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ABSTRACT
We combined compositional analyses, crystal size distributions and geothermobarometry of tephra erupted during the 2021
Tajogaite eruption (La Palma, Spain), focusing on samples collected in November 2021 associated with a period of abundant
ash emission characteristic of the second half of the eruption (from October onwards). Magma erupted in November exhibits
a more primitive basanitic composition than the earlier magma. Crystallisation temperatures range between ~1100–1160 °C
(H2O = 1–3 wt.%) for phenocrysts and microphenocrysts, with corresponding pressures indicating depths from ~10 to ~30 km.
Crystal size distribution analysis reveals short (minutes) residence times for plagioclase. Finally, magma ascent velocities
(~0.01–0.3 m s−1) suggest acceleration and fragmentation in the shallowest part of the conduit. Our results suggest that the
trigger of the November explosive activity can be attributed to complex feedback between gas emission rates, changes in conduit
geometry, and magma ascent rate.

RESUMEN
En este trabajo, combinamos análisis composicionales, distribuciones de tamaño de cristales y geotermobarometría de tefra
de la erupción del volcán Tajogaite en 2021 (La Palma, España), centrándonos en muestras recogidas en noviembre de 2021
asociadas a un periodo de abundante emisión de cenizas, característico de la segunda mitad de la erupción (a partir de octu-
bre). El magma emitido en noviembre exhibe una composición basanítica más primitiva que el magma inicial de la erupción.
Las temperaturas de cristalización oscilan entre ~1100–1160 °C (H2O = 1–3 peso%) para fenocristales y microfenocristales, con
presiones que indican profundidades de ~10 a ~30 km. El análisis de la distribución del tamaño de los cristales revela tiempos
de residencia cortos (minutos) para la plagioclasa. Por último, las velocidades de ascenso del magma (~0,01–0,3 m s–1) su-
gieren aceleración y fragmentación en la parte somera del conducto. Nuestros resultados sugieren que la actividad explosiva
observada en noviembre puede atribuirse a una compleja retroalimentación entre las tasas de emisión de gases, los cambios
en la geometría del conducto y la velocidad de ascenso del magma.

KEYWORDS: Pre-eruptive conditions; Basanitic melt; Crystal size distribution; Geothermobarometry; Ash-rich jets; Eruptive style.

1 INTRODUCTION
The magnitude and frequency of volcanic eruptions typically
depend on both mechanisms and timescales of magma evo-
lution during storage in crustal reservoirs and ascent in the
volcanic conduit [Cassidy et al. 2018; Pappalardo and Buono
2021]. The study of petrological (textural and geochemical)
features of natural volcanic rocks, combined with estimation
of intensive variables (e.g. temperature, pressure) recorded by
crystals at equilibrium, represents a powerful tool to obtain
information about depth and physico-chemical conditions of
volcano magma supply systems during storage and prior to
eruption [e.g. Pioli et al. 2014; Pompilio et al. 2017; Gurioli et
al. 2018; Thivet et al. 2020]. These parameters are also crucial
for eruption forecast, hazard assessment and risk mitigation
in areas of active volcanoes [Hammer et al. 1999; Blundy and
Cashman 2008; Pappalardo and Buono 2021]. Moreover, in
several studies focused on products of recent well-monitored
eruptions, a systematic correlation between the petrology of
erupted rocks and the pre- and syn-eruptive geophysical sig-
nals has been observed [e.g. Hammer et al. 1999; Cashman
∗Q barbara.bonechi@manchester.ac.uk

and McConnell 2005; Saunders et al. 2012; Pappalardo et al.
2014; Preece et al. 2016; Pappalardo and Buono 2021]. In this
respect, the 2021 eruption of Cumbre Vieja (La Palma, Ca-
nary Islands) represents an opportunity to track conditions
in the magmatic plumbing system by integrating a series of
techniques (e.g. petrological, geochemical, geophysical, etc.)
thanks to the availability of syn-eruptive open-source seismic
and ground deformation data and observations from near-
real-time field sampling campaigns [Dayton et al. 2023]. The
newly formed eruptive centre, named Tajogaite, erupted from
19 September to 13 December 2021, producing the most sig-
nificant recent historical eruption in the Canary Islands in
terms of volume (~0.2 km3 [Day et al. 2022]) and duration
(85 days [Day et al. 2022]). The eruption has been described
as hybrid [Bonadonna et al. 2022] because of the simultane-
ous occurrence of lava flows and tephra from multiple vents
mostly associated with a variety of eruptive styles (e.g. lava
flows, ash emissions, lava fountains, Strombolian activity), of-
ten alternating at different vents as well as at the same vent
[Longpré and Felpeto 2021; Bonadonna et al. 2022; Pankhurst
et al. 2022; Romero et al. 2022; Taddeucci et al. 2023]. Col-
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Figure 1: Chronology of the eruptive activity during 13–18 November. [A] Continuous degassing (with minor ash content) on 13
November; [B] pulses of convective ash formed a 0.6–0.8 km high eruptive column which dispersed to form an umbrella cloud,
and fountaining jet on the left of the ash cloud; [C] ash-loaded column on 14 November with gas-rich plume in the foreground; [D]
single convective ash-laden column on 15 November; [E] continuous degassing on 16 November; [F] diffuse degassing associated
with an ash-rich plume in the background on 17 November; [G] 50–80 m high lava fountain on 17 November associated with
strong magma fragmentation leading to an ash-rich plume, in contrast to the one observed in [H] in the background; [H] vertical
convective ash column producing brown ash emission, and the southeast vent sourced discontinuous fountaining events on 18
November.

