the eruption on September 19. According to the calculated diffusion 
times, this intrusion occurred between August 26 and September 20 
(±10 days) for 91% of the calculated times. 

6.2 Syn-eruptive magmatic activity

Olivine crystals from the lavas emitted on September 20 and 
21 (LP21-02 and LP21-04, respectively) were not considered for 
diffusion modelling because their zoning patterns were strongly 
affected by crystal growth (see Section 5.3). Oscillatory zoning 
recorded in the earliest olivine crystals (Figure 3) are interpreted 
as witnesses of the magma transport towards the surface during the 
conduit opening (recorded by the oscillatory zoning in the external 
part of the profiles), as they resemble those from the Paricutin 
earliest tephra (Figure 1 in Albert et al., 2020) where the dyke 
inception process was recorded.

Timescales retrieved from olivine crystals emitted on October 
27 and November 15 have already been discussed in the previous 
section, as they indicated a pre-eruptive intrusion. In the same 
manner as the pre-eruptive timescales were calculated, crystals 
collected in samples LP21-91 and LP21-90 (emitted on November 
28 and December 10, respectively) have given timescales that 
coincide with the eruptive period, indicating new deep intrusions 
that rejuvenized the system during the eruption itself. Following 
the onset of the eruption, a new intrusion was identified between 
October 10 and 15, based on diffusion timescales in reversely zoned 
olivine crystals from sample LP21-91. This intrusion is corroborated 
by the elevated concentrations of elements such as Mg and Ni in the 
whole-rock analysis. Initially, the eruption emitted magma with low 
concentrations of typical mafic magma elements (e.g., ca. 6 wt% Mg 
and 55 ppm Ni). The content of these elements gradually increased 
during the early days of the eruption, likely due to an increasing 
proportion of deep magma relative to the more evolved magma 
previously emplaced in the crust. After a brief decline or stabilisation 
in these element concentrations in early October, an increase was 

recorded on October 8 (ca. 8 wt% Mg and 135 ppm Ni), which aligns 
with the diffusion timescales calculated in the olivine crystals.

During the eruption, both He and CO2 concentrations at QP63 
showed a similar trend, with no significant changes except for (1) 
the minimum values recorded on September 25, possibly related 
to the temporary halt in the eruption (Taddeucci et al., 2023; 
Ubide et al., 2023); and (2) the peak values detected on November 
3. Our diffusion timescales from one crystal in sample LP-21-90, 
emitted on December 10, point to a magma intrusion occurring 
around October 27, which followed a period of intense seismicity. 
The intrusion event aligns with the maximum He and CO2
values measured on November 3, supporting the interpretation 
of a more mafic magma injection at the beginning of November 
(Ubide et al., 2023; Zanon et al., 2024).

During the eruptive process LP03 experienced eight sudden 
inflation episodes (being the last one 30 days after the end of the 
eruption) with the vertical component increasing by more than 
10 cm in a matter of hours before returning to the base level after 
each event (Figure 10). The transient peaks at LP03 are considered 
genuine rather than noise, as they occurred both during and after 
the eruption. This behaviour suggests the presence of a pressurised 
area north of LP03 (Figure 2D), which, given the low densities at 
shallow depths, could be quite ductile (Montesinos et al., 2023). 
This would explain the significant vertical deformations observed 
at LP03 and the absence of associated seismicity. The second and 
third peaks in vertical deformation at LP03, recorded on October 
14 and 25 respectively (Figure 9), coincide with two peaks in the 
southward displacement. We interpret these signals as representing 
the largest deep material intrusions. These dates align with the 
calculated times from the crystals (October 10–15 and October 27) 
and the behaviour of the dissolved gases. Following these intrusions, 
the system experienced a shift, as subsequent vertical deformation 
peaks at LP03 were no longer accompanied by peaks in southward 
displacement (Figure 9). Additionally, the northward component of 
deformation did not recover, while vertical deformation continued 
to show peaks. This suggests a change in the magmatic system 
dynamics from a regime of magma recharge and outflow to one 
of magma stagnation. This accumulation is consistent with the 
timescales derived from the olivine crystals. Whereas the timescales 
for earlier intrusions were clustered around specific dates, those 
obtained from approximately November 1 from sample LP21-90 
extended over several weeks. We propose that during this stage of 
the eruption a small shallow mush where crystals resided for some 
time before being expelled was developed.

