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Abstract Long-lasting, hybrid eruptions can be of complex description and classification, especially when
associated with multiple eruptive styles and multiple products. The 2021 Tajogaite eruption of La Palma,
Canary Islands, was associated with a magma-gas decoupled system that resulted in the simultaneous emission
of lava flows and tephra plumes from various vents. Even though the tephra blanket (~2 x 107 m?) represents
only 7%—-16% of the total erupted volume, it provides fundamental insights into the overall eruptive dynamics.
Tephra was mostly dispersed NE-SW due to a complex regional and local wind patterns and was subdivided
into 3 units and 11 layers that well correlate at different distances from the vent and with both tremor data and
lava emission rate. While plume height varied at the temporal scale of a few hours, the average mass eruption
rate associated with the tephra blanket of the different units remained relatively constant (~3-4 x 103 kg s™1).
In contrast, the emission rate of lava largely increased after the first week and remained higher than the overall
emission of tephra throughout the whole eruption (average value of ~6 X 10* kg s~!). Based on a detailed
characterization of the tephra blanket in combination with atmospheric wind, tremor, and lava emission

trend, we demonstrate the need of (a) multidisciplinary strategies for the description of hybrid eruptions that
account for both the duration of individual phases and the quantification of the mass of multiple products, and
of (b) dedicated ash dispersal forecasting strategies that account for the frequent variations of eruptive and
atmospheric conditions.

Plain Language Summary Volcanic eruptions are mostly subdivided into effusive and explosive
when they are associated with the emission of lava flows or with the fragmentation of magma that results in
the generation of widespread deposits (i.e., tephra). The September—December 2021 Tajogaite eruption of

La Palma Island (Spain) represents a typical example of long-lasting, hybrid eruption with alternation, or,
more often, contemporaneous emission of lava flows and tephra. The lava field extended toward the western
sector of the island, while the tephra blanket was mostly dispersed NE-SW due to a complex regional and
local wind pattern. Even though the tephra blanket represents only 7%—16% of the total erupted volume, it
provides fundamental insights into the overall eruptive dynamics. Based on a detailed characterization of the
tephra blanket, in combination with wind, seismic tremor, and lava emission trend, we demonstrate the need of
dedicated strategies for the description of hybrid, long-lasting eruptions that account for both eruption duration
and for the quantification of multiple products (tephra blanket, tephra cone, lava flows). We also show the
need of dedicated strategies of short-range ash dispersal forecasting that account for the frequent variations of
eruptive and atmospheric conditions.

1. Introduction

License, which permits use and Volcanic eruptions are commonly subdivided into effusive and explosive activity depending on conduit dynamics
distribution in any medium, provided the
original work is properly cited, the use is
non-commercial and no modifications or
adaptations are made.

that can either result in the outflow of lava when the degassed magma reaches the surface (effusive eruptions), or
in the fragmentation of magma at various depths (dry explosive eruptions, from Hawaiian to Ultra-Plinian, and wet
explosive eruptions from Surtseyan to phreato-Plinian in the classification of Walker (1980)). Nonetheless, some
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eruptions associated with both silica-poor (e.g., basalt) and silica-rich magma (e.g., rhyolite) can be associated
with hybrid styles that include both effusive products (e.g., lava flows, lava domes) and explosive features (e.g.,
tephra blankets, scoria cones, pyroclastic density currents) resulting from variable eruptive styles (e.g., Alfano
et al., 2018; Cassidy et al., 2018; Castro & Gardner, 2008; Pioli et al., 2009; Schipper et al., 2013; Wadsworth
et al., 2020; Zawacki et al., 2019). In particular, long-lasting eruptions (durations from a few days to a few years)
can be characterized by unsteady dynamics and simultaneous emission of lava and tephra; this can be the result
of various processes including the shallow fragmentation of basaltic magma and episodic gas segregation, i.e.,
violent Strombolian eruptions (Cioni et al., 2008; Hill et al., 1998; Macdonald, 1972; Pioli et al., 2008, 2009;
Valentine, 1998; Valentine & Gregg, 2008; Walker, 1973) and the transition from shallow fragmentation of rhyo-
litic magma to deeper cryptic fragmentation due to conduit blockage and sintering of the pyroclastic products,
i.e., dome forming eruptions (Wadsworth et al., 2020).

Violent Strombolian eruptions are typically associated with the formation of scoria cones of various heights,
widespread tephra blankets and extensive lava-flow fields (Pioli et al., 2008; Valentine et al., 2005). This erup-
tive style, as well as Vulcanian eruptions and long-lasting ash emissions, is difficult to classify solely based on
tephra blankets and should be better characterized based on eruption dynamics and, particularly, on eruption
unsteadiness (e.g., Coppola et al., 2022; Dominguez et al., 2016; Pioli et al., 2022). Eruption unsteadiness is
mostly related to fluctuations of key physical parameters such as mass eruption rate (MER) on a wide range
of time scales (seconds to hours or days) that result in the formation of several (tens to hundreds) thin layers
(few to tens of millimeters) characterized by variable grainsize and/or clast texture and typology and/or color
(e.g., Bonadonna et al., 2016; Pioli et al., 2008). Individual layers and units (sets of multiple layers having
similar characteristics) in the stratigraphic record of long-lasting eruptions are of difficult spatial correlation,
and associated cumulative isopach maps are typically subcircular, reflecting the wind variation over time, as it
is often the case of violent Strombolian eruptions and Vulcanian cycles (e.g., El Jorullo 1759-1774, Mexico:
Rowland et al., 2009; Paricutin 1943-1952, Mexico: Pioli et al., 2008; La Fossa, Vulcano 1888-1990, Italy: Di
Traglia, 2011). The scale of unsteadiness (periodicity and amplitude of fluctuations) increases when passing from
Plinian (quasi-steady), through sub-Plinian (oscillating, sustained, short-lived column), to violent Strombolian
(lava fountain-fed, discontinuous, pulsating column-churn flow regime), to normal Strombolian (periodic rise of
conduit-filling gas bubbles within the conduit-slug flow regime), to Vulcanian (discrete explosions separated by
pauses; Bonadonna et al., 2016; Pioli et al., 2008). Long-lasting, hybrid eruptions are characterized by multiple
shifts in style (e.g., normal Strombolian, violent Strombolian, Vulcanian, sub-Plinian) and are difficult to classify
based on traditional strategies only considering tephra blankets (e.g., Volcanic Explosivity Index (VEI); Newhall
& Self, 1982). First, tephra blankets are not the only product, with lava flows being often an important component
(e.g., between 94 wt% of the magma erupted during the 1971 eruption of Etna and 39 wt% of the magma erupted
during the Paricutin 1943-1952 eruption; Booth & Walker, 1973; Pioli et al., 2008; Walker, 1973). Second,
tephra blankets are produced by long-lasting activity, and, therefore, the associated cumulative volumes cannot
be compared with those of sustained, short-lived eruptions. Third, individual layers associated with individual
eruptive pulses are of difficult spatial correlation and, therefore, associated volumes cannot be easily determined.
Fourth, multiple vents, sometimes also associated with different eruptive styles, can be active at the same time
producing complex tephra blankets. Fifth, the tephra blanket should be distinguished from tephra fallout that also
includes the formation of the scoria cone, as we consider here. Finally, eruptive source parameters (ESPs) such
as plume height, MER, total grainsize distribution, can fluctuate at various temporal scales (minutes to hours)
during the eruption. Such a complexity and unsteadiness not only affect eruption classification but represent
a major challenge also for ash dispersal forecasting based on Volcanic Ash Transport and Dispersal Models
(VATDM), which typically assume sustained source term conditions over longer time scales (a few hours) (e.g.,
Beckett et al., 2020; Folch, 2012). Finally, the combination of effusive and explosive products emitted over a rela-
tively long period of time makes hybrid eruptions particularly complex also in terms of crisis management and
risk assessment because of the associated compound hazards and impacts (e.g., Carracedo et al., 2022; Fearnley
& Beaven, 2018; Hicks & Few, 2015; Rees, 1979). In fact, ESPs need to be constrained for multiple processes
(e.g., tephra plumes and lava flows; tephra plumes, lava domes, and pyroclastic density currents) at different time
scales (hours to months); in addition, risk mitigation strategies require a broader understanding of the interaction
between different physical processes such as the impact of lava flows and tephra deposits on the built environment
and the impact of atmospheric convection induced by lava flows on the dynamics of tephra plumes and tephra
dispersal (e.g., Deligne et al., 2017; Zuccaro et al., 2008). The evolution of the different styles over time is also
of particular interest for an effective management of the volcanic crisis (e.g., Sword-Daniels et al., 2013). As a
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result, a better understanding of the dynamics of hybrid eruptions is necessary both to eruption characterization
and to reduce the associated risk.

The September—December 2021 eruption of Cumbre Vieja (La Palma Island, Spain), recently named Tajogaite
eruption, represents a typical example of long-lasting, hybrid eruption with alternation, or, more often, contem-
poraneous emission, of lava flows and tephra (Longpré, 2021; Pankhurst et al., 2022; Romero et al., 2022a). An
additional complication of this eruption was the presence of multiple vents mostly active at the same time asso-
ciated with different styles of explosive activity (e.g., ash emissions, lava fountains, Strombolian activity) as well
as multiple active vents producing lava flows over a fissure of about 0.5 km. The eruption classification as well
as the forecasting of associated ash dispersal were challenging, with rapidly varying ESPs and wind conditions.

With the objective to illustrate the temporal scale of eruptive unsteadiness and fluctuation of the 2021 Tajogaite
eruption, this work characterizes the associated tephra blanket in combination with the analysis of lava emission
rate, tephra cone, atmospheric wind, and volcanic tremor. In particular, a detailed analysis of the stratigraphy is
presented together with the description of individual eruptive phases and the characterization of key ESPs over
time and all associated uncertainties (i.e., duration, plume height, erupted volume and mass, MER). Implications
for eruption classification and ash dispersal forecasting are also discussed. To be noted that data on grainsize are
not included here for a matter of space and will be presented in a future paper.

2. Background
2.1. Geological Setting

La Palma Island is part of the Canary archipelago, one of the most active volcanic regions of the planet
(Abdel-Monem et al., 1972; Carracedo et al., 1998). Subaerial volcanic activity in the archipelago began around
20 Ma ago building the eastern Canary Islands, Lanzarote, and Fuerteventura. Among the seven largest islands,
La Palma is historically the most active of the Canary Islands with relatively frequent eruptions from the Cumbre
Vieja rift zone that includes the 1585, 1646, 1677-1678, 1712, 1949, and 1971 eruptions, before the 2021
Tajogaite event (Carracedo et al., 1998, 2001; Casillas et al., 2020; Kliigel et al., 1999). Volcanic history at La
Palma dates to 3-4 Ma, when a submarine basal complex of seamounts started to form (Carracedo et al., 1999;
Staudigel et al., 1986). Following subaerial activity (850-560 ka; Carracedo et al., 2001) contributed to the
formation of Garafia and Taburiente shield volcanoes, the Cumbre Nueva rift zone, and the Bejenado volcano
complex. This oldest subaerial volcanism is well recognizable in the northern sector of the island and suffered
from repeated, large lateral collapses (Ancochea et al., 1994; Carracedo et al., 2001; Day et al., 1999). A progres-
sive decline in volcanic activity at Bejenado and Taburiente volcanoes pushed volcanism southwards where the
Cumbre Vieja rift zone formed at about 125 ka. Since then, this area hosts the presently active volcanic system
on La Palma, characterized by multivent activity generally aligned along kilometer-long fissures erupting silica
undersaturated basanite and alkali basalts (Barker et al., 2015; Carracedo et al., 2001; Day et al., 1999).