lected lava and tephra samples throughout the eruption show
temporal changes in mineralogy and bulk rock geochemistry
from tephrite to basanite [Bonadonna et al. 2022; Carracedo
et al. 2022; Day et al. 2022; Pankhurst et al. 2022; Romero et
al. 2022; Dayton et al. 2023; Ubide et al. 2023]. As reported
by Day et al. [2022], this temporal variation reveals that the
beginning of the eruption was fed by a fractionated tephritic
magma, followed later by deeper-sourced and more primitive
magmas. Based on isotopic data and seismic precursors [Day
et al. 2022], the initial fractionated tephritic magma was likely

stored in the upper lithosphere (10–25 km depth) up to four
years prior to eruption, while the later lavas and tephra were
fed by more primitive basanitic parental magmas, showing a
magmatic trend similar to that documented during the 1949
and 1971 Cumbre Vieja eruptions [Klügel et al. 2000; Barker
et al. 2015].
Here, we combined compositional analyses, crystal size dis-
tributions (CSDs) data and geothermobarometry to quantify
magma storage depth, pre-eruptive conditions and magma as-
cent timescales during the 2021 Tajogaite eruption. We par-
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ticularly focused on a sample suite collected between 15 and
18 November 2021 which is related to a period of abundant
ash emission followed by a return to typical eruptive activity
(e.g. ash venting, lava fountaining, Strombolian activity, gas
emissions etc.) during the following days (16–18 November).
Hence, this eruption period represents an ideal case study to
investigate the processes and physicochemical conditions in
the plumbing system that may have led to observed changes
in eruptive activity.

1.1 Tajogaite eruption from 13 to 18 November 2021

La Palma is the most historically active island among the Ca-
nary Islands, and the Cumbre Vieja ridge has fed eruptions
in 1585, 1646, 1677–1678, 1712, 1949, 1971 [Carracedo et al.
1998; Guillou et al. 1998; Klügel et al. 2000; Carracedo et al.
2001; Casillas Ruiz et al. 2020]. The Tajogaite eruption in
the Cumbre Vieja ridge began on 19 September 2021 after
intense seismic unrest, geochemical anomalies, and deforma-
tion that started in 2017 [e.g. Carracedo et al. 2022; D’Auria
et al. 2022; Pankhurst et al. 2022; Romero et al. 2022]. Here,
we report a description of the activity occurred during the
week 13–18 November 2021, during which we deployed a
field campaign, observed the eruptive activity and collected
the sample suite used in this study. On 13 November, the
activity consisted of continuous degassing (with minor ash
content) from the northwest summit vent (Figure 1A), while
the southeast summit vent emitted pulsing jets of lava (100–
150 m high) every 30–40 s. The activity of the northwest
summit crater changed after 20.23 LT (Local Time), when
pulses of convective ash formed a 0.6–0.8 km high eruptive
column which spread laterally towards the southwest to form
an umbrella cloud (Figure 1B). After midnight the summit ac-
tivity decreased, and only weak Strombolian explosions (up to
50 m high) and continuous degassing was observed. During
these events, lava effusion continued uninterrupted from the
mid-northwest flank of the volcano. On 14 November, the
morning activity consisted of a continuous jet of ash from the
southeast vent, forming a vertical column ~1 km high and then
being dispersed towards the west-southwest. During the af-
ternoon, the southeast summit vent plume became ash-loaded,
with a characteristic brown-to-grey colour, maintaining the
same dispersal (Figure 1C). On 15 November morning, the
ash-rich plume from the southeast vent changed direction to-
wards the north-northwest, and its height reached 1–1.5 km.
Medium-to-coarse ash (0.25–1.0 mm) was continuously falling
at a distance of 8 km northwest from the main vents, while
at Villa José (c. 13 km northwest) the plume deposited a
continuous blanket of fine ash. The sustained explosive ac-
tivity then transitioned to a pulsing behaviour, and, between
14.00 and 19.30 LT, continuous ash emission resumed at all
the main vents, forming a single convective ash-rich column
(Figure 1D) with intense lightning. On 16 November morn-
ing, the ash emission decreased considerably, and continuous
degassing was present (Figure 1E). While the explosive ac-
tivity was not visible or very weak during the night, a lava
overflow occurred on 17 November at 02.01 LT, producing a
large overflow event towards the west. In the morning, the
activity consisted of shortly spaced (<1 minute) convective ash

jets from the northwest summit vent, with dispersal towards
the west, resulting into a weak plume less than 0.6 km high
(Figure 1F). The explosive activity ceased completely around
16.30 LT and degassing persisted. The lull in activity persisted
until 19.01 LT when it resumed producing an ash-laden weak
convective column, which after 21 minutes also produced a
50–80 m high lava fountain (Figure 1G). The activity was vari-
able on 18 November. In the afternoon, at 16.40 LT there was
a vertical convective ash column that produced brown ash
emission from the northwest vent, while the southeast vent
sourced discontinuous fountaining events (Figure 1H).