The syn-eruptive intrusions inferred from timescales 
calculations are consistent with previous works (Ubide et al., 2023; 
Dayton et al., 2024; Zanon et al., 2024), who also emphasize that the 
eruption was driven by discrete, repeated injections of new magma 
rather than a single recharge event. Together, these studies support 
a dynamic magmatic system involving multiple replenishments, 
which influenced both the eruptive behavior and magma evolution 
during the eruption.

The comparison of vertical deformation at LP03 with the 
eruptive column height reveals a mean time lag of 5.1 days 
(σ = 0.57) between the peaks of deformation and peaks in the 
maximum height of the eruptive column (Table 3). In the provided 
graph (Figure 10), the column height data have been adjusted by 
subtracting a 5-day temporal offset, with peaks in deformation 
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TABLE 3  Temporal differences between eruptive column height maxima and vertical deformation maxima.

Date Time Day of year 
(DOY)

Column 
height (m)

Date Time Day of year 
(DOY)

Deformation 
(m)

Difference 
in DOY

28 September 
2021

1:30:00 2,710,625 7,500 23 September 
2021

11:01:30 266,459,375 0.2407 4.60

20 October 2021 9:41:00 293,403,472 6,000 14 October 2021 9:55:00 287,413,194 0.2818 5.99

30 October 2021 8:29:00 303,353,472 4,300 25 October 2021 16:18:00 298,679,167 0.3232 4.67

11 November 
2021

6:19:00 315,263,194 4,500 05 November 
2021

11:51:00 30,949,375 0.2896 5.77

24 November 
2021

20:44:00 328,722,917 5,000 19 November 
2021

12:38:00 323,526,389 0.2432 5.20

01 December 
2021

3:50:00 335,159,722 5,000 26 November 
2021

12:06:00 330,504,167 0.2671 4.66

07 December 
2021

8:00:00 341,373,611 4,000 02 December 
2021

14:15:00 33,659,375 0.2640 4.78

Mean 5.10

Standard 
deviation

0.57

and adjusted column height marked by stars (original column 
height data can be found in Figure 9). This alignment supports 
the hypothesis that the deformation peaks at LP03 were associated 
with the accumulation of magma batches in the area beneath it. 
The observed delay of approximately 5 days before the eruptive 
column peaks suggests that these magma batches reached the 
surface shortly after each deformation peak, likely contributing 
to increased emission rates, fragmentation, and eruption intensity. 
This phenomenon is likely due to the presence of a kink in 
the conduit that aligns with the vertical position of LP03 and 
that promotes the accumulation of magma (Di Paolo et al., 2020; 
Fernández et al., 2022; Montesinos et al., 2023; Suarez et al., 2023). 
Similar patterns have been documented in studies of dykes in 
New Zealand (Wadsworth et al., 2015; Goldman et al., 2022) 
and the temporal correlation between the deformation peaks 
at LP03 and the subsequent eruptive column height maxima 
reinforces the idea that the deformation events were precursors 
to an increase in volcanic activity (Hreinsdóttir et al., 2014; 
Spina et al., 2017; Benito et al., 2023).

On late November a decrease in mafic elements in the whole-
rock composition (e.g., Mg in Figure 10) is detected. After this date, 
no diffusion timescales in olivine were recorded. This marks a critical 
inflection point in the eruption, likely representing the last intrusion 
that managed to be expelled. Previous intrusions had reset the 
system by introducing mafic material, but from this point onwards, 
the magma composition became progressively more evolved. This 
interpretation aligns with previous studies that identify a shift at the 
end of November from deep magma recharge to the evacuation of 
more evolved, residual melts. Authors such as Ubide et al. (2023), 
Zanon et al. (2024) or Scarrow et al. (2024) point to this transition 
as initiating the shutdown of the magmatic system. 

