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Long-lasting eruptions are of complex characterization and are typically
associated with challenging risk assessment and crisis management due to the
usual occurrence of multiple interacting hazards evolving at different temporal
and spatial scales (e.g., lava, tephra, and gas). The 2021 Tajogaite eruption of
Cumbre Vieja (La Palma) demonstrated how even hybrid events that are mostly
effusive can be associated with widespread and impacting tephra deposits as a
result of a complex interplay among gas flux, conduit geometry, and magma
feeding rate. In this novel study, direct observations, syn-eruptive and post-
eruptive sampling, and statistical analysis of pulsatory activity have been
combined to provide new insights into eruption dynamics. They show how
rapid gas segregation and high magma ascent rate modulated the gas flux at
multiple vents, resulting in short-time fluctuations among the different explosive
styles (ash-poor gas puffing, Strombolian, violent Strombolian, and lava
fountaining) and unsteady tephra ground accumulation. Various size-selective
sedimentation processes were also observed, including particle aggregation and
ash fingers, which have impacted the overall tephra dispersal. In fact, even though
both local and total grainsize distributions of selected layers, units, and of the
whole tephra blanket are unimodal with a low fine-ash content, grainsize analysis
of 154 samples suggests no correlation of particles <63 μm with distance from
vents. Our analyses demonstrate the need to include a detailed characterization of
all products of hybrid eruptions for a comprehensive interpretation of eruptive
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dynamics and to use multiple classification strategies that can capture eruptive
styles at different temporal scales.

KEYWORDS

hybrid eruptions, cone-forming eruptions, monogenetic volcanism, grainsize distribution,
long-lasting eruptions, eruption classification, violent Strombolian eruptions, ash
aggregation

1 Introduction

Tephra deposits result from the combination of various factors,
including magma rheology, eruptive styles, plume dynamics,
atmospheric conditions, and sedimentation processes. They are
typically characterized based on the compilation of isopach or
isomass maps that describe the distribution of thickness or mass
per unit area around a volcano, and that can be used to determine
the erupted volume and mass (Engwell et al., 2013; Klawonn et al.,
2014). Nonetheless, the distribution of thickness and ground load
can be impacted by size-selective sedimentation processes (e.g.,
particle aggregation and ash fingers) that favor the premature
fallout of fine ash, potentially resulting in secondary maxima of
accumulation (Brown et al., 2012; Manzella et al., 2015). Aiming at a
better understanding of volcanic eruptions and their hazards, the
distribution of tephra-deposit thickness is, therefore, best explored
together with other key aspects that include particle grainsize and
tephra sedimentation processes. In addition, risk modeling not only
requires information on grainsize and accumulation rate for a better
estimation of the future impact on exposed elements but also
constraints on the timescales of sedimentation (Jenkins et al.,
2015; Craig et al., 2016). In fact, tephra deposits can severely
impact the built environment, ecosystem, and public health
depending not only on the thickness and ground load but also
on particle size and ground accumulation rate (Wilson et al., 2012;
Jenkins et al., 2015; Blake et al., 2017). Information on the total grain
size distribution (TGSD) of the erupted material is also necessary for
long-term hazard assessment and real-time forecasting of ash
dispersal, based on the application of dedicated analytical and
numerical models (Scollo et al., 2007; Biass et al., 2014; Beckett
et al., 2020). Finally, grainsize data provide information on magma
rheology and fragmentation efficiency and are required to classify
eruptive styles (Walker, 1973; Kaminski and Jaupart, 1998; Rust and
Cashman, 2011).

Even though tephra deposits retain key features of volcanic
eruptions (e.g., erupted volume, erupted mass, and TGSD), their
interpretation can be rather challenging in case of complex eruptive
dynamics, such as those associated with long-lasting and/or hybrid
eruptions. In fact, long-lasting eruptions, which last for more than a
few days, can be affected by variable eruptive and atmospheric
conditions (e.g., 2010 eruption of Eyjafjallajökull, Iceland,
Gudmundsson et al., 2012; 2001 eruption of Etna, Italy, Scollo
et al., 2007), while hybrid eruptions are associated with both
effusive (e.g., domes, lava flows) and explosive features (e.g.,
tephra plumes, pyroclastic density currents) that can vary in time
and can be either simultaneous or sequential (e.g., 1944 eruption of
Mt. Vesuvius, Italy, Cole and Scarpati, 2010; 1943–1952 eruption of
Parícutin, Mexico, Pioli et al., 2008; 1995–1998 eruption of
Montserrat, West Indies, Robertson et al., 2000; 2011 eruption of
Cordón Caulle, Chile, Schipper et al., 2013; Elissondo et al., 2016). In

addition, long-lasting and hybrid eruptions might be characterized
by pulsatory activity associated with various eruptive styles (e.g.,
Strombolian, violent Strombolian, and Vulcanian explosions) from
multiple vents, which further complicate the overall tephra
sedimentation (Dominguez et al., 2016; Pioli et al., 2022).
Eruption unsteadiness often results in the formation of multiple
layers, with various thinning rates away from the vents that are
complex to correlate. Tephra deposits of long-lasting and hybrid
eruptions are, therefore, often characterized only based on tephra
thickness, while grainsize data are only determined for specific
locations of the cumulative tephra blanket for classification of the
eruptive style (Pioli et al., 2008; Di Traglia et al., 2009; Rowland et al.,
2009). Dedicated strategies are required to unravel tephra
sedimentation associated with long-lasting or hybrid eruptions
including direct observations of eruptive styles and consequent
tephra fallout in order to best correlate stratigraphy with
eruption chronology and dynamics (Bonadonna et al., 2002;
2015; 2022; Pistolesi et al., 2015).

Here, we present a detailed study of tephra sedimentation
and grainsize associated with the complex tephra blanket of the
2021 long-lasting, hybrid eruption of Cumbre Vieja (La Palma,
Canary Islands) named Tajogaite eruption (Carracedo et al.,
2022; D’Auria et al., 2022; Pankhurst et al., 2022). This tephra
blanket has already been described in combination with other
eruptive products (tephra cone and lava flows) to characterize
the associated eruptive styles and dynamics (Bonadonna et al.,
2022; Romero et al., 2022). Hereafter, we use the term tephra
blanket to differentiate it from the tephra cone that is also part
of the tephra fallout deposit of the 2021 Tajogaite eruption
(Bonadonna et al., 2022). Thanks to multiple syn-eruptive and
post-eruptive field campaigns, the temporal and spatial
fluctuations of grainsize features are here investigated
together with other key aspects such as pulsatory explosive
behavior (frequency and regularity of explosions), ground
accumulation rate, and tephra sedimentation processes (e.g.,
lapilli waves, ash fingers, and particle aggregation). Frequency
of pulsatory activity and grainsize data are also used for the
determination of plume height and for eruption classification
purposes. This allowed deposit characteristics to be correlated
with eruptive dynamics and shed some light on the complex
dynamics of long-lasting, hybrid, pulsatory eruptions.

2 Geological context, eruption
chronology, andmain eruption features

La Palma is the most active volcanic island of the Canary
archipelago, with historical eruptions occurring in 1585, 1646,
1677–78, 1712, 1949, 1971, and 2021 (Carracedo et al., 1998;
2001; 2022; Klügel et al., 1999; Barker et al., 2015). Its formation
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began 3–4 Ma ago as a submarine basal complex of seamounts
(Staudigel et al., 1986; Carracedo et al., 1999), followed by subaerial
activity constructing theGarafía andTaburiente shield volcanoes and the
Cumbre Nueva rift in the northern sector of the island (Carracedo et al.,
1999; 2001; Barker et al., 2015). Followingmultiple, large lateral collapses,
the Bejenado complex developed within the SW-directed collapse scar
(0.56–0.49Ma, Ancochea et al., 1994; Day et al., 1999; Carracedo et al.,
1999; 2001) and volcanic activity shifted southward. The recent historical
eruptive activity is observed within the Cumbre Vieja rift in the southern
sector of the island, which formed 125 ka ago and comprises a 20-km-
long, N–S-aligned volcanic ridge (Carracedo et al., 1999; 2001). Volcanic
activity has been characterized by monogenetic fissure eruptions at
closely spaced multiple vents, leading to the formation of cinder cones,
erupting prevalently silica-undersaturated basanites to phonotephrites

and alkali basalts (Klu€gel et al., 2000; Carracedo et al., 2001; Barker et al.,
2015; Pankhurst et al., 2022).

Following a few years of low-magnitude seismic unrest at depths of
25–35 km and 7 days of intense seismic unrest associated with ground
deformation, a new eruption started on 19 September 2021 in theCabeza
de Vaca area, on the western side of the Cumbre Vieja ridge, that lasted
nearly 3 months (Torres-Gonzáles et al., 2020; Fernández et al., 2021;
Longprè, 2021; Carracedo et al., 2022; De Luca et al., 2022; Martí et al.,
2022; Dayton et al., 2023; Plank et al., 2023) (Figure 1). The eruption
involved effusive and explosive activity from multiple vents distributed
along a 500-m-long NE–SW fissure (Carracedo et al., 2022; Gonzáles,
2022; Pankhurst et al., 2022) and represents an example of a cone-
forming, long-lasting, hybrid eruption associated with a decoupled
magma–gas system (Bonadonna et al., 2022; Romero et al., 2022). SE

FIGURE 1
Map of sample locations studied in this paper for grainsize (black circles) and collection with adhesive tape (inverted triangles); locations of
observations with cameras (diamonds) and Laser Precipitation Monitor (LPM; white circle) are also shown. Insets show the location of the Canary Islands
and of La Palma; figure on the right zooms on the orange box in the main map.
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(high-altitude) vents were associated with the generation of tephra
plumes and lava fountains, while passive degassing and lava flows
were observed at the NW (low-altitude) vents (Carracedo et al., 2022;
Romero et al., 2022). The Tajogaite cone reached a final volume of 36.5 ±
0.3×106 m3 and a height of 187m above the previous ground level
(Civico et al., 2022). The overall volume (tephra blanket, tephra cone,
and subaerial lava flow) was estimated at 1–3 × 108 m3, with the tephra
blanket constituting <20% of the total erupted volume (~2 × 107 m3;
Bonadonna et al., 2022). The low viscosity of this basanite–alkali basalt
magma (<160 Pa s within eruption temperatures of ~1075 to ~1150°C)
resulted in exceptionally fast and fluid lava flows erupted at high
emission rates at the beginning of the eruption, which reached the
ocean on 28 September 2021 and covered a surface of 12 km2 (Carracedo
et al., 2022; Pankhurst et al., 2022). However, as demonstrated by
rheological experiments (Castro and Feisel, 2022; Di Fiore et al.,
2023), magma viscosity varied throughout the eruption in relation to
petrographic and geochemical characteristics of the erupted magmas
(Day et al., 2022).