2 METHODS AND MATERIALS
2.1 Analytical methods

Polished thin sections were produced for two samples of 15
November 2021 representative of the night (15_N) and morn-
ing (15_M) activity. Tephra particles of 15_N (fine lapilli)
and 15_M (coarse ash) samples range in size (i.e. interme-
diate lengths of the particles) from 2 to 15 mm and from 0.5
to 1 mm, respectively. Two further sections were produced
for samples of 17 (17 Nov) and 18 (18 Nov) November 2021
representative of the ash fall (<0.05 mm) deposited in those
days. All these samples belong to tephra MU6.5 reported by
Bonadonna et al. [2022] and Romero et al. [2022], which is char-
acterised by an alternation of moderately to poorly sorted, grey
to black coarse to fine ash. We would like to highlight that for
our analytical measurements, we selected sample grain sizes
for which post fragmentation processes are assumed to be
not significant and for which sample texture and chemistry
are considered representative of magma at the fragmentation
level. Thin sections were carbon-coated and analysed with an
FEI Quanta 650 FEG-SEM electron microscope (Department
of Earth and Environmental Sciences, University of Manch-
ester, UK) operated at 10 to 15 kV (for ash grains and polished
thin sections, respectively) accelerating voltage, and a work-
ing distance of 10 mm. Chemical compositions of glass and
crystals were obtained with a JEOL JXA-8530F field emis-
sion electron microprobe at the Photon Science Institute, Uni-
versity of Manchester, UK. The operating conditions were as
follows: 15 kV accelerating voltage, 10 nA beam current, and
beam spot diameter of 1 or 5 µm. Na was measured first to
minimise volatilisation error and corrected for drift over time
using time dependent intensity (TDI). Calibration standards
were jadeite for Na and Al, forsterite for Mg, anorthite for Si,
fayalite for Fe, tephroite for Mn, apatite for P, orthoclase for
K, wollastonite for Ca and rutile for Ti. Analytical precision
was between 1 and 5 % for major elements and up to 10 % for
elements at concentration of < 0.2 wt.%. Analyses of clinopy-
roxenes, used for thermobarometry calculations, had 1 sigma
relative error for Na between 3–7 %. Count times and calibra-
tion materials, alongside estimates of precision and accuracy
are shown in Supplementary Material 2 Table S1.

2.2 Image processing

Textural analyses of the samples were performed on BSE im-
ages using the software ImageJ v.1.54 [Abràmoff et al. 2004;
Schneider et al. 2012]. In order to segment mineral phases and
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vesicles, BSE images were converted into binary images by us-
ing the Threshold function based on the grayscale histogram
of the image (Supplementary Material 1). Subsequently, the
Analyse Particles function was used to calculate the fol-
lowing parameters: coordinates (X and Y), area (mm2), ori-
entation, roundness (0–1), and major and minor axis length
(mm). We measured 2293 and 1309 plagioclases for sample
15_N and 15_M, respectively (Supplementary Material 2 Ta-
ble S2).
Data were exported as Microsoft Excel worksheets (.xls;
Supplementary Material 2), as well as using the CSD output
plugin to save data as .csd files for use in CSDcorrections
v1.61 [Higgins 2000]. Image data quality was ensured
throughout the data handling process by repeating exactly the
same steps for each of the samples analysed.
Crystal fraction Φ𝑐 of each phase was calculated on a
vesicle-free basis by dividing the area of the crystal phase by
the reference area used for the image analysis of natural sam-
ples.
Total areal vesicle number densities (VNDs) were calcu-
lated for both 15_N (fine lapilli) and 15_M (coarse ash) sam-
ples by dividing the number of vesicles by the total area and
then transformed in 3D by dividing the value by the average
vesicle equivalent diameter [Polacci et al. 2006]. We obtained
VND average values of 5.1 × 1012 ± 3.3 × 1012 m−3 for sample
15_N and 8.4 × 1012 ± 4.4 × 1012 m−3 for sample 15_M (Sup-
plementary Material 2 Table S2 and Supplementary Data).

2.3 CSD calculation

A limitation of grain sizes measured in thin sections is that the
data represent 2D apparent crystal dimensions rather than 3D
crystal shapes. To address this, the program CSDcorrections
[Higgins 2000] was used to convert 2D intersection data to true
3D crystal size distributions by incorporating corrections for
the intersection probability effect and cut-section effect. The
first step in the conversion process is to estimate the 3D habit
of the crystals within the sample, which were calculated using
the Microsoft Excel macro CSDslice [Morgan and Jerram
2006]. CSDslice compares measured 2D minor and major
crystal axis length data from ImageJ with a database of 2D
crystal shapes. Using a linear regression, CSDslice provides
a list of the top five best-fit estimates of the ratios between
the short (x), intermediate (y) and long (z) crystal dimensions,
based on the 2D input data. Each crystal habit ratio is also
given an R2 value, a statistical measure of how close the 2D
data lie to the fitted regression line. According to Morgan
and Jerram [2006], 3D crystal habits are well reproduced for
R2 > 0.8. Crystal habit estimates from CSDslicewere inserted
into CSDcorrections to calculate CSDs, together with mea-
sured area (mm2), roundness (0–1) and crystal lengths (mm).
Resulting CSD plots show the natural logarithm of the popu-
lation density (mm−4) against corrected crystal length (mm).