2.2. Chronology and Atmospheric Conditions of the 2021 Tajogaite Eruption

On 19 September 2021, a new magmatic eruption started in the Cabeza de Vaca area, on the western flank of
the Cumbre Vieja ridge, that lasted about 86 days; it was preceded by a few years of relatively deep (25-35 km)
and low-magnitude seismic activity, and by 1 week of intense seismic unrest and ground deformation (Carracedo
et al., 2022; Civico et al., 2002a; Fernandez et al., 2021; Romero et al., 2022a; Torres-Gonzalez et al., 2020;
Wadsworth et al., 2022). The initial eruption vent gradually developed into an NW-SE fissure, about 0.5-km long,
resulting from the emplacement of a westerly dipping feeding dyke, which represents an NW continuation of the
normal faulting system associated with the 1949 eruption (Carracedo et al., 2022; Gonzélez, 2022; Pankhurst
et al., 2022). The final eruptive structure consists of a new scoria cone (recently named Volcdn de Tajogaite) of
about 1,130 m above sea level (a.s.l.) (i.e., 187 m above the previous level; Civico et al., 2022a) associated with
six vents, with five additional vents that developed further North (Plan de Emergencias Volcénicas de Canarias—
PEVOLCA—reports: https://www.gobiernodecanarias.org/infovolcanlapalma/pevolca/; Carracedo et al., 2022;
Romero et al., 2022a). The SE vents were mostly associated with the generation of tephra plumes and lava
fountains (Figure 1), while the NW vents were mostly associated with the generation of lava flows and passive
degassing (Romero et al., 2022a). An Unoccupied Aircraft System (UAS) survey provided a volume of the final
scoria cone of 36.5 + 0.3 X 106 m?* (8.9 + 0.2 x 10% m? on 27 September 2022; Civico et al., 2022a, 2022b). The

BONADONNA ET AL.

3 of 31

85UB017 SUOWILWIOD SISO 3|dedtjdde 8y} Ag pousenob a1e S3|1e YO BSN JO 3N 104 ArIq1T 8UIUO AB|IM UO (SUORIPUOD-PUE-SWBILI0D A8 | 1M AReIq 1 BUIUO//SdRY) SUORIPUOD Pue SW | 8Ul88S *[2202/TT/82] uo Ariqiiauliuo A8|IM ‘esid 1a BISIBAIUN AQ 20€520802202/620T 0T/10p/wod As|im Aseuqjputjuo'sgndnBe;/sdny wouy papeojumod ‘TT ‘2202 ‘9SE669TC


https://www.gobiernodecanarias.org/infovolcanlapalma/pevolca/

I Y ed N | . .
N\ Journal of Geophysical Research: Solid Earth 10.1029/2022JB025302
215000 220000 225000
I p o . D i
LP52 o —
| ]
’ ‘ oS5 I

La Palma

3155000

.LP70 .LP4

LP58
(]
.LP72

=
¢ B

iy " e
Lp31 _LP201P28 3
.LP26. e -
/ .Alfiws ;
P47 | 4 o\P49

Figure 1.

28 October
_— ‘

BONADONNA ET AL.

4 of 31

85U80| SUOWILLIOD 8A 181D 8|qedl|dde 8L Aq peusenob afe sajone VO ‘88N JO Sa|nJ oy Akeid18ulUO /8|1 UO (SUORIPUOD-pUR-SLURIALIY" A 1M ARIq Ul UO//SdNnY) SUORIPUOD PUe SWie | 8U}88S *[2202/TT/8Z] Uo AkiqiTauluo A8 |IM Bsid 1a BISRAIUN AQ Z0ES208rZ202/620T 0T/10p/Wwod A 1M AreiqijutjuosgndnBe;/sdny woi papeojumoq ‘TT ‘2202 ‘9566912



I .¥eld
NI Journal of Geophysical Research: Solid Earth 10.1029/2022JB025302

ADVANCING EARTH
AND SPACE SCIENCE

7000 TTTT T T T T T I T T T I T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T TrTTT
Trade wind PEVOLCA —&—
No trade wind VONA i

D

a1

o

o
T

Plume height (m a.s.l.)

@)

ay (19 September to 14 December)

Figure 2. Height of tephra plumes (in m a.s.l.) as reported in the PEVOLCA reports (blue squares) (https://www.
gobiernodecanarias.org/infovolcanlapalma/pevolca/) and in the Volcano Observatory Notice for Aviation (VONA; red
triangles) compiled by the Instituto Geografico Nacional (IGN; e.g., Felpeto et al., 2022) and used by the Volcanic Ash
Advisory Center (VAAC) of Toulouse to make daily forecasts (http://vaac.meteo.fr/volcanoes/la-palma/). Plume height
observations were mostly made in the morning for the PEVOLCA reports and during different times of the day for the VONA
using the camera of the Instituto Astrofisico de Canarias (IAC) located at 2,365 m a.s.1. and 16.5 km north of the main vents.
Average of both PEVOLCA and VONA reports results in a value of 3.2 km a.s.l. even though observations were taken at
different times during the day and data set of VONA only starts after 27 September. The highest plumes observed during the
eruption on 12-13 December (6.0 and 8.5 km a.s.1.) are not shown as they occurred in the afternoon and were not reported
in the VONA. Gray vertical bars indicate days dominated by Type 1 wind (sustained trade winds), while orange vertical bars
indicate days mostly characterized by Type 2 winds (inexistent or weak trade winds) (see text for details and implications).
Wind observations are available only after 25 September 2021.

combined effusive and explosive activity built a ~12 km? lava-flow field on the west side of the island and a
widespread tephra blanket associated with pulsating plumes with average height of about 3.2 km a.s.1. (Figure 2),
even though plumes up to 6.0 and 8.5 km were observed on December 12 and 13, respectively (PEVOLCA
reports). Lava flows reached the ocean on September 28 forming a new lava delta and interacting with sea water
producing lava haze (i.e., laze). In addition, the eruption produced large amounts of SO, that were detected as
far as the Caribbean and Central Europe and was accompanied by diffuse emission of CO, associated with the
220 km? of the Cumbre Vieja volcanic ridge (PEVOLCA reports). Thanks to the implemented scientific moni-
toring and management policies, direct human fatalities from volcanic activity were avoided. Nonetheless, the
Tajogaite eruption significantly impacted the SW of the island, caused the evacuation of almost 8,000 people,
and affected more than 2,800 buildings as well as about 1,000 ha of plantations and farmland; in addition, the
lava-flow field cut the western part of the island in two, generating significant disruption to the transport system
and to the accessibility to key municipalities (Carracedo et al., 2022). Volcanic gas (CO, and SO,) and ambi-
ent concentrations of fine particulate volcanic matter (PM10) also caused severe disruption, forcing repeated
confinement of communities and the cessation of public activities (e.g., schools) beyond the area of direct impact
(Carracedo et al., 2022).

Figure 1. Map of sample locations studied in this paper (see Table S1 in Supporting Information S1 for detailed description). Inset (a) shows the location of the Canary
Islands; inset (b) shows the location of La Palma; inset (c) zooms on the orange box on the main map. (d) Different eruptive styles that characterized the eruption are
shown with examples of tephra plumes (11 October, 14-16 October, 28 October 2021), lava fountains (24 September, 11 October 2021), and steam-loaded tephra
plumes (26 November 2021) associated with various eruptive phases (Credit photo of 24 September 2021: Miguel Calero). Lava field in (a) traced with data from
Copernicus Emergency Management Service (© 2021 European Union), EMSR546.
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The general atmospheric circulation in La Palma is characterized by prevailing low-level NE trade winds (i.e.,
blowing toward SW) driven by the subtropical high-pressure belt (the Azores anticyclonic system) and that
alternate cycles of increased intensity and calm (Carrillo et al., 2016). Depending on the elevation of the thermal
inversion cap, trade winds lifted upwards by the island's orography (Cumbre Nueva and Cumbre Vieja ridges) can
either result on downslope winds (foehn winds, when the inversion cap lays above ~1,500 m a.s.l.) or be diverted
and generate complex low-level leeside recirculation (no foehn winds, inversion cap below ~1,500 m a.s.1.). The
thermal inversion also affects relative humidity, with values of 70%—80% (wet unstable conditions) and 10%—30%
(dry stable conditions) below and above the inversion layer, respectively. During no inversion and calm situations
(weak synoptic winds), local wind patterns can also be affected by land/sea breezes and convective motions, an
aspect that was exacerbated by the presence of an extended hot lava field. On the other hand, trade winds can
veer higher in the troposphere (above the thermal inversion) to blow toward NE (anti-trade winds). Days of the
eruption period were grouped in two categories: Type 1 (days in which trade winds were stronger, resulting in
a relatively stable dispersal between S and W, SW being the predominant direction), and Type 2 (days in which
trade winds were weaker or inexistent, resulting in oscillating dispersal direction, in some cases with a rotation of
almost 360° during the same day; Figure 2). Orography and trade winds also control precipitations in the island,
producing a typical precipitation gradient from a humid NE windward side (~1,400 mm maximum) to a dry
leeward coast in the SW of the island (~170 mm maximum; Irl et al., 2015). November and December represent
the wettest months in La Palma. In particular, on 26 November, nearly 20 mm of rain fell on the island producing
steam-loaded tephra plumes (PEVOLCA reports; Figure 1d).

3. Methods

Field work was carried out both during the eruption (October—November 2021) and after the end of the eruption
(February 2022 and May 2022). The first campaign mostly focused on the stratigraphic analysis of the tephra
blanket based on excavated trenches and collection of tephra samples for deposit density at selected sections.
During the second and third campaigns, selected sections analyzed during the eruption were revisited to update
the stratigraphy and to collect new samples; additional complete sections were also investigated to compile
isopach maps of the total deposit, individual units, and selected layers (Figure 1).

3.1. Stratigraphy

We investigated 45 outcrops from proximal (~0.7 km) to distal (~12 km) areas to define the stratigraphic archi-
tecture of the tephra blanket and to cross-check deposit characteristics with the available chronology and direct
observations of the eruptive events (Figure 1 and Table S1 in Supporting Information S1). At each site, a detailed
stratigraphic log of tephra horizons was measured and described, and the whole sequence was correlated among
the different outcrops. Based mainly on sedimentologic (grainsize and size grading of deposits) and changes of
lithological (color, density/vesicularity of clasts) features, the tephra sequence was organized into layers and
sublayers, representing multiple eruptive phases, and single eruptive pulses, respectively. Layers were further
grouped into units, representing longer eruptive periods. Particularly, the qualitative variability of the abundance
of the juvenile and lithic components as well as the characteristics of the juveniles (color, shape, vesicularity)
were used in the field to discriminate among the different layers and afterward confirmed in the lab under binoc-
ular microscopy observations. Several key sections, from proximal to distal areas, were particularly useful to
trace correlations between different sublayers, layers, and units and to reconstruct a total stratigraphic sequence
that comprises all the products emplaced during the whole eruption. In particular, the individual units, layers,
and sublayers were analyzed in detailed at one of our most proximal locations SW of the vents (LP35 in Figure 1)
with qualitative description of the different components. A quantitative description of the size of the largest scoria
clasts is presented for the two most proximal locations SW (LP35) and NE (LP27) of the vents.