The tephra sequence reflects the pulsatory behavior of the explosive
activity and is crucial for unraveling the shifts in eruptive style and
dynamics with the associated variability in eruption source parameters.
Bonadonna et al. (2022) combined the tephra records with detailed
observations on wind characteristics, seismic tremor data, tephra cone
evolution, and lava emission rates to provide a comprehensive eruption
chronology and stratigraphy. The tephra sequence is dominated by an
alternation of multiple lapilli-bearing, tephra-fallout layers that are
millimeter-to-centimeter thick and ash-dominated fallout layers at
proximal distances (within about 3 km from vents). The cumulative
tephra blanket is dispersed in the NE–SW direction due to a complex
wind pattern characterized by strong trade winds blowing in the SW
direction, weaker winds that could rotate by 360°, and land/sea breeze.
The stratigraphic sequence can be grouped into three main units (lower
unit, LU; middle unit, MU; upper unit, UU) that can be correlated down
to the western coastline, up to about 5–6 km from the vents; in proximal
areas, these three units can be further subdivided into 11 layers (LU1–3,
MU1–6, and UU1–2) (Figure 2). Sedimentation timing of individual

FIGURE 2
Reference stratigraphic section based on outcrops LP34 and LP35 between 1 and 2 km SWof vents (Figure 1). Timing of emplacement of the eruptive
phases (layers and units; adjusted from Bonadonna et al., 2022) as well as timing of syn-eruptive in situ collections and observations are also shown. It
should be noted that the exact correlation of syn-eruptive collections and observations with stratigraphy is not possible as the temporal transition from
MU4 to MU5 is not constrained. On the left, the overall view (bottom picture) of the tephra sequence at LP34, with details of the main units shown in
the colored boxes (green, Lower Unit; orange, Middle Unit; purple, Upper Unit).
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units and that of some layers could be inferred based on direct
observations and analysis of tephra accumulation in the tray network
installed and managed by the Instituto Volcanológico de Canarias,
INVOLCAN, showing a good correlation with both lava emissions
and tremor data (Figure 2; Bonadonna et al., 2022; Rodriguez et al.
submitted). The LU (emplaced between 19 September and
10–12 October) is lapilli-dominated, interbedded with fine-to-coarse
ash layers. This unit represents the coarsest andmost voluminous unit of
the eruption associated with the highestMass Eruption Rate (MER; 4.3 ±
0.8 × 103 kg s-1) and the highest average plume height (3.8 km above sea
level, a.s.l., based on the daily morning observations reported by
PEVOLCA; Plan de Emergencias Volcánicas de Canarias, https://
www.gobiernodecanarias.org/infovolcanlapalma/pevolca/). In this
paper, the MER refers to the eruption rate associated with the tephra
blanket, while the rate associated with lava flow is referred as the lava
emission rate; in addition, the cumulative MER refers to the overall mass
eruption rate of the tephra blanket, cone, and lava. The transition from
the LU to MU was associated with a marked decrease in grainsize to
fine–coarse ash, concomitant with an increase in the volcanic tremor on
10–12 October, and a decrease in the lava emission rate. The MU
explosive activity lasted until 25–27November andwas associated with a
slightly lower MER (2.7 ± 0.6 × 103 kg s-1), fairly constant lava emission
rates (6.4 ± 3.2 × 104 kg s−1), and an average plume height of 3.3 km a.s.l.
(Bonadonna et al., 2022). Finally, the transition from theMU to UUwas
marked by a change in the seismic signature of the eruption (i.e., LP/VLP
ratio) and a decrease in the lava emission rate (4.8 ± 2.4 × 104 kg s−1;
Bonadonna et al., 2022), with a simultaneous, final increase in grainsize
of tephra layers and formation of a lava bomb field. The UU was
associated with a MER of 3.7 ± 0.9 × 103 kg s-1 and an average plume
height of 2.2 kma.s.l. (this average does not include the highest plumes of
6 and 8.5 km a.s.l. that were observed in the afternoon of the last 2 days
of the eruption; PEVOLCA reports; Bonadonna et al., 2022).

3 Methods

Field work was carried out in October–November 2021 and
February and May 2022. Syn-eruptive data acquisition during the
first campaign included i) high-definition imaging of pulsatory
activity and tephra sedimentation; ii) ash detection with an optical
disdrometer; iii) collection of ash aggregates on dedicated carbon
adhesive tapes; and iv) collection of tephra samples in dedicated trays
for determination of the accumulation rate and grainsize analysis
(Figure 2). During all campaigns, tephra samples were also collected
from trenches dug for grainsize analysis. Moreover, during February and
May 2022, selected sections analyzed during the first trip were revisited,
and additional outcrops were characterized to complete sample
collection for grainsize analysis (Figure 1). Detailed stratigraphic
analysis of the tephra blanket based on excavated trenches is
presented in Bonadonna et al. (2022).

3.1 Analysis of tephra sedimentation and
pulsatory activity based on high-definition
videos

High-definition videos of the eruption were acquired between
24 and 29 October 2021 using three cameras (Canon HF G40,

Canon HF G50, and Sony HD-SR8e) with a resolution of 1920 ×
1080 pixels and 25 frames per second (Figure 1, Supplementary Table
S1). Selected videos can be found in Supplementary Videos S1–S8.
Wide-angle videos recorded processes of tephra sedimentation, while
videos focused on the vents captured the pulsatory behavior at different
times for individual vents and at different vents active at the same time.
Given the complexity of the conduit system of Tajogaite, the fissural
characteristics of the eruption with various vents simultaneously active,
and the changing morphology of the summit area (Romero et al., 2022),
a clear distinction of the active vent at any given time was not possible.
However, three main areas with significant explosive activity were
identified and denoted for simplicity as vent 1, vent 2, and vent 3
(Supplementary Figure S1). The repose time interval, t, between the
onset of two consecutive explosions, was used to analyze the pulsatory
behavior of explosions and to classify the variability of eruptive styles
(ash-poor gas puffing, Strombolian, violent Strombolian, and lava
fountaining). In fact, pulsatory activity can be examined as a
stochastic renewal process, meaning that the system recovers at each
pulse while the eruption dynamics remain in steady conditions. These
conditions, involving complex eruptive mechanisms (e.g., magma
viscosity, magma rise rate, and conduit processes), are reflected in a
specific eruptive style at a given period during the eruption. In order to
quantify the periodicity of pulsatory activity under steady eruptive styles,
the distribution of the repose interval between pulses, t, is assessed based
on the fitting of the log-logistic parameters, μ and s, representing the
frequency and regularity of periods, respectively. Following Dominguez
et al. (2016), the explosion frequency is controlled by the parameter μ,
which is associated with the median of the repose time interval, tmedian,
and is positively correlated with the magma viscosity, η. In contrast, the
regularity of the eruptive system, including magma rise rate and conduit
processes, such as degassing and fragmentation efficiency, is associated
with the parameter s. According to this methodology, magma viscosity
plays a major role in the periodicity of pulsatory behavior and is
positively correlated with the median of the repose interval. Magma
viscosity (η) was estimated based on themodels of Giordano et al. (2008)
for melt viscosity and Costa et al. (2009) for bulk viscosity. Melt viscosity
was constrained from the glass composition of tephra collected in
October, with a minimum residual water content in the glass matrix
of 0.052 wt% and a maximum water content measured in melt
inclusions of 2.20 wt% (Burton et al., 2022; Burton et al. submitted),
as well as an averaged crystal content of 38% determined from modal
analysis.Magma temperature was fixed at 1150 °C in agreement with the
observation of Castro and Feisel (2022), Romero et al. (2022), Carracedo
et al. (2022), and Dayton et al. (2023). Without any other supporting
evidence to distinguish between different values of viscosity for each
eruptive style (e.g., effusive vs explosive, frequent and small explosions vs
almost sustained lava fountains), a viscosity range of 1.85–3.45 log10 Pa s
was estimated. These values agree with the estimations based on
rheological experiments at the same temperatures (Castro and Feisel,
2022; Di Fiore et al., 2023).

3.2 Analysis of tephra sedimentation based
on the Laser Precipitation Monitor

Local tephra sedimentation was recorded between 25 and
27 October 2021 using a Laser Precipitation Monitor (LPM)
optical disdrometer. The instrument uses a laser sheet (785 nm
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wavelength) with a surface S of 46.5 cm2 to detect settling tephra
particles. The crossing time of each detected particle is a function of its
settling velocity v, while the induced extinction of the laser is used to
retrieve its size Dp. Full details of the instrument are available in
Angulo-Martinez et al. (2018) and Freret-Lorgeril et al. (2022b). The
LPM was located at three different sampling sites concomitantly for
determining tephra accumulation rates with trays and acquiring
videos of the eruption (Figure 1). Thanks to the simultaneous
measurements of Dp and v and their number n, LPM data can be
converted into a sedimentation rate, SRLPM (kg m-2 s-1), using the
following equation:

SRLPM � πρ
6
∫

Dpmax

Dpmin

N Dp( )Dp3v Dp( )dDp, (1)

where ρ is the particle density, v(Dp) is the detected settling velocity (m
s−1) of particles with diameter Dp (m), and Dp is the resolution of
diameter classes set to 50 × 10−6 m. Given that 90% of the particles
detected by the LPM have sizes between 0 and 2 ϕ (250–1000 μm),
particle density here is considered between 1700 and 2700 kg m−3 based
on laboratory analyses and in agreement with density measurements of
tephra associated with the Etna eruptions (Freret-Lorgeril et al., 2022a).
Finally,N(Dp) is the particle number density equal to n/(SΔtv(Dp)dDp),
with Δt being the integrated time interval of the disdrometer records,
which is equal to 60 s in this study. The accumulation rate computed
from the mass of tephra accumulated in trays is also compared with the
sedimentation rate calculated from the disdrometer records using Eq. 1.
It should be noted that the LPMgrainsize data were filtered following the
procedure described in Freret-Lorgeril et al. (2022b) to eliminate
particles falling at the edge of the laser beam (i.e., margin fallers).