6.3 Comparison with the San Juan (1949) 
and Teneguía (1971) eruptions

Our results from the 2021 Tajogaite eruption highlight 
differences and similarities with previous eruptions at Cumbre 
Vieja, particularly the 1949 San Juan and the 1971 Teneguía events. 
The 1949 eruption involved the widest spatial distribution of 
vents among historical Cumbre Vieja eruptions and produced a 
diverse range of erupted materials, including both primitive mantle 
xenoliths and more evolved products (phono-tephrite), exceeding 
the compositional diversity observed in the 1971 and 2021 events. 
Unlike the 1949 eruption, the olivine compositions (Fo81–84) from 
the 2021 eruption and the absence of mantle signatures suggest that 
the Tajogaite eruption was fuelled by shallow to intermediate upper 
mantle and crustal magma pockets, rather than by direct input of 
primitive mantle melts. The 1971 Teneguía eruption, like Tajogaite, 
initially emitted basanite containing amphibole, followed by a less 
evolved, more mafic basanite during a second phase reflecting a 
similar transition in magma composition over time.

Importantly, the pre-eruptive timescales inferred from olivine 
diffusion in the 2021 eruption are comparable to the long timescales 
of unrest prior to the 1949 eruption, which included over 2 years 
of seismicity. In contrast, the 1971 eruption was preceded by 
much shorter periods of seismic unrest, but to date no diffusion 
chronometry studies are available to constrain the timescales of 
pre-eruptive processes for the 1971 eruption event.

These comparisons emphasize that, while certain magmatic 
processes (e.g., magma mixing and the transition from evolved 
to less evolved basanites) recur in Cumbre Vieja eruptions, 
monogenetic eruptions in this volcanic field can display significant 
variability in terms of pre-eruptive unrest duration, spatial 
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FIGURE 11
Schematic cross-sections illustrating six key time lapses before and during the eruption. The seismic swarms are indicated as brown stars. For each 
swarm a label is included with the date, N standing for the number of events and D for the mean depth (del Fresno et al., 2023; Mezcua and 
Rueda, 2023). Blue arrows indicate CO2 and He gas emissions at the QP63 sampling point (their size indicates the relative intensity). Grey hexagons 
stand for the olivine samples used to calculate diffusion timescales (sample name next to them). Deformation rates indicating the main direction are 
represented by pink (LP06) and orange (LP03) arrows. Different earth layers are indicated: mantle, Jurassic oceanic crust, Jurassic-Pliocene sediments 
and recent sediments. The diagram integrates petrological, geochemical, and geophysical observations (from this study and from 
Torres-González et al., 2020; del Fresno et al., 2023; Mezcua and Rueda, 2023), highlighting the sequence of intrusions and crustal processes that 
culminated in the 2021 eruption and the formation of a shallow crystal mush.
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concentration of eruptive vents, eruptive styles, and the composition 
(and therefore behavior) of the erupted products. Consequently, 
the associated volcanic hazard can differ from one eruption to 
another, highlighting the need for event-specific monitoring and 
risk assessment strategies. 

6.4 Implications of real-time petrological 
monitoring and future perspectives on 
magma storage and eruption termination

Importantly, we emphasize that if the 2021 Tajogaite eruption 
had not been monitored in real time, all diffusion timescales derived 
from olivine crystals would have been calculated backward from 
the start of the eruption, treating it as a fixed reference point. 
Under such conditions, the timescales would have converged on 
a single pre-eruptive intrusion event around mid-August, without 
resolving the distinct pulses of magma input that we have identified 
through integrated petrological and geophysical observations. This 
underscores a critical limitation in studying past eruptions where 
the precise timing of each eruptive level is unknown. The temporal 
resolution achieved in this study, by linking individual crystal zoning 
patterns to specific eruptive events, would have been impossible 
without direct monitoring of eruptive activity, highlighting the 
unique value of real-time petrological surveillance in understanding 
the evolution of active volcanic systems.