3.2. Determination of the Largest Scoria Clasts

The 20 largest clasts were collected out of 100 clasts with a diameter >1 cm for the coarsest layers at the two
most proximal locations NE and SW of the vents (LP27 and LP35, respectively; Figure 1); the 50th percentile
was determined based on the geometric mean of the three associated axes (measured based on the technique of
Bagheri and Bonadonna (2016)). The 50th percentile of the 20 largest clasts is representative of the largest clasts
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of a given outcrop, which provide insights into plume height (Bonadonna et al., 2013). Such a measurement was
considered as a proxy for the variation of plume height in time (within the same outcrop) and for the variation of
grainsize NE and SW from the vent.

3.3. Determination of Volume, Mass, and MER of the Tephra Blanket

The volume of the total tephra blanket, individual units, and selected layers was determined based on the integra-
tion of the exponential, power law, and Weibull empirical fitting of deposit thickness versus square root of area of
isopach contours (Bonadonna & Costa, 2013; Bonadonna & Houghton, 2005; Pyle, 1989) using the TephraFits
tool of Biass et al. (2019). The uncertainty on volume was quantified using the bootstrapping method of Biass
et al. (2014), repeating 10,000 volume calculations by varying input parameters to account for various sources
of uncertainty (i.e., area of isopach contours, distal integration limits of the power law; Bonadonna et al., 2015;
Klawon et al., 2014; Table S2 in Supporting Information S1). Volume was converted to mass using the bulk
density of the tephra blanket. MER was determined combining erupted mass and eruption duration. We account
for the uncertainty on density and eruption duration by stochastically sampling 10,000 values of each from a
Normal distribution, resulting in distributions of values of volume, mass, and MER that propagate uncertainties
(Table S3 in Supporting Information S1). Each parameter is reported as the median and the 90% confidence
interval. Propagation of uncertainty associated with the volume, mass and MER of the tephra blanket, cone and
lava is also determined (Table S4 in Supporting Information S1).

3.4. Determination of Lava Emission Rates and Volume

The lava emission was estimated using satellite thermal data processed by the MIROVA system which is based
on the analysis of MODIS (Moderate Resolution Imaging Spectroradiometer) infrared data with a resolution of
1 km? (Coppola et al., 2020). The system is operational in near real-time (acquiring ~4 images per day over La
Palma) and processes the MODIS images to detect the presence of high-temperature thermal anomalies, and to
calculate the associate Volcanic Radiative Power (VRP in Watts). The effusive trend and the volumes of the lava
flow were calculated using the method described by Coppola et al. (2013, 2019), which assumes a direct relation-
ship between VRP and the Time Averaged lava Discharge Rate (TADR)

VRP
Crad

TADR =

where ¢,,s embeds the rheological, insulation, and topographic conditions appropriate for the observed lava flow
into a unique best-fit parameter (Coppola et al., 2013). Here, we set ¢,y equal to 2 X 108 J m~3, a value which
is typical for basaltic lava flows (Coppola et al., 2013, 2019). This method permits the estimation of the TADR
with an uncertainty of +50%, which takes into account the systematic errors in the calculation of VRP as well as
the variable conditions for the emplacement of the lava flow (Coppola et al., 2019). In particular, the uncertainty
on the degree of thermal insulation is £30% (i.e., standard error associated with the impossibility of knowing
both the area and the integrated temperature of the lava flow based on one single band—the midinfrared used
by MIROVA). In order to convert the heat flux (VRP) to volumetric flux (TADR), other factors related to the
emplacement conditions of the lava flow are required such as the rheology of the lava (rheological conditions)
and the topography of the substrate. Based on the empirical analysis of several eruptions around the world, the
overall error associated with all these factors (thermal insulation and both rheological and topographic condi-
tions) has been estimated to £50% (Coppola et al., 2013). It is important to note that the thermal approach
provides bulk estimates of the subaerial lava volumes, capable of radiating thermal energy into the atmosphere.
The final estimated volume (170.3 + 85.1 x 10% m?) is, therefore, a minimum estimate as it ignores the subma-
rine part of the lava flow below the lava deltas. Such an estimate agrees with the estimate of subaerial lava flow
(177.6 + 5.8 x 10° m?, including tephra blanket on lava flows) provided by UAS-based photogrammetry (Civico
et al., 2002b, 2022a).

BONADONNA ET AL.

7 of 31

85UB017 SUOWILWIOD SISO 3|dedtjdde 8y} Ag pousenob a1e S3|1e YO BSN JO 3N 104 ArIq1T 8UIUO AB|IM UO (SUORIPUOD-PUE-SWBILI0D A8 | 1M AReIq 1 BUIUO//SdRY) SUORIPUOD Pue SW | 8Ul88S *[2202/TT/82] uo Ariqiiauliuo A8|IM ‘esid 1a BISIBAIUN AQ 20€520802202/620T 0T/10p/wod As|im Aseuqjputjuo'sgndnBe;/sdny wouy papeojumod ‘TT ‘2202 ‘9SE669TC



A7t |

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2022JB025302

3.5. Density of Tephra Blanket, Scoria Cone, and Lava Flow

The deposit density of most individual layers and of individual units was determined in the laboratory based on
the weight of individual samples dried in the oven at 80° and associated volume as measured in graduated cylin-
ders. Values were averaged over five measurements with variations estimated within 10%. Values measured in
the lab showed good agreement with values of density for selected outcrops based on the weight of the deposit
dried in the oven and the volume as determined in the field. The density of the proximal deposit (<1.5 km from
vents) was considered to estimate the density of the cone, in agreement with observations for basaltic cones at
Etna volcano (Italy; e.g., McGetchin et al., 1974; Pioli et al., 2022). Lava density was determined based on the
model DensityX (Iacovino & Till, 2019) and the data set of Castro and Feisel (2022) (i.e., composition, water,
temperature, and pressure), resulting in a value of 2,770 + 50 kg m~>. This value well agrees with the density of
the lava that was measured on 10 samples collected between 26 September and 6 October 2021 using a Helium
Pycnometer resulting in a value of 2,618 + 179 kg m—.

3.6. Seismic Tremor Data

The volcanic tremor amplitude has been computed by averaging the envelope of the vertical component of the
seismic station PTAB, operated by INVOLCAN (Instituto Volcanolégico de Canarias), located about 7.5 km
NNW of the vents, over 1-min-long time windows. The volcanic tremor amplitude has been computed over two
frequency bands: the Very-Long Period (VLP; 0.4-0.6 Hz) and the Long Period (LP; 1-5 Hz), being these two
frequency ranges where the average spectral amplitudes of the tremor were higher. Taking into account the local
S wave velocity model (D’Auria et al., 2022), we state that the wavelengths associated with Rayleigh waves in
the VLP component are between 2.5 and 3.5 km, while for the LP component are between 0.3 and 1.5 km. This
means that the VLP component reflects the dynamics of the first few hundred meters, while the LP components
of the first tens of meters depth within the conduit. Therefore, the ratio between the LP and the VLP amplitudes
should detect changes in the eruptive dynamics, such as conduit widening and/or variations in the explosive
mechanism.

4. Results
4.1. Stratigraphy

Three tephra units and 11 layers have been identified based on the analysis of the final tephra blanket and corre-
lated among all the surveyed stratigraphic sections (Figures 3 and 4). This stratigraphy is consistent with a
detailed study carried out for the first part of the eruption (Romero et al., 2022a) and in agreement with the
reconstruction proposed by collective work carried out under the umbrella of INVOLCAN. The Lower Unit (LU)
is lapilli-size dominated with intercalation of fine-to-coarse ash layers and includes three main layers (LU1-3);
the Middle Unit (MU) is fine-to-coarse-ash dominated, with intercalation of lapilli layers, and includes six main
layers (MU1-6); the Upper Unit (UU) is dominated by lapilli-sized clasts and consists of two main layers (UU1-
2) (Figure 3). Up to six sublayers have also been identified within some of the thickest layers (LU1.1-6, LU2.1-4,
MU3.1-3, MU6.1-5). Within a radius of 5 km from the vents, the tephra sequence is dominated by multiple
lapilli-bearing fallout layers alternated with centimeter-thick to millimeter-thick, ash-rich fallout sublayers, with
all layers and sublayers clearly recognizable. The whole tephra sequence tends to thin out very rapidly (Figure 4).
As a result, while in proximal areas (<5 km from vents) most of the layers and sublayers can be identified and
correlated, in medial and distal areas (>5 km from vents) only the separation of the different main units is
possible. In fact, the marked sedimentological differences (namely color, grainsize, and componentry), allowed
a first-order separation across the three main units which can be confidently traced up to the distal limits of the
fallout deposit on land (12 km). Note that the term proximal (<5 km from vents), medial (5-10 km from vents),
and distal (>10 km) are based on the analysis of the tephra blanket on land that could be carried out only down
to 12 km from the vents. Overall, the whole tephra sequence is characterized by a strikingly fresh appearance
with negligible proportions of altered lithic clasts. The fresh, juvenile clasts can further be subdivided based on
their color, vesicularity and morphology, with relative proportions varying between individual units, layers, and
sublayers, particularly at proximal locations. Thickness of the total tephra blanket, of all units and of selected
layers at the studied locations are reported in Table S1 in Supporting Information S1.
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Figure 3. Reference stratigraphic section ~1 km SW of vents (LP35 in inset a) of Figure 1) showing: 3 different units (Lower, Middle, Upper), 11 layers (LU1, LU2,
LU3, MU1, MU2, MU3, MU4, MUS5, MU6, UU1, UU2), and 18 sublayers (LU1.1-6, LU2.1-4, MU3.1-3, MUG6.1-5); the 50th percentile (in cm) of the population of
the 20 largest scoria clasts for selected layers and sublayers (LU1.1, LU1.4, LU1.6, LU2.3, LU3, MU3.3, MUS5, UU2); and representative clasts for selected layers and
sublayers in various size ranges (LU1.1-1.5: 1-1.4 mm, LU2: 1-1.4 mm; MU2: 250-355 pm; MUS: 1-2 mm; UU2: 1-2 mm).