3.3 Analysis of ash aggregation based on
collection on carbon adhesive tapes

In order to investigate particle aggregation associated with
different eruptive and meteorological conditions, carbon adhesive
tapes were exposed, for intervals between 2 and 10 min at various
locations, between 30 October and 16 November 2021, following the
strategy of Bonadonna et al. (2015) (Figure 1; Table 1). Intervals
between 2 and 10 min were necessary in order to collect multiple,
but not overlapping, aggregates and particles for further analysis
using scanning electron microscopy. Four tapes collected on four
different days were analyzed with energy-dispersive spectroscopy of
the scanning electron microscope (SEM-EDS) at the University of

Geneva to characterize ash aggregates and determine the chemical
composition of their constituents; a total of 52 aggregates were
investigated (Table 1). The meteorological conditions at the
collection sites were characterized by the presence of light rain
on 5 and 16 November, while no rain was reported on 30 October
and 14 November.

Table 1 displays the main features of ash aggregates collected in
situ on carbon adhesive tapes and analyzed with SEM-EDS for both
size and chemical composition (see Figure 1 for locations). The
presence of crystals and precipitates of sulfur and sodium chloride is
also indicated.

3.4 Analysis of the tephra accumulation rate
and erupted mass based on tray collection

Tephra accumulation rates were estimated based on collection in
dedicated rectangular plastic trays (32 × 21 cm) at different locations
and on different days (between October and November 2021) for
durations between 2 min and approximately 98 h. The samples
collected in trays exposed between 2 and 10 min were used to
explore the accumulation rate over short time periods at different
distances from the vent. The samples collected in trays exposed for
approximately 2 and 4 days (between 43.6 and 50.6 h and 95.5 and
98.3 h, respectively) were used to characterize erupted mass and
grainsize distribution over a medium time period (collection time
was normalized to 48 and 96 h, respectively, to determine the
erupted mass and MER over 2 and 4 days). The erupted mass
was estimated based on the integration of the exponential, power
law, and Weibull empirical fitting of groundmass accumulation
versus the square root of the area of isomass contours (Pyle,
1989; Bonadonna and Houghton, 2005; Bonadonna and Costa,
2013) using the TephraFits tool of Biass et al. (2019). The
conversion from mass to volume was performed based on the
tephra blanket density of the MU (i.e., 1386 kg m-3; Bonadonna
et al., 2022).

3.5 Grainsize, plume height, and eruption
classification

A total of 154 samples collected at selected outcrops to
determine the grainsize and 28 samples collected in trays
(Figure 1) were dried overnight at 80 °C and sieved to 500 μm, at

TABLE 1 Main features of ash aggregates collected in situ on carbon adhesive tapes and analyzed with SEM-EDS for both size and chemical composition (see
Figure 1 for locations). The presence of crystals and precipitates of sulfur and sodium chloride is also indicated.

Date Average distance
from vents (km)

Aggregate type
[number analyzed]

Rain [droplet
size (μm)]

Size of the
largest
particle (μm)

Size of particles
within coating (μm)

Sulfur NaCl

30 October 1.8 PC2 [17] No 190–514 1–5 No Yes

5 November 2.3 AP3 [15] Yes [230–2000] 250–1600 5–10 Yes Yes

14 November 8.8 PC2 [3] No 130–180 5–10 Yes No

16 November 2.6 AP3 [17] Yes [1062–3700] 312–1230 5–10 Yes Yes
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half ϕ intervals. The fraction <500 μm was analyzed with the
Bettersizer S3 Plus Laser Particle Size and Shape Analyzer at the
University of Geneva (https://www.bettersizeinstruments.com/
products/bettersizer-s3-plus/). Values of F1 (wt% of
tephra <1 mm); F2 (wt% of tephra <63 μm); sorting (σϕ); and
median (Mdϕ) were calculated (Inman, 1952). Maps of iso-Mdϕ
were compiled and used to determine the mean plume height of
selected layers, units, and total tephra blanket (Bonadonna and
Costa, 2013; Freret-Lorgeril et al., 2022a). The TGSD of the selected
layers, of the three units, and of the total tephra blanket was
determined based on the Voronoi tessellation strategy
(Bonadonna and Houghton, 2005; Biass and Bonadonna, 2014).
Grainsize data were also combined with dispersal data (Bonadonna
et al., 2022) to classify the explosive phase of the 2021 Tajogaite
eruption based on the method ofWalker (1973). In particular, the wt
% of tephra particles with diameter smaller than 1 mm, measured
along an axis of dispersal where the isopach is 10% of the maximum
thickness (F), was combined with the area enclosed by the isopach
contour representing 1% of the maximum thickness (D); while F is
an indicator of fragmentation, D is an indicator of plume height
(Walker, 1973).

4 Results

4.1 Eruption dynamics and tephra
sedimentation during the deposition of the
middle unit

Thanks to in situ observations and sampling between October and
November 2021 (Figure 2), specific characteristics of eruption dynamics
and tephra sedimentation during the deposition of the MU could be
described in detail. These features include i) pulsatory activity (based on
videos taken between 24 and 29October 2021; Supplementary Tables S1,
S2); ii) sedimentation rate (based on LPM detection on 26 October
2022); iii) accumulation rate and grainsize characteristics (based on
sequential sampling in trays between 24 October and 4 November;
Table 2 and Supplementary Table S3); iv) sedimentation features (based
on videos taken between 24 and 29 October 2021; Supplementary Table
S1); and v) particle aggregation (based on in situ sampling on dedicated
carbon adhesive tapes between 30 October and 16 November; Table 1).

In order to best interpret our syn-eruptive observations and
sampling, it is crucial to consider the fine-to-coarse ash-dominated
nature of the MU intercalated with lapilli layers that were emplaced

between 11 ± 1 October and 26 ± 1 November 2021 (Figure 2). Six
layers could be identified within theMU based on grainsize variation
(MU1 to MU6), with a transition between MU1 andMU2 occurring
on 15 ± 1 October and between MU5 and MU6 on 2 ± 1 November;
no time constraint could be identified for MU3 and MU4 (Figure 2)
(Bonadonna et al., 2022; Rodriguez et al. submitted). The most
distinctive layers are MU1 (massive, black ash-bearing layer); MU2
(~millimeter-thick, red, oxidized fine-to-coarse ash-bearing layer);
and MU5 (massive, poorly sorted, brown-to-black lapilli-bearing
layer). While MU1 represents the finest layer, MU5 represents the
coarsest layer of MU. MU2 was used as a marker layer to help
correlate the deposits at different distances from the vent, given the
distinctive abundance of red, oxidized dense lithics. MU6 is
characterized by an alternation of massive, moderately to poorly
sorted, gray-to-black ash sub-layers (MU6.1 to MU6.5) (Bonadonna
et al., 2022).

4.1.1 Pulsatory activity
The explosive phases of the Tajogaite eruption were

characterized by a remarkably complex pulsatory activity of
various intensities and frequencies at multiple vents that were
often simultaneously active. A variety of eruptive styles associated
with three vent areas and imaged in six videos taken between 24 and
29 October (Figure 2) were classified based on the general
observation that puffing activity is associated with frequent and
irregular ash-poor gas puffs (passive degassing); Strombolian
explosions are characterized by highly regular and frequent
pulses associated with very proximal (<1 km from vents) and
short-lived fallout; violent Strombolian explosions are
characterized by less regular and less frequent pulses generating a
continuous ash-rich plume; and lava fountaining represents more
irregular and nearly continuous steady-state flow (Dominguez et al.,
2016; Houghton et al., 2016; Spina et al., 2019) (Figures 3A–E and
Supplementary Tables S1, S2).

Since pulsatory analysis for specific eruptive styles requires
periods of steady conditions, examples of three types of
stationary eruptive dynamics were analyzed (Figure 3;
Supplementary Tables S1, S2): i) variable eruptive dynamics over
time at vent 1 (i.e., Supplementary Videos S1, S5; Figure 3); ii)
simultaneous but different eruptive dynamics at vents 1, 2, and 3
(i.e., Supplementary Videos S3, S8; Figure 3); and iii) lava fountains
at vent 1 (i.e., Supplementary Videos S6, S7; Figure 3). Repose time
intervals range from 0.04 to 43.00 s for the whole Tajogaite dataset,
with a median time interval (tmedian) of 2.16–14.08 s (Figure 3F and

TABLE 2Mass associated with activity normalized between 2 and 4 days as calculated from tephra accumulation in dedicated trays. Collection started between 11:
40 and 16:00 on 29 October and ended between 12:27 and 14:38 on 31 October (for the 2-day calculation) and it started between 12:31 and 14:42 on 31 October
and ended between 13:43 and 14:46 on 4 November (for the 4-day calculation) over the seven trays (Figures 5E, F). Values of break in slope (BS) for the 2-segment
exponential integration of the power-law exponent are indicated in brackets. Mass for the power-law integration represents the average of two values determined
considering two distal limits of integration selected for values of thickness of 0.1 cm and 0.01 cm which correspond to 10 and 30 km for 2-day accumulation and
50 and 100 km for 4-day accumulation, respectively. The MER was calculated from the ratio between the average value of mass and duration.

Mass (x 108 kg) MER (average) (x 103 kg s-1) (power law)

Exponential Power law (exponent) Weibull Average

1 segment 2 segments (BS-km)

2 days (29–31 October) 0.6 - 0.7 (2.1) 0.7 0.7 0.4

4 days (31 October—4 November) - 3.2 (1.8) 22.8 (0.7) 35.7 20.5 6.0

Frontiers in Earth Science frontiersin.org07

Bonadonna et al. 10.3389/feart.2023.1166073

https://www.bettersizeinstruments.com/products/bettersizer-s3-plus/
https://www.bettersizeinstruments.com/products/bettersizer-s3-plus/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1166073


Supplementary Table S2). Log-logistic parameters, μ and s, range
from 0.35 to 2.66 and 0.26 to 0.38, respectively (Figure 3G and
Supplementary Table S2).