2.4 Componentry analysis

For the ash fall samples (< 0.05 mm) of 17 and 18 Novem-
ber 2021 componentry analysis was performed on polished
thin sections with SEM imaging, following the protocol of
Ross et al. [2022]. Basic componentry based on SEM im-

ages was performed by using the software JMicroVision Ro-
duit [2007]∗ on image mosaics. We used the “manual point
counting” feature of JMicroVision that allowed us to count
all grains (Supplementary Material 1 Figures S1–S2). We
analysed the proportion of different particles (crystals, glass,
sideromelane and tachylite) considering between 400 and 600
points. JMicroVision files with the componentry analysis are
available in Bonechi [2023].

2.5 Thermobarometry
Pre-eruptive pressures and temperatures from clinopyroxene-
melt equilibria were calculated by using the open-source
Python3 package Thermobar v. 1.0.26 [Wieser et al.
2022]. All Thermobar Jupyter notebooks and spread-
sheets are available in Bonechi [2023]. Particularly, we
used the Cpx-Liquid Melt Matching algorithm available in
Thermobar [Wieser et al. 2022] to (i) pair our clinopyroxene
compositions (Clinopyroxene.xlsx) with liquid compositions
(Liquid_LaPalma2021.xlsx) from this study and from other lit-
erature data available for the entire La Palma 2021 eruption
[Castro and Feisel 2022; Day et al. 2022; Pankhurst et al. 2022;
Romero et al. 2022; Dayton et al. 2023; Ubide et al. 2023], and
(ii) estimate pressure and temperature conditions. In order
to obtain reliable pressure and temperature (P-T) estimations,
we run the calculations for multiple different existing models:
the barometer (SEE = ±1.4 kbar) of Neave and Putirka [2017]
and the thermometer (eq. 33, SEE = ±45 °C) of Putirka [2008]
(model MM_N17P08 in Bonechi [2023]); the barometer (SEE =
± 1.15 kbar) and thermometer (SEE = ±31.6 °C) of Masotta et
al. [2013] (model MM_M13 in Bonechi [2023]); the barometer
(SEE = ±5.0 kbar) and thermometer (SEE = ±23.8 K) of Putirka
et al. [2003] (model MM_P03 in Bonechi [2023]); the barometer
(SEE = ±5.0 kbar) of Putirka et al. [2003] and the thermome-
ter (eq. 33) of Putirka [2008] (model MM_P03P08 in Bonechi
[2023]); the barometer (eq. 30, SEE = ±1.6 kbar) and ther-
mometer (eq. 33) of Putirka [2008] (model MM_P08 in Bonechi
[2023]); and the barometer (eq. P2, SEE = ±1.51 kbar) and ther-
mometer (eq. T2, SEE = ±23.8 K) of Putirka et al. [1996] (model
MM_P96 in Bonechi [2023]). These combinations were chosen
because they are the most appropriate for alkali magma com-
positions of La Palma magmas (e.g. MM_P03), they are com-
monly applied to mafic alkaline magmas (e.g. MM_P0308),
and appropriate for liquids spanning from basalt to rhyolite,
from picrite to phonolite, from tephrite to trachyte, and every-
thing in between (e.g. MM_P08, MM_P96). We also widen the
comparison by considering other combinations calibrated for
tholeiitic composition (e.g. MM_N17P08) and alkaline differ-
entiated magmas (e.g. MM_M13). To test for clinopyroxene-
melt equilibrium we considered the equilibrium filters for
DiHd, CaTs and EnFs errors (2 sigma values) from Neave et
al. [2019], the 𝐾𝐷 = 0.27 ± 0.03 following Scruggs and Putirka
[2018], and the 𝐾𝐷 model of Masotta et al. [2013]. For P-T es-
timates we used only clinopyroxene-liquid pairs that passed
the applied equilibrium tests, obtaining consistent temperature
and pressure results among the considered models (Supple-
mentary Material 2 Table S3 and Figure S3). For all these cal-
culations to assess the effect of water content on P-T estimates,
∗https://jmicrovision.github.io/
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Figure 2: Backscattered images of samples from 15 November night (15_N) and morning (15_M). Cpx: clinopyroxene; Ol: olivine;
Pl: plagioclase; Ox: oxide; Gl: glass; Ves: vesicle.

we considered water content ranging from 1 to 3 wt.% appro-
priate for the 2021 Tajogaite eruption [e.g. Burton et al. 2023;
Fabbrizio et al. 2023; Ubide et al. 2023]. Caution is required for
clinopyroxene-melt data because the thermobarometers have
not been calibrated for highly alkaline systems like basanites
and tephrites, potentially resulting in pressure overestimation
(200–400 MPa [Putirka 2008; Dayton et al. 2023]). To address
this, we plotted our data against the calibration dataset of dif-
ferent Cpx-based thermobarometers available on Thermobar
[Putirka 2008; Masotta et al. 2013; Neave and Putirka 2017;
Petrelli et al. 2020]. The results are available in Supplemen-
tary Material 1 Figures S4A–C and in Bonechi [2023]. Our
data match well with the calibration dataset of Putirka [2008],
Neave and Putirka [2017], and Petrelli et al. [2020], suggesting
that the P-T estimates obtained in this study are reliable. Con-
versely, our data do not agree with the calibration dataset of
Masotta et al. [2013], probably because their thermobarome-
try has been calibrated for alkaline differentiated compositions
(e.g. trachytes and phonolites).
Pressures were converted to depths according to the crust
and mantle densities of 2800 and 3111 kg m−3, respectively
[Ranero et al. 1995; Tenzer et al. 2013]. The transition be-
tween densities was determined based on the Moho position
estimated at ~10 km depth [D’Auria et al. 2022].