4.1.1. Lower Unit (LU)

The LU is a lapilli-size dominated unit intercalated with fine-to-coarse ash. It is made of three layers (LU1,
LU2, and LU3) and comprises the coarsest deposits of the eruption. LU has an overall thickness ranging from
about 1 to 100 cm (Figures 3 and 4; Table S1 in Supporting Information S1). Specifically, LU1 is further divided
in six sublayers (from LU1.1 to LU1.6) mainly composed of massive, moderately to poorly sorted, brownish
lapilli layers alternated with massive, moderately sorted, brown ash layers with scattered lapilli (Figure 3). The
characteristic brown color of LU1 is due to the presence of light-colored, frothy, vesicular glass (Figure 3).
This component shows a homogeneous vesicularity with small vesicles and irregular clast morphologies. The
other dominant component involves fresh dark glass characterized by smooth surfaces, with fluidal, elongated
morphologies, and variable vesicularity. While in the stratigraphically lower sublayers (e.g., LU1.1), the dark
juvenile glass shows a fresh, glassy appearance, with increasing stratigraphic height, the surfaces of dark fluidal
glass appear increasingly dull and opaque. Due to its brownish color, layer LU1 can be easily identified in prox-
imal to medial outcrops, and its thickness varies from 55 cm (1 km from the cone) to 0.2 cm (5 km W of the
vent; Table S1 in Supporting Information S1). At distances >5 km, LU1 becomes difficult to identify. A change
in color of the emplaced material marks the transition from LU1 to LU2, with the latter being further subdi-
vided in four sublayers (from LU2.1 to LU2.4). These sublayers are made of massive to normally graded, poorly
sorted, gray lapilli-bearing layers alternated with gray-to-black ash layers. In line with the evident color change
in the deposit, LU2 contains mostly dark juvenile glass, while the light-colored frothy juvenile glass becomes
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Figure 4. Variation of (a) stratigraphy (consistently with colors in Figure 3, violet, orange, and green colors indicate the Upper Unit (UU), Middle Unit (MU), and
Lower Unit (LU), respectively) and (b) deposit thickness with distance from the vents for selected locations fitted by a power law (LP35, LP34, and LP24 SW of the
vents and LP27, LP26, and LP31 NE of the vents). Location N (LP55) and S (LP45 and LP42) of the vents are also shown for comparison. Population of the 20 largest
scoria clasts at locations (c) LP35 (SW of the vents) and (d) LP27 (NE of the vents) are shown (see Figure 3 for 50th percentile of the populations of LP35).

subordinate (Figure 3). Here, the dark glass has a characteristically iridescent appearance with smooth, glassy
surfaces and fragile, angular, fluidal, and elongated morphologies. Other dark-colored juvenile components show
irregular morphologies with variable vesicularity, ranging from less translucent glass with larger vesicles and
thicker bubble walls to brown translucent glass with small vesicles and thin bubble walls. The upper sublayer
LU2.4 displays an overall decrease in vesicularity as witnessed by the presence of scoriaceous glass with dense
groundmass and isolated large vesicles, as well as sparse dense components with irregular morphologies. Scat-
tered scoriaceous clasts display a dull, gray surface, while others show a red color and evidence of oxidation. The
thickness of LU2 varies from 0.3 to 37 cm (Table S1 in Supporting Information S1). LU3 represents the upper
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part of LU and is represented by a massive, coarse ash to lapilli-bearing layer, varying in thickness from 0.2 to
4.5 cm. This unit is composed mostly of dark-colored, iridescent, fluidal vesicular glass with smooth surfaces,
together with characteristic vesicular golden glass that exhibits elongated and stretched, fluidal morphologies,
yielding an overall high clast vesicularity for this unit. However, compared with the underlying sublayers, an
increase in the proportions of components with dense groundmass can be observed. These components comprise
fresh scoriae with heterogeneous vesicle distribution including large vesicles, and an irregular morphology as
well as dull scoriae with dense groundmass, variable vesicularity, and thick bubble walls. Sporadic red oxidized
scoriae with dense groundmass and variable vesicle distributions can be identified as lithics.

4.1.2. Middle Unit (MU)

The MU is a fine-to-coarse-ash-dominated unit intercalated with lapilli layers; associated thickness ranges
between about 1 and 76 cm (Figures 3 and 4; Table S1 in Supporting Information S1). An abrupt change in
grainsize marks the transition from LU to MU, with ash-dominated beds becoming increasingly abundant from
base to top and when compared with LU, where lapilli-bearing beds were dominant. We identified a massive,
coarse, black ash-bearing layer (MU1) at the base of the MU. Compared to LU, juvenile components in MU1 are
characterized by a marked decrease in vesicularity. Juvenile clasts comprise mostly scoriaceous glass with heter-
ogeneous vesicle distributions, thick bubble walls and irregular morphologies as well as blocky particles with
a dense groundmass (Figure 3). The surfaces are characterized by a dull appearance. Few scattered clasts with
smooth surfaces and fluidal, stretched morphologies are observed. In line with the overall finer grainsize of this
unit, pyroclast surfaces often display a fine ash cover. MU2 represents a widespread distinctive ~mm-thick, red,
oxidized fine-to-coarse ash-bearing layer that is clearly visible within the sequence and was used as a guide hori-
zon. The remarkable reddish color is due to the presence of oxidized dense blocky lithics and scoriae, which can
be found mostly in the fine ash fraction (Figure 3). Contrastingly, the coarser fractions comprise fresh-looking
juvenile glass of dark color, with smooth surfaces and elongated fluidal morphologies as well as brown translu-
cent glass with irregular, elongated, angular morphologies. Furthermore, juvenile dense and scoriaceous compo-
nents with a dull surface and dense groundmass are observed. While MU?2 is the most distinctive red-lithic rich
layer that was used as a marker to help correlate the whole stratigraphy at different distance from the vent, scat-
tered red lithic clasts are present throughout the layers MU2-MUG6. Layer MU3 overlies the red ash layer of MU2;
it comprises a series of three beds (MU3.1, MU3.2, MU3.3) that consist of massive, poorly sorted, gray, coarse
ash to lapilli. On top of MU3, layer MU4 is made of an alternation of black, coarse ash with gray lapilli-bearing
layers ranging in thickness from 0.5 to 11 cm. Overall, the componentry of MU3 and MU4 is characterized by
the presence of dark fresh, fluidal glass with stretched and elongated morphologies and brown glassy clasts with
small homogeneous vesicles. Fresh, irregular scoriaceous clasts with large vesicles and thick bubble walls as well
as scattered dense clasts with blocky morphologies represent the less vesicular component. MUS is the coarsest
layer of MU, being a massive, poorly sorted, brown to black lapilli-bearing layer with a thickness ranging from
0.5 to 16 cm (Table S1 in Supporting Information S1). It has a very fresh appearance, containing predominantly
black clasts of variable vesicularity with smooth, metallic surfaces and fluidal, elongated morphologies as well as
vesicular, translucent glass with irregular morphologies and heterogeneous vesicularity; clasts with a dull surface,
including both those with dense groundmass as well as variably vesiculated scoriae, are subordinate (Figure 3).
MUG represents the top of MU, being further divided in five sublayers (MU6.1-MUS6.5) and is characterized by
an alternation of massive, moderately to poorly sorted, gray-to-black coarse ash. Compared to the underlying unit,
MUG displays higher proportions of dull scoriae, including both dense clasts with blocky morphology and clasts
of variable vesicularity and with irregular morphology. Some show evidence of superficial, red oxidation. The
fresh-looking, juvenile component displays smooth, metallic surfaces, similar to the underlying sublayers and
shows variable vesicularity, ranging from clasts that are dense, glassy, and with fluidal, rounded morphologies to
more vesicular glass that appears very fragile with angular, fluidal morphologies to microvesicular, translucent
glass. Relative proportions of the different components vary within MU6: from bottom to top layers, an overall
increase in vesicularity can be observed, while the proportions of fluidal clasts with smooth surface decreases.

4.1.3. Upper Unit (UU)

The UU seals the whole tephra sequence and shows a thickness range between 0.2 and 24 cm (Figures 3 and 4;
Table S1 in Supporting Information S1). The uppermost part is sporadically and partially reworked by wind and
water. Two layers can be well identified in the proximal locations SW of the vents (UU1 and UU2, respectively;
Figure 3). UU1 is a normally graded, poorly sorted, gray ash to lapilli layer with scattered lithics, ranging in

BONADONNA ET AL.

11 of 31

85UB017 SUOWILWIOD SISO 3|dedtjdde 8y} Ag pousenob a1e S3|1e YO BSN JO 3N 104 ArIq1T 8UIUO AB|IM UO (SUORIPUOD-PUE-SWBILI0D A8 | 1M AReIq 1 BUIUO//SdRY) SUORIPUOD Pue SW | 8Ul88S *[2202/TT/82] uo Ariqiiauliuo A8|IM ‘esid 1a BISIBAIUN AQ 20€520802202/620T 0T/10p/wod As|im Aseuqjputjuo'sgndnBe;/sdny wouy papeojumod ‘TT ‘2202 ‘9SE669TC



V ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth 10.1029/2022JB025302

7/
N q/b(
R

1
Lower unit

LU2

Mean VLP amplitude

Mean LP/VLP

TADR (m3s™7)

| ! ll
: ) ,!{::..
""'""'l"""""."'l'"'"""'""'|""'""""l""""""' ;

s o S RS &
& ® ® N A

204 4y
(

0

Figure 5. Four-hour moving average (yellow line) of tremor data from the PTAB station of INVOLCAN during the eruption
showing (a) the mean Very-Long Period (VLP) amplitude and (b) the average of mean Long Period (LP)/VLP. Gray values
show the raw, unfiltered data. (c) Two-days moving average of Time Averaged lava Discharge Rate (TADR; yellow line).
Gray values show the raw data with a symmetrical £50% measurement error. Yellow dotted lines show a symmetrical +50%
envelope around the average value. Black vertical lines (plotted at midday) indicate the best guess of transition between
different layers and units (interval is shown on the secondary horizontal axis; see also main text and Figure S1 in Supporting
Information S1 for more details on these transitions). Pink vertical lines indicate two important events: cone collapse of

25 September and beginning of the final climactic phase started on 12 December with plumes up to 6.0 and 8.5 km a.s.l.
(PEVOLCA reports; Romero et al., 2022a).

thickness from 0.2 to 10 cm. UU2 represents the top of the sequence and is a massive, moderately sorted, gray
lapilli-bearing layer with a maximum thickness of 7 cm, although the separation among UU1 and UU2 is often
difficult to constrain. UU1 is characterized by an overall dark color with fluidal glass with smooth surface being
particularly elongated. Other juvenile glass is characterized by higher vesicularity while being more equidi-
mensional with irregular morphologies. Components with a dull surface are subordinate and consist in dense
blocky clasts and variably vesiculated scoriae. In UU2 the fluidal, elongated glass is characterized by less smooth
surfaces and more irregular, angular morphologies (Figure 3). Relative proportions of dull clasts with irregular
and blocky morphologies, as well as dull scoriae with heterogeneous vesicle distributions and irregular morphol-
ogies decrease compared to the underlying bed. On top of UU2, particularly in the area proximal to the cone,
decimetric to metric bombs were emplaced to form a bomb field, representing the latest stage of the eruption.

4.2. Duration of the Eruptive Phases From Direct Observations and Seismic Record

Duration associated with all individual units and selected layers (Figure S1 in Supporting Information S1) was
determined based on direct observations (Figures S2—S9 in Supporting Information S1) and compared with tephra
collection based on the tray network operated by the INVOLCAN team. Transition amongst units and key layers
well correlate with both the volcanic tremor as recorded by the PTAB station and the TADR (Figure 5). Given the
difficulty of identifying a clear temporal transition between individual units and layers, an uncertainty of +1 day
for LU and UU (for which onset and end is well constrained) and of +2 days for the remaining layers and units
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is considered (Figure S1 in Supporting Information S1). The temporal transition of most layers of the MU and of
the two layers of the UU could not be easily constrained even within this level of uncertainty. In general, volcanic
tremor associated to Strombolian activity shows a good correlation with explosive activity (Chouet et al., 1997,
Ripepe et al., 1996). As explained in Section 3, we consider volcanic tremor amplitude both in the VLP and in
the LP band. The VLP signal has been explained with the sudden expansion of gas pockets rising in the liquid
melt in the deeper portion of the conduit (D’Auria & Martini, 2009), while LP tremor is associated with a shal-
lower source close to the eruptive vent, hence more closely related to the explosive mechanism. As a result, the
ratio between LP and VLP best indicates significant shifts in the eruptive style, which, for the Tajogaite eruption
have principally occurred between LU1 and LU2 (24-28 September) and between the MU and the UU (25-27
November) (Figure 5b). In particular, the volcanic tremor decreases significantly for a few hours on September
27 to start again during the sedimentation of LU2; a clear decrease in VLP amplitude is also shown between the
sedimentation of MU2-5 and MU6 (2 November) even though this is less evident from the ratio of the LP/VLP
amplitude (Figure 5a). LU is also associated with the first peak in TADR that decreases just after the collapse of
the cone on 25 September (Romero et al., 2022a); the largest values of TADR are observed just after the begin-
ning of LU2 and tend to stabilize during the MU and decrease in association with the large plumes produced on
12-13 December (final climactic phase occurred during sedimentation of UU2) (Figure 5c).