The first analysis focuses on variable eruptive styles at vent 1.
Datasets T1 and T5 show an overall change in the eruptive
behavior over time at vent 1, that shifts from frequent and

FIGURE 3
Analysis of pulsatory activity at multiple times and vents. (All videos can be found in supplementary material indicated as Supplementary Videos
S1–S8) (A–E) Snapshots taken from five analyzed videos (see Figure 4 for Supplementary Video S5). (F) Correlation of the median repose interval (tmedian)
as a function of magma viscosity and eruptive styles. Error bars correspond to the absolute error of the median repose interval (X-axis) and the range of
viscosities estimated as minimum and maximum water content (Y-axis). The dashed area corresponds to the datasets analyzed in this study. (G)
Variation of log-logistic parameters, μ and s, for eruptions in the dashed area of (F). Error bars correspond to the standard error of fitted parameters. Black
arrows indicate a style change sequence at the same vent. Eruptive style observations are associated with Strombolian (light purple), violent Strombolian
(dark cyan), and lava fountaining (dark blue). Black dot of T3-v2 and T8-v2 indicates the analysis of vent 2. Gray dot of T8-v3 indicates the vent 3. All other
data are related to vent 1 (see Supplementary Tables S1, S2; Supplementary Figures S1, S2 for more details).
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regular Strombolian explosions (T1-v1a) associated with limited
amount of ash to less frequent and irregular violent Strombolian
explosions (T1-v1b) associated with a continuous ash-rich plume
(Figure 3G, Supplementary Table S2). Vent 2 was also active at the
same time, but analysis of the associated activity was not possible
due to poor visibility. An interesting variation of pulsatory
behavior for T5 was observed for 2 h and 24 min in
Supplementary Video S5. Based on the statistical analysis of
stationarity, three periods were identified, shifting from
frequent and regular Strombolian explosions (T5-v1a) to less
frequent and irregular violent Strombolian explosions (T5-v1b)
to finally becoming an almost continuous flow (lava fountaining),
although with fluctuations in the pulsatory activity (T5-v1c)
(Figure 3G; Supplementary Table S2).

The second analysis concerns simultaneous and variable
eruptive styles at vent 1, vent 2, and vent 3. The results show
that, when active at the same time, vent 1 had a less intense activity

in comparison with vent 2, with explosion frequency being higher at
vent 1 than at vent 2 (T3-v1 to T3-v2 and T8-v1 to T8-v2). In
particular, T8 shows a sustained and vigorous plume at vent 2 with
long repose periods, displaying a behavior characteristic of
Vulcanian activity (i.e., close to that of Eyjafjallajökull
2010 eruption; Dominguez et al., 2016). Although active at the
same time, vent 3 was mostly associated with the emission of ash-
poor gas puffs characterized by high frequency and low regularity
(Figure 3G; Supplementary Table S2). Furthermore, an increasing
degassing (white, ground-hugging cloud) on the SW slope was
observed during the period of analysis (Figure 3E).

The third analysis concerns lava fountains at vent 1 during the
night (datasets T6 and T7; Figures 3C, D). The results indicate very
frequent and relatively regular explosions (T6-v1a; T7-v1a)
(Figure 3G; Supplementary Table S2). The activity at the other
vents could not be determined because of nighttime and the almost
sustained flow at vent 1.

FIGURE 4
Comparison between repose interval analysis and Laser Precipitation Monitor records obtained on 26 October 2021. (A) Photographs of the active
vents on 26 October 2021 between 16:00 and 18:20 LT taken at 30-min intervals. (B) Time series of the repose interval acquired from Supplementary
Video S5 (details in Figure 3 and Supplementary Tables S1, S2); the stationarity test is indicated by the moving average (red line) fromwhich three datasets
have been selected (T5-v1a, T5-b1b, and T5-v1c pulsatory results in Figures 3F, G). (C) 1-min interval time series of the total number of particles
(black line) and Mdϕ (dashed red line). (D) 1-min interval time series of the sedimentation rates SRLPM calculated considering a particle density between
1700 and 2700 kg m−3 (double blue dashed line); values of accumulation rate from trays located next to the disdrometer are also displayed with step lines
and red triangles (see also Figure 5A).
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4.1.2 Tephra sedimentation rate (LPM) and
accumulation rate (trays)

LPM measurements obtained for the afternoon of 26 October
2021 were correlated with both the analysis of pulsatory activity
(Supplementary Video S5 in Supplementary Tables S1, S2)
(Figure 4) and the analysis of tephra accumulation rate in trays
(Figure 5A). Starting from 16:00 local time (LT), corresponding to
the onset of the T5 dataset, the eruptive activity of Tajogaite
progressively shifted from relatively regular Strombolian

explosions to sustained lava fountaining activity at vents 1 and 2,
with at least three periods of increasing intensity activity identified
from the statistical analysis of the repose interval (Figure 3G,
Figure 4A, B). For this period, the LPM captured both a size
increase (i.e., Mdϕ values of 1.5 ± 0.1 between 16:00 and 17:
00 LT down to 0.9 ± 0.1 between 18:00 and 18:20 LT) and a
particle number increase (from 33 ± 23 to 492 ± 50 particles per
min on average for the whole dataset; Figure 4C). At the same time,
the sedimentation rate continuously increased from the base level of

FIGURE 5
(A) Tephra accumulation rate at various locations (blue, red, green, and yellow diamonds in Figures 5E, F) and for different time intervals on 24 (14:
12–15:28 LT, local time), 26 (17:10–18:12 LT), and 27 (11:14–11:29 and 14:34–14:49 LT) October 2021 (g m−2 s−1) (dashed lines indicate values of
cumulative tray: AV, average accumulation rate). (B) Variation of Mdϕ in time and (C) σϕ versus Mdϕ for the tephra-fallout collection at Tacande on
24 October (blue line in Figure 5A and blue diamond in Figures 5E, F) (dashed line and orange square indicate values of the cumulative tray). (D)
Ground accumulation in time (kg m−2) at two locations (T1 and T2 in Figures 5E, F). Isomass map (kg m−2) indicating tephra accumulation collected (E)
between 44 and 51 h and normalized over 48 h (minimum collection time: 11:40 on 29 October; maximum collection time: 14:38 on 31 October) and (F)
between 95 and 98 h and normalized over 96 h (minimum collection time: 12:31 on 31 October; maximum collection time: 14:46 on 4 November). See
Table 2 for associated values of erupted mass and MER and Supplementary Table S3 for mass load values of Figures 5E, F.
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4.0 ± 2.8 × 10−3 g m−2 s−1 (average between 16:00–16:10 LT) up to
1.2 ± 0.5 g m−2 s−1 (average between 18:00 and 18:20 LT)
(Figure 4D). LPM-based sedimentation rates are slightly higher
but consistent with the values of the accumulation rate obtained
from tray samples of the same period (average ratio of 0.64 ± 0.9).
These observations agree with a gradual change in the eruptive style
and with the periods identified based on the pulsatory analysis (T5-
v1a, T5-v1b, and T5-v1c; Figure 4B).

Additional observations of the tephra accumulation rate and
grainsize in trays were made between 24 October and 4 November
2021 for variable collection times. In particular, individual trays
were used at specific locations to investigate variability over short
time periods (between 2 and 10 min; Figures 5A–C), while a network
of seven trays was used to investigate variability over 2–4 days

(Figures 5D–F). On 24 October, a 78-minute-long fallout episode
was sampled every 10 min with a single tray and showed a mean
accumulation rate of 0.3 g m−2 s−1 and a peak accumulation rate of
1.2 g m−2 s−1 over 10 min that began 20 min after fallout onset
(Figure 5A). During the same collection, values of Mdϕ varied
between −0.6 and 0.6 ϕ, showing an inverse correlation with σϕ
and no direct relation with sedimentation time (Figures 5B, C).
Variation in accumulation rates has also been observed for shorter
durations (e.g., 2–5 min on 26 and 27 October; Figure 5A).

Accumulation rates investigated using a network of seven trays
between 29 and 31 October and between 31 October and
4 November correspond to the sedimentation of layers MU2 to
MU5, which started on 15 ± 1 October and transitioned to MU6 on
2 ± 1 November (Figures 1, 2; Bonadonna et al., 2022). The large
variation in accumulation rates due to pulsatory activity described
previously is responsible for the breaks in tephra accumulation over
medium durations (i.e., days), reaching maximum values of
approximately 37 kg m−2 and 16 kg m−2 between 26 October and
4 November 2021, respectively, at two locations at distances between
1.9 km (tray T2) and 3.2 km (tray T1), SW of the vents (Figure 5D).
Associated accumulation rates for the same period over 2 and 4 days
are 0.02 and 0.06 g m−2s-1, respectively. Based on these accumulation
rates, 0.7 × 108 kg and 2.1 × 109 kg were erupted between 29 and
31 October and between 31 October and 4 November, respectively
(average calculation based on seven trays; Figures 5E, F; Table 2).
The associated average MER of 0.4 × 103 kg s−1 and 6.0 × 103 kg s−1

(for 2 and 4 days, respectively) are on the same order of
magnitude as the MER of the whole MU calculated from
tephra blanket data (i.e., 2.7 × 103 kg s−1; Bonadonna et al.,
2022). The accumulation of 0.7 × 108 kg between 29 and
31 October, which was converted into a volume of 4.9 × 104 m3,
corresponds to the final sedimentation period for the layers
MU2 to MU5 (15 ± 1 October to 2 ± 1 November; Bonadonna
et al., 2022). The accumulation of 2.1 × 109 kg between 31 October
and 4 November corresponds to a volume of 1.5 × 106 m3 and
includes the transition from MU5 to MU6. Interestingly, the
volume of MU5 is 1.8 ± 0.4 × 106 m3, while that of the whole
MU, with a duration of 46 ± 2 days, is 7.8 ± 1.1 × 106 m3

(Bonadonna et al., 2022). Even though the uncertainty on the
erupted mass based only on seven trays located SW of the vents can
be significant, these results suggest that the MER was not constant
during the MU, with low values toward the end of MU2–MU5 and
an increase with the transition from MU5 to MU6. In fact, the
volume associated with the period between 29 and 31 October
represents only 3% of the total volume erupted between 31 October
and 4 November.