3 RESULTS

3.1 Mineralogy and textural features of selected samples

Sample clasts from 15 November 2021 are characterised by a
vesicle fraction (Φ𝑣) ranging from 0.5 to 0.6. Vesicles are sub-
rounded or rounded, with minor exceptions where vesicles
are elongated and deformed around phenocrysts, and their
size (i.e. maximum length) varies from 0.03 to 1.5 mm; vesicle
coalescence is negligible (Figure 2). Samples are characterised
by a porphyritic texture with average crystallinity and glassy
groundmass fraction around 0.5. Ash particles from 17–18
November 2021, instead, are characterised by the presence

of a few particles formed entirely by single crystals or only
glass, while most of the particles are sideromelane (micro-
lite poor glass) and tachylite (variably crystallised groundmass
glass) (Figure 3). According to the componentry analysis (Sec-
tion 2.4), the proportion of these different particles is ~1 % of
single crystals, ~8 % of only glass, ~50 % of sideromelane, and
~40 % of tachylite (Supplementary Material 1 Figures S1–S2).
In all the analysed samples, we classified microlites those
crystals under 0.03 mm [Zellmer 2021], while larger crystals
are classified as microphenocrysts (between 0.03 and 0.2 mm)
and phenocrysts (> 0.2 mm). The phase assemblage observed
in both samples from 15 and 17–18 November comprises
clinopyroxene and olivine phenocrysts and microphenocrysts,
and glass, clinopyroxene, plagioclase and oxide in the ground-
mass. Particularly, clinopyroxene is the most abundant min-
eral phase (Φ𝑐 = 0.1–0.3) and it is present as phenocrysts
(0.2–0.6 mm), microphenocrysts (0.04–0.2 mm) and microlites
(<0.02 mm). Phenocrysts display subhedral to euhedral shape,
while both phenocrysts and microlites are characterised by
concentric or patchy zoning with Al-rich cores, and occasion-
ally by poikilitic textures with included Fe–Ti oxides (Fig-
ure 2). Olivine is present as subhedral phenocrysts and mi-
crophenocrysts (Φ𝑐 = 0.1–0.15) ranging from 0.15 to 0.4 mm
(Figure 2). Plagioclase (Φ𝑐 = 0.02–0.08) is generally present
as microlites that are tabular, acicular-tabular, or swallowtail
(Figure 2). Finally, Fe–Ti oxides (Φ𝑐 = 0.01–0.02) are usu-
ally subhedral-to-anhedral–shaped microlites and microphe-
nocrysts up to 0.3 mm long.

3.2 Crystal phase composition and geothermobarometry

Samples from 15 November and 17–18 November display
basanitic glass compositions with high alkali (~6–8 wt.% Na2O
+ K2O) and low silica contents (~43–46 wt.% SiO2; Figure 4A
and Supplementary Material 2 Table S4). These compositions
fall in the range of compositions reported in previous studies
for the 2021 eruption of Tajogaite on La Palma [Castro and
Feisel 2022; Day et al. 2022; Pankhurst et al. 2022; Romero et
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Figure 3: Backscattered electron images (BSE) and Secondary electron images (SE) of individual grains of ash samples from 17
and 18 November.

al. 2022; Dayton et al. 2023; Ubide et al. 2023]. In comparison
with products of the previous Teneguía 1971 eruption [Barker
et al. 2015], the 2021 eruption bulk-rock products reported in
the literature so far are characterised by a comparatively more
evolved composition (MgO between ~4 and 7 wt.%).
The dominant pyroxene composition in all samples is diop-
side (Wo45–51En34–43Fs10–16; Figure 4B and Supplementary
Material 2 Table S5), while plagioclase crystals are mostly
labradorite (An61–68Ab30-37Or1–3; Figure 4C and Supplemen-
tary Material 2 Table S6). Olivine crystals from 15 November
samples have Fo80–84 similar to the values reported by Dayton
et al. [2023] for the same period, while olivine crystals from the
18 November sample have lower forsteritic content (Fo74–80)
(Supplementary Material 2 Table S7).
From clinopyroxene crystals and glass data we estimated
the pre-eruptive temperatures and pressures using geothermo-
barometry (see Section 2.5 for details). All the obtained results
are reported in Supplementary Material 2 Table S3, in Figure
S3, and in Supplementary Data. For the H2O-independent
models we obtained T = 1135 ± 18 °C and P = 708 ± 99 MPa
for MM_P03 and T = 1163 ± 7 °C and P = 792 ± 64 MPa
for MM_P96. For the other models, instead, we observed that
increasing water contents from 1 to 3 wt.% H2O, we obtained
decreasing temperatures and pressures as follows: from 1161
± 12 to 1133 ± 12 °C and from 743 ± 160 to 691 ± 175 MPa for
model MM_N17P08; from 1081 ± 14 to 1068 ± 12 °C and from
499 ± 82 to 517 ± 86 MPa for model MM_M13; from 1149 ± 14
to 1125 ± 19 °C and from 726 ± 67 to 708 ± 132 MPa for model
MM_P03P08; and from 1158 ± 17 to 1133 ± 16 °C and from
740 ± 132 to 788 ± 145 MPa for model MM_P03P08. This test
shows that the contribution of water content variations and
the different P-T approaches are minor and within the cali-
bration error of the thermobarometers. The only exception is
the model of Masotta et al. [2013] whose P-T estimation are
on average lower than those obtained with the other models.