4.3. Spatial Distribution, Volume, and MER of the Tephra Blanket

The overall tephra blanket NE of the vents thins faster than the tephra blanket SW of the vents, with the popu-
lation of the largest scoria clasts at the most proximal locations (LP27 and LP35, respectively) being also finer
(Figures 4b—4d). All investigated layers and units as well as the total deposit are elongated NE-SW and equally
distributed NE and SW, with only UU being slightly more dispersed toward SW and the layer MU1 being more
dispersed toward SSW (Figures 6 and 7). Values of thickness of excavated trenches vary between about 0.6 and
190 cm (Figure 4; Table S1 in Supporting Information S1). As discussed above, tephra was mostly produced from
the southern vents (red vents in Figures 1, 6, and 7). Values of deposit bulk density increase with distance from the
vent for the total deposit and the three units (Figure 7¢). In fact, they vary between 634 and 1,335 kg m~3 for layers
of the LU (LU1, LU2, and LU3), between 906 and 1,743 kg m~3 for layers of the MU and between 970 kg m~3
and 1,491 kg m~3 for the UU (Figure 7e). In order to obtain unbiased values, mean bulk deposit density for LU,
MU, UU, and total deposit was determined from cumulative samples (circles in Figure 7e). Samples of LU seem

to show a lower density than samples of MU and UU, being mostly associated with values <1,200 kg m=3.

Most layers, all units as well as the total tephra blanket show at least two exponential segments in semilog plots
of deposit thickness versus square root of isopach contour, with the only exception of layers MU1 and MUS5
(Table 1 and Figure Al in Appendix A). Given the poor exposure of some of the layers and sublayers that results
in a small number of isopach contours within a short range of values of square root of areas, the exponential
fit is sometimes associated with only 1 segment (MU1 and MUS5), while the Weibull fit could only be made
stable using recommended values of @ and A as suggested by Bonadonna and Costa (2013) for different VEIs. In
contrast, results obtained from the power law integration are more stable and the sum of the volume of LU, MU,
and UU (2.2 X 107 m?) well agrees with the volume of the total tephra blanket as calculated from the power law
(2.3 x 107 m?). We therefore consider the power law as the most reliable method for this tephra blanket and focus
on this method in the analyses thereafter. Similarly, we report the volume, and all subsequent values computed
from the volume, as the median and the 90% confidence interval (see Section 3 and Supporting Information S1
for associated uncertainty analysis). Volumes of individual layers (as calculated based on the power law fit)
vary between 1.3 + 0.2 X 10® m® (MU1) and 4.9 + 0.7 x 10® m? (LU2), while volumes of individual units vary
between 4.5 + 0.8 X 10° m? (UU) and 9.2 + 0.6 x 10° m? (LU) (Table 1). The LU is, therefore, the most volu-
minous unit. Values of bulk deposit density have been used to convert volumes to erupted mass as well as MER
based on durations (Tables 2 and 3). Values of MER (as derived from the power law integration of the tephra
blanket) vary between 4.4 + 1.2 x 103 kg s™! (LU2) and 5.8 + 1.8 x 103 kg s™! (LU1) for individual layers and
2.7+ 0.6 x 103kg s~! (MU) and 4.3 + 0.8 x 10° kg s~! (LU) for individual units. When calculated using the total
tephra blanket, the average MER for the whole eruption is 3.7 + 0.6 x 103 kg s' (Table 3).
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Figure 6. Isopach maps of (a) total deposit, (b) Lower Unit (LU), (c) Middle Unit (MU), and (d) Upper Unit (UU). Inundated area of lava flow (dark gray area) as
well as eruptive vents (black and red triangles being the vents mostly producing lava and tephra, respectively) are shown. Thickness values (in cm) of each contour are
indicated, while thickness values of individual locations are in Table S1 in Supporting Information S1. Color of contours correlates with colors of Figure 3.

4.4. Eruption Dynamics and Classification

Thinning of tephra blanket of the whole eruption as well as that of individual units and selected layers plot above
the Strombolian paroxysms of Stromboli and Etna volcanoes and in between the thinning of the tephra blanket
associated with the 1992 eruption of Cerro Negro (Nicaragua) and the 1998 eruption of Etna (Italy), which have
been classified as sub-Plinian; other long-lasting hybrid eruptions plot both below (Mirador 1979, Chile) and
above (Paricutin 1943-1952 and El Jorullo 1759-1774, Mexico; Navidad-Lonquimay 1988-1990, Chile) the
2021 Tajogaite eruption depending on their duration (Figure 8a). In fact, the thinning plot often used to classify
volcanic eruptions (e.g., Alfano et al., 2011, 2018; Houghton et al., 2000; Rowland et al., 2009) can be misleading
when comparing eruptions with significantly different durations. When normalizing the values of thickness based
on the duration expressed as number of days (Figure 8b; Table 3 and Table S5 in Supporting Information S1),
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Figure 7. Isopach maps of (a) layers LU1 and (b) LU2 of Lower Unit (LU) and of (c) layers MU1 and (d) MUS of Middle Unit (MU). Inundated area of lava flow (dark
gray area) as well as eruptive vents (black and red triangles being the vents mostly producing lava and tephra, respectively) are shown. Thickness values (in cm) of each
contour are indicated, while thickness values of individual locations are in Table S1 in Supporting Information S1. Color of contours correlates with colors of Figure 3.
(e) Variation of deposit density with distance from southern vents. Dashed horizontal black line separates most samples of LU (green symbols) from samples of MU
(orange to brown symbols) (same color code as in Figure 3). Trend lines for LU (dashed green), MU (dashed brown), UU (dashed violet), and total deposit (black) are
also shown.
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Table 1
Volumes of Individual Layers, Individual Units, and Total Tephra Blanket Based on Exponential (With 1, 2, and 3
Segments), Power Law, and Weibull Integrations Expressed as the Median + the 90% Confidence Interval
Volume (x10° m?)
Exponential
1 seg. 2 seg. (BS) 3 seg. (BS1, BS2) Power law (exp) Weibull
LU — 7.8 +0.5(3.9) 79 +0.53.1,4.2) 9.2+0.6 (2.1) 6.5+0.3
LU1 33+02 4.0+0.5(1.9) 4.0+04(1.7,6.0) 44 +0.5 (2.5) 42+03
LU2 — 2.8+0.2(2.8) — 4.9 +0.7 (1.8) 3.0+02
MU — 6.5+0.5(2.7) 6.1 +1.0(2.1,2.6) 7.8 +1.1(2.1) 6.0 +0.3
MU1 0.7+0.1 — — 1.3 +0.2(1.9) 0.8+34
MU5S 0.7+0.1 — — 1.8+ 0.4 (1.7) 0.8+0.1
uu — 24 +0.1 (3.0 2.6 +0.2(1.9,6.4) 4.5 +0.8(1.7) 2.6+0.1
Total — 17.5+0.9 (3.4) 17.5+0.9 (3.5,44) 22.8 + 1.7 (2.0) 250+ 7.0
Note. Values of break in slope for the 2-segment (BS) and 3-segment (BS1, BS2) exponential fit (in km) and the power law
exponent (exp) are indicated in brackets. For the power law, the uncertainty on the distal integration limit is bounded by the
square root of the area of the of 0.1 and 0.01 cm isopach which correspond to 30 and 90 km for LU, 15 and 45 km for LU1,
30 and 100 km for LU2, 30 and 80 km for MU, 15 and 50 km for MU1, 20 and 70 km for MUS5, 25 and 100 km for UU, and
60 and 150 km for the total deposit. See also Tables S2 and S3 in Supporting Information S1 for details on full uncertainty
analysis.
clearly the 1886 Plinian eruption of Tarawera (New Zealand) plots above the sub-Plinian eruptions of Cerro
Negro 1992 (Nicaragua), Etna 1998 (Italy), and Fuego 1974 (Guatemala), while all long-lasting, hybrid erup-
tions plot together with normal Strombolian eruptions (Figure 8b). While the duration of the different events
considered in this analysis is affected by large uncertainty (Table S5 in Supporting Information S1), Figure 8
clearly demonstrates the complexity of describing and classifying eruptions with significantly different durations
(from a few minutes to a few years). Here, below, we investigate a combination of alternative strategies that can
help better understand the dynamics of long-lasting, hybrid eruptions considering all associated products (tephra
blanket, tephra cone, lava flows).
The beginning of the Tajogaite eruption on 19 September 2021 was characterized by simultaneous effusive
and explosive activity. As a result, while the lava flow started descending toward the ocean on the west side
of the island, a new cone started forming in the area of Cabeza de Vaca. The new cone went through various
Table 2
Mass of Individual Layers, Individual Units, and Total Tephra Blanket Calculated From Values of Volume (Table 1) and
Values of Deposit Density (Figure 7e)
Mass (x10° kg)
Exponential
Deposit density (kg m~3) 1 seg. 2 seg. 3 seg. Power law Weibull
LU 926 + 93 — 73+12 73+13 85+15 6.0+1.0
LU1 891 + 89 3.0+05 36+0.8 3.6+0.7 4.0+0.8 3707
LU2 982 + 98 — 28+06 — 49+ 1.1 29£0.5
MU 1,386 + 137 — 90+17 85+20 10.8 +2.4 84+15
MU1 1,416 + 142 1.1+£02 = = 1.8+0.5 12+47
MUS5 1,133 + 113 0.8 +0.2 — — 20£05 0.9 +02
1818} 1,221 + 122 — 30+05 32406 54+12  31+05
Total 1,200 + 120 — 20.9 + 3.8 209 +3.8 272+48  30.0+9.7
Note. See also Tables S2 and S3 in Supporting Information S1 for details on full uncertainty analysis.
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Table 3 partial collapses reaching a height of about 110 m above the pre-eruptive

Mass Eruption Rate Derived From Mass of Erupted Tephra (as Calculated
From the Integration of the Power Law Trend) (Table 2) and Duration

Mass eruption

surface on 27 September and of 187 m at the end of the eruption (Civico
et al., 2022a, 2022b). On 25 September, an increase in the magmatic input,
resulting in increased fountaining intensity, caused a large partial collapse of

Duration ~ Duration  Type 1 Type2  rate (x103kgs™") the cone (Romero et al., 2022a). This partial collapse coincided with the end

(days) (x10°s)  winds winds (power law) of sedimentation of layer LU1 and with an increase in the lava flow emission