4.1.3 Particle sedimentation and aggregation
Various sedimentation features at the margins of plumes and

at the base of the volcanic clouds were observed during the
deposition of the MU (Figure 6). Close to the vents (at
distances <1 km), coarse particles intermittently detached
from the margin of the rising volcanic plume, forming discrete
patches of sedimentation that took the form of distinct particle-
rich descending columns (Figure 6A; Supplementary Videos S1,
S4 in Supplementary Table S1). These proximal sedimentation
features are here referred to as lapilli waves and are analogous to
the clustering of particles described in the experiments of Penlou

FIGURE 6
(A) Proximal lapilli wave descending close to the vent on
24 October 2021. (B) Distal ash fingers forming over the sea on
25 October 2021 (photograph taken from camera location C4;
Figure 1). (C) Various atmospheric processes affecting the
volcanic plume on 24 October 2021, including orographic wind flow,
sea breeze, and thermal convection associated with the lava flow field
(arrows indicate the direction of flows and do not point at specific
elements in the picture). See also videos in Supplementary Material
and Supplementary Table S1 for more details.
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et al. (2023). Farther from the vents, ash fingers were observed
(Figure 6B). Although similar to lapilli waves, ash fingers involve
finer volcanic ash and are possibly formed by gravitational
instabilities (Carazzo and Jellinek, 2012; 2013; Manzella et al.,
2015; Fries et al., 2021). In addition, tephra sedimentation was
affected by a combination of complex atmospheric, topographic,
and thermal processes. As an example, Figure 6C shows how the
volcanic plume on 24 October was elongated mainly toward the
SW direction by strong trade winds; however, other directions of
propagation were also observed as induced by land/sea breezes
and orographic effects in combination with upward motions due
to the thermic effects of lava flow, possibly impeding the
sedimentation of the finest particles that were kept in
suspension (Supplementary Video S2 in Supplementary
Table S1).

Atmospheric conditions also impacted particle–particle
interactions and the formation of ash aggregates as shown by
the in situ collection on adhesive tapes between 30 October and
16 November (Figure 7; Table 1). In case of dry conditions,
tephra sedimentation was dominated by single, coarse-ash
particles (between ~100 and 500 μm; Table 1) with a light
coating consisting of particles with sizes <10 μm (i.e., coated

particles–particle clusters 2: PC2—according to the classification
of Brown et al., 2012; Figures 7A, B). During rainy days, liquid
pellets were also observed (i.e., accretionary pellets 3: AP3,
according to the classification of Brown et al., 2012;
Figure 7). The relative amount of the liquid fraction with
respect to the solid phase in each aggregate depends on the
cross-section of the droplet and the grainsize of solid particles
scavenged during the fallout. Therefore, it is not surprising to
observe a great variety of grainsizes and compositions even for
AP3s collected at the same location and during the same eruptive
event. Overall, 31% of observed AP3s were characterized by a
few (<10) coarse-ash particles (e.g., 400–700 μm; Table 1)
scavenged by droplets with a diameter >2000–2800 μm,
containing a variable amount of fine ash (Figures 7C, D). In
addition, 24% of observed AP3s consist of several (>10) coarse-
ash particles (e.g., 467–1230 μm; Table 1) scavenged by smaller
droplets (1000–2000 μm) (Figure 7E). The remaining 45% of
observed AP3s show a large concentration of poorly sorted ash
particles scavenged by relatively small droplets (i.e., <1000 μm)
(Figure 7F). The size of the largest particles collected on the
adhesive tape for locations at similar distances from the vents
depends on various factors such as differences in the eruptive

FIGURE 7
(A, B) PC2s collected on 30 October in the absence of rain; (C–E) AP3s collected on 16 November; (F) AP3 collected on 5 November; (G)
AP3 collected on 5 November showing the presence of (H) sulfur (x10) and (I) sodium chloride (x10); (J) AP3 collected on 5 November showing the
presence of (K) sulfur and sodium chloride (x100) and (L) sulfur (x100). See Figure 1 and Table 1 for more details.
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conditions, variability in the size of the rain droplet, or on the
fact that ash scavenging from rain droplets can occur in different
regions of the plume or volcanic cloud with respect to where the

aggregates start to sediment (Table 1). Independent of the
collection date and site, the smallest particles observed in the
coating of PC2s and inside the AP3s were always <10 μm.

FIGURE 8
Grainsize distribution of selected individual layers (LU1, LU2, LU3, MU1, andMU5); all units (LU,MU, and UU); and the total tephra blanket for locations
at increasing distance from vents on the SW dispersal axis (see Figure 1; Supplementary Figure S3 for locations).
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Interestingly, some PC2s and AP3s revealed remarkable
amounts of sulfur in the form of crystals and precipitates,
and sodium chloride in the form of crystals, probably
resulting from the mixing of the sea water evaporation with
the volcanic plume or cloud (Figures 7G–L; Table 1). In our
dataset, the presence of sulfur and sodium chloride is not
correlated with the presence or absence of rain (Table 1).

4.2 Grainsize features of the Tajogaite whole
tephra blanket

Grainsize distributions of selected layers (LU1, LU2, LU3, MU1,
and MU5) of all units (LU, MU, and UU), and of the total tephra
blanket are all unimodal (Figure 8), with Mdϕ values
between −2.2 and 2.3 ϕ (4.6–0.2 mm) and sorting values (σϕ)
between 0.4 and 1.6 (Figures 9A, B). While most layers (LU1,
LU2, LU3, and MU5) show an increase in Mdϕ (i.e., decrease in
grainsize) with distance from vents, the grainsize of MU1 does not
vary significantly (Figure 8, Figure 9A, B). As an example, Mdϕ
values of LU1 vary between −2.2 and 2.2 ϕ (4.6–0.2 mm) and

between 0.7 and 5.3 km with distance from vents, while those of
MU1 vary between 1.1 and 2.3 ϕ (0.5–0.2 mm) (Figures 9A, B and
Supplementary Figure S4). There is a clear inverse relation between
Mdϕ and σϕ of all units and the total tephra blanket, implying that
Mdϕ values increase, while values of σϕ decrease with distance from
vents (Figure 9B). This inverse relation was also observed in the case
of sequential tray collection in time (Figure 5C), suggesting that fine-
grained deposits are better sorted. As a general trend, the MU and
LU are associated with the highest and the lowest Mdϕ values,
respectively, at any given distance from vents, while both the UU
and the total tephra blanket are associated with intermediate Mdϕ
values (Figures 9A, B). In addition, the MU and LU are associated
with the lowest and the highest σϕ values at any given distance from
vents, while the UU and the total tephra blanket display
intermediate σϕ values (Figures 9A, B). In fact, the LU is
associated with the coarsest layers, while both MU and UU
alternate between coarse and fine layers (Bonadonna et al., 2022).
There is a clear increase in F1 values (wt% of particles <1 mm) with
distance from vents, with values up to 100 wt% for MU1, while
F2 values (wt% of particles <63 μm) are always below 6 wt% without
a clear correlation with distance from vents (Figures 9C, D;

FIGURE 9
Plots of (A)Mdϕ versus distance from vents; (B) σϕ versus Mdϕ; (C) F1 (wt% <1 mm) versus distance from vents; and (D) F2 (wt% <63 μm) versus F1 of
selected layers (colored circles: LU1, LU2, LU3, MU1, andMU5), all units (colored squares: LU,MU, and UU), and total deposit (black square). Symbols with a
yellow dot indicate values of Mdϕ, σϕ, F1, and F2 that have been combined based on a weighted average of individual samples of sublayers, layers, and
units. Plots of F2 and σϕ expressed as a function of the distance from vents are shown in Supplementary Figure S4.
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Supplementary Figure S4). All results concerning grainsize are
available in the Supplementary Data Sheet S1.

Table 3 displays the grainsize features of TGSD for selected
layers, all units, the total tephra blanket, and the tray network

(Figures 5E, F). Mdϕ and σϕ indicate median and sorting values,
respectively (Inmann, 1952). F1 and F2 indicate the weight fraction
of particles with diameter < 1 mm and <63 μm, respectively. The
number of samples used in the calculation of TGSD is also shown.

TABLE 3 Grainsize features of TGSD for selected layers, all units, the total tephra blanket, and the tray network (Figures 5E, F). Mdϕ and σϕ indicate median and
sorting values, respectively (Inman, 1952). F1 and F2 indicate the weight fraction of particles with diameter < 1 mm and <63 μm, respectively. The number of
samples used in the calculation of TGSD is also shown. See also Supplementary Tables S4, S5 and Supplementary Figures S5–S7 for TGSD and sensitivity analysis.

Number of samples Mdϕ σϕ F1 (wt%) F2 (wt%)

TOT 10 0.7 1.4 67.9 0.4

UU 11 −0.2 1.4 43.1 0.4

MU5 8 −0.4 1.5 40.4 0.2

MU1 17 2.0 1.0 98.2 3.5

MU 18 1.4 1.1 87.9 2.1

LU3 15 0.3 1.1 60.4 0.3

LU2 19 −0.4 1.3 39.9 0.1

LU1 19 −0.5 1.8 38.7 0.7

LU 19 −0.5 1.4 36.6 0.4

Tray network

2 days 7 1.9 1.4 92.3 2.5

4 days 7 0.8 1.1 64.3 2.2

FIGURE 10
Total grainsize distribution for (A) total deposit, (B) Lower Unit, (C) Middle Unit, and (D) Upper Unit. The primary y-axis shows the weight percent
contained within each gray bin for each unit. The secondary y-axis shows the TGSD in a cumulative form for all curves including selected layers for the LU
and MU (LU1, LU2, LU3, MU1, and MU5). See Supplementary Tables S4, S5 for sensitivity analysis and wt% values, respectively.
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See also Supplementary Tables S4, S5 and Supplementary Figures
S5–S7 for TGSD and sensitivity analysis, respectively.

The TGSDs of all selected layers, units, and total tephra blanket
are unimodal, with Mdϕ values between −0.5 ϕ and 2.0 ϕ
(700–200 μm), for LU–LU1 and MU1, respectively, and σϕ
values between 1.0 and 1.8, for MU1 and LU1, respectively
(Figure 10; Table 3). It is interesting to note that the TGSD of
the tephra accumulated in trays between 29 and 31 October (2 days
in Table 3) and 31 October and 4 November (4 days in Table 3) is
finer than that of MU5, which was deposited at the end of the
period 14 October–3 November (0.8–1.9 ϕ versus −1.4 ϕ; Table 3).
This can be explained by the differences in distances from vents for
the tray network and the outcrops used to determine the TGSD of
MU5, that were 1.7–3.7 km and 0.7–2.7 km, respectively (Figure 1,
Figure 3).