This is in agreement with the mismatch we observed between
our data and their calibration dataset (calibrated for alkaline
differentiated compositions such as trachytes and phonolites;
Section 2.5 and Supplementary Material 1 Figure S4), suggest-
ing in this case that P-T data may be underestimated. Overall,
the obtained P-T estimates (Supplementary Material 1 Figure
S3 and Table S3) are consistent with those reported by Castro
and Feisel [2022] for samples from November, Romero et al.
[2022] for samples from September–October, and González-
García et al. [2023] and Ubide et al. [2023] for samples from
September to December.

3.3 Textural analysis

Textural analysis was performed to quantify the area of crystal
phases, matrix glass and vesicles in the 15 November samples.
We focussed only on the samples from this day, because in
samples of 17 and 18 November ash particles are too small to
reliably segment mineral phases. In addition, we performed
CSD analysis only on plagioclase crystals since clinopyroxene
are too complexly zoned (see Figure 2) to obtained reliable
residence time estimates. Indeed, CSD data are commonly
used to infer crystal residence times, which require assump-
tion of a single average growth rate for the entire phenocryst
population [Cashman 2020]. Thus, applying CSD in presence
of complex zoned phenocrysts and microphenocrysts may be
misleading considering that (i) crystal cores do not always rep-
resent a single crystallisation event, and (ii) crystal rims form
during magma ascent and thus represent the same crystallisa-
tion event responsible for nucleation and growth of ground-
mass crystals [Cashman 2020]. For this reason, large zoned
crystals cannot be treated as a single crystallising population.
Obtained CSD plots (Figure 5) show a slight curvature for
plagioclase, that may reveal pre-existing crystals growing as
a separate population during magma ascent [e.g. Brugger and
Hammer 2010; Cashman 2020], and/or nucleation of new mi-
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Figure 4: [A] TAS Diagram [Le Bas et al. 1986]. Coloured fields correspond to the 2021 Tajogaite glass compositions reported
in literature (C22: Castro and Feisel [2022]; D22: Day et al. [2022]; P22: Pankhurst et al. [2022]; R22: Romero et al. [2022];
D23: Dayton et al. [2023]; U23: Ubide et al. [2023]). Error bars not shown since they are inside the symbols; [B]–[C] ternary
classification diagrams for pyroxene and feldspar.

crolites at subsurface conditions [Thivet et al. 2020]. By using
these plots, we estimated the crystallisation times (τ) of plagio-
clase crystal populations by using a range of experimentally
derived growth rates (𝐺𝑡) for basaltic melts [Shea and Ham-
mer 2013; Arzilli et al. 2015; 2019; Bonechi et al. 2020] fol-
lowing the approach of Arzilli et al. [2016] and Bamber et al.
[2020]:

τ =
−1

𝐺𝑡 · slope (1)

From 3D CSDs of plagioclase crystals we distinguish two
populations of crystals (Figure 5 and Table 1), whose dimen-
sions correspond to those initially determined as microlites
and microphenocrysts (Section 3.1).
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Figure 5: Crystal size distribution of the studied samples. Ln (population density) vs. crystal length (mm) plot for plagioclase
samples from 15 November. For each identified crystal population linear regression (dashed lines: red for 𝐿 > 0.03 mm, blue for
𝐿 < 0.03 mm), standard deviation (coloured field: red for 𝐿 > 0.03 mm, and blue for 𝐿 < 0.03 mm) and correlation coefficient are
reported. 𝐿 refers to crystal length (mm).

Table 1: Summary of the average CSD analysis for selected samples, with geometric parameters (slopes and intercepts) of the
straight-line regressions obtained from Figure 5. Note: σ is standard deviation. τ is crystallisation time obtained from Equation 1.
Microlites (𝐿 < 0.03 mm), microphenocrysts (𝐿 > 0.03 mm). For plagioclase microphenocrysts and microlites we used growth
rate of 1 × 10−6 mm s−1 after Shea and Hammer [2013], and 1 × 10−5 mm s−1 after Arzilli et al. [2015]. Data are from Pl crystals
from 15 November 2021.

Size interval
(mm)

Intercept
(mm−4)

σ Slope
(mm−1)

σ R2 Growth
rate
(mm s−1)

τ (s) σ τ (min) σ τ (h) σ

>0.03 12.4 1.0 −17.2 6.9 0.98 1 ×10−5 3392 1602 57 27
1 ×10−6 33 917 16 020 565 267 9 4

<0.03 14.9 0.9 −48.7 13.9 0.98 1 ×10−5 1540 536 26 9

4 DISCUSSION

4.1 Evidence of a primitive melt composition feeding the sec-
ond half of the eruption

La Palma eruption has been characterised by an increase
of MgO content in the bulk rock composition from the be-
ginning (September) to the end (December), with the least
evolved composition (parental magma) recognised to have
MgO = 8 wt.% [Day et al. 2022]. In addition to isotopic and
seismic data supporting evidence of the arrival of a more prim-
itive magma in the second half of the eruption [Day et al.
2022; Ubide et al. 2023], in this study, we provided further
evidence of this conclusion by considering the geochemistry
of plagioclase, which, being a late-stage phase, represents a
particularly accurate proxy for the composition of erupting