LU 23 + 1 2.0+0.1 7 (%) 11 (% 43+ 0.8 (Figure 9). A sharp increase in the emission rate of lava flows occurred after
LUL 842 07402 0 34209 58+ 1.8 the first week of the eruption (after the sedimentation of LU1); in contrast,
the MER associated with the cone and the tephra blanket remained relatively

Loz B2 et Oest Tl ST constant during the whole eruption (Figures 5c and 9 and Tables 3 and 4).
w0y B2 Al a2 22 2o sl In fact, at the end of sedimentation of layer LU1, the erupted mass of lava
MU1 4£2  03+£02 3zx1 1£0 53+33 (2.6 x 10'° kg) was more than double the mass of tephra constituting the
Uu 17+1 15401 14+1 3+1 3.7+09 cone (7.1 x 10° kg) and about 1 order of magnitude larger than the mass
Total 36 74 46 36 3.7+ 0.6 of the tephra blanket (4.0 x 10° kg) (Figure 9 and Table 4). Between 25

Note. Duration of individual layers and units was derived based on direct
observations (Figure S1 in Supporting Information S1), but it is not available

for MUS (Figure 5). Uncertainty of 1 day for Lower Unit (LU) and Upper

Unit (UU) and of 2 days for the remaining layers and units is considered
in the calculation of mass eruption rate (MER). See Tables S2 and S3 in blanket (8.5 x 10° kg) (Table 4). At the end of the eruption, the mass of

Supporting Information S1 for details on full uncertainty analysis. Number of
days characterized by trade winds (Type 1) and when trade winds are weak
or inexistent (Type 2) are also shown (see also Figure 2). (*): indicates that

data set is not complete.

and 30 September 2021 (beginning of LU?2), the emission of lava increased
from 1.9 x 10* to 1.5 x 10° kg s~! (i.e., from 7 to 55 m? s~!; Figure 5¢). As
a result, at the end of sedimentation of LU, the mass of lava (1.5 x 10! kg)
was 1 order of magnitude larger than the cone (9.9 X 10° kg) and the tephra

lava (4.8 x 10'" kg) was also 1 order of magnitude larger than the cone
(4.2 x 10'9 kg) and the tephra blanket (2.7 x 10'° kg) (Table 4). It is impor-
tant to stress that only the subaerial lava is considered in this analysis, and,
therefore, the total volume (also considering the submarine lava) would be
even larger. The density of the lava flow was taken as 2,770 kg m~ based
on compositional data, while the density of the cone was considered as that
of the proximal tephra blanket (<1.5 km from vents; see caption of Table 4 for details). Finally, even though the
volume of the cone was accurately determined based on UAS survey only on 27 September 2021 and January
2022 (end of sedimentation of layer LU1 and of UU, respectively; Civico et al., 2022a, 2022b), it was extrapolated
for the LU and the MU based on the linear fit shown in Figure 9 (for the mean, the minimum, and maximum
values).

All units, layer LU1 and the total Tajogaite eruption plot together with other hybrid eruptions in the Magnitude
Index versus Intensity Index plot proposed by Pyle (2000) (where the Magnitude Index is calculated based on the
combination of tephra blanket, tephra cone, and lava flow); nonetheless, unlike the Paricutin eruption that shows
an increase of MER in time, the MER of the Tajogaite eruption remained relatively constant in time (Figure 10a
and Table 4). The ratio between the mass of the tephra blanket and the total mass (cumulative mass of tephra
blanket, cone, and lava) used often as a proxy for eruption explosivity (Pioli et al., 2009), is 0.05, 0.04, and 0.07
for LU, MU, and UU, respectively (when the mean value of cone and lava volume is considered). This indicates,
together with a cumulative MER of tephra blanket, cone, and lava <10° kg s~! (Table 4), a clear dominance of the
effusive component of the eruption; the same ratio is 0.11 for LU1 (the highest of the eruption) and 0.05 for the
whole eruption (Figure 10b). The Tajogaite eruption plots in the field of decoupled magma-gas systems even
when considering the minimum and maximum values of cone and lava volume as shown in Figure 9 (Figure S10
in Supporting Information S1).

5. Discussion

5.1. Characteristics of the Tephra Blanket Associated With the 2021 Tajogaite Eruption

Even though the tephra blanket does not represent the dominant component of the 2021 Tajogaite eruption,
which was clearly associated with a magma-gas decoupled system (Figure 10b), it impacted most of the south
section of the island dispersing tephra both SW and NE of the vents (Figures 6 and 7). In addition, the strati-
graphic characteristics as well as the size and texture of clasts in the different units and layers represent a clear
indication of the shift in eruptive style and dynamics through the whole activity. Vents opened at different
times resulting in specific eruptive phases with different characteristics. As an example, the opening of a new
vent on 13—-15 October 2021 was associated with the sedimentation of a distinctive layer of red lithic clasts
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Figure 8. Comparison of thinning of tephra blanket of basaltic eruptions of different intensity considering (a) the values of thickness (in cm) and (b) the values of
thickness normalized based on the eruption duration expressed in number of days (only for the eruption for which the duration is observed; Table 3 and Table S5 in
Supporting Information S1) (in cm day~'). Plinian eruptions: indicated with the diamond symbols (Fontana Lapilli: Costantini et al., 2009; Etna 122 B.C.: Coltelli

et al., 1998; Tarawera 1886: Houghton et al., 2004); sub-Plinian eruptions: indicated with the triangle symbols (Cerro Negro 1992: Connor & Connor, 2006; Fuego
1974: Rose et al., 2008; Etna 1998: Scollo et al., 2013); hybrid long-lasting eruptions: indicated with square symbols (Paricutin 1943—-1952 and El Jorullo 1759-1774:
Rowland et al., 2009; Navidad-Lonquimay 1988—1990: Naranjo et al., 1991; Mirador 1979: Moreno, 1980) and Strombolian paroxysms: indicated with cross symbols
(Etna 12-13 January 2011: Andronico et al., 2014; Etna 10 April 2011: Freret-Lorgeril et al., 2021a; Etna 29 August 2011: Freret-Lorgeril et al., 2021b; Stromboli 5
April 2003 and 15 March 2007; Pistolesi et al., 2011). Total tephra blanket, units, and selected layers of the 2021 Tajogaite eruption are indicated with filled circles

of various colors. Durations of all eruptions are indicated in legend (duration of MUS layer is not indicated as it is not constrained; Figure 5). Points are visualized as
scatter plots with smooth lines to best identify the different eruptions.
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Figure 9. Variation in time of volume (m?) associated with lava flows (mean value: blue circles; minimum and maximum
values: blue dotted lines), tephra cone (as determined based on UAS surveys; Civico et al., 2022a, 2022b; red triangles), and
tephra blanket (as determined from isopach maps of Figures 6 and 7; gray squares). A linear fit and associated equation are
shown for the cone and the tephra blanket data sets where x represents the number of days from the beginning of the eruption
(secondary horizontal axis). Vertical dashed lines indicate the best guess of the end of individual units and selected layers (as
shown in Figure 5 and Figure S1 in Supporting Information S1).
Table 4
Erupted Mass and Mass Eruption Rate for the Total Eruption, the Three Units, and LU Associated With Tephra Blanket, Scoria Cone, and Lava Flow
Erupted mass tephra blanket (PL) Erupted mass tephra cone Magnitude
(x10'9kg) (X109 kg) Erupted mass lava (x10'°kg)  Total erupted mass (x10'° kg) Index
LU 0.8 +0.15 1.0 + 0.005 146 +7.3 16.4 +7.3 42+04
LU1 0.4 +0.08 0.7 +£0.015 26+1.3 37+1.3 3.6 +0.4
MU 1.1 £0.24 2.0+ 0.013 254 £ 12.7 28.5 £ 12.7 45+04
UuU 0.5+0.12 0.7 +£0.013 70+3.5 B2 42 33 39+04
Total 2.7+048 42 +0.034 47.8 +£23.5 54.7+23.9 47+04
MER tephra blanket (PL)(x10* kg s~!) MER tephra cone (X10* kg s~!) MER lava (x10* kg s~") Total MER (x10* kg s~!)  Intensity Index
LU 0.4 +0.08 0.5 +0.002 73+38 82+38 79 +0.5
LU1 0.6 +0.16 1.0 +£0.023 38+19 54+19 7704
MU 0.3 +0.06 0.5 +0.003 6.4+32 72+32 79+04
1819] 0.4 +0.09 0.5 + 0.008 48+24 57+24 7.7+04
Total 0.4 +0.06 0.6 + 0.005 63+32 13232 79+04

Note. Magnitude Index and Intensity Index of Pyle (2000) for the cumulative erupted mass and mass eruption rate (MER) including tephra blanket, scoria cone, and
lava flows are also shown. See Tables 2 and 3 for erupted mass and MER of tephra blanket (value obtained from the Power Law integration). Uncertainty on the
determination of volume of cone (0.3 X 10° m? on the final value and +0.2 X 10° m? on the value for the 27 September 2022) are from Civico et al. (2022a). Volume
of tephra cone at different times of the eruptions was extrapolated from linear fit of Figure 9 and converted into mass based on values of density of 798, 840, 1,080,
1,037, and 1,140 kg m~ for LU1, LU, MU, UU, and total deposit, respectively, averaged for associated locations <1.5 km from vents (see Figure 7¢). See also Table
S4 in Supporting Information S1 for details on full uncertainty analysis and propagation.
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Figure 10. (a) Plot of Cumulative Magnitude Index versus Cumulative Intensity Index of Pyle (2000) (corresponding values of erupted mass and mass eruption rate
(MER) are also shown on secondary axis); diagonal lines indicate the eruption duration given a certain Magnitude Index, where 10° s correspond to about 12 days. Data
source: Plinian and effusive eruptions (Pyle, 2000), hybrid eruptions (Pioli et al., 2009). Large pink triangle indicates the whole 2021 Tajogaite eruption; small pink
triangles indicate LU1, Upper Unit (UU), Lower Unit (LU), and Middle Unit (MU) from left to right, respectively (error bars indicate associated uncertainty; Table 4).
(b) Plot of cumulative MER (kg s~!) (lava, tephra cone, and tephra blanket) versus eruption explosivity indicated as the ratio between the mass of tephra blanket and the
total erupted mass (i.e., lava, tephra cone, and tephra blanket) (adjusted from Pioli et al. (2009)). Values of LU, MU, and UU as well as LU1 and total deposit are plotted
as diamonds together with the data set of basaltic eruptions from Pioli et al. (2009). See also Table 4 for values of mass and MER for the different eruptive phases and
Figure S10 in Supporting Information S1 for plots considering the minimum and the maximum values of total mass.
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(MU2; Figure 3). Even though all sublayers, layers, and units were produced by mixed explosive activity
including lava fountains, ash emissions, and tephra plumes from four main vents (Figure 1), the stratigraphy
analyzed between about 0.7 and 12 km from vents is striking; in fact, sublayers and layers can be well corre-
lated in the proximal and medial deposit (<5 km from vents), while all units are still recognizable also in
medial and distal area (>5 km from vents) (Figure 4). Despite plume height varying during the day due to vari-
able eruptive style and wind speed, the MER as derived from tephra blanket was relatively constant during the
whole eruption, with an average of 3.7 + 0.6 X 103 kg s~! for the whole tephra blanket (Figure 9 and Table 3).
The 50th percentile of the 20 largest scoria clasts also only varied between 1.4 and 1.9 cm at LP35 (SW of the
vent) and between 1.3 and 1.9 cm at LP27 (NE of the vent), indicating similar maximum plume height asso-
ciated with the different sublayers and layers (Figure 4). The whole population of the 20 largest scoria clasts
at locations LP35 and LP27 also show very similar trends with those at LP35 being only slightly coarser than
those at LP27 for the same sublayers and layers (Figure 4). In contrast, the density of the deposit is different
for the whole LU (mostly <1,200 kg m~3) with respect to the rest of the stratigraphy (mostly >1,200 kg m~3)
reflecting also the highest 50th percentile of the 20 largest scoria clasts (1.9 cm; Figure 4) and the highest
explosivity index (0.11 for LU1; Figure 10b). The UU, which is associated with the highest explosivity index
amongst the three units (0.07; Figure 10b), is also characterized by values of deposit density <1,200 kg m~>
for distances from the vent <2 km (Figure 7e).