The F1 values of the TGSD of the LU, UU, and selected layers
(LU1, LU2, andMU5) are below 50 wt%, while the F1 values of LU3,
MU, and MU1 are between 60 and 98 wt% (Table 3). The F2 values
of the TGSD of most layers and units are <1 wt%, except for the MU

and MU1 (Table 3). The F1 and F2 values of the cumulative
Tajogaite tephra blanket are 67.9 wt% and 0.4 wt%, respectively
(Table 3), confirming the very low amount of fine ash in the deposit.
In agreement with the distribution of deposit thickness (Bonadonna
et al., 2022), contours of Mdϕmaps of the total tephra blanket, units,
and selected layers are symmetrical around the vents, with shapes
varying from sub-circular to elongated in the NE–SW direction,
except for MU1 (Figure 11).

4.3 Plume height and eruption classification

Plume heights were determined based on the iso-Mdϕ maps
shown in Figure 11 (Bonadonna and Costa, 2013; Freret-Lorgeril
et al., 2022a). While Bonadonna and Costa (2013) identified a
power-law equation to fit the λ values of the Weibull fit of Mdϕ
versus distance from vent (λΜdϕ) and plume height of Plinian
eruptions, Freret-Lorgeril et al. (2022a) found that a logarithmic
trend better describes selected paroxysms at Etna (Figure 12A). The

FIGURE 11
Mdϕmaps for (A) total tephra blanket, (B) Lower Unit, (C)Middle Unit, and (D)Upper Unit and layers (E) LU1, (F) LU2, (G) LU3, (H)MU1, and (I)MU5. See
Figure 1 and Supplementary Data Sheet S1 for values of Mdϕ.
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values of λΜdϕ of selected layers, all units, and the whole tephra
blanket of the Tajogaite eruption are all <8 km, which is lower than
the values of Plinian eruptions and of Etna paroxysms, that are
all >9 km (see also Supplementary Figure S8 for Mdϕ trends with
distance from vents from which λΜdϕ values were derived). Based on
a new power-law fit that includes the Plinian eruptions mentioned in
Bonadonna and Costa (2013) and the Etna paroxysms mentioned in
Freret-Lorgeril et al. (2022a) (red trend line in Figure 12A), the
associated plume heights of the Tajogaite eruption vary between
2 and 5 km above the vent level (a.v.l.). These values agree with the
mean and maximum values of plume height, as reported by
PEVOLCA (2.2 and 7.5 km a.v.l., respectively; dashed horizontal
lines in Figure 12A). In particular, the Mdϕ-based plume height of
the whole tephra blanket, which represents the time-averaged plume
height of the overall Tajogaite eruption, is 2.9 km a.v.l., slightly
higher than the mean value of the daily morning observations
reported by PEVOLCA (2.2 km a.v.l.). The Mdϕ-based plume

height of the LU, MU, and UU is also slightly higher than the
mean value indicated in the PEVOLCA reports (4.2, 3.0, and 3.5 km
a.v.l. versus 2.9, 2.3, and 1.2 km a.v.l., respectively). In order to
compare Mdϕ-based plume heights and plume heights indicated in
the PEVOLCA reports, the Tajogaite explosive vents with a height of
~1000 m above the sea level are considered (Civico et al., 2022).
Given that plume heights reported by PEVOLCA are only related to
one observation in themorning of each day, some discrepancies with
the Mdϕ-based plume heights, which represent the average over the
whole period considered, are expected. It is also interesting to note
how only the Mdϕ-based plume height of MU1 is below the mean
plume height as derived from the PEVOLCA reports (Figure 12A).
Overall, higher plumes were obtained for the LU than for the MU
and UU, in agreement with observations (mean values of 2.9, 2.3,
and 1.2 km a.v.l.; PEVOLCA reports), even though the highest
observed plume (7.5 km a.v.l.) occurred within the UU, which
marked the end of the eruption (Bonadonna et al., 2022).

FIGURE 12
(A) Plot of plume height above vent (km) versus λMdϕ (km) for various Plinian eruptions (circles; Bonadonna and Costa, 2013) and Etna paroxysms
(inverted triangles; Freret-Lorgeril et al., 2022a); three best-fit trends are shown to fit values of λMdϕ for the Tajogaite layers, units, and total tephra blanket
(colored diamonds) (power-law: Bonadonna and Costa, 2013; logarithmic; Freret-Lorgeril et al., 2022a; power-law: this study). The power-law trend of
this study (red line) is based on the Plinian eruptions and the Etna paroxysms. Horizontal dashed lines indicate the mean and maximum observed
plume height of the Tajogaite eruption as indicated in the PEVOLCA reports (considering a vent height of 1000 m a.s.l; Civico et al., 2022) (see
Supplementary Figure S8 for Mdϕ trends). (B) Classification plot of Walker (1973) for all units (LU, MU, and UU) and total deposit (colored circles) (adapted
from Rowland et al., 2009). D and F represent the average of different values associated with different assumptions (i.e., choice of maximum thickness
depending on the use of two or three segments on semi-log plots of deposit thickness versus the square root of the isopach area and different dispersal
axis; Supplementary Table S6). D and F values of Paricutín 1943–1952, El Jorullo 1759–1774 (Mexico), and Teneguía 1971 (La Palma) are also shown for
comparison (white symbols; data from Rowland et al. (2009); Walker (1973)). For a better comparison with the values of El Jorullo, the black triangle
(Total*) represents the values of D and F for the Tajogaite eruption considering the maximum thickness of the cone (187 m; Civico et al., 2002) instead of
the maximum thickness of the tephra blanket (derived from plots of deposit thickness versus the square root of the isopach area) (see text for more
details).
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Grainsize (F) and dispersal (D) features have been used for
eruption classification of the LU, MU, and UU and the total
Tajogaite tephra blanket (Walker, 1973) (Figure 12B). Given that
different values of maximum thickness are obtained depending on
the number of segments identified in a semi-log plot of thickness
versus the square root of the isopach area, and that two dispersal
axes are identified in the isopach maps (Bonadonna et al., 2022),
multiple values of F and D could be identified (Supplementary Table
S6). Nonetheless, F values associated with locations NE and SW of
the vent converge for the total tephra blanket and most units. Values
of F and D have been averaged to identify the eruptive style in the
classification plot of Walker (1973). Violent Strombolian eruptions
such as Parícutin 1943–1952 and El Jorullo 1759–1774 in Mexico,
typically plot between Surtseyan and Strombolian eruptions because
they have similar dispersal (similar D) but higher ash content
(higher F) (Walker, 1973; Rowland et al., 2009). Interestingly, the
LU, MU, and UU and the whole tephra blanket plot on the right of
the eruption of Parícutin and El Jorullo, above the field of subPlinian
eruptions, having D between 10 and 100 km2, but F between 30 and
80 wt%. In particular, the total tephra blanket has values of D and F
of ~60 km2 and ~70 wt%, respectively. It is important to note that F
and D in the case of El Jorullo were determined based on the height
of the cone and not on the maximum thickness of the tephra blanket
as derived from semi-log plots of thickness versus the square root of
the isopach area (Rowland et al., 2009). In case the height of the
Tajogaite cone is considered (187 m; Civico et al., 2022), the whole
eruption plots just above the Strombolian field (black triangle in
Figure 12B). As a term of comparison, the 1971 Teneguía eruption of
Cumbre Vieja (La Palma) is also shown plotting in the Strombolian
field based on a maximum thickness as calculated from a semi-log
plot of thickness versus distance from the vent (Walker, 1973).

5 Discussion

5.1 Tephra sedimentation and grainsize
features of the Tajogaite eruption

The tephra blanket associated with the Tajogaite eruption is
mostly symmetrical with respect to the eruptive fissure, with a
prevailing elongation in the NE–SW direction due to the
interplay between strong trade winds, that blow to the SW;
weaker winds, that can also blow in other directions; and the
land/sea breezes that act daily on tephra dispersal (Bonadonna
et al., 2022). The deposit thickness distribution agrees with the
deposit grainsize distribution represented by the values of Mdϕ
(Figure 11). Similarly, all values of the fragmentation index (F) are
primarily consistent SW and NE from the vents for a given value of
dispersal index (D) (Supplementary Table S6). Only the F values of
the UU are slightly different SW and NE from the vents since the
associated blanket is more elongated toward SW with respect to all
other units (Bonadonna et al., 2002).

The pulsatory explosive activity of the Tajogaite eruption,
combined with variable eruptive styles in time and from
simultaneous vents, resulted in variable sedimentation and
ground accumulation rates and grainsize features at the timescale
of minutes to hours (Figure 4, Figure 5). Overall, lack of fine ash
(F2<6 wt% for all layers and units at all outcrops; Figure 9,

Supplementary Figure S4 and Supplementary Data Sheet S1)
resulted in limited particle aggregation and gravitational
instabilities. Therefore, grainsize distributions of individual
outcrops are unimodal for individual layers, for individual units,
and for the total tephra blanket (Figure 8). TGSD is also unimodal
for all selected individual layers, for all units, and for the total tephra
blanket (Figure 10). The lack of correlation of F2 with distance from
vents is mostly due to the overall small amount of fine ash that is,
nevertheless, associated with a wide dispersal thanks to particle
aggregation and ash fingers (Supplementary Figure S4). It is
important to consider here that, given the small fraction of fine
ash observed, we expect the TGSD to be very similar to the grainsize
of the whole material erupted, even though its estimation is only
based on field observations and does not include satellite retrievals
(Freret-Lorgeril et al., 2022a). However, given the small size of the
island, it is not excluded that a significant fraction of fine ash has
been sedimented in the ocean and, therefore, it is not included in the
TGSD presented here.

Even though tephra dispersal did not vary significantly over
time, tephra during the first 3 weeks (LU) and during the last
2 weeks (UU) of the Tajogaite eruption was coarser than during
the intermediate phase (MU) (Table 3), suggesting fluctuations in
eruption intensity. In fact, in the proximal area, while lapilli-rich
layers characterize the LU and UU, the MU is associated with the
emplacement of ash-rich layers (e.g., MU1) intercalated with
sporadic lapilli-rich layers (e.g., MU5). This is reflected in the
Mdϕ values of the LU, MU, and UU (−0.5, 1.4, and −0.2 ϕ,
respectively) associated with average D values of 36, 28, and
93 km2, respectively (Supplementary Table S6). It is important to
consider that the D value of the UU is larger because it is associated
with the final climactic phase of the eruption. The two highest
plumes (one up to 5.0 km and the other up to 7.5 km a.v.l.) occurred
in the last 2 days, also favored by weak winds, even though they are
not included in the morning observations reported by PEVOLCA.
This is also evidenced by values of plume heights derived from the
Mdϕ trend of the UU with distance from vents, which vary between
3 and 4 km a.v.l. (Figure 12A).