melt [Ubide et al. 2023]. We found that plagioclase microlites
show a variation in some major oxides (i.e. Na2O, K2O and
Al2O3) from September to November (Figure 6). Plagioclase
compositions, indeed, are particularly sensitive to changes in
temperature, H2O pressure (pH2O), and H2O content [Cutler
et al. 2022]. As shown in Figure 6, the first clear composi-
tional difference through time is in the higher anorthite content
(An61–68) of the November plagioclase compared with that
erupted in September (An53–66); the more calcic plagioclases
suggest relatively higher pH2O and temperatures [Couch 2003;
Cutler et al. 2022], as well as increasing melt maficity as ob-
served also by Ubide et al. [2023]. Other differences observed
are lower K2O and Na2O and higher Al2O3 contents in pla-
gioclases from November compared with September. The
November plagioclases have similar compositions to those of
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Figure 6: Na2O [A], K2O [B] and Al2O3 [C] vs An content for plagioclase of November (this study), September (R22 = Romero
et al. [2022]) and previous Teneguía 1971 eruption (B15 = Barker et al. [2015]). [D] Temporal variation of An during the eruption
(from September to December 2021) for plagioclase of this study, Romero et al. [2022] and Ubide et al. [2023]. As reported in
Ubide et al. [2023] (U23), the geochemical kink on 25 November (dashed line) marks a turning point from recharge (before 25
November) to fractionation (after 25 November), indicating magma cooling and waning supply.

the Teneguía 1971 eruption available in Barker et al. [2015], as
seen in Figure 6, suggesting that their formation occurred in
presence of a more primitive melt composition with respect
to that initially erupted in September.

4.2 Linking magma residence time, ascent rate and eruptive
style of the November 2021 Tajogaite eruption

During magma ascent in the volcanic conduit, degassing, crys-
tallisation processes and timescales play key roles in governing
the evolution of magma geochemistry, eruption intensity and
style, and ultimately the type and nature of the related geo-
physical signals [Pappalardo and Buono 2021]. In this light,
we applied CSD data to gain information about pre-eruptive
timescales and magma ascent velocities during its rise in the
conduit (Figure 7). For plagioclase microphenocrysts of 15
November samples, considering experimental growth rates of
1 × 10−6 mm s−1 [Shea and Hammer 2013], we obtained a

maximum crystallisation time (τ) of 9 ± 4 h (Table 1). The
minimum residence time considering experimental growth
rate of 1 × 10−5 mm s−1 [Arzilli et al. 2015] is 57 ± 27 minutes
(Table 1). Conversely, the minimum residence time for micro-
lites considering experimental growth rate of 1× 10−5 mm s−1
[Arzilli et al. 2015] is 26 ± 9 minutes (Table 1).

In order to provide estimates on magma ascent rates we
used the microlite number density exsolution rate meter of
Toramaru et al. [2008]. Crystal area fraction (Φ𝑐) and area
number density (𝑁𝐴, mm−2) on a vesicle-free basis were de-
termined by thresholding, segmenting and counting crystals
in each image. Number density and area fraction measure-
ments were then used to calculate a mean crystal size, 𝑆𝑁 =

(Φ𝑐/𝑁𝐴)1/2, and volumetric number density, 𝑁𝑉 = 𝑁𝐴/𝑆𝑁 .
The decompression rates [Cutler et al. 2022] at which micro-
lites are formed are given by:
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Figure 7: Schematic and simplified cartoon of the plumbing system during the 2021 La Palma eruption. Modified after D’Auria
et al. [2022]. Particularly, we reported depths, temperatures (𝑇 ) and times of crystallisation (τ) estimated through CSD and
thermobarometry on samples of 15 November. We also reported magma ascent velocity (𝑉𝑛) estimated by using the microlite
number density exsolution rate meter of Toramaru et al. [2008] on plagioclase microlite population.

����𝑑𝑃𝑊𝑑𝑧 ���� = 𝑐

𝑏

(
𝑁𝑣

𝑎

) 2
3
, (2)

where 𝑃 is pressure and 𝑧 is depth, while 𝑐 is a function of wa-
ter content (𝐶𝑊 measured in wt.%) as: 𝑐 = 11.2 × 106 × 𝐶𝑊 ,
𝑏 is a constant (40 for plagioclase) and 𝑎 depends on both 𝐶𝑊

and the silica content (wt.%) Δ𝐶Si = 𝐶Si − 50 (wt.%) as: 𝑎 =
3 × 1015±1+0.345Δ𝐶Si−0.65𝐶𝑊 . For the calculation we selected
a range of melt water contents from 1 to 3 wt.%, according to

recent literature data on the 2021 La Palma eruption [Burton
et al. 2023; Fabbrizio et al. 2023; Ubide et al. 2023].
Then, the magma ascent velocity (𝑉𝑛 [Cutler et al. 2022]) is
calculated as:

𝑉𝑛 =
1

𝑔 × ρ𝑣

����𝑑𝑃𝑊

𝑑𝑧

���� , (3)

where ρ𝑣 is the vesiculated magma density (obtained by using
vesicle fraction values and a 2700 kg m−3 magma density) and
𝑔 is the gravity acceleration.
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The obtained ascent velocities range from 0.007 ± 0.004
(1 wt.% H2O) to 0.15 ± 0.08 (3 wt.% H2O) m s−1 for sample
15_N and from 0.013 ± 0.004 (1 wt.% H2O) to 0.29 ± 0.09
(3 wt.% H2O) m s−1 for sample 15_M (Table 2). These val-
ues are in agreement with those obtained through numerical
modelling of magma ascent in volcanic conduit for the same
period of eruptive activity [Biagioli et al. 2023]. The obtained
values, moreover, fall within the area of sustained gas flows in
eruptive conduits, thus with no significant inertial decoupling
between gas and melt parts during magma ascent, favouring
magma fragmentation at the subsurface, and ultimately lead-
ing to the formation of sustained lava fountains [e.g. Gonner-
mann and Manga 2013; Thivet et al. 2020]. They can also be
associated with the formation of more or less ash-rich jets de-
pending on the temperature, volatile, and viscosity evolution
of the emitted magma within the lava fountain environment
[e.g. Edwards et al. 2020; Namiki et al. 2021]. Finally, these val-
ues are comparable to those estimated by Romero et al. [2022]
for samples from September (0.17–0.43 m s−1) and they are
coherent with the plagioclase microlites crystallisation time
of 26 ± 9 minutes (Table 1), suggesting magma acceleration
and fragmentation in the shallower part of the conduit [e.g.
Cimarelli et al. 2010; Arzilli et al. 2019; Bamber et al. 2022].
Indeed, during 15 November, but also reported for other
days of activity in the second half of the eruption, the oc-
currence of explosive activity characterized by the ejection of
abundant dark ash and a strongly subordinate amount of visi-
ble lapilli and small bombs, with formation of low (≲ 1–2 km),
wind-bent plumes, was observed. This activity corresponds to
the ash-rich jets reported in Taddeucci et al. [2023] and can-
not be solely explained by considering the physicochemical
characteristics of the November magma, which, besides the
more primitive composition, are similar to those of the early
phases of the eruption. We suggest that the triggering mech-
anisms of such explosive activity might be linked to a smaller
conduit geometry, ejecta fallen back in the crater that created
an obstruction, favouring gas entrapment and fragmentation,
and/or lower gas emission rates. This interpretation can be
supported also by the CSD analysis (i.e. slight curvature in the
plagioclase plot) that can be related to nucleation of new mi-
crolites at subsurface conditions [Thivet et al. 2020]. This pro-
cess, indeed, as observed in other mafic systems (e.g. Etna and
Stromboli in Italy, and Gaua in Vanuatu) can lead to the for-
mation of typical tachylite textures often linked with conduit
narrowing/clogging (because of expected decreasing magma
permeability and/or increasing magma viscosity and/or tephra
recycling into the active vents), and finally enhance ash-rich
explosive events [e.g. D’Oriano et al. 2014; Pompilio et al. 2017;
Polacci et al. 2019]. Regarding gas emissions, instead, a strong
decrease in SO2 emission was observed from September (20–
90 kt day−1) to November (<10 kt day−1; ~5 kt day−1 for 15
November) ([Ubide et al. 2023]; SO2 daily emissions measured
by TROPOMI∗), which would suggest a decreased magma
supply rate during the second half of the eruption. This may
have created a reduced mass eruption rate and collapsing of
the uppermost conduits, and promoted gas segregation into
the explosive vents, with less gas entering the effusive vents,
∗https://so2.gsfc.nasa.gov/

hence producing fragmentation in the explosive vent activity
leading to the ash-rich jets of 15 November.
In agreement with previous works [e.g. Bonadonna et al.
2022; González-García et al. 2023; Taddeucci et al. 2023], the
results of our study suggest that transitions in eruptive style
during the Tajogaite eruption are likely the result of a com-
plex feedback between several factors, including gas emission
rate, fractionation of gas and magma between explosive and
effusive vents, changes in conduit geometry, and magma as-
cent rates.

5 CONCLUSIONS
In this study the combination of compositional analyses, crys-
tal size distribution data and geothermobarometry of tephra
erupted during the November 2021 Tajogaite eruption (La
Palma, Spain) allowed us to quantify magma storage depth,
pre-eruptive conditions and magma ascent timescales in the
second half of the eruption. In summary, we found that:

1. Geochemistry of plagioclase of the November products
provided further evidence of the arrival of a more primitive
magma. Plagioclase microlites show a variation in some major
oxides from September to November (lower K2O and Na2O
and higher Al2O3 contents in plagioclases from November)
and a composition similar to that of plagioclases belonging to
the Teneguía 1971 eruption, suggesting that their formation
occurred in presence of a more primitive melt composition.

2. Crystal size distribution data and microlite number den-
sity provided information about pre-eruptive timescales and
magma ascent velocities during its rise in the conduit. For pla-
gioclase microlites from the 15 November samples minimum
residence times are on the order of minutes (26 ± 9 minutes).

3. Obtained magma ascent velocities range from 0.007 ±
0.004 (1 wt.% H2O) to 0.29 ± 0.09 (3 wt.% H2O) m s−1 for
15 November samples. These values are comparable to those
estimated for samples from September (0.17–0.43 m s−1) and
they are coherent with the plagioclase microlites crystallisation
time of 26 ± 9 minutes, suggesting magma acceleration and
fragmentation in the shallower part of the conduit.

4. The explosive activity characterizing the second half
of the eruption and, in general, transitions in eruptive style
throughout the Tajogaite eruption are likely the result of a
complex interaction between gas emission rate, fractionation
of gas and magma between explosive and effusive vents,
changes in conduit geometry, and magma ascent rates.
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