While the tephra was dispersed over the whole island even reaching the Roque de los Muchachos Observatory
(about 16 km north of the vents), the associated cumulative deposit shows a clear elongation NE-SW. In fact, not
only the cumulative deposit is dispersed in both directions, but all the individual units and most layers have the
same dispersal NE-SW, with the only exception for the MU1 layer that is mostly dispersed to SSW (Figures 6
and 7). As an example, LP35 and LP27 (about 1 km SW and NE from the vents, respectively) are nearly specular,
showing the same sequence of units, layers, and sublayers with very similar values of thickness (Figure 4 and
Table S1 in Supporting Information S1). This indicates that the variations of wind direction are associated with
smaller temporal scales than the duration of individual units and layers, which is between 17-46 and 413 days,
respectively (Table 3). In terms of atmospheric circulation, all units have similar number of days characterized
by trade winds (Type 1 in Figure 2; Table 3) and days during which trade winds were weak or inexistent (Type
2 in Figure 2; Table 3). LU and LU1 seem to be characterized by more Type 2 winds because information is
only available after 6 days following eruption onset. MU1 is dominated by Type 1 winds, and, in fact, differently
from the dispersal of all other layers, the associated tephra blanket is mostly distributed SSW (Figure 7). During
days with weak or inexistent trade winds (Type 2), the dispersal of tephra strongly oscillated, even experiencing
360-degree veering, as occurred on 6 October (during sedimentation of LU2; Figure 11). In contrast, during days
of trade winds the direction was mostly SW, as shown for 9 December (during sedimentation of UU; Figure 11).
Finally, as expected from buoyant plume theory (e.g., Degruyter & Bonadonna, 2012, 2013; Michaud-Dubuy
et al., 2020; Woodhouse et al., 2013), the variations in plume height (Figure 2) seem to be dominated more by
the characteristics of wind rather than by the short-term MER oscillations. This is suggested by the fact that
deposit-derived MER for the tephra blanket is relatively constant across all units and layers (Table 3) and that a
clear correlation is observed between wind type and plume height. In fact, Type 1 winds are strong and typically
cause plume to bend over resulting in an overall decrease of plume height. In contrast, plumes are more likely to
rise vertically during days characterized by Type 2 winds (Figure 2). In fact, even though the plume height varied
during the day, while the available data sets provide only one observation per day (PEVOLCA) or every few days
(VONA), for both data sets the average plume height is 2.8 km a.s.l. during days characterized by strong trade
winds (Type 1) and 3.7 km a.s.l. during days characterized by weak winds (Type 2) (Figure 2). In addition, the
highest plume of 8.5 km a.s.l. was observed in the afternoon of 13 December, which was characterized by Type
2 wind.

5.2. Implications for Tephra Dispersal Forecasting

The isopach maps of the total deposit as well as the isopach maps of individual layers and units can be described
as subcircular to elliptical as they represent the contribution of tephra sedimentation over few days to weeks
(Figures 6 and 7). Long-term hazard assessment that would also consider ground sedimentation over a few days
to weeks would not need to capture the hourly variation of ESPs (see e.g., the hazard assessment of long-lasting
eruptions such as Mt. Etna (Italy) and La Fossa volcano, Vulcano (Italy); Biass et al., 2016; Scollo et al., 2013).
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Figure 11. Examples from the operational forecast system run at the Barcelona Supercomputing Center (BSC) showing
concentration of volcanic ash (mg m~3) at Flight Level FLO50 (~1,500 m a.s.1.). The left and right plots show typical plume
dispersal occurred during days of wind Type 2 and Type 1, respectively. Zoom of the computational domain centered on La
Palma Island. Left column: results for 6 October at 00:00, 6 October at 12:00, and 7 October at 12:00. Right column: results
for 9 December at 00:00, 9 December at 12:25, and 10 December at 12:00. Simulations considered volcanic ash only (i.e.,
tephra particles <2 mm in diameter). See Supporting Information S1 for the animated full record of these simulations.
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Nonetheless, atmospheric tephra dispersal over shorter time scales (e.g., hours), which are of particular interest
for real-time forecasting and mitigation of risk to aviation, is more complex (Figure 11 and Movies S1 and S2).
From 25 September 2021 onwards, an operational forecast system was implemented at the Barcelona Supercom-
puting Center (BSC) to deliver daily plume dispersal and tephra fallout predictions to the scientific committee of
the PEVOLCA. The modeling system, based on the FALL3D dispersal model (Folch et al., 2020) configured at
2 km resolution, was used as a complement to the Toulouse VAAC forecasts in operational decision making. As
an example, Figure 11 shows FALL3D model concentration snapshots at different instants during typical Type
1 (9-10 December) and Type 2 (6—7 October) wind situations. These operational systems provided an accurate
and valuable information for the long-range plume dispersal, with overall good agreement with satellite imagery.
However, the Tajogaite eruption demonstrated the complexity of modeling proximal dispersal and deposition in
case of long-lasting weak eruptions due to several reasons including variable eruptive style and plume height at
scales of a few hours to a few days, complex orographic settings yielding to particular local-scale wind patterns
and the presence of hot lava flows able to generate significant thermal convection in the near-source regions.
All these aspects had implications on model accuracies in proximal areas, as operational VATDMs are normally
configured for more sustained eruption conditions and driven by global or regional scale meteorological models.
Improving the accuracy of forecasts for such events requires various implementations such as a rapid and auto-
mated assimilation of the frequent variations in eruption conditions (e.g., plume height) and shifts in eruptive
style and dynamics, a downscaling of the meteorological drivers to resolve the complex and transient wind
patterns observed, and the description of the thermal convection effects caused by the emplacement of hot and
widespread lava flows.

5.3. Characterization and Classification of Long-Lasting, Cone-Forming Basaltic Eruptions

While the concept of long-lasting eruptions can be tentatively quantified to describe eruptive events having dura-
tion from a few days to a few years, the term hybrid is commonly used to define volcanic activity characterized by
both effusive (lava flows, lava domes) and explosive products (tephra, scoria cones, pyroclastic density currents)
often resulting from variable eruptive styles occurring contemporaneously (e.g., Wadsworth et al., 2020). The
variability in style shown by hybrid volcanism can be the result of a complex interplay among magma compo-
sition, crystal, and volatile content dissolved in the melt (which all modulate magma rheology and ascent along
the conduit) and is associated to magmatism with variable degrees of evolution (i.e., basaltic to rhyolitic activ-
ity) (Alfano et al., 2018; Cassidy et al., 2018; Castro & Gardner, 2008; Pioli et al., 2009; Pistolesi et al., 2021;
Schipper et al., 2013; Wadsworth et al., 2020; Zawacki et al., 2019). Particularly, basaltic volcanism can be often
associated to monogenetic activity which may further enhance hybrid characteristics being associated with rela-
tively immature conduits and low viscosity magma; these two factors may favor splitting into vertical and lateral
branches near the base of the forming scoria cone. If the flow is separated, gas and liquid components of the
magma may be partitioned unevenly between the two branches, resulting in external dynamics with very different
characteristics (Pioli et al., 2009).

The variability in eruptive dynamics of long-lasting, hybrid basaltic eruptions showing significant shifts
in eruptive style and a variable ratio between effusive and explosive products results in a complex descrip-
tion and classification. As an example, the basaltic eruption of Tecolote volcano (Mexico) (27 + 6 ka) was
characterized by a first sub-Plinian phase followed by a violent Strombolian phase and associated with the
effusion of a large volume of lava, where the tephra blanket only represents about 23% of the cumulative
volume (Zawacki et al., 2019). The 1943—-1952 eruption of Paricutin was also associated with multiple erup-
tive styles including violent Strombolian phases, normal Strombolian explosions, Vulcanian explosions,
ash emissions, and effusive phases (Pioli et al., 2008); this resulted in variable ratios of mass of tephra
blanket versus total mass (Figure 10). The first year of the eruption was more explosive with plume heights
<8 km, wide ash dispersal (up to about 400 km of the volcano), average daily tephra discharge rates of
about 10° kg s~! and contemporaneous lava discharge rate of about 104 kg s~!, while the last six years were
mostly effusive with short-lived Vulcanian explosions with heights <2 km and MER < 10*kg s~! (Foshag &
Gonzalez, 1956; Krauskopf, 1948; Ordofiez, 1945; Velasco, 1945). During the Paricutin eruption, effusive
and explosive activities were associated with different vents, with the summit vents mostly producing tephra
and the vents at the base of the cone mostly producing lava flows. Within a few hours from the beginning of
the eruption, a mild explosive activity concentrated in the northern section of the 50-m-long fracture forming
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a scoria cone that reached its stability, and final height of 150 m, after about 1 month; similarly to the
Navidad eruption of Lonquimay, Chile (1988-1990) (Naranjo et al., 1991), the cone stabilization coincided
with the beginning of the violent Strombolian phase with a high production of ash and contemporaneous
emission of lava from lateral vents at the base of the cone (Pioli et al., 2009). Variable gas segregation and
upward gas migration within the upper conduit caused the magma-gas mixture to alternate between stable
and unstable two-phase flow regimes, which in turn gave rise to highly unstable and variable eruptive activ-
ity. Such a complexity in eruptive style and dynamics is difficult to be captured in a single plot or a single
classification scheme, especially when eruptive duration and the combination of multiple products (e.g.,
tephra blanket, cone, lava flows) are not considered (e.g., VEI, thinning plot).