Regardless of the more mafic composition (basanite–alkali
basalt), the Tajogaite grainsize features are similar to those of the
1943–1952 Parícutin eruption (basaltic andesite to andesite) and of
the 1759–1774 El Jorullo eruption (basaltic to basaltic andesite),
both classified as violent Strombolian (Pioli et al., 2008; Rowland
et al., 2009). The proximal deposit of the Parícutin eruption (1–3 km
from the vent) was characterized by coarse-ash to lapilli layers with
Mdϕ of 0–1 ϕ, intercalated by ash-rich layers with Mdϕ of 1-2 ϕ
(Pioli et al., 2008). The proximal deposit (0.5–4 km from the vent) of
the El Jorullo eruption was characterized by Mdϕ of 0.8–3.5 ϕ
(Rowland et al., 2009). Within a similar distance range (0.7–5.3 km),
the ash-rich layer MU1 is associated with Mdϕ between 1.1 and 2.3
ϕ, while the lapilli to coarse-ash layers (e.g., LU1 and MU5) have
Mdϕ between −2.2 and 2.2 ϕ and −1.9 to 1.4 ϕ, respectively (Figure 9
and Supplementary Data Sheet S1). Nonetheless, two main
differences with respect to Parícutin and El Jorullo eruptions can
be observed. First, the Tajogaite eruption is associated with a broader
range of grainsize and with the presence of coarser layers. Second,
regardless of similar values of F1 (10–100 wt%), the fine-ash content
(F2) of the Tajogaite eruption is significantly lower than that of
Parícutin and El Jorullo eruptions. In fact, while F2 values for the
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Tajogaite eruption are always below 6 wt%, F2 values of Parícutin
and El Jorullo are up to 40 wt% and 60 wt%, respectively (Pioli et al.,
2008; Rowland et al., 2009). Finally, Mdϕ values of the TGSD of
Tajogaite layers, units, and total tephra blanket range
between −0.5 and 2.0 ϕ (Table 3), in agreement with the typical
range associated with violent Strombolian to subPlinian basaltic
eruptions (e.g., −3.6 to 2.2 ϕ; Rust and Cashman, 2011; Pioli et al.,
2019). In contrast, the median diameter of Strombolian eruptions is
typically coarser, such as that of Stromboli 2012 (−7.0 ϕ) and Kīlauea
Iki 1959 (−8.8 ϕ), which, however, also include blocks and bombs
that are not included in the TGSD of Tajogaite as determined in this
paper (Parfitt, 1998; Pioli and Harris, 2019).

5.2 Hybrid eruptive style and eruption
classification

The hybrid style that includes the simultaneous emission of lava
and tephra is characteristic of low-viscosity (mafic) magmas
associated with specific geometry and dynamics, i.e., conduit
bifurcation and gas segregation during magma ascent. In
particular, gas segregation at a moderate cumulative MER
(103–105 kg s-1) results in the flow of degassed magma through
lateral dikes and the fragmentation of gas-rich magma in vertical
conduits typical of violent Strombolian eruptions. Higher
cumulative MER may result in subPlinian eruptions, while lower
cumulative MER is associated with Strombolian, Hawaiian, or
purely effusive eruptions (Pioli et al., 2008; 2009). Simultaneous
emission of lava flows and generation of tephra resulting from
conduit bifurcation has also been observed during Strombolian
eruptions with the cumulative MER <103 kg/s, but without the
development of an extensive tephra blanket (Pioli et al., 2022).
As mentioned previously, the cumulative MER is the MER
associated with all products (i.e., tephra blanket, tephra cone, and
lava flows when present). Even though these observations have been
derived for volatile-rich magma (e.g., 1.3–4.2 wt% of H2O for
Paricutín eruption) emitted from a single cone (Pioli et al., 2008;
2009), they also well-explain the dynamics of the Tajogaite fissural
eruption characterized by values of the cumulative MER between
~5-8 × 104 kg s-1 and water contents between 1.3 and 2.2 wt% (based
on melt inclusions hosted in olivine crystals; Burton et al., 2022;
Burton et al. submitted).

While complex eruptive styles at newly formed basaltic cones,
including hybrid activity or rapidly changing eruptive dynamics,
have most frequently been associated with increased fragmentation
efficiency due to gas segregation, high magma viscosity, syn-eruptive
crystallization, and initial high-water content (Pioli et al., 2008;
2009), ash generation in cone-forming eruptions has sometimes
been associated with phreatomagmatic activity (e.g., cones in
Mexico and Libya; Martin and Nemeth, 2006). Indeed, rapid
changes in eruptive styles (i.e., from Hawaiian to Strombolian to
violent Strombolian phases) at monogenetic cones have also been
attributed to relatively high magma flux and fragmentation
efficiency modulated by magma contact with external aquifers
(Di Traglia et al., 2009). The low lithic content, lack of evidence
of magma–water interaction on ash particles, and the absence of
accretionary lapilli and pyroclastic density currents suggest,
however, that the production of ash during the Tajogaite

eruption was likely related to rapid gas segregation combined
with rapid magma ascent (D’Auria et al., 2022), that resulted in
relatively efficient magma fragmentation. This is also supported by
the observation that a high magma ascent rate has the potential to
modulate the explosivity of basaltic magmas more than volatile
content (Parfitt and Wilson, 1995; Mangan and Cashman, 1996).

During the Tajogaite eruption, most of the NW lateral (low-
altitude) vents were associated with lava emission, while most of the
SE (topographically higher) vents produced various, often
simultaneous, explosive pulsatory styles, including lava fountains,
Strombolian and violent Strombolian explosions, and puffing
activity (passive degassing) indicating variable gas fluxes
(Bonadonna et al., 2022; Carracedo et al., 2022; Romero et al.,
2022). This eruptive unsteadiness, associated with simultaneous
emission of lava flows and ash-rich plumes >2 km, is
characteristic of violent Strombolian activity (Pioli et al., 2008).
In fact, an increase in gas flux could cause the transition from
frequent and irregular puffing activity (bubbly regime), to frequent
and regular rise of large gas bubbles passing through slower-rising
magma (slug flow) associated with Strombolian explosions, to less
frequent and unstable (irregular) churn flows associated with violent
Strombolian eruptions, to nearly continuous annular flow associated
with lava fountains (Pioli et al., 2008; Rowland et al., 2009; Spina
et al., 2019). Sporadically, pulsating lava fountains can also be driven
by the irregular rise of single slugs, while steady lava fountains reflect
a transition to annular flow where the gas occupies most of the
conduit (Seyfried and Freundt, 2000).

The higher content of fine ash in the MU could be related either
to an increase in gas flux, that enhanced the fragmentation
efficiency, or to lower intensity plumes. The lower explosive
phase MER of the MU (2.9 × 103 kg s-1) with respect to the LU
(4.2 × 103 kg s-1) and UU (3.5 × 103 kg s-1) suggests a decrease in gas
flux and/or volatile budget (Bonadonna et al., 2022). The coarser
character of the LU, in contrast to the MU and UU (Table 3), might
also suggest that the gas segregation became more efficient after the
first 3 weeks of the eruption when the Tajogaite cone had mostly
formed, possibly reaching an optimal length of the vertical conduit
for magma fragmentation (Pioli et al., 2008). It is important to note
that the cone had reached 60% of the final height at the end of the
first week, i.e., end of LU1 (height of 110 m above the pre-eruptive
surface versus 187 m at the end of the eruption; Civico et al., 2022).
LU1 and MU2 to MU5 are also associated with relatively high
seismic tremor and low lava emission rates, while LU2 is associated
with low seismic rates and high lava emission rates (Bonadonna
et al., 2022). The fragmentation efficiency of the Tajogaite eruption
seems, therefore, to have been modulated by the evolution in time
and complex interplay among gas flux, volatile content, conduit
geometry, and magma feeding rate. Further compositional, textural,
and componentry analyses are required to better interpret how
magma properties modulated eruptive dynamics over time.

Viscosity variation might also play a significant role in the
diversification of eruptive styles, being a key parameter of magma
rheology and degassing processes. Long-lasting hybrid eruptions
are likely associated with significant viscosity variations as a result
of different rates of disequilibrium crystallization and cooling
(Castro and Feisel, 2022; Di Fiore et al., 2023). For the
pulsatory activity analysis of the eruptive period between
24 and 29 October (Figure 3), magma viscosity between 70 and
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2788 Pa s was estimated with fixed values of temperature,
groundmass composition, crystallinity, and minimum and
maximum water content of tephra collected in October.
Figure 3F shows that in the absence of a constraint on viscosity
for each eruptive style, all analyzed events plot within a narrow
range of tmedian values, between the observations of Strombolian
and lava fountaining activity at Etna volcano and violent
Strombolian activity at Cerro Negro (Dominguez et al., 2016).
In particular, our analysis highlights the temporal evolution of
eruptive style that can rapidly shift at a single vent from
Strombolian to violent Strombolian to lava fountain activity,
transitioning, therefore, from slug to churn to annular flow
within 2 h (black arrows in dataset T5; Figure 3G). These
changes in the conduit dynamics can also be explained by the
modifications in the internal structure of the conduit and vents
during the eruption (Muñoz et al., 2022). Variable eruptive styles
have also been observed at the same time at different vents,
indicating variable gas segregation and resulting fluxes in
different vertical conduits (e.g., Strombolian and violent
Strombolian explosions, violent Strombolian explosions and
ash-poor gas puffing; e.g., datasets T3 and T8 for vent areas 1,
2, and 3; Figure 3G). It is also interesting to note how ash-poor gas
puffing can be as irregular and sustained as lava fountains (short
repose times), plotting together with a lava fountain at Etna
volcano (T8-v3 in Figure 3G).