The 2021 Tajogaite eruption on La Palma provided an extensive 
dataset that has significantly advanced our understanding of 
volcanic processes, their preceding unrest episodes, and the syn-
eruptive processes leading to changes in the eruptive behaviour. 
Future investigations could address whether the formation of a 
proto-crystal mush played a role in terminating the eruption by 
facilitating the accommodation and storage of ascending magma 
without its eruption. It is also important to consider how the eruptive 
behaviour evolved following the establishment of this mush zone, as 
it may significantly influence the dynamics of future events. 

7 Summary and conclusions

We have constructed a temporal schematic diagram of key 
events and processes in the form of a timeline with annotated 
vignettes (Figure 11) to illustrate the following conclusions:

• Although diffusion timescales from olivine crystals did not 
record the magmatic intrusion that occurred between 2017 and 
2018 (evidenced by geochemical and seismic signals; Figure 11) 
the early erupted material, dominated by clinopyroxene and 
amphibole, suggests a more evolved magma, likely formed 
through fractional crystallization of earlier intrusions at 
intermediate crustal depths.

• A magmatic intrusion took place in 2020, supported by 
deformation recorded at GNSS station LP06 and increased 
concentrations of dissolved He and CO2. The long diffusion 
timescale from one olivine crystal may reflect this intrusion, 
although crystal growth likely overestimates the actual 
residence time. The crystal’s zoning pattern indicates 
interactions between likely crustal magma pockets that had 

been previously intruded (Fo reverse zoning from 80 to 84), 
rather than a direct input from a primitive mantle source.

• An intrusion, immediately preceding the 2021 eruption, is 
implied by seismicity, gas emissions, and ground deformation. 
Diffusion modelling of olivine crystals erupted during the 
end of October and beginning of November, suggests that 
this intrusion occurred between late August and mid-
September, triggering the eruption. Once again, olivine 
crystals do not record a direct mantle source; instead, 
their compositions (both at the cores and rims) indicate 
crystallization from magmas residing in the crust, reflecting 
interactions among shallow magma pockets rather than 
primitive mantle-derived melts.

• Early erupted olivine crystals (first days of the eruption) 
exhibit oscillatory zoning patterns, likely recording conduit 
opening and rapid magma ascent during dyke propagation. 
These crystals are the most evolved (core at Fo79) of the entire 
eruption and are hosted in the most differentiated rocks of the 
eruptive sequence. Their crystallization occurred during the 
initial dyke opening and magma ascent, following the mixing 
of an intermediate magma (characterized by pyroxene and 
amphibole as dominant phases) with a subordinate volume of 
more mafic magma.

• Olivine crystals erupted at the end of November record an 
additional magmatic intrusion that occurred in mid-October. 
This mixing event is reflected in the higher Mg content (as 
well as other mafic elements) in whole-rock compositions and 
coincides with an increase in deep seismicity.

• Following this intrusion, an increase in shallow seismicity 
was observed, accompanied by a series of deformation 
pulses recorded at GNSS station LP03. These pulses were 
consistently followed, after approximately 5 days, by peaks 
in the eruptive column height, suggesting a lag between 
magma intrusion, accumulation, and subsequent eruptive 
intensification. Olivine crystals erupted during the final days 
of the eruption registered a wider range of diffusion timescales, 
spanning from late October to mid-November. This likely 
indicates residence time in a storage region affected by 
continued recharge and without an immediate eruption. 
During this phase, the magma accumulation area in the upper 
crust appears to have transitioned into the development of a 
proto-crystal mush zone. This interpretation is supported by 
the extended olivine residence times and the consistent ca. 5-
day lag between deformation peaks at LP03 and subsequent 
maxima in eruptive column height pointing to episodes of 
magma accumulation within the developing crystal mush, 
pressurization, and delayed surface ejection.

• After late November, mafic element concentrations declined 
and no further diffusion timescales were retrieved from 
olivine, indicating a shift to more evolved magma and the 
cessation of deep magma input.

• The integrated use of petrological, geochemical, and 
geophysical monitoring is a powerful tool for identifying 
magma recharge events and understanding the temporal 
evolution of the volcanic system. Our findings thus highlight 
the importance of multi-disciplinary surveillance to detect 
the formation of crustal mushes and to improve eruption 
forecasting in monogenetic volcanic fields.
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