The whole Tajogaite eruption is associated with a VEI 3, while all individual units and individual layers
analyzed are associated with a VEI 2 (Table 1). In addition, the thinning of the tephra blanket of the whole
eruption as well as of individual units and selected layers (LU1, MU1, MUS) show some similarities with
sub-Plinian deposits (e.g., Cerro Negro 1992, Nicaragua; Etna 1998, Italy; Fuego 1974, Guatemala; Figure 8a).
In fact, the eruptions of Fuego 1974, Cerro Negro 1992, and Etna 1998 lasted <4 days (Table S5 in Support-
ing Information S1), which is significantly less than all considered units of Tajogaite, with the exception of
layers LU1 (8 days) and MU1 (3 days) (Table 3). In addition, the eruption of Fuego 1974, Cerro Negro 1992,
and Etna 1998 were associated with absent or small emission of lava flows (Connor & Connor, 2006; Pioli
et al., 2009; Rose et al., 2008; Scollo et al., 2013). It is also interesting to notice how the 1943-1952 eruption
of Paricutin and the 1759-1774 eruption of El Jorullo (Mexico), both mostly characterized by violent Strom-
bolian activity (Pioli et al., 2008; Rowland et al., 2009), plot above the three Plinian eruptions of Tarawera
(New Zealand; Houghton et al., 2004), Fontana Lapilli (Nicaragua; Costantini et al., 2009), and Etna (122 BC;
Coltelli et al., 1998), demonstrating the difficult comparison of eruptions with significantly different durations
based only on tephra blanket thinning (Figure 8a). When the values of thickness are normalized based on the
eruption duration, all long-lasting hybrid eruptions plot below sub-Plinian and Plinian events (Figure 8b). In
fact, the classification schemes typically used for short-lasting eruptions, and designed to described magma-
gas coupled systems, do not provide a good description of long-lasting, hybrid eruptions, which are, in fact,
typically characterized by variable eruptive style, multiple products, and unsteady activity, with unsteadiness
being related to eruption intensity.

Coupled, transitional, and decoupled systems are better described when plotting the Magnitude Index versus the
Intensity Index (Figure 10a) as well as the explosivity index (i.e., the ratio between the mass of tephra blanket
and the total erupted mass of lava, tephra cone, and tephra blanket) versus MER (Figure 10b). The first scheme
clearly discriminates Plinian and effusive eruptions from long-lasting hybrid eruptions that mostly plot beyond
the diagonal of 10° s and identifies eruptions with varying intensity in time (e.g., Tajogaite versus Paricutin;
Figure 10a). The MER, and, therefore, the Intensity Index, is also clearly related to the degree of magma-gas
decoupling. In particular, according to the numerical simulations of Pioli et al. (2009), low, intermediate,
and high values of MER are associated with effusive and normal Strombolian eruptions (MER < 10° kg s~;
Intensity Index < 6), violent Strombolian eruptions (MER = 103-10° kg s~'; Intensity Index = 6-8), and
sustained sub-Plinian to Plinian activity without accompanying lava flows (MER > 10° kg s~!; Intensity
Index > 8), respectively. The shift in style has been associated with higher values of MER for the 1943-1952
Paricutin eruption (Mexico), where violent Strombolian activity was characterized by values of MER between
10* and 10° kg s~! (Intensity Index = 7-8) (Pioli et al., 2008). This is also the case of Vesuvius, with ash
emissions and normal Strombolian activity being associated with MER < 10° kg s~! (Intensity Index < 8),
violent Strombolian eruptions with MER = 10°-10° kg s~! (Intensity Index = 8-9), sub-Plinian eruptions with
MER = 10°-107 kg s~! (Intensity Index = 9-10), and Plinian eruptions with MER > 107 kg s~! (Intensity
Index > 10) (Cioni et al., 2008). These numerical results are not applicable to fissure eruptions, where spatial
differentiation of vents is likely related to the dynamics of magma rise within the dike and large MER can
be achieved without significant explosive dynamics (Pioli et al., 2009). In addition, similar values of MER
can also be associated with Hawaiian lava fountains (10*~10° kg s~'), which, however, differ in terms of
plume height, components, and glass vesicularity (Mangan & Cashman, 1996; Parfitt, 2004; Pioli et al., 2008;
Romero et al., 2018; Wolfe et al., 1988), and intense lava fountains at open conduit volcanoes (e.g., Villar-
rica volcano, Chile; Etna volcano, Italy) (MER = 105-10° kg s~!: Andronico et al., 2015; Freret-Lorgeril
et al., 2018; Romero et al., 2018).
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The plot of explosivity versus MER allows also for the contribution of the different components (tephra
blanket, cone, and lava) to be described. Interestingly, hybrid eruptions with simultaneous emission of
tephra and lava show a direct correlation between explosivity and MER (Pioli et al., 2009; Figure 10b). In
particular, decoupled magma-gas systems dominated by effusive activity result in eruptions characterized
by a small or nearly absent tephra blanket and low MER, while coupled magma-gas systems are typi-
cally associated with sub-Plinian and Plinian activity characterized by a large tephra blanket, nearly absent
lava production and large MER; all transitional systems producing a significant tephra blanket as well as
substantial lava flows can result in normal Strombolian or violent Strombolian systems (Figure 10b). In
fact, scoria cones of similar size (100-300 m) can be associated with both normal Strombolian and violent
Strombolian eruptions, with the main difference that violent Strombolian eruptions are also associated with
an extended tephra blanket and large volumes of volcanic ash (e.g., Pioli et al., 2009; Rowland et al., 2009;
Valentine et al., 2005). As an example, volumes of the tephra blanket, of the cone and of the lava flow of the
1943-1952 eruption of Paricutin (Mexico), which is considered as the typical violent Strombolian eruption,
are 6.4 x 108, 2.5 x 10%, and 7.0 x 108 m?3, respectively (Fries, 1953; Pioli et al., 2008), which results in a
volume fraction of the tephra blanket with respect to the total bulk volume of about 40%. The same volume
fraction of 40% was reported for the 1759-1774 violent Strombolian eruption of El Jorullo (Mexico) with
a volume of tephra blanket, cone, and lava flow of 3.8 x 10%, 1.6 x 108, and 4.0 x 10% m?, respectively
(Rowland et al., 2009). In contrast, the cumulative tephra blanket of the Tajogaite eruption is only 10% of
the total eruptive volume (7%—16% if considering the variability of lava volume as shown in Figure 9), and
in fact, LU1, LU, MU, UU, and the total deposit all plot within the field of decoupled systems even though
the cumulative MER (5.4-8.3 x 10* kg s~!; Table 4) is of the same order of violent Strombolian eruptions
(Figure 10b). The layer LU1 is associated with the only phase of the eruption with an explosivity ratio
(tephra blanket/total mass) > 0.1 (Figure 10b), which in fact corresponds to the phase with low emission
rate of lava (Figures 5 and 9). Regardless of a similar cone height, more explosive basaltic eruptions are
associated with larger volume fraction of tephra blanket versus total volume, such as the sub-Plinian erup-
tion of Sunset crater with a total volume of tephra blanket, cone and lava flow of 7.8 x 108, 2.9 x 10%, and
1.4 x 10® m3, respectively, resulting in a volume fraction of 64% (Alfano et al., 2018), and the Pleistocene
Cerro Negro cone (Chile) where the tephra cone is associated with a bulk volume of 0.94 km3, while the lava
is only 0.03 km? (in this case the volume of the tephra blanket could not be determined because of erosion)
(Romero et al., 2022b).

It is important to bear in mind that, given that only subaerial lava is considered in our analysis, the total MER of
the various layers and units and of the total eruption is expected to be larger, however, the explosivity parame-
ters (mass of tephra blanket/total mass) are expected to be even lower. In fact, the uncertainty on the determina-
tion of the volume of lava (50% on the subaerial lava field + unknown fraction on the subaquatic lava flows) is
impacting the final classification analysis more than the variability associated with the determination of volume
of tephra (blanket and cone) and on the duration of the different eruptive phases (<30%) (Tables 2—4). Consid-
ering all known uncertainties, the Tajogaite eruption plots in the field of decoupling systems and long-lasting
hybrid eruptions (Figures 8 and 10 and Figure S10 in Supporting Information S1). We conclude that, if the
classification was only based on tephra, the Tajogaite eruption would classify as VEI 3. Nonetheless, when
all the eruptive products are considered (tephra blanket, scoria cone, lava flow), the Tajogaite eruption can be
better described as a long-lasting hybrid eruption associated with a decoupled magma-gas system that produced
a large volume of degassed magma with only a small fraction resulting in efficient fragmentation (i.e., 7%—-16%
of tephra blanket versus total volume (tephra blanket, cone, lava) and 38% of tephra blanket versus total tephra
volume (blanket, cone)).

6. Conclusions

The nearly 3-month-long 2021 eruption of Cumbre Vieja (Tajogaite eruption) represents a long-lasting, hybrid
eruption associated with multiple eruptive styles (effusive, lava fountains, ash emissions, Strombolian explosions)
from multiple vents along a 0.5 km fissure and resulting in multiple eruptive products (lava flows, tephra cone,
tephra blanket). Detailed field analysis of the tephra blanket during and after the eruption, in combination with
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the analysis of atmospheric wind data, volcanic tremor, lava emission rates, and all associated uncertainties,

provide key insights into the features and dynamic of the eruption:

1.

The MER associated with the tephra blanket was relatively constant during the eruption (~3—4 X 103 kg s71).
In contrast, the emission rate of lava oscillated through time (with the largest peak during LU?2 after a major
cone collapse), but always remained higher than the cumulative MER of tephra blanket and tephra cone (aver-
age value of lava emission rate of 6.3 + 3.2 X 10* kg s71).

Even though plume height is often taken as a proxy for the variation of MER, the daily variation of plume
height during the Tajogaite eruption was more related to the impact of the wind on plume rise than to the
short-term variation of MER; in fact, low and high plumes well correlate with the presence of strong (Type 1)
or absent/weak (Type 2) trade winds, respectively.

. Regardless of the complexity of eruptive styles and eruptive dynamics, the tephra blanket provides an excel-

lent record of the whole eruption with distinct sublayers, layers, and units that can be well correlated at various
distances from the vent and with both the recorded volcanic tremor and the emission rate of lava.

The whole tephra blanket, as well as individual units and most layers, are elongated NE-SW, except for MU1
layer, which is mostly dispersed to the SSW. This dispersal pattern is the result of the modulation of trade
winds that control the dispersal to the SW when intense and can result in more complex wind patterns when
weak or absent. The general wind pattern was also impacted by the daily land/sea breeze and the convection
induced by the extended lava-flow field, all these aspects challenging the short-range operational ash dispersal
forecasts.

The thinning trends provide a bulk volume of 2.3 + 0.2 X 107 m? for the whole tephra blanket, between 4.5 + 0.8
and 9.2 + 0.6 X 10° m? for the three units (LU, MU, UU) and between 1.3 + 0.2 and 4.9 + 0.7 X 10° m? for
selected layers (LU1, LU2, MU1, MUS5) (based on power law integration).

The populations of the 20 largest scoria clasts in the most proximal locations SW (LP35) and NE (LP27) of
the vents show a similar grainsize, with the 50th percentile varying between 1.3 and 1.9 cm.

The Tajogaite eruption confirms the need of dedicated multidisciplinary strategies to characterize and classify
long-lasting, hybrid eruptions that not only consider the tephra blanket (e.g., VEI, tephra blanket thinning),
but also include the evolution of the tephra cone and the lava-flow field such as the plot of explosivity index
(mass of tephra blanket versus total mass) and Magnitude Index versus Intensity Index plot. In fact, the tephra
blanket only represents 7%—16% of the total bulk erupted volume of tephra blanket, tephra cone, and lava
field (1-3 x 108 m?). Nonetheless, the tephra blanket of the Tajogaite eruption is key to decipher the variable
eruptive dynamics through time.
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Thinning trends of the tephra blankets used for the determination of erupted volume.
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Figure Al. Thinning trends (exponential, power law, and Weibull) of the tephra blanket for (a) total deposit, (b) Lower Unit
(LU), (¢) Middle Unit (MU), (d) Upper Unit (UU), (e) LU1, (f) LU2, (g) MU1, and (h) MUS.
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