The classification of the explosive phase at a short temporal
scale (<3 h; Figure 3) highlights rapid shifts in eruptive style at
single vents and co-existing different eruptive styles at multiple
vents, which cannot be captured by the analysis of the associated
tephra blanket. In fact, the overall wide dispersal of the tephra
blankets and the overall high content in volcanic ash, represented
by relatively high values of F and D in the classification plot of
Walker (1973), suggest the dominating violent Strombolian style
(Figure 12B). This eruptive style is associated with both F and D
values as derived from the maximum thickness of the tephra
blanket and F and D values as derived from the maximum height
of the cone following the approach of Rowland et al. (2009). We
consider the maximum thickness as derived from the tephra
blanket to be most appropriate for the classification according to
Walker (1973), even though the Tajogaite data plots above the
subPlinian eruptions instead of plotting above the Strombolian
eruptions. In fact, the tephra blanket and the cone are associated
with different sedimentation dynamics, and, therefore, in
agreement with Walker (1973), we consider the values of
maximum thickness derived from the thickness versus
distance plots of the tephra blanket as being more
representative of tephra dispersal than the overall thickness of
the cone.

Regardless of the rapid gas segregation that resulted in the
simultaneous emission of fluid lava and ash-rich plumes, the
Tajogaite eruption was associated with an efficient, decoupled
magma–gas system, with the explosive phase MER consistently
lower than the lava emission rate and an overall lava volume >70%
of the total erupted material (lava + cone + tephra blanket;
Bonadonna et al., 2022; Plank et al., 2023). The higher fraction
of lava than that of tephra is also likely related to the lava emission
through a fissure as opposed to a central cone (Pioli et al., 2008;
2009). These observations confirm the need to not only include the

characterization of all products of hybrid eruptions for
interpretation of eruption dynamics (Bonadonna et al., 2016)
but also to use different classification strategies that can capture
eruptive styles at different temporal scales. In fact, while the overall
explosive activity can be described as violent Strombolian with
rapid shifts and co-existence of multiple eruptive styles, the
Tajogaite eruption was fundamentally effusive (Bonadonna
et al., 2022). These complex eruptive dynamics have significant
implications for the management of volcanic risk and volcanic
crisis.

5.3 Implications for risk and crisis
management

The Tajogaite eruption has demonstrated how the pre-eruptive
period can be shorter than expected, with the effusive and
explosive phases starting almost simultaneously when the alert
level was still yellow (D’Auria et al., 2022). Decision makers and
risk managers should, therefore, be prepared for sudden and
unexpected changes in the magmatic system that can lead to an
eruption sooner than constant trends would predict. In addition,
eruption classification can generate false perceptions of risk
associated with volcanoes that mainly produce lava flows and
that are not considered dangerous for the surrounding
communities. Indeed, the previous eruption of Cumbre Vieja
ridge (the 1971 Teneguía eruption) had a Strombolian style
with limited overall impact on the island, also due to the vent
location, far from inhabited centers and infrastructure (Walker,
1973; Barker et al., 2015). However, the Tajogaite event
demonstrated the potential of hybrid eruptions to be associated
with hazardous explosive activity in case of efficient gas
segregation and rapid magma ascent, with generation of ash-
rich plumes up to 7.5 km a.v.l. and widespread deposition of
tephra. This explosive potential, in combination with rapid and
fluid lava flows, typical of alkaline mafic magmas, makes these
hybrid eruptions especially challenging in terms of crisis
management and risk reduction when close to inhabited areas,
such as the case of La Palma (Martí et al., 2022). On one side, fast
and fluid lava flows can rapidly inundate populated areas,
destroying critical infrastructure and residential buildings as
well as endangering human lives and requiring an immediate
response (Carracedo et al., 2001). On the other side, prolonged
tephra accumulation requires systematic clean-up operations to
avoid the collapse of buildings and disruption of critical
infrastructure. Volcanic earthquakes occurring before and
during eruptions could also cause damage to buildings and
infrastructure, trigger landslides, and even cause loss of life,
especially in the case of monogenetic volcanism when the
magma needs to create a new conduit system (Pomonis et al.,
1999; D’Auria et al., 2022). In addition, the unsteadiness and
variety of the explosive activity associated with variable gas fluxes
complicate the real-time ash dispersal forecasting at a local scale,
which is designed for the ash dispersal of sustained explosive
eruptions in the far field (Bonadonna et al., 2002). Finally, the co-
existence of effusive and explosive activity requires the
assessment and management of compound hazards (e.g.,
earthquakes, lava flows, tephra ground accumulation,
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atmospheric tephra dispersal, and gas dispersal) and cascading
impacts well beyond the area affected by the direct damage (e.g.,
loss of electricity, disruption to transportation, repercussion on
tourism and other economic sectors, and interruption of critical
services such as schools).

Depending on deposit grainsize, soil, and climatic
conditions, widespread tephra blankets can also be associated
with long-lasting secondary hazards such as remobilization by
wind (e.g., ash storms; Wilson et al., 2011; Dominguez et al.,
2020) and water (e.g., lahars; Zuccaro and De Gregorio, 2013;
Thouret et al., 2020). Syn-eruptive ash remobilization by wind
was observed and contributed to repeated confinements of
communities (Carracedo et al., 2022), which, however, given
the small fine-ash component, is not expected to persist over the
years. Violent Strombolian eruptions have also already been
shown to deposit enough pyroclastic material to trigger deadly
and impactful lahars (e.g., Arrighi et al., 2001; Favalli et al.,
2006). Nonetheless, it is interesting to note that lapilli and
coarse-ash-rich pyroclastic deposits, such as those of the
Tajogaite eruption, are more likely to be remobilized by water
only many years after the eruption (White et al., 1997; Di
Traglia, 2020).

Additional complexities associated with monogenetic, hybrid
eruptions include the temporal component, with eruption
durations ranging from a few weeks to several years (Luhr and
Simkin, 1993; Carracedo et al., 2001; Rowland et al., 2009; Martí
et al., 2022), and the forecasting of the opening of the next vent or
vent fissure, which controls the associated impacted area
(Lindsay et al., 2010; Tomsen et al., 2014; Marrero et al., 2019;
Martí et al., 2022; Nieto Torres et al., 2022). A variety of response
strategies are, therefore, necessary to mitigate the potential
impact of both effusive and explosive processes affecting
different areas at different times depending on topographic
features (for flow inundation); plumbing system (for gas
source); and wind patterns (for both tephra and gas dispersal).
Dedicated approaches are also needed to address the
combination of effusive and explosive products that can be
associated with complex damage patterns at different scales
(e.g., impact of lava inundation combined with tephra load on
roofs and impact of tephra load on structures already affected by
gas corrosion). Both long-term risk assessment and crisis
management of hybrid eruptions require, therefore, the
development of ad hoc strategies that could not just be the
combination of strategies developed for purely effusive and
purely explosive eruptions, but also address the complex
combination of multiple products at different temporal and
spatial scales.

6 Conclusion

Some of the complexities of monogenetic cone-forming
eruptions could be unveiled thanks to the combination of
syn-eruptive and post-eruptive multi-disciplinary observations
and sampling of the 2021 Tajogaite event (La Palma).
Additionally, the detailed analysis of individual layers and
units provides an exceptional dataset of grainsize parameters
of long-lasting hybrid eruptions. In particular,

1) The pulsatory activity analyzed between 24 and 29 October
(during the sedimentation of the MU) shows short-time scale
variations of eruptive style (<few hours) including ash-poor gas
puffing, Strombolian, violent Strombolian, and lava fountaining
at individual vents, and the simultaneous occurrence of different
styles at multiple vents. This analysis shows how the rapid
variation of gas flux modulates the transition from bubbly
(puffing activity) to slug (Strombolian) to churn (violent
Strombolian) to annular (lava fountains) flows. Similar
activity is expected to have also occurred during the LU and
UU that are associated with similar plume height and MER
values.

2) Regardless of the short-time variations in eruptive style (at
individual vents) and space (at multiple simultaneously active
vents), the overall dominating eruptive style recorded by the
tephra blanket is violent Strombolian for the three units and the
whole Tajogaite eruption as shown by the classification plot of
Walker (1973).

3) The pulsatory activity combined with variable eruptive styles in
time at individual vents and at simultaneous multiple vents
results in short-time significant variations of tephra
sedimentation rates, ground accumulation, and grainsize, as
demonstrated by the combined use of high-definition videos,
LPM data, and tephra collection in trays.

4) Ground accumulation is affected by different sedimentation
features at different distances from vents (e.g., lapilli waves in
the very proximal area and ash fingers in medial and distal areas)
and particle aggregation, especially under rainy conditions
(mostly coated particles and liquid pellets). As a result, the
overall small fraction of fine ash (F2) does not correlate with
the distance from vents, while the fraction of particles <1 mm
(F1) increases with the distance from vents for all selected layers
and units. Aggregation of the Tajogaite tephra is affected both by
atmospheric conditions (rain), precipitation of volatiles (mostly
sulfur), and precipitation of salt (sodium chloride). Finally,
tephra sedimentation is also affected by the thermal
convection of the lava flow, orographic wind flow, and the
daily variation of sea/land breeze.

5) Regardless of the complex sedimentation patterns, Mdϕmaps of
selected layers, units, and the total tephra blanket show the same
NE–SW dispersal of associated isopach maps and are mostly
symmetrical NE and SW from vents.

6) Grainsize distributions of 154 samples collected at outcrops
between 0.7 and 5.3 km from vents are unimodal, with Mdϕ
increasing between −2.2 and 2.3 ϕ (4.6–0.2 mm) and sorting
decreasing between 1.6 and 0.4; values of Mdϕ and sorting are
inversely correlated, suggesting that the finer the samples, the
better the sorting.

7) The LU represents the coarsest tephra blanket, followed by the
UU and the MU with values of Mdϕ of the associated TGSD
of −0.5, −0.2, and 1.1 ϕ, respectively; the Mdϕ value of the TGSD
of the whole Tajogaite eruption is 0.7 ϕ.

8) Mdϕ-based plume heights of lower, middle, and upper units are
4.2, 3.0, and 3.5 km a.v.l., respectively, which are slightly higher
than the mean values derived from the morning observations
reported by PEVOLCA (2.9, 2.3, and 1.2 km a.v.l., respectively).

9) Regardless of the main effusive characteristics, the 2021 Tajogaite
event has demonstrated the potential of hybrid eruptions to
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generate widespread tephra blankets and volcanic plumes up to
7.5 km a.v.l. The combined emission of effusive (lava) and
explosive (tephra) products can broadly impact the
surrounding inhabited areas at different spatial and temporal
scales and hence require the development of ad hoc strategies for
both long-term risk assessment and crisis management of long-
lasting hybrid eruptions.
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